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Preface

In the 1980s a neuromuscular syndrome of dogs simulating toxoplasmosis was recognized. 
In 1988, a new genus, Neospora, and the type species, Neospora caninum, were named, cultivated 
in vitro, and differentiated from Toxoplasma gondii. A year later, N. caninum was identified as 
an etiological agent for bovine abortions. Considerable progress in understanding the biology of 
neosporosis has been made in the last 30 years, resulting in more than 2000 scientific publications. 
The economic importance of abortion in cattle, and the availability of knowledge, reagents, and 
technology used to study toxoplasmosis have contributed to the rapid progress in understanding 
the biology of neosporosis. Whole genome sequencing of N. caninum confirmed close similarities 
between N. caninum and T. gondii. However, these 2 protozoans are biologically different: N. cani-
num causes a major disease in cattle, and canids are its definitive hosts, whereas toxoplasmosis is a 
major public health problem and felids are its definitive host. Both parasites have a wide host range.

Here we summarize information on the biology of neosporosis, starting with Chapter 1 on the 
historical background. Subsequent chapters deal with general aspects of the biology of N. caninum 
(Chapter 2), techniques (Chapter 3), and the disease caused by this parasite in cattle (Chapter 4), 
dogs (Chapter 5), and all other animals including primates and humans (Chapters 6 through 18).

Abortion is a worldwide problem in the livestock industry accounting for annual economic 
losses of billions of dollars, and N. caninum is a major cause of this. Neosporosis causes abortion 
in both dairy and beef cattle. Abortions not only occur in cattle that have been exposed recently but 
also in chronically infected cattle, which poses a major challenge for vaccine development. There is 
no effective vaccine or therapy to eliminate N. caninum in cattle, but progress is being made.

In this book, we provide an up-to-date account of structure, biology, clinical disease, diagnosis, 
epidemiology, treatment, attempts at immunoprophylaxis, and control in all hosts. There are 175 
illustrations on the life cycle, structure of parasitic stages, and of lesions. More than 2100 references 
are cited.

It is hoped that this book will be useful to biologists, veterinarians, and researchers.
We would like to acknowledge those who made this book possible; we feel we cannot possibly 

list all. Camila K. Cerqueira-Cézar was a big help in compiling bibliography, and coordinating 
efforts among the 4 of us; we are truly grateful to her for this. Many scientists contributed illus-
trations, unpublished information, and help with this book; chief among them being S. Almería, 
I. Bjerkås, J. F. Edwards, A. L. Hattel, D. S. Lindsay, M. M. McAllister, L. M. Ortega-Mora, C. 
A. Speer, and W. Wouda. Many others contributed to the making of this book including D. Alves, 
M. Anderson, B. C. Barr, W. Basso, C. Björkman, D. Buxton, J. L. Carpenter, O. Cabezón, P. A. 
Conrad, F. J. Conraths, B. Daft, T. Dijkstra, J. T. Ellis, E. A. Innes, L. C. Gasbarre, C. Genchi, S. M. 
Gennari, B. Gottstein, C. E. Green, M. E. Grigg, W. J. Hartley, D. K. Howe, M. C. Jenkins, A. Khan, 
O. C. H. Kwok, M. R. Lappin, A. E. Marsh, D. P. Moore, J. A. Morales, D. O’Toole, K. Peperkamp, 
M. P. Reichel, J. R. Šlapeta, C. Sreekumar, J. P. Thilsted, M. J. Topper, W. Tuo, A. J. Trees, A. Uggla, 
C. Venturini, and I. Villena.

J. P. Dubey
A. Hemphill

R. Calero-Bernal
G. Schares
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Chapter  1

History of Neospora and Neosporosis

1.1  HISTORY

This section is based on the personal experience of one of us, JPD.

1.1.1  Discovery of the Organism in Dogs

Three Norwegian veterinarians, Inge Bjerkås (an anatomic pathologist), Svein Fredrik Mohn 
(serologist and diagnostician), and John Presthus (a neurologist, now deceased) reported in a 
short communication the finding of an unidentified protozoan in a litter of 6 congenitally infected 
pups born to a Boxer dog in Norway.205 The pups appeared to be healthy until 2 months old. 
Five of these pups had neurological signs for several months. All 6 pups were examined at nec-
ropsy and were diagnosed with encephalitis and myositis with protozoa in lesions. There were 
numerous tachyzoites and a few tissue cysts in the brain. Ultrastructurally, tachyzoites were like 
Toxoplasma gondii but with more rhoptries (up to 11) than seen in T. gondii. Tissue cysts were 
not examined ultrastructurally. Antibodies to T. gondii were not found in the sera of 5 dogs by 
the dye test but the dilution of the serum tested was not stated. Several attempts to culture the 
parasite failed.

The report of Bjerkås et al.205 remained vague until one of us, JPD, requested a tissue slide of 
the brain of the affected dog for inclusion in the book on Toxoplasmosis of Animals and Man that 
was being prepared.527,563 Because of no reply from Dr. Bjerkås, JPD examined tissue sections 
and case histories from all dogs and cats that had died of toxoplasmosis-like illness from 1952 to 
1987 and were archived at the Angell Memorial Animal Hospital (AMAH), Boston, Massachusetts, 
USA. The AMAH is the largest hospital for dogs and cats in USA and meticulously keeps records 
of pathology cases. Dr. James Carpenter, one of the pathologists at AMAH, and JPD examined 
thousands of slides from dogs, and also cats, and reached a conclusion that the syndrome recog-
nized by Bjerkås et al. was not toxoplasmosis. In addition to neuromuscular clinical signs, the dogs 
suffered severe disease involving the heart, lungs, liver, and the skin. The parasite in dogs did not 
react in immunohistochemical tests to T. gondii antibodies; sera were not available for antibody 
determination. The presence of thick walled (up to 4 μm thick) tissue cysts was considered an iden-
tifying feature and inspired naming the organism as a new genus and species Neospora caninum 
in collaboration with Drs. Carpenter, Speer, Uggla, and Topper.529 The focus of this paper “Newly 
recognized fatal protozoan disease of dogs” was to draw attention to the new clinical syndrome529; 
and the name N. caninum helped to achieve that. Thanks are due to Dr. A. J. Koltveit, then the 
editor of the Journal of the American Veterinary Medical Association, for making an exception to 
publish our article with new taxa and numerous histopathology illustrations in a clinical journal. 
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He also advised JPD to separately publish findings of neosporosis and toxoplasmosis in dogs and 
cats. Clinically, neosporosis was found to be a primary disease of dogs versus canine toxoplasmosis 
often associated with tumors or canine distemper virus infection.536 Additionally, neosporosis was 
not found to be a disease of cats.553

The name N. caninum aroused considerable scientific controversy because the description was 
based on parasites in tissue sections, and many scientists felt that it should have been a species of 
Toxoplasma. In collaboration with many scientists around the world the parasite was redescribed 
and specimens were deposited in museums.589

1.1.2  In Vitro Cultivation of Viable N. caninum

Luck, opportunity, perseverance, and confidence in one’s own findings are an integral part of 
discovery; all of these were a factor in the discovery of N. caninum. JPD contacted practicing 
veterinarians and pathologists in USA for help to send tissues from paralyzed dogs for isolation 
of N. caninum. Such an opportunity arose when Dr. E. J. Stanley, a veterinarian in Pennsylvania, 
telephoned JPD that one of his clients had a litter of dogs with hind limb paralysis. He also indicated 
that the previous litter from the same bitch had died of toxoplasmosis-like illness.404 JPD became 
very interested in this case because there were no previous confirmed cases of congenital toxoplas-
mosis in dogs in sequential pregnancies. JPD contacted Dr. Arthur Hattel, a veterinary pathologist 
at the Animal Diagnostic Laboratory, University Park, Pennsylvania who made arrangements for 
the donation of the affected litter, necropsy, and sending of fresh, unfixed tissues to JPD. By luck, 
Dr. David Lindsay (DL) who was a postdoctoral scientist in JPD’s laboratory had expertise in cell 
culture. DL succeeded in growing the parasite on first attempt. For several months DL and JPD 
could not decide if the parasite was N. caninum or T. gondii, until bioassay results in mice became 
available. Twenty-five outbred Swiss Webster mice had been inoculated with homogenized tissues 
of the 4 affected dogs. The mice remained seronegative for T. gondii. Three thick-walled tissue 
cysts528 were found in unstained brain smears of the brains of 25 mice; entire brains of all 25 mice 
had been examined microscopically. This is an example of perseverance; it was subsequently dis-
covered that outbred mice are not susceptible to N. caninum unless immunosuppressed. In vitro cul-
tivation of N. caninum made it possible to develop diagnostic tests to fulfill Koch’s postulates, and 
induce clinical disease in several hosts within 3 years of the discovery of the parasite (Table 1.1). 
None of this would have been possible without the flexibility in the Agricultural Research Service, 
U.S. Department of Agriculture system to pursue new areas of research and the support of JPD’s 
supervisors who allowed him to perform this boot-legged research while performing his assigned 
research on toxoplasmosis.

1.1.3  Linking N. caninum to Abortions in Cattle

Although there were isolated reports of protozoa-associated encephalitis in calves (Table 1.1), 
protozoa were not known to be a major bovine abortifacient. In 1987, Dr. John Thilsted, a veterinar-
ian pathologist from New Mexico, USA contacted JPD concerning abortions in a 240 dairy cow herd 
where 29 (12%) cows had aborted; and 4 to 8 cows aborted in mid gestation during 5 months. Tests 
for bacterial, fungal, and viral causes were negative. Histologically, focal necrotic encephalitis and 
nonsuppurative myocarditis were the main lesions in 7 of 9 fetuses examined histologically. When 
an immunohistochemical test became available1157 the slides were stained with N. caninum antibod-
ies. Neospora parasites were found in the brain of 2 fetuses and in the kidney of 1 fetus.1954 This 
was the first report of an epidemic type of abortion in cattle associated with protozoa. Subsequently, 
Barr et al.,130,131 and Anderson et al.61,62 documented that N. caninum is a major cause of abortion in 
cattle, accounting for 18% of all bovine abortions in California, so much so that some dairies went 
out of business because of these abortions (Table 1.2).
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1.1.4  Retrospective Studies

1.1.4.1  Dogs in USA

After the discovery of N. caninum in 1988, one of the questions asked was whether neosporosis 
is a new disease. In late 1970s while a faculty member at the Ohio State University, JPD recalled 
reading Richard Piper’s PhD thesis (1960, The Ohio State University, http://library.ohio-state.edu/
record=b2781251∼S7) where Piper mentioned finding small thick-walled tissue cysts in the retina of 
dogs. In an outbreak starting in 1957, 4 litters of German Shorthaired Pointers from 1 owner devel-
oped clinical illness, initially diagnosed as toxoplasmosis; 29 of the 39 dogs had pelvic limb paraly-
sis. Six pups from 2 litters were necropsied and their tissues had been studied by several pathologists 
at the Ohio State University, including Koestner and Cole1084 and Piper et al.1620 However, Piper 
did not mention these thick-walled tissue cysts in a formal publication of his findings in a refer-
eed journal.1620 In collaboration with Drs. Piper and Koestner, JPD reevaluated the case histories 
and original histological sections of these 6 dogs. Paraffin sections were stained with N. caninum 
antibodies. The presence of N. caninum, and not T. gondii, was confirmed in all 6 dogs, including 
thick-walled tissue cysts in the retina.541 This finding in 1957 is the earliest record of neosporosis in 
any host, worldwide.

1.1.4.2  Dogs in Norway

Bjerkås published details of the cases he reported initially in 1984207–209 allowing the follow-
ing conclusions to be drawn. (i) The 6 dogs were born to a single Boxer bitch from 3 successive 

Table 1.1 � Earliest Reports of Encephalitis or Placentitis in Animals, Now Considered Neosporosis

Host Country Year Main Finding Original Diagnosis
Original 

Reference

Reevaluation and 
Confirmation of 

Neosporosis

Sheep England 1974(?) Congenital 
defect, spinal 
cord atrophy

Suspected 
Toxoplasma 
congenital 
encephalomyelitis

854 545

Cattle Australia 1974(?) Congenital 
defect, spinal 
cord atrophy

Encephalomyelitis 
with free and 
intracytoplasmic 
Toxoplasma-like 
cysts in neurons

854 542

Cattle USA 1985 Myelitis in 4 
calves from 4 
herds, born ill, 
recumbent

Myelitis in spinal 
cord with 
Toxoplasma-related 
protozoan cysts

1560 535

Cattle England 1986 Born ill, 
recumbent

Protozoan 
myeloencephalitis 
caused by 
Sarcocystis or 
Toxoplasma 
species

1495 530

Cattle USA 1982 5-month 
gestational 
age aborted 
fetus. Placenta 
and kidneys 
studied

Necrosis in 
cotyledonary villi 
caused by a 
parasite resembling 
N. caninum

1849 JPD-unpublished

(?) Uncertain, not stated in papers.
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litters, starting in 1982. (ii) The dogs developed ataxia starting at 2–5.5 months of age. (iii) Lesions 
were confined to the central nervous system (CNS) and muscles, and protozoa were found in the 
histological sections of tissues of all 6 dogs, including the thick-walled tissue cysts demonstrated 
by electron microscopy. (iv) There was another Saluki dog in Norway with similar disease that had 
died in 1967. (v) Comparison of the parasite in dogs in Norway and USA revealed that both organ-
isms were identical. JPD invited Dr. Bjerkås to collaborate with scientists at USDA; his studies in 
the laboratory of Dr. Mark Jenkins resulted in the first characterization of antigens of N. caninum 
using the culture derived tachyzoites.211

If this case205 had not been reported it is likely that the recognition of neosporosis and N. cani-
num would have been delayed several years.205

Table 1.2  History of N. caninum and Neosporosis

Contribution Reference

1 Disease first recognized in dogs in Norway, but not named 205
2 New genus, Neospora and the type species N. caninum 

proposed for the protozoan from dogs in USA
529

3 N. caninum isolated in cell culture and mice 528, 1158
4 Indirect fluorescent antibody test developed for serologic 

diagnosis of neosporosis
528

5 Immunohistochemical test developed to identify Neospora 
organisms in tissues

1157

6 Neosporosis identified as cause of abortion in dairy cattle 1954
7 Transplacental transmission of N. caninum induced in dogs, 

cats, sheep, and cattle
532, 533, 538, 552

8 Experimental models for neosporosis developed in mice and 
rats

1159, 1161

9 Drugs screened for chemotherapy of neosporosis 1160, 1162
10 The Norwegian dog parasite identified as N. caninum 209
11 Neosporosis recognized as a major cause of bovine abortion in 

California drylot dairies
61, 131

12 Neospora isolated from bovine aborted fetuses and disease 
induced in cattle with bovine isolate

136, 373

13 N. caninum shown to be a common asymptomatic infection in 
adult dairy cattle

1553

14 ELISA developed for diagnosis of neosporosis in dogs and cattle 213, 568, 1555
15 First recombinant N. caninum proteins produced for diagnosis 1113
16 Dog found as the definitive host of N. caninum 1180, 1309
17 Neospora hughesi proposed for the species causing 

neosporosis in horses
1284

18 Prevention of vertical transmission in mice by immunization of 
dams with killed tachyzoites

1154

19 Oral infection of cattle with N. caninum oocysts 445
20 First report of N. caninum oocysts in a naturally infected dog 164
21 N. caninum redescribed, specimens deposited in museums 589
22 Multilocus microsatellites typing revealed genetic diversity 1673
23 Coyote (Canis latrans), Australian dingo (Canis lupus dingo), 

and wolf (Canis lupus) reported additional definitive hosts of 
N. caninum

615, 781, 1067

24 First Neospora genome annotated 1698

Source:	Modified from Dubey, J. P., Lindsay, D. S. 1996. A review of Neospora caninum and 
neosporosis. Vet. Parasitol. 67, 1–59.
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1.1.5  Cattle and Other Hosts

Encephalitis in sheep and cattle associated with undiagnosed protozoa had been recorded as 
early as 1974 by Hartley and Bridge854 (Table 1.1). In 1976, Bill Hartley (now deceased) from New 
Zealand sent paraffin blocks of his sporozoan-associated encephalitis cases in sheep and cattle 
for further diagnosis to JPD. Some of these turned out to be Sarcocystis.622 One case in sheep and 
one in cattle were confirmed neosporosis (Table 1.1). After the discovery of neosporosis in cattle 
in 1989, JPD contacted veterinary pathology laboratories in several countries seeking tissues from 
aborted bovine fetuses for retrospective studies; none was available earlier than 1980. The reason 
given was that brains of aborted fetuses were not examined routinely. Thus, 1974 remains as the 
earliest case reported.

1.2  LANDMARKS IN THE BIOLOGY OF NEOSPORA

The information is summarized in Table 1.2.

BIBLIOGRAPHY
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Chapter  2

General Biology

2.1  INTRODUCTION

N. caninum is a recently recognized protozoan parasite. Until 1988, it was misdiagnosed as 
T. gondii. It is structurally, antigenically, and molecularly related to T. gondii but these organisms 
are biologically distinct. A lot of information gained from the biology of T. gondii has been applied 
to N. caninum.

2.2  TAXONOMIC CLASSIFICATION

N. caninum is a coccidian parasite with canids as the definitive hosts, and warm-blooded 
animals as intermediate hosts. It belongs to

Phylum: Apicomplexa; Levine, 1970
Class: Sporozoasida; Leukart, 1879
Subclass: Coccidiasina; Leukart, 1879
Order: Eimeriorina; Leger, 1911
Family: Toxoplasmatidae, Biocca, 1956
Genus: Neospora Dubey, Carpenter, Speer, Topper and Uggla, 1988
Genus definition: Tissue cysts in several cell types, primarily in the neural tissues. Tissue cyst wall up 

to 4-µm thick, numerous bradyzoites, not separated by septa. Tachyzoites with numerous electron 
dense rhoptries, some posterior to nucleus. Canids (dog, coyote, wolf) as definitive hosts, and many 
intermediate hosts. Tachyzoites and tissue cysts in both intermediate and definitive hosts. Oocyst 
excreted unsporulated. Transmission by carnivorism, transplacental, and fecal. Tachyzoites, tissue 
cysts, and oocysts infectious to both intermediate and definitive hosts

Type species: N. caninum Dubey, Carpenter, Speer, Topper and Uggla, 1988

N. caninum is a coccidian parasite. Coccidia are among the most important parasites of animals, 
and they were the first protozoa discovered. The oocyst is the key stage of all coccidians, and their 
classification was based on the structure of the oocyst. Oocysts with 4 sporocysts, each with 2 spo-
rozoites (total 8 sporozoites), are classified as Eimeria. Oocysts containing 2 sporocysts, each with 4 
sporozoites were historically classified as Isospora. Coccidiosis due to Eimeria species is one of the 
most economically important diseases of poultry, cattle, sheep, goats, and many other herbivores; it 
is difficult to raise livestock coccidia free.

Before the discovery of the life cycle of T. gondii, coccidians were considered to be host-specific 
with a simple 1-host life cycle. Infection was confined to the intestines and usually to enterocytes. 
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With few exceptions, eimerians still follow this life cycle. The host becomes infected by ingest-
ing sporulated oocysts of Eimeria. After excystation, the sporozoites penetrate intestinal epithelial 
cells and multiply asexually before forming male and female gamonts. Oocysts are produced after 
fertilization, and are passed in feces in an unsporulated stage. Sporulation occurs outside the host. 
Unlike Eimeria for which the life cycle has been known for many years, little was known of the 
complete life cycle of most Isospora species until 1970, when the life cycle of T. gondii was discov-
ered. Until then, Isospora species were considered parasites of carnivores (dogs, cats) and birds and 
were not thought to be host specific. In 1970, T. gondii, a parasite previously known to parasitize 
extraintestinal tissues of virtually all warm-blooded hosts, was found to be an intestinal coccidium 
of cats and to have an isosporan-like oocyst. This finding was a major breakthrough in medical 
and veterinary sciences and eventually led to the recognition of several new taxa of economically 
important Toxoplasma-like parasites (e.g., Neospora, Sarcocystis) and discovery of their life cycles.

Historically, T. gondii originated probably as a coccidian parasite of felids with a fecal–oral 
cycle. Later on, probably driven by domestication of cats and farm animals, it’s adaptation and 
transmission became possible by several other modes, including transmission by fecal–oral cycle, 
by carnivorism, and transplacentally.

From the evolutionary point of view, Neospora and Toxoplasma probably were the same fecally 
transmitted coccidian parasite of canids and felids and they diverged from their common ances-
tors around 28–57 million years ago.794,1502a,1698 Toxoplasma became adapted to a domestic cycle 
with felids as the definitive hosts and humans and sheep as the main intermediate hosts, whereas 
Neospora diversed as a coccidian parasite of canids as the definitive host and cattle as the primary 
intermediate host. Both of these organisms have retained restricted definitive hosts (only canids 
for N. caninum, and only felids for T. gondii). Their adaptation by congenital transmission became 
medically important. Although <1% of T. gondii infections in humans are transmitted congenitally, 
they can cause devastating disease in congenitally infected children. On the other hand, N. caninum 
is a major cause of abortion in cattle, and it is one of the most commonly congenitally transmitted 
organisms of microbial infections (a large proportion of calves from N. caninum-infected cows are 
born congenitally infected). Genetically, N. caninum and T. gondii are remarkably similar.1698

2.3  HOSTS

2.3.1  Definitive Hosts

N. caninum has a restricted definitive host range. Dogs (Canis familiaris, domestic and wild 
including dingo), coyote (Canis latrans), and gray wolf (Canis lupus) are definitive hosts.

2.3.2  Intermediate Hosts

Many species are intermediate hosts (Tables 2.1 and 2.2). These hosts are grouped as proven 
hosts with isolation of viable Neospora, hosts from whom only parasite DNA (Table 2.2) was dem-
onstrated, hosts in which only antibodies were found, and hosts with clinical neosporosis. In marked 
contrast to T. gondii, neosporosis is mainly a clinical disease of cattle and dogs.

2.4  LIFE CYCLE STAGES

There are 3 infectious stages of N. caninum: the tachyzoites, the bradyzoites, and the oocysts. 
These stages are linked in a complex life cycle (Figure 2.1).
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2.4.1  Tachyzoite

Tachyzoites (tachos = speed in Greek) represent the rapidly multiplying stage. Their shape and 
size can vary (Figures 2.2a–c and 2.3). Following division, they are crescent-shaped, approximately 
2 × 6–7.5 μm (Figure 2.2c), with a pointed anterior (conoidal) end and a rounded posterior end. In 
histological sections, tachyzoites are often round with a central nucleus (Figure 2.2d,f).

Tachyzoites can proliferate in almost all cell types in the body, including neural cells, endo-
thelial cells, dermal cells, retinal cells, macrophages, hepatocytes, and fibroblasts (Figures 2.4 
and 2.5). Intracellular tachyzoites are located in the host cell cytoplasm within a parasitophorous 
vacuole (PV), surrounded by a parasitophorous vacuolar membrane (PVM). Often the PVM is so 
closely butted against the host cytoplasm that it appears that the PVM is absent. Within the PV, 
tachyzoites are surrounded by a matrix consisting of tubules, some appearing as whorls, and gran-
ules.132,208,529,562,573,598,1339,1599,1884 Ultrastructurally, the tachyzoite is comprised of various organelles 
and inclusion bodies including a pellicle (outer plasma membrane and 2 inner membranes), cytoskel-
etal elements (such as subpellicular microtubules, apical and polar rings, and the conoid), secretory 
organelles (rhoptries, micronemes, dense granules), a mitochondrion, lipid body, a Golgi complex, 
ribosomes, rough and smooth endoplasmic reticula, micropore, nucleus, amylopectin granules, and 
an apicoplast (Figures 2.6 through 2.10). The pellicle consists of 3 membranes, a plasmalemma, and 
2 closely applied membranes that form an inner membrane complex (IMC). The IMC is formed 
from a patchwork of flattened vesicles. The inner membrane is discontinuous at the anterior tip 
above the polar rings, at the micropore, and at the basal complex posterior pore at the extreme pos-
terior tip of the zoite.

There are 2 apical and 2 polar rings (Figure 2.7). The apical rings are located at the anterior tip 
of the parasite and consist of electron-dense material (Figure 2.7). The apical ring 1 encircles the 
top of the resting conoid. The polar ring 1 is an electron-dense thickening of the IMC at the anterior 
end of the tachyzoite. The polar ring 2 anchors the subpellicular microtubules (Figure 2.10). The 
conoid is a truncated hollow cone and consists of tubulin structures wound like compressed springs 
(Figures 2.7 and 2.8). Twenty-two subpellicular microtubules originate from the inner polar ring 

Table 2.1  Natural Host Range of N. caninum

Viable Parasite Isolated 
(for Details See Chapters)

Only Parasite DNA Found 
(for Details See Table 2.2)

Only Antibody 
Found

Clinical Disease 
Confirmed

Axis deer (14) Badger Cat Alpaca

Cattle (4) Brown bear Humans–Primates Antelope

Dog (5) Capybaras Pig Axis deer

European bison (14) Ferret Several avian species Black-tailed deer

Gray wolf (9) Hoary fox Cattle

Sheep (6) Mink Dog

Water buffalo (8) Mouse Eld’s deer

White-tailed deer (14) Otter Equids

Pine marten Goat

Rabbit Llama

Rat Parma wallaby

Red fox Pine marten

Shrew Red fox

Squirrel Rhinoceros

Stoat Sheep

Voles

Several avian species
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14 Neosporosis in Animals

and run longitudinally almost the entire length of the cell, closely apposed to the IMC. They are 
evenly spaced, and their distal ends are not capped. In addition, there are two 400 nm long intraco-
noidal tightly bound microtubules. The subpellicular microtubules form a rib cage and are arranged 
in a gentle counterclockwise spiral. Individual microtubules have prominent transverse striations.

Between the anterior tip and the nucleus there are up to 16 secretory organelles called rhoptries 
(Figures 2.8 and 2.9). A rhoptry consists of an anterior narrow neck that extends into the interior of 
the conoid, and a sac-like posterior end. Up to 6 rhoptries may extend posterior to the nucleus. A few 
rhoptries may be looped back toward the conoid. The contents of the rhoptries are homogenously 
electron dense. Tachyzoites also contain numerous micronemes, which are electron-dense rod-like 
structures occurring mostly at the anterior end of the parasite but a few are found posterior to the 
nucleus (Figures 2.8 and 2.9). Some of the micronemes at the conoidal end are oriented perpendicu-
lar to the pellicle.1883 The number of micronemes is highly variable (Figure 2.9). Tachyzoites also 
contain numerous dense granules, which are round electron-dense organelles scattered throughout 
the tachyzoite, but predominantly found at the posterior end (Figure 2.8).

The nucleus is usually situated toward the central area of the cell. It consists of a nuclear enve-
lope with pores, clumps of chromatin, and a centrally located nucleolus. Tachyzoites contain a 

Definitive
hosts

Ingested
by canids

Tachyzoites 

Infected fetus

Tissue cysts in intermediate hosts

Unsporulated
oocysts

passed in feces

Oocysts in
food, water, or soil

Ingested by
intermediate

hosts

Intermediate hosts

Sporulated
oocysts

Contaminated
food and water

Figure 2.1 � Life cycle of N. caninum.
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(s)
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(d)

Figure 2.2 � Tachyzoites and tissue cysts of N. caninum. a, b, c, k, p = smears, Giemsa stain. d–i, l, o = histo-
logic sections, HE stain. j = histologic section, PAS-counter stained with hematoxylin. m = smear, 
brain, unstained. n = histologic section, Wilder’s ammoniacal silver stain. q–t = infected cell cul-
tures, fluorescent staining with different reagents. a–e, g–i, m = mouse brain. f, l = muscle dog. 
k = brain dog. j, n, o = cattle CNS. (a–c) Tachyzoites of different shapes and sizes, i—uninucle-
ate slender, crescenteric, ii—plump uninucleate, iii—binucleated oval, iv—paired organisms. 
(d) Cross-section of 4 intracellular tachyzoites (arrow). (e) Group of tachyzoites/bradyzoites. (f) 
Large group of intracellular tachyzoites. (g) Tissue cyst with 4 bradyzoites. (h) Thin-walled tis-
sue cyst with 7 bradyzoites. (i) Thick-walled (arrowheads) tissue cyst. (j) Thick-walled tissue cyst 
with bradyzoites (arrow) stained red with PAS; cyst wall is PAS-negative (arrowhead). (k) Two 
bradyzoites with apical staining (arrowhead) and subterminal nucleus (arrow). (l) Elongated intra-
muscular tissue cyst with thin cyst wall (arrow). (m) Thick-walled (arrowheads) tissue cyst. (n) 
Tissue cyst with silver-positive (arrowheads) cyst wall. (o) Intraneuronal tissue cyst with thick wall 
(arrowheads) and bradyzoites with terminal nuclei (arrow). (p) Thin-walled (arrow) tissue cyst. (q) 
SAG1-positive (red) tachyzoites, and BAG1-positive (green) bradyzoites. (r) Micronemes stained 
with anti-MIC3 antibodies (green) in tachyzoites stained with anti-SAG1 (red). (s) Double-stained 
tachyzoites with anti-ROP2 antiserum (green) and anti-SAG1 (red); dense granules labeled with 
anti-GRA1 antibodies (green). (t) Two tissue cysts, stained with anti-BAG1 (green) and DBA (red). 
hc = host cell. Bars in a–d, g–i, j, k, q–t = 5 µm, in e, f, l–p = 10 µm.
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single convoluted mitochondrion, up to 6 µm in length (Figures 2.8 and 2.9f). Considerable biologi-
cal curiosity has been focused on a nonphotosynthetic plastid organelle called the apicoplast (Figure 
2.7). The apicoplast is a membrane bound, algae-derived, obligatory endosymbiont structure which 
is no longer photosynthetic, but has retained its own genome.771,1322,1742

Although tachyzoites can move by gliding, flexing, undulating, and rotating, they have no visible 
means of locomotion such as cilia, flagella, or pseudopodia. Instead, their motility is powered by the 
actin–myosin motor complex called glideosome, which is anchored to the IMC.308,505 The outermost 
IMC membrane is studded with myosin complexes, similar to a conveyor–belt system.

Functions of the conoid and the secretory components of rhoptries, micronemes, and dense 
granules are not fully known, but they were shown to be associated with host cell penetration and 
creating an intracellular environment suitable for parasite growth and development, and exit from 
the host cell. The conoid can rotate, tilt, extend, and retract as the parasite probes the host cell 
plasmalemma immediately before penetration. During host cell invasion, rhoptries and micronemes 
secrete their contents through the plasmalemma just above the conoid to the exterior.

The mechanical events involved in zoite attachment and penetration of a host cell (Figures 2.1 
and 2.12) include the following steps: (1) gliding motility of the zoite; (2) probing of the host cell 
with the zoite’s conoidal tip; (3) indenting the host cell plasmalemma; (4) forming a moving junc-
tion that moves posteriorly along the zoite as it penetrates into the host cell; and (5) sequential 
exocytosis of micronemes, rhoptries, and dense granules. N. caninum can penetrate a variety of 

2 μm

co mp

Figure 2.3 � SEM images of N. caninum tachyzoites from cell culture. Note different shapes and sizes of 
tachyzoites, a conoid (co), micropore (mp), and a degenerated tachyzoite (arrow).
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cell types from a wide range of hosts, indicating that the biochemical receptors involved in attach-
ment and penetration are probably common to most animal cells. The actual invasion process takes 
only a few seconds. Before entry the parasite mobilizes apical invasion proteins on to the parasite 
surface to mediate apical attachment. Invasion involves 2 Ca2+-dependent events of protrusion of 
the conoid and secretion of microneme and rhoptry contents, which form a junction between the 
parasite and host cell surface membrane (Figure 2.11), which then moves toward the posterior end 
of the tachyzoite as it invades the host cell.197,1913,1979 During this process, the tachyzoite is temporar-
ily deformed (Figure 2.12c). Following invasion, the intracellular tachyzoite is surrounded by the 
PVM that is evidently derived from the host cell plasmalemma, but lacks host proteins. The PVM 
is not a homogenous structure of uniform thickness. A number of parasite molecules, secreted from 
dense granules and rhoptries, associate and modify the PVM, and a tubular membranous network 
(TMN) within the PV matrix is formed within 1 h following invasion.1852 The TMN components 
are antigenically and structurally different from, but are physically connected to, the PVM. Rhoptry 
proteins (ROPs) were found to be located on the host cell cytoplasmic side of the PVM, suggest-
ing a role in host/parasite biochemical communication. The PVM acquires pore structures that 

5 μm

np
mp

mp

mp

mp

Figure 2.4 � TEM of infected skin of a dog. Note several groups (arrows) and individual tachyzoites (arrow-
heads) in macrophages (mp) and neutrophils (np). (Adapted from Dubey, J. P. et al. 1995. Vet. 
Dermatol. 6, 37–43.)
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5 μm

pv

m

m

m

Figure 2.5 � TEM of spinal nerve roots of a congenitally infected pup reported in Reference 404. Two myelin-
ated Schwann cells are distended with numerous tachyzoites (arrows). (Courtesy of late Dr. John 
Cummings.) Also note parasitophorous vacuoles (pv) and myelin (m).

Apical rings 1, 2
Polar ring 1 
Conoid 
Microneme 
Rhoptry 
Plasmalemma 

(a) (b)

Inner membrane complex 
Amylopectin
Micropore
Apicoplast
Golgi complex 
Centrioles 
Dense granule 
Nucleus 
Mitochondrion 
Apicoplast 

Rough endoplasmic reticulum 
Golgi complex 
Centrioles 
Lipid body 
Nucleus 
Amylopectin 
Dense granule 
Posterior pore 

Figure 2.6 � Schematic drawings of N. caninum tachyzoite (a) and bradyzoite (b).
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allow bidirectional diffusion of charged molecules of certain size between the PV and host cell cyto-
plasm.469,1258 Collectively, these modifications establish a parasite friendly environment within the host 
cell cytoplasm conducive to parasite replication. The volume of the PV may increase many fold within 
24 h of its formation. Similar to host cell entry, egress from host cells is also regulated by Ca2+.184

One interesting and elusive phenomenon is the association of the host cell mitochondria and 
endoplasmic reticulum (ER) to the PV, but the intensity may be variable depending on the host cell 
type (Figure 2.8) and the strain of the parasite.469,882,1487,1884 Within minutes of tachyzoite invasion, 
host mitochondria and ER are found in close vicinity, and often physically linked, to the PVM, and 
the extent of this juxtaposed association does not change with enlargement of the PV. A close physi-
cal association of host cell mitochondria is also found in cells infected with T. gondii tachyzoites, 
although only in type I and III, but not in type II strains, and it was also shown that the presence of 
host cell mitochondrial association had an impact on host cell cytokine transcription and cytokine 
expression during infection in mice.1594 The N. caninum vacuole does not fuse with host lysosomes.

Tachyzoites multiply asexually within the PV by repeated endodyogeny (Figures 2.13 through 
2.16), a specialized form of reproduction in which 2 progeny form within the parent parasite (Figure 
2.16d), consuming it.1986 At the onset of endodyogeny, the Golgi complex and the apicoplast divide, 
at the anterior end of the nucleus, and 2 centrosomes are formed within the nucleus. During divi-
sion, the nuclear membrane remains intact and microtubules form an intranuclear spindle. Next, the 
conoid, the anterior portions of IMC, and the subpellicular microtubules of the progeny cells appear 
as 2 dome-shaped structures. The parasite nucleus becomes bilobed and the ends of the nucleus 
move into the dome-shaped anterior portions of the developing progeny. The IMC and subpellicular 
microtubules continue to extend posteriorly and surround one half of the nucleus, which eventually 
pinches into 2. Partitioning of the ER and the mitochondrion continues. Rhoptries and micronemes 
are synthesized de novo in the progeny. The progeny continue to grow until they reach the surface of 
the parent. The inner membrane complex of the parent disappears, and its outer membrane becomes 

Apical ring 1
Internal

microtubules

Microtubules
of conoid

Inner membrane
complex

Plasmalemma

Apical ring 2

Polar ring 1

Polar ring 2

Subpellicular
microtubules

Figure 2.7 � Schematic drawings of apical complex of N. caninum.
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the plasmalemma of the progeny cells. In vivo, most groups of tachyzoites are arranged randomly 
due to asynchronous cycles of endodyogeny. However, occasionally rosettes are formed due to syn-
chronous division. The host cell ruptures when it can no longer support growth of tachyzoites. As 
many as 100 tachyzoites can be present in 1 group of intracellular tachyzoites.

The rate of invasion and growth can vary depending on the strain of N. caninum and the type 
of host cells. After entry of tachyzoites into a host cell, there is a variable lag phase of 8 h or more 
before the parasite divides, and this lag phase is partly parasite dependent. The doubling time of 
8–14 h or more can also vary depending on the strain of N. caninum.1136,1677,1921

2.4.2  Bradyzoites and Tissue Cysts

The bradyzoite is the encysted stage of the parasite in tissues. Bradyzoites are also called 
cystozoites. Tissue cysts (Figures 2.2g–p and 2.17) grow and remain intracellular as the bradyzoites 

0.5 μm

dg

gl

mn

nu

e r

her

pv

mc

m c

mc
rh

co

0.5 μm

mn

nu

nu

rh

rh

cos

(a) (b)

Figure 2.8 � TEM of intracellular N. caninum tachyzoites in cell cultures. Note conoid (co), conoidal spring (cos), 
micronemes (mn), rhoptries (rh), a long convoluted mitochondrion (mc), dense granules (dg), Golgi 
body (go), parasitophorous vacuole (pv), and nucleus (nu). (a) Note accumulations of host endo-
plasmic reticulum (her) around pv. (b) Paired tachyzoites. Note a posteriorly located rh. (Adapted 
from Dubey, J. P., Lindsay, D. S. 1993. Parasitol. Today 9, 452–458.)
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divide by endodyogeny. Tissue cysts vary in size, depending on the host, and the type of cell 
parasitized. Young tissue cysts may be as small as 5 µm in diameter and contain only few brady-
zoites (Figure 2.2g), while older cysts may contain more than 200 organisms. Most tissue cysts 
studied were from the brain and the spinal cord, and mostly from naturally infected dogs. Tissue 
cysts in brain are round and were found to be up to 107 µm in diameter. The cyst wall is 0.5–
4.0 µm-thick, both in live, unstained preparations, and in histological sections (Figure 2.2g–p,t). 
The intramuscular cysts are elongated and may be 100 µm long, and have a thin cyst wall 
(Figure  2.2l).598,1599 Histologically confirmed tissue cysts are rare in other organs of naturally 
infected animals.

The tissue cyst wall is elastic, argyrophilic, has a wavy contour, and is periodic acid Schiff reac-
tion (PAS) negative (Figure 2.2i–p). The outer limiting membrane is lined with granular material. 
The granular layer contains tubules, and electron-dense vesicles of different densities132,207,1883,1884 
(Figures 2.16 through 2.18). The ground substance in the interior of cyst also contains vesicles and 
tubules. The bradyzoites are loosely arranged inside the cyst. Bradyzoites and tissue cysts are auto-
fluorescent in UV light.1137

mn
rh

mn

(c)

mn

rh

(d)

nu

*

(e)

nu

2 μm 

mc

(f )

mn

rh

(b)(a)

Figure 2.9 � TEM of conoidal ends of tachyzoites. Note variable number, shapes, and sizes of micronemes 
(mn) and rhoptries (rh). (a) (Courtesy of Dr. David Lindsay). (b) Note a bell-shaped blind end of 
a rhoptry. (Courtesy of Dr. C. A. Speer.) (c) Nine rhoptries in 1 plane of section. (Adapted from 
Dubey, J. P. et al. 2002. Int. J. Parasitol. 32, 929–946.) (d) Numerous micronemes. (e) Expanded 
blind end of a rhoptry (*). (f) Sections of a convoluted mitochondrion (mc). nu = nucleus.
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The size of bradyzoites appears to be variable based on techniques used for measurement. In 
Giemsa-stained smears, bradyzoites (Figure 2.2k) were curved with the nucleus often located at 
the posterior (non-conoidal) end.598 Bradyzoites (n = 100) released from 2 tissue cysts from the 
brain of a naturally infected dog were 4.8–8.0 × 1.0–1.9 and 5.6–7.1 × 1.3–2.3 μm in size with an 
average of 6.5 × 1.5 μm.598 Few longitudinally cut bradyzoites in transmission electron microscopy 
(TEM) sections were 8 × 2 μm. Bradyzoites are slender and contain several amylopectin granules, 
often concentrated in the middle of the zoite which stains red with PAS reagent (Figures 2.2j and 
2.19). A membrane body has been described, located toward the conoidal end132,209,998 (Figures 
2.19 and 2.20). There are 6–12 rhoptries located anterior to the nucleus; rhoptries reaching beyond 
the nucleus toward the posterior part are rare.1884 Bradyzoites contain fewer rhoptries compared to 
tachyzoites, while they contain more micronemes, also posterior to the nucleus. Micropores are 
more common in bradyzoites versus tachyzoites.1884
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Figure 2.10 � Freeze fracture SEM of conoidal end of a N. caninum tachyzoite. Note rough plasma membrane 
(pm), subpellicular microtubules (st) arising from the polar ring (pr), conoidal internal microtubules 
(mt) within anular ring (ar).
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2.4.2.1  Conversion of Tachyzoites to Bradyzoites

Tissue cysts represent an integral part of the life cycle of N. caninum. Little is known con-
cerning the genesis of N. caninum tissue cysts in naturally infected animals. Most information is 
from congenitally infected dogs or cattle. In a naturally infected full-term stillborn bovine fetus,546 
individual bradyzoites, and small 8–10 µm tissue cysts were scattered in and around encephalitic 
lesions (see Chapter 4, Figure 4.9d).

The knowledge gained from in vitro and in vivo formation of T. gondii tissue cysts has been 
useful for studying in vitro formation of N. caninum tissue cysts. Several stress factors, including 
higher incubation temperature, high pH, sodium arsenite treatment, and mitochondrial inhibitors 
stimulated in vitro conversion of T. gondii tachyzoites to bradyzoites (reviewed in Reference 570) 
and most of these factors were either not suitable for in vitro conversion of N. caninum tachyzoites 
to bradyzoites, or only with low efficiency.1998,2080 Instead, treatment of cell cultures for 9 days with 
70 µM sodium nitroprusside was most successful using a variety of cell lines34,631,888,1713,2052,2053 
and different N. caninum isolates. Using Vero cells and the Nc-Liv isolate, the first evidence of 
bradyzoite stage conversion occurred after 3–4 days.2053 Several markers such as bradyzoite antigen 
1 (BAG1) that stains bradyzoites, monoclonal antibody CC2 (mAbCC2) and the lectin Dolichos 
biflorus agglutinin (DBA) that stains the cyst wall, NcSAG1 (surface antigen 1; specific for tachyzo-
ites), and TEM were used to study stage conversion (Figure 2.2q,t). The bradyzoite formation was 
asynchronous, and doubly stained parasites (with NcSAG1 and BAG1) within the same PV were 

5 μm

Figure 2.11 � SEM of N. caninum tachyzoites attaching to murine dendritic cells. Note that multiple tachyzoites 
adhere to the surface of the DC. Note a tachyzoite attached along its whole cell surface (arrow). 
Also note spiral arrangement of subpellicular microtubules (arrowheads).
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seen (Figure 2.2q). Immunofluorescence showed that dense granule proteins such as GRA1, GRA2, 
and GRA7 were incorporated into the tissue cyst wall during differentiation2053 and differences 
in protein profiles and transcription of tachyzoites and bradyzoites were useful in differentiating 
tachyzoites and bradyzoites.16,17,1030,1031,1289 By TEM, 1–5 organisms (bradyzoites) were enclosed in 
a cyst wall within the PVM. The cyst wall was up to 1 µm thick and consisted of granular material 
with few vesicles; the same type of material was inside the cyst.2051,2053 Interestingly, monoclonal 
antibodies recognizing the sporocyst wall of T. gondii are also able to recognize material both in the 
tissue cyst walls of N. caninum and T. gondii.774 The bradyzoites contained amylopectin granules.
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Figure 2.12 � SEM of the sequence of events leading to invasion of human foreskin fibroblasts (HFF) by N. cani-
num tachyzoites. (a) Two tachyzoites adhering to the HFF surface move along by gliding motility, 
leaving tracks of shed surface material (sm) behind. (b) Orientation of a tachyzoite perpendicular 
to the host cell surface and initiation of the host cell invasion process. (c–e) Tachyzoites at dif-
ferent stages moving into the HFF cytoplasm. Note the constrictions (arrowheads) forming at 
the contacts of the host and parasite membrane at entry site, and shed material left behind by 
the tachyzoites on the host cell surface. (f) Freshly invaded tachyzoite, the outlines of which are 
barely visible. Bars = 2 µm.
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Bradyzoites could be separated from the cells by passing the infected cultures through a 25-gauge 
needle and centrifugation; their identity was confirmed by BAG1 staining. Unlike tachyzoites, the 
infectivity of bradyzoites was low for initiating new infections in Vero cells. Removal of sialic 
acid residues from the Vero cell surface impaired bradyzoite adhesion, but not tachyzoite host cell 
binding.2053

Whether the in vitro cultured bradyzoite-like stages are biologically bradyzoites is not known. 
In limited tests, dogs fed cultured bradyzoites did not excrete oocysts.888,1998 Oral infectivity of 
in vitro cultured bradyzoites to mice and their resistance to acid-pepsin digestion were not tested.
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Figure 2.13 � TEM of intracellular tachyzoites in the liver of a KO mouse infected with NC1 strain and perfused 
with glutaraldehyde. (a) Tachyzoite (arrow) within the parasitophorous vacuole (pv), probably soon 
after entry into host cell. Note host cell nucleus (hcn), and micronemes (mn). (b) Pre-divisional 
stage with few organelles. Note a mouth-like opening at the non-conoidal end (arrow), hcn, mn, 
nu, and pv. (Courtesy of Dr. Bjerkås.)
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There is considerable debate whether bradyzoites can produce a new generation of bradyzoites 
without first converting to tachyzoites.599 In mice inoculated with T. gondii sporozoites (oocysts) 
and bradyzoites (tissue cysts), tissue cyst formation is delayed by 2–3 days following sporozoite and 
bradyzoite inoculation compared to mice that are inoculated with tachyzoites; these results sug-
gest that sporozoite and bradyzoites first convert to tachyzoites, and then to bradyzoites.523 In vitro 
experiments with N. caninum using NcSAG1/BAG1 double immunofluorescence labeling suggested 
that BAG1-positive bradyzoites may develop only if the host cell is invaded by a parasite that already 
began tachyzoite-to-bradyzoite stage conversion prior to host cell entry.1998

2.4.3  Oocyst

Oocysts represent the only unambiguosly known sexual stage of N. caninum. Oocysts are 
excreted unsporulated in canid feces (Figure 2.21). Unsporulated oocysts are 10–11 μm in diameter. 
Sporulated oocysts are slightly bigger in size than the unsporulated oocysts, namely 11.7 × 11.3 μm 
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Figure 2.14 � TEM of tachyzoites undergoing division by endodyogeny in the liver of a KO mouse infected with 
NC1 strain and perfused with glutaraldehyde. The host mitochondria (hmc) have accumulated at 
the periphery of the parasitophorous vacuolar membrane. (a) Ovoid mother cell without visible 
rhoptries, tail-shaped posterior end (arrowhead), and formation of daughter anlagen (arrow) at 
the pole of the nucleus. (b) Elongated mother cell with few rhoptries. The conoidal ends of both 
daughter cells (arrows) have formed. The mother nucleus (nu) is in very early stage of division and 
2 cones (arrowheads) have formed. (Courtesy of Dr. Inge Bjerkås.)
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Figure 2.15 � Tachyzoites undergoing endodyogeny in 2 parasitophorous vacuoles (pv1, pv2) of a host cell 
in vitro. In pv1, 2 of the 4 tachyzoites are dividing and the mother nucleus is being incorporated in 
to daughter cells. Note 2 elongated tachyzoites with formation of apical end of 2 daughter cells in 
pv2. Note numerous micronemes (mn) in mother cells and profuse intravacuolar tubular network 
(itn), subpellicular microtubules (st), outer membrane of pellicle (om), inner membrane (im) of pel-
licle, parasite nucleus (nu), and host cell nucleus (hcn). (Courtesy of Dr. C. A. Speer.)
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Figure 2.16 � In vivo divisional process in N. caninum tachyzoites. a and d are from the skin of the naturally 
infected 13-year-old dog. (Adapted from Case no. 10 in Dubey, J. P. et al. 1988. J. Am. Vet. Med. 
Assoc. 192, 1269–1285.) The skin biopsy was fixed in glutaraldehyde. b and c are from liver of a 
KO mouse infected with NC1 strain and specimens perfused with glutaraldehyde (courtsey of Dr. 
I. Bjerkås). (a) Almost nearly formed daughter tachyzoites are still within the globular mother cell. 
(b) Two daughter tachyzoites within an overstretched mother cell. Parasite nucleus (nu). (c) Two 
daughter tachyzoites being released from mother cell but still attached (arrow) by their posterior 
(non-coinoidal) ends. Parasite nucleus (nu). (d) Two tachyzoites in a macrophage soon after 
division. Note only a few micronemes (mn) and rhoptries (rh) in all 4 images. Also note conoid 
(co), centriole (ce), and a break in pellicle inner membrane (pp), parasite nucleus (nu), and para-
sitophorous vacuole (pv).
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(10.6–12.4 × 10.6–12.0) with a length-to-width ratio of 1.04. The oocyst wall is colorless, and 
0.6–0.8 μm-thick.

In concentrated sucrose, oocysts appeared to be smaller than in water. The largest 75th percen-
tile for length was 10.7 µm.1805 The length-to-width ratio reported for concentrated sucrose (1.06) 
was similar as reported for water.1805

Sporulated oocysts contain 2 sporocysts and a residual body that may be compact or dis-
persed. Sporocysts measure 8.4 × 6.1 μm with a length-to-width ratio of 1.37. There are no polar 
granules, oocyst residuum, or Stieda bodies.1181 Sporozoites are elongated and measure 6.5 × 2.0 
(5.8–7.0 × 1.8–2.2) μm in size. They have a centrally located nucleus, amylopectin granules but no 
round bodies. The ultrastructure of sporozoites has not been described, so it is uncertain if, as with 
T. gondii sporozoites, a crystalloid body is absent.613

The developmental stages preceding the formation of N. caninum oocysts during schizogony 
and gametogony are unknown. In 1 report schizonts, gamonts, and oocysts were found in histologi-
cal sections of small intestine of a 1.5-month-old dog that had systemic neosporosis.1105 The main 
evidence is based on immunoreactivity to N. caninum to monoclonal antibody (210/70, VMRD). 
There were no measurements of these stages. In Figure 2.2 in this reference,1105 the illustrated 
oocysts appear to be more than 20 µm long, based on the scale bar provided; thus they are not 
N. caninum oocysts. One of us, JPD, reviewed histological slides of small intestine from a naturally 
infected dog from South Africa, kindly provided by June Williams. In that dog coccidian gamonts 
reacted brilliantly with polyclonal rabbit N. caninum antibodies but the oocysts were Cystoisospora 
ohioensis-like with a diameter of about 20 µm.

(a) (b) (c)

(d) (e)

20 μm

(f)

Figure 2.17 � N. caninum tissue cysts in homogenates of brains of 2 congenitally infected dogs. Unstained. 
Note different thickness of the cyst walls (arrowheads). (a–c from Dubey et al. 1998. Int. J. 
Parasitol. 28, 1293–1304; d–f from Dubey et al. 2004. Int. J. Parasitol. 34, 1157–1167.)
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2.5  TRANSMISSION AND EPIDEMIOLOGY

N. caninum can be transmitted postnatally (horizontally, laterally) by ingestion of tissues infected 
with tachyzoites or tissue cysts, by ingestion of food or drinking water contaminated by sporulated 
oocysts, or it can be transmitted transplacentally (vertically, congenitally), from an infected dam to 
her fetus during pregnancy. The 2 terms “exogenous transplacental transmission” and “endogenous 
transplacental transmission” have been proposed to describe more precisely the origin of the trans-
placental infection of the fetus.1996 Exogenous transplacental transmission occurs after a primary, 
oocyst-derived infection of a pregnant dam, while endogenous transplacental transmission occurs 
in a persistently infected dam after reactivation (recrudescence) of the infection during pregnancy.

Transplacental transmission has been documented in naturally infected cattle, sheep, goats, 
dogs, various species of deer, and induced experimentally in cattle, dogs, sheep, goats, monkeys, 
pigs, cats, and mice (discussed in Chapters 4 through 18). Transplacental transmission occurs when 
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Figure 2.18 � Tissue cyst of N. caninum in the brain of a naturally infected dog. (From Dubey et al. 1998. Int. J. 
Parasitol. 28, 1293–1304). Note tissue cyst wall (cw) with a wavy outline, granular layer (gl) con-
taining vesicles (ve) of different densities, and bradyzoites (br). (a) Low magnification. (b) Higher 
magnification of the tissue cyst wall. (Adapted from Speer, C. A., Dubey, J. P. 1989. J. Protozool. 
36, 458–463.)
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tachyzoites from the dam cross the placenta, during the second week after infection. Neospora 
tachyzoites initially multiply in the maternal part of the placenta and then spread to the fetal part, 
and eventually to fetal tissues. In Figure 2.28, numerous tachyzoites are present in the maternal 
placenta. Venereal transmission is a remote possibility because N. caninum has been detected 
in testis and semen but very high doses of tachyzoites were needed to infect dams by intra-vaginal 
inoculation.268,285,1293a,1830,1831

Mice were infected successfully by oral inoculation of tachyzoites or bradyzoites.1163 These 
results are of interest because tachyzoites treated with acidic pepsin were rendered noninfective for 
cell cultures whereas bradyzoites survived the acidic pepsin.1163 Tissue cysts and bradyzoites can 
survive up to 2 weeks at refrigeration temperature (4°C) but were killed by freezing.598,1167

The ingestion of oocysts is the only demonstrated mode for postnatal (horizontal) transmission 
in herbivores. Oocysts are the key in the epidemiology of neosporosis. Although data concerning 
the environmental resistance of N. caninum oocysts are limited, it is likely to be similar to other 
coccidian oocysts.1458 In 1 study, oocysts were not infective after storage for 46 months at 4°C.2014

N. caninum oocysts have been identified in only a few dogs worldwide (Table 2.3). The number 
of oocysts shed by dogs is usually low. Because N. caninum oocysts structurally resemble another 
coccidium in dog feces, Hammondia heydorni, it is epidemiologically important to properly iden-
tify N. caninum oocysts.1805,1865,1866,1871 In this respect, the reported detection of N. caninum DNA in 
34.9% of 212 fecal samples of dogs from China1142 is unexpected and needs confirmation.
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Figure 2.19 � Tissue cyst of N. caninum in brain of a naturally infected dog. Note thick cyst wall (cw), with 
vesicles (ve) of different densities, bradyzoites butted against the cyst wall. Note conoid (co), a 
membrane bound body (mb), micronemes (mn), amylopectin granules (am), rhoptries (rh), and 
nucleus (nu). (Adapted from Dubey, J. P. et al. 2004. Int. J. Parasitol. 34, 1157–1167.)
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Although oocysts were detected in the feces of experimentally infected coyotes and dingoes, 
until now, the presence of viable N. caninum oocysts has not been confirmed in the feces of natu-
rally infected coyotes or dingoes (for details see Chapter 16).

Because of the epidemiological importance, the transmission of N. caninum in dogs and cattle 
is discussed separately in Chapters 4 and 5, respectively.

2.6  HOST–PARASITE RELATIONSHIP

N. caninum usually parasitizes the host, both definitive and intermediate, without producing clini-
cal signs. Only rarely does it cause severe clinical manifestations. Natural infections are probably 
acquired by ingestion of tissue cysts in infected meat or oocysts from food and water contaminated 
with dog feces. After ingestion of oocysts, sporozoites excyst in the intestine and spread locally to 
mesenteric lymph nodes (MLN) and to distant organs via lymph and blood583 (Figures 2.22 and 2.23). 
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Figure 2.20 � TEM of conoidal ends of 2 bradyzoites (a,b) of N. caninum from tissue cysts in brain of naturally 
infected dogs. Note conoid (co in (a)), haphazardly arranged micronemes (mn in (a) and (b)), a 
micropore (mp) with a rim (arrowheads in (a)), amylopectin granules (am), rhoptries (rh) and a 
membrane bound body in (b) (mb). (Courtesy of Dr. Inge Bjerkås.)
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Figure 2.21 � Oocysts of N. caninum. Unstained. Note oocyst wall (ow), sporocyst wall (sw), sporozoites (sz), 
sporocyst residual body (sb), and nucleus (nu). (a) Unsporulated. (b) Sporulated.
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Figure 2.22 � Enteritis in the small intestine of a gerbil, day 9 after feeding N. caninum oocysts. HE stain. (a, 
b) Focal ulceration (arrows) with denudation of epithelium and necrosis of subepithelial tissue. 
(c) Necrosis of tunica muscularis and the lamina propria. Numerous tachyzoites are present but 
not visible at this magnification. (d) Intact tachyzoites (arrows) among necrotic host tissue. (See 
Dubey, J. P., Lindsay, D. S. 2000. Parasitol. Res. 86, 165–168.)
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Focal areas of necrosis may develop in many organs (Figures 2.24 and 2.25). Necrosis is caused by the 
intracellular growth of tachyzoites; a toxin has not been demonstrated.

The host may die of acute neosporosis, but more often recovers with the acquisition of immu-
nity coincident with the appearance of humoral antibodies. Inflammation usually follows the initial 
necrosis (Figure 2.26). By about the 3rd week after infection, tachyzoites begin to disappear from 
visceral tissues and may localize as tissue cysts in neural and muscular tissues.

Latent neosporosis may be reactivated by rupture of tissue cysts. When and why tissue cysts 
rupture is not known. Latent neosporosis has been reactivated in experimentally infected dogs by 
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Figure 2.23 � Section of mesenteric lymph node of the gerbil in Figure 2.22. HE stain. (a) Note epitheloid cell 
proliferation (arrow) and peritonitis around the lymph node (arrowheads). (b) Necrosis and deple-
tion of lymphoid cells.
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administration of high doses of corticosteroids.539 Granulomatous inflammation follows after rup-
ture of tissue cysts (Figure 2.27).

Placental invasion (Figure 2.28) during acute or chronic infection can lead to infection of the 
fetus. The transport of tachyzoites within dendritic cells (DCs) may facilitate to cross blood and 
brain or dam-fetal placental barriers.370

2.7  MOLECULAR AND CELL BIOLOGY

2.7.1  Genome and Transcriptome Analysis of N. caninum

Neospora and Toxoplasma diverged from each other from their common ancestor around 28 
million years ago and their genomes are highly similar with respect to gene content and synteny. In 
spite of such similarities, they differ markedly in their host range and their etiology.

Whole genome sequencing of the N. caninum Liverpool isolate (in the following refered to 
as Nc-Liv) was achieved using Sanger sequencing to ∼8-fold depth, and respective results and 

100 μm

Figure 2.24 � Focal hepatic necrosis in an experimentally infected rat. Note hepatocytes filled with numerous 
tachyzoites (arrows) at the periphery of the lesion. HE stain. (Adapted from Lindsay, D. S., Dubey, 
J. P. 1990. Can. J. Zool. 68, 1595–1599.)
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Figure 2.25 � Lesions of neosporosis. HE stain. (a) Hemorrhage and necrosis (arrow) in liver of a naturally 
infected dog. Note 2 large groups of tachyzoites (arrowheads). (b) Neosporosis-associated 
severe fatal myocarditis in a naturally infected rhinoceros. Many tachyzoites are present but not 
visible at this magnification. (Courtesy of Dr. June Williams, Reference 2102.)
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Figure 2.26 � Pyogranulomatous dermatitis in a 13-year-old dog. (Adapted from Case no. 10 of Dubey, J. P. 
et al. 1988. J. Am. Vet. Med. Assoc. 192, 1269–1285). (a) Numerous groups of tachyzoites among 
the mixed leukocyte cell infiltration. HE stain. (b) Section stained with N. caninum antibodies. 
Many more tachyzoites are visible than seen in the HE-stained section.
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comparison with Toxoplasma was first published in 2012.1698 The genome was constructed based 
on the available T. gondii Me49 genome (www.toxodb.org) to 14 chromosomes totaling 61 MB 
consisting of 7121 genes.1698 In addition, the parasite mitochondrion and the apicoplast have their 
own genomes; these have not yet been sequenced for N. caninum.794 The entire genome sequence 
information on N. caninum (Nc-Liv isolate) is available on http://www.genedb.org/Homepage/
Ncaninum. Recently, high-throughput second-generation transcriptome sequencing (mRNA-Seq) 
has been used to improve annotation of the genome sequence and also to study differential expres-
sion in the tachyzoite life cycle stage.

As expected, the 2 genomes (Neospora and Toxoplasma) show a high degree of synteny with 
very few chromosomal rearrangements. Although there is very little gain or loss of genetic con-
tent, there are significant differences between N. caninum and T. gondii.1666,1698 In N. caninum an 
unexpected expansion of surface antigen gene families and the divergence of secreted virulence 
factors, including rhoptry kinases were noted.1698 A genomic sequence coverage analysis to identify 
T. gondii and N. caninum loci that have undergone duplication and expansion (Els) showed that 
N. caninum has more (63) Els compared to T. gondii (53), and the N. caninum Els were enriched 
for surface-associated glycoprotein (SAG)-related surface antigen (SRS) families.7 A subsequent 
study, compared the genomes, transcriptomes, and proteomes of Nc-Liv and T. gondii VEG-strain 
tachyzoites and improved the annotation of genes.1666 Corrected predicted structures of over one 
third of the previously annotated gene models and annotated untranslated regions (UTRs) in over 
half of the predicted protein-coding genes were presented. Distinctly long UTRs in both the organ-
isms, almost 4 times longer than other model eukaryotes were observed. The authors also identi-
fied a putative set of cis-natural antisense transcripts (cis-NATs) and long intergenic noncoding 
RNAs (lincRNAs).1666 Another large-scale proteogenomics study on T. gondii and N. caninum que-
ried proteomics data against a panel of official and alternate gene models generated directly from 
RNASeq data, using several newly generated and some previously published MS datasets for this 
meta-analysis. This resulted in the identification of loci apparently absent from the official annota-
tion (release 10 from EuPathDB) of these species. The new data were integrated into EuPathDB.1101

20 μm

Figure 2.27 � Inflammatory response around a degenerating tissue cyst (arrow) in the brain of an aborted goat 
fetus. Arrow points to irregular outline of the tissue cyst wall. HE stain.
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Figure 2.28 � Uterus of a queen, 3 days after giving birth to an infected kitten. The pregnant cat was inoculated 
SC with NC1 tachyzoites, 20 days previously. HE stain. (a) Metritis with numerous tachyzoites 
(arrow) in the epithelium. (b) Higher magnification to show tachyzoites (arrows). (Adapted from 
Dubey, J. P. and Lindsay, D. S. 1989. J. Parasitol. 75, 765–771.)
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Previously, information on gene expression in apicomplexan parasites was obtained through 
construction of expressed sequence tag (EST) libraries, which were available in a corresponding 
database (ApiEST-DB), which included Eimeria tenella, N. caninum, Plasmodium falciparum, 
Sarcocystis neurona, and T. gondii.1144 To determine the specific differences in gene expression 
profiles of different N. caninum strains, a high density oligo DNA microarray has been developed 
using 63,000 distinct oligonucleotides consisting of 5692 unique N. caninum sequences including 
1980 tentative consensus sequences and 3712 singleton ESTs from the TIGR N. caninum Gene 
Index (NCGI, release 5.0). Comparative gene expression profiling of N. caninum wild type and a 
temperature sensitive clone Ncts-81183 was performed using this high-density microarray and identi-
fied 111 genes that were repressed in Ncts-8, of which 58 were hypothetical protein products and 53 
were annotated genes.1145

2.7.2  Modulation of Host Gene Expression upon Infection

Historically, the first study to describe host gene expression changes upon N. caninum infection 
employed microarray analysis and examined the events occurring in spleens of naive nonpregnant 
Quackenbush (Qs) and BALB/c mice at 6 h PI with Nc-NOWRA.638 Such infections are known to 
induce protective host responses that will prevent transplacental transmission of a challenge given 
during pregnancy. Important differences between Qs and BALB/c mice were identified with regard 
to their transcriptional responses in the spleen to infection, and detected alterations in Jak-STAT sig-
naling pathway (as well as interferon regulatory factors [Irfs] and other IFN-γ-regulated molecules 
such as GTPases) were detected. Gene ontology analyses also assigned some of the transcriptional 
changes to well-known cellular pathways associated with cancer, Parkinson’s and Alzheimer’s dis-
eases. In a follow-up study,639 gene set (enrichment) analyses of microarray data were carried out 
and additionally included also samples taken at 10 DPI. The analyses show that the major signal in 
the core mouse response to infection occurs early in infection and can be defined by gene ontology 
terms Protein Kinase Activity, Cell Proliferation, and Transcription Initiation. In addition, pro-
cesses such as signaling, morphogenesis, response, and fat metabolism are also affected. At 10 DPI, 
genes associated with fatty acid metabolism were identified as upregulated in expression.

Also by microarray analysis, a genome-wide expression profiling of host transcriptional changes 
upon infection of human fibroblasts with T. gondii and N. caninum tachyzoites was conducted.185 
Unlike eukaryotic pathogens, host transcriptional changes revealed that Neospora is a potent acti-
vator of the type I (alpha/beta) interferon pathways typically associated with antiviral responses, 
and confirmed the activation of IFN-γ, expression in T. gondii infected cells.186,1065 Co-infection 
studies reveal that T. gondii actively suppresses the production of type I interferon.185 Another 
study showed that while Toxoplasma tachyzoites of all canonical types I–III mediate rapid and 
sustained induction of a pivotal regulator of host cell transcription, c-Myc, this induction is not seen 
in N. caninum.697 This indicates that Toxoplasma and Neospora alter host cell functions differently, 
and these findings revealed the parasite specific interaction with host cells, which will have different 
outcome in disease progression.

More recently, high-throughput RNA sequencing (RNA-seq) technology has demonstrated a 
powerful way to profile the transciptome to understand the systemic alteration of host gene expres-
sion in the process of infection by pathogens with great efficiency and higher accuracy. Host gene 
transcriptional changes in the CNS upon N. caninum infection were analyzed by RNAseq in acutely 
ill BALB/c mice infected with N. caninum NC1.1483 In infected mice, the expression of 772 mouse 
brain genes involved in immune responses was upregulated. Genes whose expression correlated 
positively and negatively with parasite numbers in the CNS were involved in the host immune 
response, and neuronal morphogenesis and lipid metabolic processes, respectively, suggesting that 
these processes contribute to the pathogenesis in N. caninum-infected animals. In another study, 
C57BL76 mice were infected with N. caninum NC1 to establish a chronic infection.971 RNA-seq 
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revealed that expression levels of IFN-γ and tumor necrosis factor (TNF)-α were highly upregu-
lated, and the levels of neurotransmitters glutamate, glycine, gamma-aminobutyric acid, dopamine, 
and 5-hydroxytryptamine were altered in infected mice compared with those of uninfected mice. 
The expression levels of immediately early genes, c-Fos and Arc, in the brain of infected mice were 
lower than those of in uninfected mice. Thus, changes in the host gene expression profile associated 
with neuronal functions as well as immune responses lead to the better understanding of progres-
sion of the pathogenesis upon Neospora infections.

N. caninum protein sequences are mostly derived from gene predictions, and annotated inac-
curacies can lead to erroneously predicted vaccine candidates by bioinformatics programs.796 An 
RNASeq experiment was performed and the current annotation was validated. Potential discrepan-
cies originating from a questionable start codon context and exon boundaries were identified in 1943 
protein coding sequences (28% of the predicted genes). To provide a more accurate annotation of 
predicted proteins in N. caninum is a requirement for the development of an integrative bioinfor-
matic tool that would allow us to predict the usefulness of any given protein as a vaccine candidate 
in silico.795

2.7.3  Proteomics Approaches

Mass spectrometry (MALDI-TOF) and 2D gel electrophoresis have been applied to study 
N. caninum proteomics.1128,1129 Immunoproteomics was then employed to identify antigenic proteins 
from N. caninum recognized by bovine immunoglobulins M, E, A, and G,869,1846,1847 and antigens 
stimulating bovine CD4+ve T-cell responses were identified through immunopotency screening and 
proteomic approaches.1721 Protein profiles of 2 isolates of N. caninum (KBA-2 and JPA1) and the 
T. gondii RH strain were investigated by proteomics,1130 demonstrating high similarities between 
the 2 Neospora isolates and clear differences to T. gondii. In addition, the proteome and antigenic 
proteome of 2 N. caninum isolates from geographically distinct areas (KBA-2 and VMDL-1) were 
comparatively assessed, and were also found to exhibit a high degree of similarities.1848

Comparative proteomics also identified cross-reactive and species-specific antigens between 
N. caninum and T. gondii tachyzoites by 2D gel electrophoresis and immunoblotting.2175 N. caninum 
proteins were identified with differentially regulated expression during sodium nitropusside induced 
tachyzoite-to-bradyzoite differentiation in vitro.1289 The proteome expression changes among viru-
lent (Nc-Liv and Nc-Spain7) and attenuated N. caninum isolates were studied,1678 followed by a 
study on the immunome, which revealed differences among 3 biologically different isolates.1681 
Another interesting study1632 focused exclusively on the secretome of N. caninum by 2 approaches: 
The first approach was identifying the proteins present in the tachyzoite-secreted fraction (ESA) 
by MALDI-TOF. The second approach was determining the relative quantification through peptide 
stable isotope labeling of the tachyzoites submitted to an ethanol secretion stimulus (discharged 
tachyzoite). An interaction network was built by computational prediction involving the up- and 
down-regulated proteins.

2.7.4  Genetic Manipulation of N. caninum

The development of molecular genetic tools for N. caninum has opened the door to address 
the functional relevance of Neospora antigens and their role in the host–parasite interactions. 
Essentially the same vectors carrying Toxoplasma promotors and similar protocols for transfection 
and heterologous protein expression previously developed for T. gondii could be applied for N. cani-
num.939 Several Toxoplasma proteins, including SAG1, GRA2, NTPase3, and ROP2 were expressed 
and correctly targeted in N. caninum.182,940 Heterologous expression of a previously unknown 
ORF from T. gondii in N. caninum led to the identification of the TgROP8 gene.182 In addition, an 
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N. caninum strain that exhibits stable expression of bacterial beta-glactosidase was generated,940 
and has become an important tool for the first-line screening of anti-parasitic compounds.1421 The 
bradyzoite antigen NcSAG4 was overexpressed in N. caninum tachyzoites,1290 and these transgenic 
parasites were evaluated as live vaccine candidates.1291 In addition, a transgenic N. caninum strain 
expressing the major T. gondii surface antigen TgSAG1 was generated, and its protective potential 
as a live vaccine against T. gondii infection was demonstrated in mice.2171 Another N. caninum 
strain genetically modified to express the T. gondii rhoptry protein ROP18 had increased virulence 
compared to the parental strain.1135

The first vector for stable expression of proteins based on chloramphenicol resistance in 
N.  caninum was developed in 2014,1586 for which expression is controlled by Neospora promo-
tors. In addition, a method for the stable insertion of genes based on resistance to pyrimethamine 
was developed. For that, the coding sequence of NcDHFR-TS (dihydrofolate reductase-thymidylate 
synthase) was point mutated in 2 amino acids, generating DHFRM2M3. The DHFRM2M3 flanked 
by the promoter and 3′UTR of Ncdhfr-ts (Ncdhfr-DHFRM2M3) conferred resistance to pyrimeth-
amine after transfection.1588

While the above-mentioned approaches aimed to express heterologous proteins in N. caninum, 
Neospora proteins were also expressed in other apicomplexans. An example is the expression of 
the N. caninum Kazal-type inhibitor, originally identified in T. gondii tachyzoites and Plasmodium 
berghei ookinetes,1408 which triggered developmental defects in these 2 species.1934

The recent completion of whole genome sequencing of Neospora and comparative analysis with 
other closely related apicomplexan parasites will provide an unprecedented amount of data, which 
will lead us to develop multiple genetic manipulation approaches including CRISPR-Cas in the post 
genomic era.

2.7.5  Neospora–Host Cell Interactions and Invasion

The first steps that N. caninum tachyzoites have to achieve to ensure host cell entry are the 
establishment of a low-affinity contact between tachyzoite and host cell surface membranes, fol-
lowed by a more stable association between tachyzoites and the host cell surface. In order to 
initiate host cell entry, tachyzoites then reorientate themselves perpendicularly to the host cell 
surface membrane, and enter the host cell cytoplasm, by advancing conoidal end first (Figures 
2.11 and 2.12), until they are located inside a parasitophorous vacuole (PV).878 Host cell invasion 
is an active process requiring metabolic energy solely on part of the parasite, but not on part of 
the host cell. However, by far not all N. caninum tachyzoites adhering to the host cell surface 
also achieve successful host cell entry.1445 Thus, specific signals and/or receptor–ligand interac-
tions are required that enable tachyzoites to exploit their invasive capacity.1444 These interactions 
involve proteins constitutively expressed on the parasite surface, as well as secretory compo-
nents,356,651 and motility that allows host cell entry is mediated by myosin as the main motor 
protein.873 Once inside the host cell, N. caninum resides within a PV, surrounded by a PVM. 
There are many similarities with T. gondii-infected cells, where the PV resists acidification and 
phagolysosomal maturation.887 Following invasion, the lumen of the PV as well as its membrane 
is extensively modified through secretory products, most likely originating from rhoptry and 
dense granule organelles.819,881,2053

Initial molecular characterizations of antigens revealed 4 immunodominant antigens of 17, 29, 
30, and 37 kDA.211 Immuno-electron microscopical examination revealed that an antigen migrat-
ing at 17 kDa was associated with rhoptries (Figure 2.29) while the 29 and 30 kDa antigens were 
associated with the dense granules (Figure 2.30), network, and the PVM. Subsequently further 
antigens, mainly surface and dense granule antigens were characterized (reviewed in Reference 
883). Information on subsequent characterization and GenBank information of different antigens/
proteins of N. caninum is summarized in Table 2.4.
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2.7.5.1 � Initial Host Cell Contact is Mediated by Parasite Surface Antigens (SAGs)

The initial low affinity host–parasite contact is mediated, at least in part, through NcSAG1 
and NcSRS2, the 2 major immunodominant surface antigens (SAGs) of N. caninum tachyzoites, 
both of which are inserted into the plasma membrane by a GPI-anchor.709,941,1791,1793,1878 SAG1 and 
SRS2 are members of the SAG-related sequences (SRS) family of surface proteins, which plays a 
key role in modulation of host immunity and regulation of parasite virulence. Interestingly, com-
parative genomics and transcriptomics analysis of N. caninum and T. gondii1698 has demonstrated 
that in T. gondii this family is composed of approximately 100 functional genes and 35 pseudo-
genes, while in N. caninum (Nc-Liv), the SRS gene family is expanded to 223 SRS genes and 52 
pseudogenes. However, a greater number of genes is expressed in T. gondii. The same accounts 
for another gene family, SUSA (SAG-unrelated surface antigen), postulated to interact with the 
immune system.

The surface of N. caninum tachyzoites has considerable differences to T. gondii also with 
regard to surface carbohydrate content. A monoclonal antibody directed against a periodate sensi-
tive carbohydrate epitope on a 65 kDa surface protein is available,172 which is useful for serological 
diagnosis of N. caninum infection by competitive ELISA.176 The presence of surface carbohydrates 
on N. caninum tachyzoites, and respective absence in T. gondii, was demonstrated by ruthenium 
red labeling and staining with the lectin Concanavalin A710,885 and a monoclonal antibody directed 
against N. caninum carbohydrate epitopes reacted specifically with apical complex sialylated beta 
tubulin.1896

rh

nu

1 μm

Figure 2.29 � TEM of tachyzoites incubated with antibodies against a 17-kDa N. caninum protein. Note exclu-
sive labeling of rhoptries (rh) (arrow). (Adapted from Bjerkås, I. et al. 1994. Clin. Diagn. Lab. 
Immunol. 1, 214–221.)
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Polyclonal and monoclonal antibodies directed against SAG1 and SRS2 inhibited host cell inva-
sion.832,876,1464 Monoclonal antibodies directed against a 73 kDa Neospora surface antigen have also 
been shown to inhibit host cell invasion.2005 Pellicle and plasmalemma fractions of N. caninum 
tachyzoites have been isolated using biochemical subcellular fractionation and have identified a 
number of proteins using specific antibodies.1138

On the host cell side, both N. caninum and T. gondii bind to the host cell surface via binding to 
sulphated host cell surface glycosaminoglycans (GAGs). However, despite the obvious similarities 
between the 2 species, there are distinct differences with regard to the actual host cell surface recep-
tors. While N. caninum tachyzoites preferentially bind to chondroitin sulfate GAGs and bradyzoites 
appear to bind to terminal sialic acid residues on the host cell surface,2053 it was shown that T. gondii 
tachyzoites preferentially interact with heparan sulfate residues.1444

1 μm

co

dg

rh

Figure 2.30 � TEM of tachyzoites incubated with antibodies against a 30-kDa N. caninum protein. Note label-
ing of dense granules (dg) and the PV membrane (arrowheads). Note conoid (co) and unlabelled 
rhoptries (rh). (Adapted from Bjerkås, I. et al. 1994. Clin. Diagn. Lab. Immunol. 1, 214–221.)
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2.7.5.2  Secretory Organelle Discharge Governs Host Cell Invasion

Once the contact to the host cell surface is established, N. caninum tachyzoites discharge secretory 
organelles named micronemes, rhoptries, and dense granules in a sequential manner, either prior, dur-
ing, or following host cell invasion. In this context, proteases have been shown to be critical for assembly 
and trafficking of microneme and ROPs in T. gondii.308,516 In N. caninum, the serine protease NcSUB1 
(a subtilisin-like serin protease), formerly known as NC-p651229,1230 was identified and characterized. 
Pepstatin, an inhibitor of aspartyl proteases, has a profound impact on N. caninum invasion,1445 but the 
corresponding protease has not been identified. A fetuin-binding fraction of N. caninum tachyzoites 
was also shown to contain 2 proteins of 96 and 140 kDa exhibiting metalloprotease activity.2054

2.7.5.3  Microneme Proteins

Microneme proteins (MICs) (Figure 2.2r) that have been characterized include NcMIC1,1046 
NcMIC2,1231 NcMIC2-like,1585 NcMIC3,1879 NcMIC4,1047 NcMIC6,1146 NcMIC10,2157 NcSPATR 
(sporozoite protein with an altered thrombospondin repeat),962 NcPDI (protein disulfide isomer-
ase),1447 and NcSUB1,1229 which was shown to contain major proteolytic activity by zymography.1230 
For most MICs, secretion is initiated in vitro as soon as parasites initiate egress from the host cells.

As for other apicomplexans, Neospora MICs are deployed, and function, as protein com-
plexes.1019 Several adhesive domains that could interact with receptors on the surface of target cells 
have been identified, similar to related domains found in vertebrate extracellular matrix proteins. 
These include thrombospondin-(TSP-) like domains and sialic acid binding adhesive repeat-(MAR) 
domains in NcMIC1,701,1046 integrin- and TSP-type I-like domains in NcMIC21231 and NcSPATR,962 
epidermal growth factor (EGF)-like domains in NcMIC31443 and NcMIC6,1146 and apple-domains 
in NcMIC4.1047

2.7.5.4  ROPs and Rhoptry Neck Proteins (RONs)

Invasion of host cells by Toxoplasma takes place through the formation of a moving junction, 
which selectively excludes host cell plasma transmembrane proteins on the basis of their mem-
brane anchoring.197 Parasite actin is required for efficient host cell invasion518 as determined by 
the use of specific inhibitors and parasite mutants. This mechanism also applies to N. caninum. 
Simultaneously, or right after the formation of the moving junction complex, other ROPs are 
injected into the host cell cytoplasm at the invasion site. Some ROPs remain associated with small 
vesicles that fuse with the developing PVM, whereas others remain soluble and are targeted to other 
sites within the host cell.

The most prominent group of ROPs is the ROP2 family, which has recently been cataloged in 
N. caninum.1933 NcROP2-Fam1, and NcROP40, 2 members of the ROP2 family in N. caninum, rep-
resent the best characterized.32,1565 Both are promising vaccine candidates and exerted a synergistic 
effect in terms of protection against vertical transmission in mouse models,472,1564 which suggests 
that they may be relevant for parasite pathogenicity. Transcription of both ROPs is highly increased 
during tachyzoite egress and invasion. NcROP2-Fam1 is secreted during invasion, and antibodies 
against NcROP2 peptides inhibited host cell entry.471 NcROP2-Fam1 was also found to be associ-
ated with the nascent PVM and vacuoles surrounding the host cell nucleus and, in some instances, 
the surface of intracellular parasites. In contrast, NcROP40 secretion could not be detected by anti-
body labeling techniques.32,1565

The Neospora rhoptry proteome was studied by isolation of subcellular rhoptry fractions, 2D 
SDS-PAGE and LC/MS–MS and resulted in the identification of 8 potentially novel rhoptry com-
ponents (NcROP1, 5, 8, 30 and NcRON2, 3, 4, 8), several kinases, proteases, and phosphatases with 
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a high homology to those previously found in T. gondii.1292,1874 Comparative genomics and tran-
scriptomics analyses of T. gondii and N. caninum rhoptry genes have shown that several T. gondii 
rhoptry genes are missing from N. caninum, including the locus that encodes ROP2A, ROP2B, and 
ROP8.1698

2.7.5.5  Dense Granule Proteins

Another set of secretory proteins, dense granule (GRA) proteins (Figure 2.2s), are released 
into the PV once the invasion process is achieved. Some GRA proteins have been identified as 
components of the PV membranous network that constitutes the matrix of the PV and provides the 
metabolically active compartment that favors parasite replication. Other GRA proteins are involved 
in the modification of the PVM, and contribute to the membrane resistance to fusion with host lyso-
somes.1345 More than 20 GRA proteins have been reported for T. gondii, and 15 have been identified 
in N. caninum, either as proteins or on the transcriptional level.1698 In T. gondii, a number of GRA 
proteins, including TgGRA7, TgGRA15, TgGRA16, TgGRA24, TgGRA25, and TgNTPase I, have 
been implicated in virulence mechanisms, and TgNTPase and the TgGRA7 are essential for the 
replication of T. gondii tachyzoites.

In contrast, GRA proteins in N. caninum have not been as extensively characterized. NcGRA7 
and NcGRA6, identified as immunodominant antigens through cDNA expression library screen-
ing using sera from N. caninum infected cattle, were originally named NcDG11112 and NcDG2,1151 
respectively. NcGRA7 was shown to be secreted into the PV and localized to the PV matrix and the 
PVM.881 Immunohistochemistry employing monoclonal and affinity purified polyclonal antibodies 
showed that NcGRA7 was expressed in both tachyzoites and bradyzoites.709,1791 It was shown that 
antibodies directed against NcGRA7 inhibited the entry of N. caninum tachyzoites into baby ham-
ster kidney cell cultures, while addition of antibodies after host cell entry did not affect the intracel-
lular proliferation of tachyzoites.102 A similar observation was made using a monoclonal antibody 
against NcGRA7 and MARC-145 cells.17 A 17–19 kDa antigen protein fraction that is recognized by 
sera of N. caninum-infected cattle and used for immunodiagnosis was found to be encoded by the 
NcGRA7 gene.55 As evidenced by a comparative immunomics study, NcGRA7 is efficiently recog-
nized by sera of mice infected with virulent isolates of N. caninum such as Nc-Liv or Nc-Spain7, 
but much less by sera of mice infected with a non-virulent isolate, Nc-SpainH1, and it was suggested 
that this protein could represent an important virulence factor.1681

Similar to its counterpart in T. gondii, Neospora NcGRA3 contains an N-terminal secretory 
signal sequence and a transmembrane domain, which is consistent with its insertion into the PVM 
as shown by monoclonal antibody labeling.894 Other GRA proteins such as NcGRA1, NcGRA2, and 
NcMAG1 (matrix antigen 1), also homologs to respective T. gondii GRA antigens, are abundantly 
expressed within the tachyzoite dense granules and are also found within the matrix of the PV, and 
during tachyzoite-to-bradyzoite differentiation in vitro, their localization shifts toward the periph-
ery of the tissue cyst.819,2053 In analogy to T. gondii, N. caninum expresses a potent type-I nucleoside 
triphosphate hydrolase (NTPase), which is also localized within dense granules.92 Comparative pro-
teomics showed an upregulated expression of NcNTPase in virulent versus non-virulent isolates.1678 
Further investigations demonstrated the existence of up to four NcNTPase alleles in Nc-Liv, and 
that transcription, NTPase phosphorylation and secretion coincides with tachyzoite egress.1566

An unusual single-domain Kazal serine protease inhibitor (serpin) that is localized in the dense 
granules and discharged into the PV was described and named NcPI-S.1408 Recombinant NcPI-S 
efficiently inhibited subtilisin activity, while little or no activity against elastase or chymotrypsin 
was found.250 Serpins are believed to protect parasites from proteinase-rich environments and to 
modulate the host inflammatory response, and the action of proteinases secreted by the parasites 
themselves.250
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In T. gondii, a set of dense granule proteins (also named MAF1 proteins, mitochondria associa-
tion factors) are secreted by the parasites and associate with the PVM and mediate the association 
between PV and host cell mitochondria for type I and type III strains.7,1594 Host cell mitochondrial 
association has also been described in N. caninum-infected cells, but this can vary between different 
strains, as it does for T. gondii. A recent study8 has shown that the MAF1 gene locus in T. gondii type 
I and III strains has duplicated, while no such gene duplication has been identified in N. caninum 
NC1. T. gondii type I and III strains evolved a MAF1 paralog which is much more efficient in recruit-
ing host cell mitochondria to the PV, and expression of the T. gondii MAF1 paralog in N. caninum 
NC1 also resulted in a much more efficient mitochondrial association with the PV. This is especially 
interesting since it was shown that mitochondrial association was linked to cytokine responses and 
virulence of T. gondii strains in vivo, and the same is most likely the case for N. caninum.

2.7.5.6  Intracellular Host Cell Modulation and Parasite–Host Cell Crosstalk

Earlier studies focused on the relationship between host cell apoptosis and N. caninum infec-
tion. It was demonstrated that infection of IFN-γ-treated BALB/3T3 clone A31 fibroblasts with N. 
caninum tachyzoites in vitro causes apoptosis as evidenced by increased DNA-fragmentation, and 
increased caspase-3 and caspase-8 activity.1468 The administration of respective inhibitors such as 
anti-mouse FasL monoclonal antibody inhibited cell death.1475 Inhibition of host cell apoptosis is a 
critical issue, especially for the chronic phase of infection, during which N. caninum bradyzoites 
form tissue cysts that can persist within infected tissue for a long time. These N. caninum brady-
zoites, as well as their host cells, are predestined for long-term survival. It is conceivable, that host 
cells are modulated accordingly, by either utilizing the PVM as a signaling platform, or by actively 
secreting bioactive parasite-derived factors into the cytoplasm. T. gondii inhibits host cell apoptosis 
by inducing the activation of the transcription factor Nf-κB, which in turn regulates the expression 
of inhibitors of apoptosis in the host cell.226 The activation of Nf-κB pathway by T. gondii correlates 
with the localization of phosphorylated I-κB at the PVM. In an interesting study895 it was shown 
that, in contrast to T. gondii, N. caninum inhibits host cell apoptosis in the absence of discern-
ible Nf-κB activation. Thus, receptor-mediated apoptosis is repressed and the executioner caspase 
3 does not become activated in the infected cells. Although a putative I-κB kinase activity was 
detected in N. caninum extracts, thereby implying that this parasite is capable of modulating Nf-κB 
translocation into the host cell nucleus, a profound and sustained activation of the Nf-κB pathway is 
not central to the ability of N. caninum to prevent host cell apoptosis.

In T. gondii, some ROPs injected into the host cell cytoplasm have been shown to be involved in 
manipulation of host cell gene expression through kinases, and thus represent crucial virulence factors 
involved in the crosstalk between parasite and host cells.486 TgROP16 and TgROP18 act as hypervari-
able protein kinases that are responsible for the high virulence of certain strains of T. gondii. TgROP18 
phosphorylates host immunity-related GTPases (IRGs) and activating transcription factor-6 beta 
(ATF-6 beta), and TgROP16 is translocated to the host cell nucleus, subverts STAT3/6 (signal trans-
ducer and activator of transcription 3/6) signaling, and as a consequence interleukin 12 (IL-12) produc-
tion in infected host cells. In this respect, there are clear differences between T. gondii and N. caninum, 
as shown by genomic and transcriptomic studies.1698 In N. caninum Nc-Liv, ROP18 is a pseudogene due 
to several interrupting stop codons in the sequence syntenic with the Toxoplasma genes, and N. cani-
num is not able to phosphorylate IRGs without a functional copy of ROP18. However, phenotype and 
virulence assays showed that the expression of TgROP18 in N. caninum did not affect the motility and 
cell invasion, but resulted in a significant increase in intracellular parasite proliferation and virulence 
in mice. IRG-phosphorylation assay showed that a transgenic parasite NC1-TgROP18 was able to phos-
phorylate IRGs as T. gondii did.1135 In addition, while NcROP16 possesses the key active-site leucine 
residue for STAT3 activation, the gene is not expressed in Nc-Liv tachyzoites cultured in HFF, thus it 
is likely that N. caninum infection does not activate STAT3 due to the lack of NcROP16 expression.1698
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Infection by apicomplexan parasites modulates the host cell cytoskeleton dynamics.305,306 
Microtubules start to surround the parasite at the first minute of invasion by forming a cone-shape 
microtubule network, and a microtubule ring on the host cell is observed around the parasite 
entrance site. In a recent study that compared microtubule interactions in N. caninum and T. gon-
dii infected cells, microtubules were also closely apposed to N. caninum containing PVs, but at a 
statistically significant lower density compared to what was observed in T. gondii infected cells.1487 
Both parasites also affect the positioning of the centrosome, which is closely associated with the 
nucleus in uninfected cells, but during N. caninum and T. gondii infection the host cell centrosome 
is recruited away from the nuclear membrane and positioned near to the PVM. N. caninum infection 
also modulated the spatial organization of host cell actin microfilaments and intermediate filaments, 
as visualized in astrocytes of organotypic rat brain slice cultures.2051 F-actin bundles and glial fibril-
lary acid protein filaments were found in close juxtaposition to the cytoplasmic side of the PVM.

These pronounced changes in the cytoskeletal organization also reflect on an altered migration 
of the host cell: infection of DCs with N. caninum tachyzoites was shown to confer a hypermigra-
tory phenotype.370 In addition, an N. caninum macrophage migration inhibitory factor (NcMIF) was 
described.1651 Immunoelectron microscopy localized NcMIF in the micronemes, rhoptries, dense 
granules, and nuclei. NcMIF was abundant in the tachyzoite lysate and present in excretory and 
secretory antigen preparations. Total and secretory NcMIF was more abundant in a nonpathologic 
temperature-sensitive N. caninum mutant Ncts-8, than in the wild-type NC1 isolate. However, the 
functional and immunoregulatory properties of NcMIF were not demonstrated.

2.7.5.7  Monoclonal Antibodies

Numerous monoclonal antibodies have been generated and some of them cross-react with 
T. gondii (Table 2.5).

2.8  RODENT MODELS OF NEOSPOROSIS

2.8.1  Mice

2.8.1.1  Outbred Mice

During the first attempt to culture N. caninum in 1988, it became clear that the outbred mice are 
resistant to this parasite.528 Administration of immunosppressive drugs can overcome part of this 
resistance. Cortisone, methylprednisolone acetate (MPA), and dexamethasone have been used for 
this purpose. Cortisone acetate (2.5 mg injected SC) is relatively inexpensive but needs to be given 
twice weekly. MPA (2–4 mg MPA injected IM) is more expensive but its efficacy lasts for 3 weeks 
after a single dose. Dexamethasone oral (10 µg/mL) can be given in drinking water. Although 
results are better if these drugs are given a week before the start of the experiment, immunosuppres-
sive effects are achieved even when administered on the day of the N. caninum inoculation. Other 
immunosuppressive drugs (cyclophosphamide 15–20 mg daily inoculated IP, vinblastine 1.2 mg, 
daily IP) have also been used. In our experience MPA is most convenient and efficacious. These 
drugs can be administered until mice become ill. To overcome the effect of concurrent bacterial 
infections, mice can be administered penicillin and streptomycin that have no effect on N. caninum 
infection. Immunosuppressed outbred mice have been used to study pathogenesis,365,1159 tissue cyst 
formation,1159,1326,1327 parasite propagation,1733 chemotherapy,1162 and for bioassays.603

Swiss Webster (SW) 25–30 g mice inoculated with 2 × 105 NC1 tachyzoites and given 4 mg 
MPA died of hepatitis, pneumonia, pancreatitis, and encephalitis by 30 DPI, while those given 2 mg 
MPA developed milder illness, predominantly encephalitis. Tissue cysts were seen in histological 
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brain sections 21 DPI.1159 Similar results were obtained in other investigations. Additionally, para-
site DNA and lesions were quantified in liver, lungs, heart, and brain of ICR mice given immuno-
suppressive drugs.365

SW mice orally inoculated with bradyzoites became infected indicating the bradyzoites are 
infectious by the oral route, and clinical disease was more severe in mice inoculated with NC1 
versus NC3 strain.1163

Outbred Qs mice, are rather resistant against N. caninum, show a Th1-type immune response 
characterized by high IFN-γ and low IL-4 production as well as dominant IgG2a antibody 
responses.1352,1653

A recent study1303 demonstrated that outbred CD1 mice infected with a low virulence N. cani-
num isolate (NcIs491) transmitted the parasite to their offspring during repeated pregnancies, thus 
this represents an interesting model to study congenital infection.

Transplacental and lactogenic transmission of N. caninum has been demonstrated in mice.362 
Information is summarized in Table 2.6.

2.8.1.2  Inbred Mice

BALB/c, C57BL/6, B10.D3, and other inbred mouse strains have been used to study pathogen-
esis, assess immunity parameters, and congenital transmission of neosporosis.

2.8.1.2.1  Pathogenesis

The outcome of infection varies with the strain of the mouse, parasite strain, and the dose. 
BALB/c mice infected with 105 NC1 tachyzoites developed neurological signs with tachyzoites-
associated meningoencephalitis.1172 Lesions were confined to the CNS. Depending on the dose, 
DNA was detected in blood 1–7 DPI. During the acute phase of infection N. caninum was detected 
in visceral tissues, and during the chronic phase the infection was confined to the brain.31,366

Of N. caninum NC1-induced infections in 3 strains of inbred mice (BALB/c, C57BL/6, B10.D3) 
compared, there was no difference in susceptibility of BALB/c and C57BL/6 mice and in general 
the number of lesions increased with dose; B10.D3 mice were least susceptible.1207 The predominant 
lesion was encephalitis associated with intralesional tachyzoites demonstrable by immunohistochemi-
cal (IHC) staining. These results were confirmed by another group of researchers using detection of 
parasite DNA by quantitative polymerase chain reaction (PCR).365 No clinical signs of neosporosis 
were observed throughout an observation period of 21 DPI with 5 × 106 NC1 tachyzoites,1663 but also 
it was shown that these mice were highly susceptible to an infection with 2 × 107 tachyzoites. Other 
studies failed to observe clinical signs in C57BL/6 mice after a challenge with 105 NC1 tachyzoites as 
long as 44 days, but detected severe lesion in µMT (B-cell deficient) mice.652

Nc-Liv-induced infections were compared in BALB/c, C57BL/6, and CBA/Ca mice.1372 Groups 
of 5 mice received 106, 5 × 106, or 25 × 106 tachyzoites by IP injection. The mortality rates were the 
highest in C57BL76 mice, in BALB/c mice mortality was 0% at the lowest and 100% at the highest 
infection dose. CBA/Ca mice were the most resistant, with no animal succumbing to infection at a 
dose of 106 and 5 × 106, but 100% mortality after infection with 25 × 106 tachyzoites.

BALB/c mice have been useful in defining virulence of different Neospora isolates98,366,730; 
certain strains (Nc-Spain5H, Nc-Spain7 and 9; and Nc-SweB1) were found more pathogenic to 
BALB/c mice than others.

2.8.1.2.2  Congenital Model

In 1996 the suitability of BALB/c mice as a model for reproductive loss due to N. caninum infec-
tion was reported.1206 In mice infected prior to pregnancy, no difference was present in resorptions 
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between infected and control mice, although litter size was decreased in the infected mice. In mice 
infected at day 5 of gestation, resorptions were increased. In mice infected at day 10 of gesta-
tion, N. caninum tachyzoites were identified in placenta and fetal muscle and neural tissue. In the 
placenta, there was multifocal necrosis and hemorrhage with intralesional tachyzoites.

Not only N. caninum can be transmitted congenitally during acute infection in BALB/c, it is 
also transmissible congenitally from chronically infected mice.1511 In BALB/c mice inoculated with 
N. caninum NC1 tachyzoites, 76% of the neonates were infected when dams were inoculated during 
pregnancy and 50% of neonates born to chronically infected dams were infected.1511 The offspring 
of the group infected during pregnancy were mated again, and 86% of their resulting offspring mice 
were found to be infected.

Some studies have focused on the postnatal development of BALB/c offspring mice born from 
dams infected with N. caninum tachyzoites during pregnancy.1222 Infection with N. caninum on day 
7 of pregnancy resulted in 100% mortality, while mortality was lower when infection took place at 
days 0 and 14 of gestation. In general, infection provoked a delay in the development of neonates, 
and caused clinical signs and severe histopathological lesions.

Attempts to establish a BALB/c model to study endogenous transplacental transmission failed. 
While mice that had been congenitally infected with a low-to-moderate virulence N. caninum iso-
late exhibited clinical reactivation during the mating period, transmission to the next generation did 
not occur.1016,1017

Various studies on murine congenital neosporosis are summarized in Table 2.6. However, results 
are not comparable because they lack standardization: different groups have worked with different 
mouse strains, different parasite isolates, they have employed different culture techniques and varying 
routes of inoculation. The C57BL/6 mouse model was optimized for its use in studies on congenital 
N. caninum infections.1663 In addition, conditions for BALB/c mouse model for exogenous transpla-
cental N. caninum transmission were standardized employing the virulent Nc-Spain7 isolate.86

2.8.1.2.3  Immune Mediation

2.8.1.2.3.1  Immunity in Nonpregnant Mice — Studies concerning immunity in nonpregnant mice 
are summarized in Table 2.7.

Innate Immune Response: Exposure of bone marrow derived dendritic cells (DCs) to N. cani-
num tachyzoites resulted in enhanced expression of IL-12p40, IL-10, and tumor necrosis factor 
α (TNF-α), whereas IL-4 RNA expression was not detected.1916 Similarly, exposure of DCs and 
spleen cells to whole Neospora tachyzoites (live, freeze-killed) or tachyzoite lysates (whole or insol-
uble antigen) stimulated high levels of IL-12, IFN-γ, and TNF-α, while heat-killed tachyzoites and 
soluble antigens stimulated low levels of these cytokines. Whole N. caninum tachyzoites were more 
effective in inducing IL-12, IFN-γ, and TNF-α than the lysate antigen preparations.664a

It was shown that N. caninum invaded and activated DC, as well as macrophages, which in 
turn activated T-cells.502 The production of IFN-γ by T-cells was IL-12 dependent when they were 
activated by DC, but not when they were activated by macrophages. Macrophages from N. caninum-
infected mice showed increased activation, and enhanced IL-6, IL-12p40, and IFN-γ production.3 
However, live N. caninum tachyzoites as well as N. caninum tachyzoite extracts were also shown 
to induce the rapid phosphorylation and thus activation of the p38 mitogen activated protein kinase 
(p38MAPK) in macrophages, as a consequence reduced B7/MHC expression and reduced antigen 
presentation were observed. Inhibition of p38 activation using a specific inhibitor in experimentally 
infected mice resulted in diminished parasite burden and increased survival, demonstrating that N. 
caninum-mediated phosphorylation of p38MAPK is induced to modulate the immune response.1415a 
Macrophage-depleted mice were more susceptible to N. caninum infection. Increased mortality 
and neurological impairment were observed in the N. caninum-infected mice lacking the chemo-
kine receptor CCR5. Poor migration of DCs and natural killer T cells to the site of infection was 
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observed in CCR5−/− mice, and higher levels of IFN-γ and CCL5 expression, which are associated 
with brain tissue damage, were observed in the brain tissue of CCR5−/− mice during the acute phase 
of the infection.4 A recent study showed that N. caninum also interacts with canine polymorpho-
nuclear neutrophils by inducing the formation of extracellular traps (NETS). NETS have been rec-
ognized as novel effector mechanism in many immune processes.2709a

N. caninum triggers a type I IFN-α/β response in infected host cells.185 Host responses to 
Neospora are dependent on the toll-like receptor TLR3 and the adapter protein Trif, and RNA from 
Neospora elicits TLR3-dependent type I interferon responses when targeted to the host endo-lyso-
somal system.185 In contrast, Toxoplasma actually inhibits the production of type I interferon, and 
promotes the synthesis of IFN-γ,186 and this marks an important difference between the 2 species 
with regard to their innate immune response. C57BL/10ScCr mice that lack toll-like receptor 4 and a 
functional IL-12 receptor is highly susceptible to neosporosis.233 Others have demonstrated that ini-
tial N. caninum recognition occurs by engaging TLR2 and triggers the activation of the adaptor mol-
ecules Myd88 and its respective pathways.1359,1361 Another important component governing the innate 
immune response is nucleotide-binding oligomerization domain (NOD)-like receptors NOD1 and 
NOD2, which detect intracellular pathogens. In previous studies it was proposed that engagement of 
NOD2 is necessary for generating protective Th1 immunity against T. gondii. Their role in nonpreg-
nant mice was investigated,435 and it was shown that NOD2 is involved in macrophage responsiveness 
against N. caninum infection in vitro and in vivo, that NOD2-triggered responses are required but 
not essential for N. caninum growth restriction during sublethal infection, and that NOD2 induces 
aggravated inflammation and lethality during lethal N. caninum infection in nonpregnant mice.

Acquired Immunity: Both, cellular and humoral immune responses are important to control 
the infection in mice.887 The immune response in inbred strains may differ among the strains, 
due to their specific relative haplotype.1207,1372 It appears however that the principal mechanism of 
protection against N. caninum infection involves mainly IFN-γ and IL-12.173,1040,1051,1469,1717 Indeed, 
more resistant mouse strains such as B10.D21207 or CBA/Ca1706 exhibited high IFN-γ/IL-4 ratios. 
However, other cytokines such as TNF-α, IL-10, or transforming growth factor β (TGF-β) have 
been shown to be involved in the control of parasite proliferation, at least in vitro.441 Interestingly, it 
was shown that CD4+ T-cells are crucial for protection against N. caninum infection, while CD8+ 
T-cells are not.1936 One has to keep in mind, however, that different Neospora isolates are likely to 
induce different cytokine responses, similar to what has been previously observed for different T. 
gondii strains.82 The importance of indoleamine 2,3-dioxygenase in the defense against N. caninum 
infection in human and bovine cells was identified.1885 More recently mesenchymal stromal cells 
were reported as putative effector cells against N. caninum, since IFN-γ activation restricted para-
site proliferation through involvement of guanylate-binding proteins (GBPs) and immunity-related 
IRGs.1886 The importance of the humoral immune response was also demonstrated. μMT-antibody 
KO mice were more susceptible to Neospora infection than wild-type C57BL/6 mice.652 BALB/c 
mice infected with N. caninum tachyzoites underwent B-cell expansion and exhibited a dominant 
IgG2a production.1944 Although these results speak in favor of a Th1-type immune response for 
protection, other studies have documented that an appropriate Th1/Th2 balance is required.150,1477

2.8.1.2.3.2  Immunity in Pregnant Mice — Similar to the situation in cattle,44 an immunomodula-
tion toward a Th2-type response associated with high IL-4 production is usually observed during 
pregnancy, thus favoring the proliferation of the parasite and the vertical transmission. Respective 
studies in the pregnant mouse model are summarized in Table 2.8. Neutralization of IL-4 levels by 
application of anti-IL-4 antibodies in pregnant mice modulates the immune response and increases 
fetal loss,1208 and this was confirmed by other studies.1033,1655 Immunological parameters responsible 
for reactivation of the parasitemia in mice are not well understood. However, vertical transmission 
in mice infected before mating, as well as recrudescence in the first generation, were observed. 
Interestingly, different patterns leading to the same outcome were seen between different strains of 
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mice. It was shown that in chronically infected CBA/Ca mice that the vertical transmission in suc-
cessive pregnancies was first associated with a high IgG2a antibody response during the first two 
pregnancies, and only during the third pregnancy an increase in IgG1 antibodies was noted.1707 This 
indicated that immunomodulation was not responsible for the reactivation of chronic infection. On 
the other hand, others showed an association of vertical transmission with downregulation of the Th1 
response.1033,1511 It was suggested that the overall reduction of specific anti-Neospora IgG in success-
ful pregnancies is most likely a consequence of the reduction in parasite numbers,1016 and thus does 
not give a clue to which type of immune response lead to the clearance of the parasites. However, 
these studies are hardly comparable with the former ones because of the different experimental 
parameters and different mouse strains employed.

2.8.1.3  Nude Mice and IFN-γ-KO Mice

Nude mice that lack cells for humoral and cellular immunity are susceptible to N. caninum 
infection.1561,1784,1844,2141 N. caninum multiplied in many organs, including intestines.1561 Nude mice 
inoculated IP with homogenate of infected bovine brain and spinal cord developed neurological 
signs 2–4 months PI.1784 However nude mice are very expensive and offer no additional advantage 
over KO mice.564

When in 1998, KO mice became available commercially; they became widely used for bioas-
says for N. caninum (see Section 9 in Chapter 3). Both BALB/c-derived and C57BL/6 derived-mice 
are equally susceptible; we use C57BL/6 because they are more robust. The KO mice that die during 
the acute stage of the infection develop hepatitis and pneumonia.

2.8.2  Gerbils

2.8.2.1  Common Pet Gerbil (Meriones unguiculatus)

Gerbils have been very useful to study pathogenesis and for the isolation of viable N. caninum 
from feces and tissues of animals (Table 2.9).

Little is known of the fate of sporozoites in animals after ingestion of N. caninum sporulated 
oocysts. In one experiment, 10-fold dilutions of oocysts were inoculated orally into 18 gerbils and 
their tissues were examined by IHC.583 Undiluted suspension estimated to contain 1000 oocysts 
were fed to 8 gerbils. Four of these gerbils were euthanized daily at 1–4 DPI; these gerbils remained 
asymptomatic. No lesions or parasites were detected in their tissues. However, bioassays in KO mice 
and cell culture inoculated with MLN of gerbils killed on days 1 and 2 PI revealed the presence of 
viable organisms. These results indicated that the sporozoites had excysted and invaded the MLN. 
Tachyzoites and lesions were first detected in sections of intestines of gerbils killed on days 3 and 4 
(Figure 2.22). The gerbils became ill at 6 DPI and tachyzoites and lesions were demonstrable in sev-
eral tissues. Parasites and encephalitis were detected in the brain of the gerbil at 9 DPI. Although not 
demonstrated, similar scenarios might occur in other animals after ingesting N. caninum oocysts. 
In conclusion, enteritis, MLN necrosis (Figure 2.23), and hepatitis may preceed encephalitis.

In other experiments, gerbils were very useful in determining the viability of oocysts fed to 
cattle.1994 Not all N. caninum strains appear to be pathogenic to gerbils (Table 2.9).

Gerbils have been also useful in isolating the parasite from oocysts and tissues of animals 
infected with N. caninum. All gerbils inoculated with bradyzoites liberated from tissues of naturally 
infected dogs or cattle remained asymptomatic, suggesting that this stage may be less pathogenic 
than tachyzoites or sporozoites. In the initial experiments, gerbils inoculated IP with N. caninum-
infected tissues developed ascitis with tachyzoites in the peritoneal exudates.402 This provided false 
hope of the procedure to maintain this parasite in the laboratory by serial passages in gerbils. 
However, tachyzoites were no longer demonstrable in gerbils after a few passages.
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The lethal dose of N. caninum in gerbils is around 106 tachyzoites inoculated IP for testing the 
efficacy of vaccines and determining pathogenic factors (Table 2.9). Four to five day old gerbils 
were successfully infected by oral inoculation of tachyzoites.672a All 17 gerbils died of neosporosis 
between 8 and 17 DPI (1 died on each of days 8, 9, 15, 16, and 17, 4 died day 12, and 5 died on day 
15—personal communication to JPD on October 24, 2016) with 4 × 105 NC1 tachyzoites. N. cani-
num DNA was found in several tissues of gerbils.

2.8.2.2  Tristram’s Jird (Meriones tristrami)

Severe neosporosis was induced in M. tristrami.1619 Groups of 5 gerbils were inoculated SC or IP 
(total 10 per dose) with 10-fold dilutions of 1 to 107 NC1 tachyzoites. Of the 70 jirds, 53 (75%) developed 
clinical signs, ranging from acute death to development of neuromuscular signs and survival. Sixteen 
jirds had paralysis of the rear limbs, simulating clinical signs in dogs. Parasitemia was demonstrable 
by bioassays of blood in all 8 jirds tested. Tachyzoites were found both in pleural and peritoneal cavity. 
The virulence of tachyzoites decreased after third subpassages, and tachyzoites eventually disappeared 
from peritoneal exudates with subpassages. Gerbils that survived infection developed antibodies to N. 
caninum.1619 Results of this investigation were confirmed in another report.959 Three adult jirds were 
inoculated IP with 106 NC1 tachyzoites. One jird died on day 11 PI and had peritoneal exudate. The 
second jird became emaciated and was euthanized on day 11 PI. The third jird developed paresis of the 
rear limbs and was euthanized on day 19 PI. Neospora DNA was detected in the brains of all 3 jirds.

2.8.2.3  Wagner Gerbil (Gerbillus dasyurus)

Three gerbils were inoculated IP with 106 NC1 tachyzoites.959 All became ill and were eutha-
nized 7, 8, and 9 DPI because of paralysis of the rear limbs (1 gerbil), severe apathy (1 gerbil), and 
hepatomegaly (1 gerbil). Neospora DNA was detected in the brains of all 3 gerbils.

2.8.3  Multimammate Rat (Mastomys natalensis)

Six adult multimammate rats were inoculated IP with 106 NC1 tachyzoites.959 All 6 rats became 
ill and died or had to be euthanized on days 10 (4 rats), 11 (1 rat), and 19 (1 rat). Lesions and tachyzo-
ites were seen in several tissues, including accessory sex glands.

2.8.4  Sand Rat (Psammomys obesus)

Using the same experimental design as that used to infect the jirds, 40 (10 per each dose) labora-
tory raised sand rats were inoculated SC or IP with 10, 100, 1000, and 10,000 NC1 tachyzoites.1619 
Of all the hosts so far tested, sand rats were the most susceptible to neosporosis. Eight of the 10 
rats inoculated with 10 tachyzoites died or were euthanized when ill, irrespective of the route of 
inoculation; the 2 survivors were not infected. Parasitemia was demonstrable by bioassay of periph-
eral blood in rats inoculated with both routes. Death was delayed by 3–4 days when infection took 
place through the SC route. N. caninum was passaged successfully by IP inoculation of peritoneal 
exudates up to 7 times.

2.8.5  Norwegian Rat (Rattus norvegicus)

Rats, similar to outbred mice, are resistant to N. caninum infection.1161 A total of 54 rats were 
divided into 3 groups and inoculated each with 5 × 105 NC1 tachyzoites and observed up to 65 DPI. 
Complete necropsies were performed on all rats and their tissues examined histologically. Group A 
(n = 14 rats) were inoculated but not medicated; N. caninum was not found in tissues of any of these 
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examined 3–55 DPI. Group B rats (n = 20) were given 4 mg MPA by IM route on –7 and 0 day of 
inoculation. These rats developed disseminated neosporosis with severe hepatitis (Figure 2.24), and 
they died or were killed by 12 DPI. Group C rats (n = 20) were medicated with 2 mg MPA –7 and 
0 DPI; these rats were examined 3–55 DPI. Group C rats developed milder disease with lesions in 
several organs up to the last day of examination (day 45). N. caninum tachyzoites were demonstrable 
in tissues 6–17 DPI. A single small (12 × 14 µm) tissue cyst was found in the brain of a rat 17 DPI.

2.8.6  Djungarian Hamster (Phodopus sungorus)

This hamster species was successfully infected with N. caninum.2004 Hamsters (n = 29) were 
inoculated IP with 5 × 106 JPA1 strain tachyzoites; 3 of them became ill. One of the hamsters exhib-
iting clinical signs died 9 DPI, and was not examined, the other two were killed 16 DPI; many tissue 
cysts were found in their cerebrum, and 1 tissue cyst was detected in the tunica muscularis of the 
gastric mucosa. Tissue cysts were also found in 26 of the remaining hamsters.

2.9  GENERAL DIAGNOSIS

Diagnosis of neosporosis can be achieved in many different ways.600,603,607,1316,1525 Most impor-
tant are (i) cytological, histological, immunohistochemical, and electron microscopical examina-
tions, (ii) detection of parasitic DNA by PCR, (iii) detection of specific antibodies in individual 
animals, and (iv) epidemiologic observations. Only general aspects are discussed here, and techni-
cal details are provided in Chapter 3. Diagnosis of neosporosis in cattle and dogs is discussed in 
Chapters 4 and 5, focussed to infection in these animals.

2.9.1  Cytology

A rapid diagnosis maybe made by microscopic examination of cytospin smears or impression 
smears after Diff-Quick rapid staining or conventional Giemsa stain. The tachyzoite stage is the 
most likely to be present. Intracellular organisms often appear smaller in size than extracellular, 
and dividing tachyzoites are oval to round. By light microscopy tachyzoites of N. caninum and 
T. gondii tachyzoites appear similar.

2.9.2  Conventional Histopathology

Examination of tissue sections stained with HE is very useful in recognition of lesions and arriving 
at provisional diagnosis. However, it is difficult to identify Neospora unless thick-walled tissue cysts 
are present. In HE sections the tachyzoites are often round to slightly elongated and it is important to 
look for the vesicular nucleus to distinguish them from degenerating host cells (Figure 2.2d). Rarely 
the tachyzoites are cut longitudinally to be seen as crescentric. In HE-stained sections (Figure 2.2e), 
tachyzoites of Neospora and Toxoplasma are similar. Although tissue cysts of Neospora have a 
thicker wall (up to 4 µm-thick) compared to tissue cysts of Toxoplasma (<0.5 µm-thick), in some 
instances tissue cysts are indistinguishable.573 Sarcocystis schizonts can be confused with Neospora 
tachyzoites but the presence of immature stages in Sarcocystis is diagnostic. Sarcocystis schizonts 
divide by endopolygony, where the nucleus becomes highly lobulated and merozoites are formed at 
the periphery (see Chapter 4), whereas Neospora tachyzoites divide into 2 by endodyogeny.

2.9.3  Transmission Electron Microscopy

The structure of rhoptries is helpful in differenting tachyzoites of Neospora, Toxoplasma, and 
merozoites of Sarcocystis. Rhoptries in Neospora are electron dense with an amorphous matrix, and 
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few extend posterior to the nucleus whereas T. gondii tachyzoite rhoptries are electron lucent with a 
structure interior and located anterior to nucleus. Sarcocystis merozoites lack rhoptries (Figure 2.31).

2.9.4  Immunohistochemical Staining (IHC)

IHC is necessary to confirm histologic diagnosis. The method is both sensitive and convenient 
and is used with fixed tissues, including archived tissues. Tissues with high concentration of peroxi-
dase, especially placenta, should be treated with trypsin or pepsin prior to analysis to avoid back-
ground in immunoperoxidase staining. The diagnosis should not be made unless parasite outlines 
are visible because diffuse staining may be nonspecific. Groups of tachyzoites often cannot be dis-
tinguished from tissue cysts based on IHC unless bradyzoite-specific antibodies (either polyclonal 
or monoclonal), for example against BAG1 (bradyzoite antigen 1) are used.1307,1599

Formalin-fixed paraffin-embedded tissues have been commonly used for IHC for specimens 
submitted to diagnostic laboratories. Although Neospora antigens can be detected even in tissues 
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Figure 2.31 � Tachyzoites of Neospora, and Toxoplasma compared with a merozoite of Sarcocystis. Note 
conoid (co), micronemes (mn), mitochondrion (mc), nucleus (nu), Golgi body (go), apicoplast 
(ap), dense granules (dg), amylopectin granules (am), rhoptries (rh), lipid body (lb), inner mem-
brane complex (im), outer membrane complex (om). (a) N. caninum. Note electron dense rhop-
tries. (Adapted from Speer, C. A. et al. 1999. Int. J. Parasitol. 29, 1509–1519.) (b) T. gondii. Note 
electron lucent rhoptries. (Adapted from Dubey, J. P., Lindsay, D. S. 1993. Parasitol. Today 9, 
452–458.) (c) S. cruzi. Note the absence of rhoptries. (Courtesy of Dr. C. A. Speer.)
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preserved in formalin for 20 years, fixation for short periods (24 h) is recommended. Sections should 
be thin (3–5 μm thick), and mounted on grease-free clean slides with an adhesive or “electrically 
charged” slides. The avidin biotin complex (ABC) indirect immunoperoxidase method and the peroxi-
dase-antiperoxidase (PAP) technique are equally good. Various immunogen substrate kits used in IHC 
are commercially available. The AEC (3-amino-9-ethylcarbazole) method is detailed in the Chapter 3.

Both polyclonal and monoclonal antibodies specific to N. caninum can be used361,986,1157,1307,​

1599,1704,2015 and both polyclonal and also monoclonal N. caninum antibodies are commercially 
available. For diagnostic purposes, polyclonal antibodies made in rabbits seem to be more reli-
able than the mouse-derived monoclonal antibodies (Schares and Dubey, unpublished observation). 
However, a combination of 2 monoclonal antibodies targeting different antigens, that is, a surface 
(NcSRS2) and a dense granule antigen (NcGRA7) revealed similar results by IHC as a polyclonal 
rabbit antibody.2015 Cross-reactivity of N. caninum antibodies to related apicomplexans, T. gondii, 
and Sarcocystis sp. may occur in polyclonal antibodies but are often mild or even absent.1127,1157,1503 
Monoclonal antibodies, cross-reacting with related species like T. gondii are reported (Table 2.5). 
However, T. gondii, and Sarcocystis sp. are rarely associated with abortion in cattle62,280,1536; thus 
cross-reactivities play only a minor role for diagnosis in cattle. It must be remembered that none of 
the IHC reagents are 100% uniform, which may result in minor differences in specificity observed 
in various laboratories. Additionally, there can be considerable variation in reactivity of antiserum 
depending on the source of rabbits used, the type of antigens, stage of the parasite used to immunize 
rabbits, and fixation of the parasite antigens. Other technical aspects such as incubation times, tryp-
sin or pepsin treatment of tissues, or lack of enzyme treatment of tissues can influence the results 
of these IHC tests. Occasionally, some blocks of tissues from the same animal and fixed identically 
will react differently in IHC tests. Therefore, diagnosis should not be based solely on the results of 
a single IHC examination. An interlaboratory comparison of IHC protocols revealed false-positive 
N. caninum reactions in tissue sections of a T. gondii infected animal2022 and in another study a 
commercial polyclonal antibody against T. gondii strongly reacted with N. caninum in tissue sec-
tion.1920 This shows that a potential cross-reactivity needs to be excluded by using appropriate nega-
tive control tissues to validate specificity of antibodies. Treatment with trypsin and pepsin reduces 
background tissue staining, but it also exposes epitopes on parasites and cross-reaction can occur, 
especially in tissue cysts of related parasites.

2.9.5  Isolation of Viable N. caninum by Bioassay

Isolation has little practical importance for routine diagnosis but is essential to unambiguously 
confirm that a particular animal species represents a host of N. caninum. In addition, isolation is 
essential to study the population structure of N. caninum1679 because often, only by isolation suf-
ficient parasitic DNA can be generated; in addition in vitro isolation provides the option to gener-
ate cloned populations. A large variety of isolates with differences in virulence (either in vitro or 
in vivo) represent the base for virulence and immunological studies.730,1678,1681,1848 Parasite isolates 
are also essential to study differences in expression of various proteins between strains of Neospora 
to explain differences in virulence and immunogenicity. Several proteins (e.g., NcMIC1, NcNTPase, 
NcROP40, aspartyl tRNA synthetase, and G6PD) have been identified as being more abundant in 
highly virulent isolates.1678

Viable Neospora has been isolated from tissues of cattle, sheep, water buffalo, horses, white-
tailed deer, and axis deer (see respective chapters) by bioassay of infected tissues in cell culture, 
in immunosuppressed mice, or by feeding to dogs. The number of viable Neospora in naturally 
infected tissues is usually low, especially in asymptomatic animals. Additionally, only a small vol-
ume of tissues can be inoculated on to cell cultures or injected into mice, thus limiting chances of 
isolation. Bioassay in dogs can overcome this difficulty because larger volumes (up to 1 kg) of tis-
sues can be fed to dogs. Dogs may excrete Neospora oocysts in feces after ingesting infected tissues. 



77General Biology

Bioassay in dogs has been useful to isolate Neospora from tissues of naturally infected buffaloes 
and sheep in Brazil.116,1579 However, this method is expensive, needs careful ethical considerations 
and oocyst excretion by dogs is erratic.

Details of bioassay in cell culture, mice, and dogs are provided in Chapter 3.

2.9.6  Serological Methods

There are several serological tests used for neosporosis (Table 2.10). Only general aspects of 
these tests are stated here. The serological methods for the diagnosis of neosporosis were reviewed 
in detail previously.219a Protocols for these tests are described in the Chapter 3.

2.9.6.1  Antibody Detection

Antibody detection tests have the advantage that they can be applied antemortem and may pro-
vide information on the stage of infection. In addition, the level of the specific antibody response 
(e.g., expressed as a titer) may provide information on the risk of an animal to develop disease or 
to be diseased (i.e., abortion in ruminants, likelihood of transplacental transmission, likelihood of 
canine neosporosis). The maturity of the antibody response can be assessed using so called avidity 
ELISAs (for details see serological tests in cattle in Chapter 4) which could provide valuable infor-
mation on the stage of infection (acute versus chronic). Also the differentiation between specific 
IgM and IgG may also help to identify cases of recent infection. The recognition of specific epitopes 
(as e.g., determined by competitive or blocking ELISAs), or specific antigens (as e.g., established 
by using recombinant antigens or affinity purified antigens) may provide further insights into the 
chronology or phase of infection, on the extent of the infection or even the route of infection.

Prenatally infected animals mount specific antibodies, which can aid diagnosis, especially in 
ruminants because there is no passive transfer of antibodies across the placenta. When testing new-
born or young animals sampling is optimally done prior to the ingestion of colostrum. Colostral 
antibodies might be detectable for several months in noninfected animals, depending on the analyti-
cal sensitivity of the test used.

In addition to serum or plasma, also other body fluids (as e.g., pleural or peritoneal fluids, or exu-
dates) may contain enough specific antibodies for detection. However, serum or plasma are optimal, 
because other fluids only partially reflect the antibody response measurable in serum or plasma, and 
levels are often influenced by other parameters than the N. caninum infection, for example, in case 
of milk, the stage of lactation may affect the outcome of analyses.

Most of the serological tests developed for one animal species can be easily adapted for the 
examination of samples in another species. In case of ELISA, indirect fluorescent antibody test 
(IFAT) or immunoblot, just the conjugate (i.e., the secondary antibody used to visualize the reactiv-
ity of sample antibodies with specific antigen) needs to be changed. For several domestic or wild-
life species no specific conjugates exist and heterologous conjugates, that is, conjugates generated 
against a phylogenetically related species, might be helpful. For example, anti-dog IgG conjugates 
can be used to detect antibodies in various canid species.1796,1857 Others replaced species-specific 
conjugates by Protein G conjugates, for example, to detect IgG in new world camelids.358 Anti-
bovine conjugates also worked in new world camelids2108 and goat anti-llama IgG conjugates are 
available commercially.330,331 Protein G is known to bind IgG of many but not all animal species at 
neutral pH.1100 In addition, Protein A or Protein L conjugates might be helpful for other species in 
which IgG does not bind to Protein G.1442

Validation of a given test in a given species is time consuming, and data may not be valid for 
other related host species. Additionally, validation may not be possible for all species. In general, 
such serological results should be interpreted with caution and, for example, claims on the pres-
ence of N. caninum in particular intermediate and definitive host species only based on serological 
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findings are not justified unless the viable parasite has been isolated from this species (Table 2.1). 
And even after this, the lack of knowledge on the diagnostic parameters of a serological test makes 
it impossible to make reliable estimates on the true prevalence of infection.

Once estimates on sensitivity and specificity are available, true prevalence estimates can be 
calculated. Most prevalence values reported in the literature do not necessarily reflect the true 
prevalence, because no estimates on sensitivity and specificity of the tests were available or used 
during data analysis. Serological tests based on some of the methods (IFAT, NAT, various ELISAs) 
were validated and many reports are found in the literature (Tables 2.10 and 2.11).

2.9.6.1.1  Antigens Used for Antibody Detection

Most antibody detection assays make use of tachyzoite antigens obtained by in vitro cultivation 
and purification. Some assays apply crude tachyzoite antigens, others antigen preparations in which 
specific antigens have been enriched in various ways. A number of assays employ recombinant 
parasite antigens.

2.9.6.1.2  Indirect Fluorescent Antibody Test

The IFATs are based on intact tachyzoites which can be fixed to the wells of a glass slide in 
different ways.255,374,528,1556,1789,1990,2049 There are no comparative studies available to clarify how the 
way of fixation influences sensitivity or specificity of Neospora IFATs. IFATs are regarded among 
others as reference serological tests (“gold standard tests”). To avoid misinterpretation only a bright, 
continuous peripheral fluorescence of the tachyzoites should be regarded as positive. A partial, only 
polar, or cap fluorescence has to be interpreted as negative. Because the IFAT outcome is influenced 
by the person who reads the test and by the equipment (e.g., fluorescence microscope), the protocol, 
and the reagents (e.g., quality of specific conjugates) used, it is difficult to propose general cut-offs 
for IFAT. Establishing a diagnostic cut-off titer is a major concern, because of nonspecific reactivity 
with low dilutions of serum. In a comparative study for tests to detect infected cattle, a cut-off of 
1:200 turned out as sensitive and specific2049 but other applications may require different, eventually 
less stringent or more stringent cut-offs to ensure optimal performance of the IFAT (see species-
specific chapters). When cell-culture-derived parasites are used to generate tachyzoite antigen, fetal 
calf serum should be avoided (at least 24 h prior to harvest of tachyzoites) to prevent that fetal anti-
bodies against N. caninum, often reported from various batches of fetal calf serum, influence test 
results. A protocol for IFAT is detailed in Chapter 3.

2.9.6.1.3  Direct Neospora Agglutination Test

A simple direct agglutination test was originally developed for the serological diagnosis of toxo-
plasmosis in humans and other animals.488,525 In this test, no special equipment or conjugates are 
needed. Whole formalin-killed tachyzoites are used as antigen and sera are treated with 2-mercap-
toethanol to remove nonspecific IgM or IgM-like substances. Therefore, this assay detects only IgG 
antibodies. The Toxoplasma test was termed modified agglutination test (MAT). T. gondii antigen 
was substituted with Neospora antigen and called Neospora agglutination test (NAT).1545,1733 The 
NAT was validated using a larger number of sera from several species. A protocol for this assay is 
discussed in Chapter 3.

2.9.6.1.4  Latex Agglutination Test

Two latex agglutination tests (LATs) have been published, both based on recombinant antigens, 
a dense granule antigen NcGRA6759 and a surface antigen NCSAG1.1400 Similar to tachyzoite-based 
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agglutination tests an examination of a large variety of animal species is possible. A comparative 
validation of several ELISA tests, an agglutination test and immunoblot with cattle and dog refer-
ence sera revealed that the immunoblot and the ELISA were superior to agglutination tests in terms 
of sensitivity.759

2.9.6.1.5  Enzyme-Linked Immunosorbent Assays

In most ELISA tests, soluble antigen is absorbed or specifically bound on a plastic surface (e.g., in 
microtiter plates), the antigen–antibody reaction is visualized by the addition of a secondary enzyme-
linked antibody–antigen system, and the reaction can be assessed objectively by quantification of the 
color that develops. ELISA can be automated so that a large number of sera can be examined rapidly 
in a central laboratory. It does, however, require an ELISA reader to quantify the color reaction.

Numerous modifications of ELISA have been published, and some of them are commercially avail-
able. Most are indirect ELISAs (Tables 2.10 and 2.11), all based on lysate antigen, ISCOM incorpo-
rated antigen or affinity purified NcSRS2; some of these tests showed excellent diagnostic parameters 
when validated with a set of reference sera.56,219a,2049 Some of the ELISAs are designed as competitive 
or blocking ELISAs (cELISAs). These have the option be applied also to other host species than ini-
tially validated for. Competitive ELISAs also showed excellent or acceptable diagnostic parameters 
when validated for the examination of cattle176,569,1323,1863 or dog sera.299,1323 However, cELISAs are not 
always excellent for diagnosis. Standardization of antigen preparations, test protocols, and subsequent 
validation studies are essential to confirm and sustain an excellent diagnostic performance.

Recombinant antigens have been used in some ELISAs. In addition, several further Neospora 
recombinant proteins have been established, but have not been used for serological but for other pur-
poses (e.g., as vaccines), yet. Antigens used or validated for serological purposes are based on differ-
ent parasitic compartments (Table 2.10), including surface antigens (NcSAG1, NhSAG1, NcSRS2, 
NcSAG4, rNcSRS9), dense granule antigens (NcGRA2, NcGRA6, NcGRA7) microneme antigens 
(NcSUB1, NcMIC19), and other antigens (e.g., Neospora profilin or cyclophilin). By using single 
antigens in ELISA, it is possible to examine the antibody response simultaneously against different 
antigens to which a host is differentially exposed depending on the stage of infection (i.e., the acute 
or chronic stage, see host species-specific chapters).

Most of the commercialized assays are ELISAs (indirect ELISAs [iELISAs] or competitive 
ELISAs [cELISAs]). Most of the commercialized ELISAs to detect N. caninum-specific antibodies 
are based on total tachyzoite lysate antigen (Table 2.11). In addition, there was a commercialized 
test using fixed N. caninum tachyzoites.2095 ELISAs using ISCOM incorporated tachyzoite anti-
gens, native antigens captured by monoclonal antibodies against a 65 kDa N. caninum tachyzo-
ite antigen176 or native NcSRS2 captured by a monoclonal antibody against this immunodominant 
tachyzoite surface antigen755 are still marketed. One commercial iELISA uses native affinity-puri-
fied NcSRS2 as an antigen absorbed to the ELISA plate.2049 One commercialized cELISA uses a 
recombinant antigen (NcSRS2, E. coli) in combination with a specific monoclonal antibody labeled 
with peroxidase (Table 2.11).

2.9.6.1.6  Immunoblots

Gel electrophoresis (SDS-PAGE) is applied to separate native proteins by size of their 3D structure 
or denatured proteins by length of the polypeptide. The proteins are then transferred to a membrane 
(typically nitrocellulose or polyvinylidene fluoride) by IB, where they are stained with antibodies 
specific to the target protein. Immunoblots are important to detect antibody reactions in sera to par-
ticular antigens, and are used to generate well-characterized reference samples for the validation of 
new tests. In addition, immunoblots are important to confirm inconclusive findings. Several ways to 
treat N. caninum-antigen and several banding patterns have been described (Table 2.12).
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All immunoblots used for diagnostic purposes employ cell culture-derived tachyzoites as an 
antigen source. These antigens are separated either under reducing or nonreducing conditions (i.e., 
reduce disulphide bridges or not, respectively) and the focus is more or less on antigens with a 
molecular mass between 10 and 70 kDa. Both reduced and nonreduced antigens can be used to 
diagnose N. caninum infections.140,211 Different immunodominant N. caninum-specific antigens 
were identified. Stronger reactions are observed against nonreduced antigens, suggesting that con-
formational epitopes are predominantly involved in the N. caninum-specific antibody response 
(Table 2.12). Under nonreduced conditions antigens around 17–19, 29–30, and 35–37 kDa relative 
molecular weight are among the most often reported (Table 2.12). Laboratories that use nonreduced 
antigens report fewer cross-reactions between sera from animals infected with N. caninum and 
those infected with T. gondii, Hammondia hammondi, or Sarcocystis sp.140,213,216,1902 compared to 
those employing reduced antigens (Table 2.12). A potential reason for this is that in N. caninum 
conformational epitopes might have a higher species-specificity than linear epitopes. Patterns of 
recognized antigens change during the course of infection.13,99,1974,1996,2108

2.9.6.1.7  Avidity Tests

The binding (avidity) of parasite antigen to specific antibodies can change during the course of 
infection. During the early (acute) stage of infection, avidity values are low and increase with dura-
tion of infection. In this test, the reactivities of sera are assessed with or without urea treatment (or 
any other protein denaturing agents), and the difference in titers can be used to determine whether 
an infection has occurred recently or has been established some time ago. The test can be used with 
IgG, IgA, and IgE antibodies using different serological procedures, most often ELISA. In avidity 
ELISAs, antibodies are allowed to bind as usual in the avidity test wells and in control wells, both 
coated with antigen. In avidity test wells, low affinity antibodies are then eluted by incubation in 
6–8 M urea, while high avidity antibodies remain bound to the antigen. Antibody titers obtained 
with and without urea treatment are then used to calculate the IgG avidity indices.

Avidity tests have been used to diagnose neosporosis.13,219,221,1758,1800 A comparison of the avidity 
tests used in several laboratories has been performed.223

A protocol for a Neospora avidity ELISA is provided in Chapter 3.

2.9.6.2  Antigen Detection

An assay to detect N. caninum parasitic antigen by ELISA was established based on polyclonal 
antibodies developed against recombinant microneme antigens.2157 The motivation to develop this 
assay was that NcMIC10 is discharged during invasion and that this antigen may circulate in blood 
or body fluids during active infection. Polyclonal antibodies to 2 recombinant antigens, covering 
different areas of the protein (i.e., rNcMIC10N and rNcMIC10M) were used to establish a cap-
ture ELISA. Antibodies against rNcMIC10M seem to be species-specific since T. gondii excretory/
secretory antigens did not react. It was reported that in two groups of goats infected by 104 and 106 
tachyzoites the capture ELISA was able to detect antigen up to 5 weeks post infection in most of 
the animals.2157 Further studies are needed to confirm these findings and to determine the practical 
relevance of antigen detection.

2.9.7  Detection of DNA (PCR)

2.9.7.1  General Aspects of PCR

Neospora DNA can be detected by several methods using several gene targets. PCR is a molecu-
lar genetic technique that permits the detection of any short sequence of DNA (or RNA) in samples 
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containing even minute quantities of DNA or RNA. PCR is used to reproduce selected sections of 
nucleic acids for analysis. Most PCRs reported are conventional endpoint PCRs, including 1-step 
PCRs, 1-step nested PCRs, or 2-step nested PCRs (Table 2.13). Some PCRs are able to amplify the 
same target in N. caninum and in other related parasitic species (e.g., T. gondii). In these cases species 
diagnosis is achieved by analysing the amplicon for restriction fragment length polymorphism using 
restriction enzymes (PCR-RFLP),1253,1378,1805 after sequencing515,1347,2032 or after hybridization.911

PCR protocols were developed that not only detect, but also quantify, N. caninum DNA in 
samples. Quantitative PCR has become one of the key methodologies to examine the patho-
genesis of neosporosis and to assess the activity of vaccines and therapeutic or prophylactic 
drugs287,​288,365,367,653,1584,1617,1618 or for diagnostic purposes.380,439,753,1338,1508,1704 Quantitative PCR 
was also used in epidemiological studies to estimate parasitic load in N. caninum positive bull 
semen268,671,672,1524 or semen of rams1929 or the parasitic burden in tissues of aborted fetuses, calves, 
lambs, or kids.87,1481,1635,1680

Different target DNAs were chosen to establish N. caninum-specific primer pairs. A repetitive 
character of some of the target DNAs is an advantage since PCRs amplifying repetitive elements 
usually have a higher analytical sensitivity compared to PCRs amplifying fragments of single copy 
genes. Because of their repetitive character the genes coding for rRNA and the pNc5 gene have 
become important targets for diagnostic and quantitative PCRs. The suitability of particular targets, 
as for example, the pNc5 gene, need to be further validated because false positive reactions have 
been reported if used to examine rodent tissues.1438,1735

2.9.7.2  Target Genes for Diagnostic N. caninum PCRs

Using several N. caninum isolates, including NC1, NC2, NC3, Nc-Liv, BPA-1, Nc-SweB1, sev-
eral PCRs were developed to specifically amplify N. caninum DNA (Table 2.13). Since the genomic 
sequences of DNA coding for ribosomal RNA (rDNA) can be used for phylogenetic studies among 
related apicomplexan species307,636,641,642,644,646a,922,1418 (e.g., T. gondii, N. caninum, H. hammondi, 
H. heydorni, and Besnoitia besnoiti) rDNA sequences (18S rDNA, 28S rDNA, ITS1) are promising 
targets for the development of species-specific PCRs. The most important is the pNc5 gene,2141 a 
multi-copy gene.1427 Other diagnostic targets are single-copy genes, 14-3-3, and the HSP70 gene.1378

The genome of the N. caninum Liverpool strain (Nc-Liv) has been sequenced1698 and cor-
responding data are available at http://www.genedb.org/Homepage/Ncaninum. Based on these 
sequence data it is possible to develop further targets for diagnostic PCRs and further sequence 
databases are available to have access to specific sequences.794

2.9.7.2.1  28S rDNA

The D2 domain of the 28S rDNA was often used for phylogenetic studies. Based on the species-
specific sequences an N. caninum-specific primer pair was identified which was able to distinguish 
N. caninum from T. gondii, Hammondia sp., or B. besnoiti.642 No data on the analytical sensitivity 
of this PCR were provided.

2.9.7.2.2  18S rDNA

Only minor differences have been found between the 18S rDNA genes of T. gondii and N. cani-
num suitable for the development of species-specific primers.307,1281 Therefore, universal primers 
had to be used to amplify the 18S rDNA.640,911,1253 In 1 study, the application of species-specific 
chemiluminescent DNA hybridization probes allowed differentiation of N. caninum and T. gondii 
18S rDNA amplicons.911 This protocol was applied in a subsequent study on the distribution of 
N. caninum DNA in bovine tissues,912 but also in a study to characterize a bovine N. caninum 
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isolate.1059 It was used further to demonstrate vertical transmission in rhesus macaques913 and up 
to now used to diagnose equine protozoal myeloencephalitis caused by N. hughesi.1283,1645 Another 
protocol also applied universal primers to amplify 18S rDNA in the first round PCR.640 In a second 
round, an N. caninum-specific primer (containing two mismatches) was used to differentiate N. 
caninum 18S rDNA from that of T. gondii, Sarcocystis cruzi and host cell DNA.640

A third protocol applied a published primer pair911 after modification and differentiated N. cani-
num, T. gondii, and Sarcocystis sp. 18S rDNA by differences in fragmentation using the restriction 
enzyme BsaJI.1253 This PCR was used to confirm neosporosis in an aborted water buffalo fetus,103 
in a goat fetus635 and was also validated in an interlaboratory comparison.2022 Also Hammondia 18S 
rDNA was amplified by these universal primers and species-specific fragments are obtained after 
using SecI, an isoenzyme of BsaJI.1805 The non-species-specific, universal primers have the advan-
tage that the DNA of different species is amplified simultaneously in a single reaction, and the DNA 
of different species is amplified with the same sensitivity.1805

2.9.7.2.3  Internal Transcribed Spacer 1 Region

Among the internal transcribed spacer 1 (ITS1) regions of the rRNA gene of T. gondii, 
N.  caninum, H. heydorni, H. hammondi, and B. besnoiti there are several sequence differences 
that allow the establishment of species-specific PCRs.794,926 The ITS1 region represents as a gene 
array, which has about 110 copies in T. gondii.767 Many PCR protocols using the ITS1 region as the 
target have been published. In addition to 1-step conventional PCRs,924 2-step nested PCRs were 
developed259,2009 and applied in studies on the epidemiology and pathogenesis of bovine neospo-
rosis96,189,260,268,364,368,671,825,976,1264,1324,1524,1590,1680,1827,1904,1994,2022,2097 and canine neosporosis1936a or to 
test tissues of new world camelids,1828 of capybaras,1997 wild living carnivores,152,1918 and rodents.1008 
One study compared the performance of an ITS1-based924 and a pNc5-based PCR (Np4/Np7)174 and 
observed a higher sensitivity in the ITS1-based PCR.1771 In a large-scale Canadian study on aborted 
fetuses, ITS1 primers targeting at a ribosomal SSU rDNA gene array767 were used and the amplified 
fragments were subsequently sequenced.2104 A comparison with existing and validated methods was 
not provided and sensitivity and specificity of this protocol is not known.

Although 2-step nested PCRs are usually superior in sensitivity, they have the disadvantage of 
having a higher risk of carry-over contamination. As an alternative, 1-step (single-tube) nested PCRs 
combine the higher sensitivity of a nested PCR with the lower risk of carry-over contamination in 
1-step PCRs. An ITS1-based one-tube nested PCR for N. caninum has been developed643 and an 
analytical sensitivity of 1–10 fg genomic DNA of N. caninum tachyzoites was reported. 1–10 fg DNA 
is supposed to be equivalent to the genomic DNA of 0.1–0.01 tachyzoites.643 This PCR was used in 
to examine paraffin-embedded material from aborted bovine fetuses,1335 brain tissues from aborted 
bovine fetuses2106 or blood of experimentally aborted lambs and their ewes,2086 ovine and caprine 
abortion material,1293 or rodents from dairy farms.1336 Other studies also employed the primers 
reported643 but in a 2-step nested PCR.434,1324,2097 Whether variations in the ITS1 sequences between 
and within individual strains782 affect analytical or diagnostic sensitivity of ITS1 is not known.

A further 2-step nested PCR targeting 18S RNA gene and ITS1 gene region was established 
to test rodents from Australia for N. caninum infection.138 An analytical sensitivity of 10 fg/µL 
(equivalent to the DNA of 0.1 tachyzoite) was reported. This PCR was subsequently used for the 
examination of aborted bovine fetuses,266 brains from adult cattle with clinical signs of encephali-
tis1262 or a liver biopsy of a dog.708

2.9.7.2.4  HSP70 Gene

The HSP70 genes code for a set of chaperones that are involved in a large variety of protein 
folding processes. HSP70 proteins possess a highly conserved NH2-terminal ATPase domain and a 
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COOH-terminal region, including a conserved substrate binding domain.252,1377 HSP70 proteins are 
highly conserved across prokaryotes and eukaryotes. In studies aiming to characterize the HSP70 
genes of N. caninum, H. heydorni, H. hammondi, and T. gondii, a PCR was established that ampli-
fied a ∼400 bp large fragment of a HSP70 gene of N. caninum and H. heydorni, but not from 
T. gondii and H. hammondi.1378 A subsequent fragmentation using restriction enzymes MunI, StuI, 
and KpnI,1378 or StuI and KpnI116 enabled the differentiation between N. caninum and H. ham-
mondi. This PCR-RFLP method was used to differentiate the morphologically similar oocysts of N. 
caninum and H. heydorni in dog feces.116,1378,1458

2.9.7.2.5  The 14-3-3 Gene

A 2-step nested PCR based on the 14-3-3 gene was developed.1114 Although this gene is evo-
lutionarily conserved among eukaryotic taxa it was possible to identify primers that proofed to be 
N. caninum-specific using DNA from T. gondii, S. cruzi, Sarcocystis tenella, and Sarcocystis muris. 
This PCR was shown to be able to detect 25 N. caninum tachyzoites in 5 mg brain tissue. This PCR 
was applied to examine tissues of naturally infected dogs suffering from canine neosporosis.573

2.9.7.2.6  pNc5 Gene

Soon after the detection of the pNc5 gene1043,2141 it became obvious that there are multiple cop-
ies of this gene in the genome of N. caninum. Obviously the genome of a single organism may 
contain several variants of this gene.1427 The pNc5 gene has not been found in related parasite 
species such as T. gondii, S. cruzi, or H. hammondi although cross-reactivity with S. cruzi was 
reported for one of the evaluated primer pairs (see below Np5, Np6).2141 The pNc5 gene has not 
been shown or sequenced in N. hughesi.1887 Initially, several primer pairs were developed (Np1 
to Np8, and Np21). In addition to the primer pair Np1/Np21043 the pair Np6/Np21 appeared to 
be the most suitable one.2141 A conventional 1-step PCR using these primers was able to detect 1 
tachyzoite in 2 mg brain tissue. This PCR has been used in numerous studies in bovine fetuses, 
embryos, or placenta,196,633,948,1413,2104,2176 in adult cattle,311 colostrum/milk of cattle,1411,1412 in water 
buffaloes,103,1722 in sheep,91,1083,1097 in dog tissues,417,1346,1810 on feces or oocysts from dogs or other 
(potential) definitive hosts164,781,910,1722,2072 and tissues of other (experimental) intermediate hosts, 
or cultivated parasites.164,354,517,779,949,1054,1140,1306,1309,1328,1433,1439,1450,1722,1786,1810,1887,1893,1894,1925 Primers 
Np6 and Np21 were also used in a modified version to establish an in situ PCR to detect N. caninum 
DNA in histological sections.1226

Some researchers used the primers Np4, Np6, and NP7 in a semi-nested PCR to detect the pNc5 
target.174 It has to be noted that primers Np4 and Np7 amplified host DNA in Mus musculus but not 
in Rattus ratus or Apodemus sylvaticus.1735 In a study from Brazil this nested PCR was also used to 
test rodents,1437,1438 which confirmed these findings, and in addition recognized false positive reac-
tions in rats (R. ratus, R. novegicus).1438 This questioned the suitability of the pNc5 gene target for 
the examination of rodents.1438 This semi-nested PCR was also applied for the analysis of tissues 
of bovine and water buffalo fetuses including also paraffin-embedded tissues.760,1572,1707,1771,1875 One 
of these studies compared the performance of a PCR based on Np4 and Np7174 with a ITS1-based 
PCR924 and observed a higher sensitivity in the ITS1-based PCR.1771 Another study reported that it 
is essential to use a semi-nested protocol based on the primers Np7/Np6 and Np4/Np7174 to reach 
maximum sensitivity.1572

Others modified the originally reported primers to amplify fragments of the pNc5 gene,1152,1426 or 
developed new primers for the Np5 gene, which were used in conventional or nested PCR,36,266,692,986,1299 
or quantitative PCR.364,380,439,715,753,756,1508,1584,1704 Available sets of primers were combined to establish 
nested PCRs2,81a,953,1008,2165 or at least one additional primer was established for application in nested 
PCR.1142,1330,2072
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Using the primers Np6plus and Np21plus (modified versions of Np6 and Np21) a 1-step PCR 
was developed and the amplicons were detected using a hybridization ELISA.1426 This PCR method 
was able to detect 1 tachyzoite in 1 mg tissue. Without hybridization, but using the modified prim-
ers, the PCR had a sensitivity of 1–10 tachyzoites in 1 mg tissue. The primer pair Np6plus and 
Np21plus or their variants have been used by the majority of studies were an N. caninum PCR was 
applied.

PCRs using Np6plus and Np21plus primers or their variants were used to test bovine fetuses 
or placenta,83,493,797,798,860,893,1757,1788,1880,1924 bovine calves,1600 blood of adult cows,1506 small rumi-
nants,861 horses,1624 dogs,573,598,1133,1598,1684 or fecal samples and oocysts,1067,1070,1324,1427,1805,1865 wild-
life including birds,36,426,680,958 experimental mice58,799,1152,1153,1154 or other animal species,958,1069 
and cell culture-derived parasites.2022 Previously published primers, Np6plus and Np21plus1426 
were included into a multiplex PCR to identify a number of infectious agents from aborted 
bovine clinical samples.1985 This multiplex PCR was able to identify, in addition to N. caninum, 
also H. heydorni and T. gondii.1985 Other nested PCRs, employing the primers pairs Np6/Np21 
and Np9/Np10 were applied to demonstrate the presence of N. caninum stages in the intestine of 
a dog.1105

2.9.7.3  Quantitative PCR

Quantitative PCRs are important tools to study the pathogenesis of neosporosis and to assess 
the activity of vaccines and therapeutic or prophylactic drugs. Conventional 1- or 2-step endpoint 
PCRs are qualitative, but not quantitative, detection methods. All quantitative PCRs, published as 
yet, are based on the pNc5 gene. A first quantitative PCR was established as a so called quantitative-
competitive PCR (QC-PCR).1152,2022 An N. caninum-specific DNA is amplified in the presence of 
an artificial competitor and examined in ethidium bromide gels. Competitor titration allows the 
estimation of copies of pNc5 gene per sample. This method is labor-intensive and there are better 
methods available, now.

PCR approaches based on SYBR Green incorporation are less laborious.364,715,753,1508,1617,2022 
In 1 SYBR Green assay, results were normalized based on 28S real-time PCR results amplifying 
host cell 28S rDNA (i.e., bovine or murine DNA).364 This methodology was used to estimate para-
site multiplication in vitro,481 parasite load in murine tissues,16,1269 or the infection intensity in vari-
ous tissues of bovine fetuses aborted at different stages of gestation.368 It was also used to determine 
parasite burden in experimental ovine abortion.87 By using a SYBR Green I-based real-time PCR 
the number of tachyzoites in brain samples of aborted bovine fetuses was estimated 2.9–26.6 per 
mg of brain. The disadvantage of SYBR Green assays is that unspecific amplification products are 
labeled, and amplicons need to be carefully checked for specificity.

A number of real-time PCRs employ Taqman probes. Probes increase the specificity of the 
reaction380,753,1584,1704 and were employed in a number of epidemiological studies,380,756 experimental 
studies in cattle1584 or mice,2003 and for diagnostic purposes in cattle1596 and in dogs.1133 Taqman 
assays can be multiplexed, enabling the simultaneous examination of a variety of pathogens; a mul-
tiplex quantitative real-time PCR panel for detecting neurologic pathogens in dogs with meningo-
encephalitis was reported847 which was based on a real-time PCR previously published.753 Another 
multiplex assay was reported for the simultaneous examination of abortion material from ruminants 
for Chlamydia sp., Coxiella burnetii, and N. caninum.1699 This multiplex PCR employed a primer 
pair and a previously reported probe.380 A further multiplex real-time PCR was established to exam-
ine animals from the wild employing primers and probes to detect DNA from T. gondii, N. caninum 
and host DNA at the same time.439 This PCR was also employed for N. caninum testing in rodents, 
but with a Zen-modified probe.1338

One real-time PCR, based on detection of PCR products by specific fluorescent probes,1428 
was used to demonstrate the development of infection in an organotypic slice culture system for 
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N. caninum,2051 for assessing vaccination or drug trials,287,288,471,472,473,478,653,1424,1504,1815,1914 and to 
study the cell biology of N. caninum.1445

2.9.7.4  Typing Different Neospora sp. Strains

Strain typing of Neospora sp. has been achieved by using PCR amplification (by applying ran-
dom or species-specific primers) and subsequently characterizing the amplicons in terms of DNA 
sequence or size (in agarose gel electrophoresis or gel chromatography).

2.9.7.4.1  Random Amplified Polymorphic DNA

The random amplified polymorphic DNA (RAPD) PCR technique was able to differen-
tiate between N. caninum, several T. gondii strains, and Sarcocystis species,821 or between N. 
caninum and H. heydorni,1893 and early attempts were also made to type N. caninum from N. 
hughesi432,1284,1813,1887 (see Chapter 18). With other random primers it was also possible to detect 
differences among N. caninum isolates432,1813 but it was not possible to show clusters related to 
hosts of isolation or geographic origin.1813 With random primers it was possible to show genetic 
differences between NC1, an American isolate, and 2 European isolates (Nc-SweB1, Nc-Liv)1887 or 
between European isolates (Nc-SweB1, Nc-Liv).98 Although relatively easy to perform, one of the 
challenges of RAPD is to standardize the outcome, due to differences in RAPD patterns observed 
after other PCR reagents, thermocyclers or DNA concentration are used for experimentation. In 
addition, RAPD cannot be performed on clinical material because it requires purified N. caninum 
DNA.

2.9.7.4.2  Sequencing

Using ITS1 sequencing it was possible to find genetic differences among Neospora iso-
lates.782,794,1284 It was possible to separate the isolates Nc-Nowra1353 and Nc-NZ from the remaining, 
but the bootstrap-value observed was low (i.e., 0.77).794 One study reported variations in the ITS1 
sequences of individual strains (Nc-Liv, NC2, NC-Bahia, Nc-beef, Nc-Illinois).782 These variations 
occurred mainly in the last 70 nucleotides (i.e., the 3′ end) of the ITS1 sequence and it was suspected 
that these variations at the sequence ends are sequencing errors.794 However, since ITS1 rDNA 
sequence exists in several copies in the genome (i.e., most likely in about 100 copies) the sequence 
variations observed could indeed represent true sequence variations in a single organism. In addi-
tion, 2 variants of ITS1 amplicons were visualized by polyacrylamide gel electrophoresis for N. 
caninum but not for T. gondii, which is in accordance with the hypothesis that the second variant 
observed in N. caninum is not an artifact.782 Further studies are necessary to clarify this point. The 
only significant intra-strain difference was reported for the NC-Bahia strain ITS1 sequence which 
differed in 12 bp from those of North American and European strains.782 No major differences were 
identified in sequence among other N. caninum isolates.119,585,642,924,1284,1353,1575,1865 Also regions of 
genes coding for alpha-tubulin, beta-tubulin, and heat shock protein 70 (HSP70) seem to be very 
similar among N. caninum isolates.1329,1864

In some studies pNc5 gene sequences are used to characterize isolates or N. caninum 
DNA.2,81a,200,390,615,680,953,954,1427,1702,2072,2176 Five different sequence variants were observed in the 
pNc-5 gene when examining a single N. caninum isolate.1427 This suggests that there are several 
variants of this multicopy gene in a single organism. This questions the validity of sequence dif-
ferences reported among isolates based on the pNc5 gene because direct sequencing of amplicons 
most likely represent a mixture of several individual sequences and cloned amplicons may repre-
sent only a small proportion of sequence variants existing in a single organism.
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2.9.7.4.3  Mini- and Microsatellite Markers

Minisatellites and microsatellites are repetitive DNA sequences (tandem repeats of a DNA motif) 
in the genomes of eukaryotic organisms. They are highly polymorphic in sequence and length.

Microsatellite markers represent simple sequence repeats (SSRs) which consist of tandemly 
repeated units of 2–6 base pair (bp) length, present in the genome of eukaryotic and prokaryotic 
organisms. They can be found both in protein-coding and noncoding regions.30,1983 Microsatellite 
loci are highly variable, have a higher mutation rate than other loci, and the polymorphisms in these 
sequences are caused by gain or loss of single repeat units. This results in repeat length variations 
between different N. caninum isolates which can be used for strain typing189,352,1673 (Table 2.14).

In contrast to microsatellites, minisatellite tandem repeats have longer repeat units (8–100 base 
pairs)836,1941 and minisatellite units have been characterized in N. caninum with the potential to type 
N. caninum isolates28,29 (Table 2.14).

The length polymorphisms of individual mini- or microsatellite loci can be analyzed after 
PCR amplification with primers that anneal to their flanking regions, using PAGE, high-resolution 
agarose gel electrophoresis, capillary gel electrophoresis, or DNA sequencing.1499,1814

In relative high concentrations of DNA extracted from purified parasites, single-step PCR 
amplification is sufficient to amplify these marker regions. However, to amplify microsatellite DNA 
fragments from N. caninum parasites that are only available in clinical material or fecal or environ-
mental samples, nested PCR protocols are necessary. A number of nested PCR protocols are pub-
lished168,169,189,1578 which allow typing in material containing only a low concentration of N. caninum 
DNA. However, often not all marker regions are amplified when using clinical samples169,247,1767 
A multiplex assay by amplifying several microsatellite markers was simultaneously developed.29

Microsatellite markers are used to characterize new N. caninum isolates and prove that these new 
isolates do not represent laboratory contaminations167,168,729,1510a,1674,1729 and confirm the identity of 
strains applied in experimental animal infections.28,106,189,1091,1680 Microsatellite marker regions seem to 
be relatively stable over time as no differences were observed between microsatellite patterns in isolated 
oocysts and cell-culture isolates generated from these oocysts even after passages through mice.168

In addition, microsatellite typing was used to clarify epidemiological situations. In clinical 
material only identical or almost identical microsatellite patterns were observed in DNA collected 
from several fetuses aborted in individual herds during bovine abortion epidemics. This shows that 
a single source of infection for all aborting cattle on an individual farm is responsible for this type of 
N. caninum-associated abortion.169 In a Spanish sheep flock, in 13 of 14 aborted fetuses, stillborn or 
newborn sheep lambs with neurological disorders N. caninum DNA was observed and microsatel-
lite analysis revealed an almost identical pattern in N. caninum DNA isolated from all the material 
(fetuses, lambs) which suggested that all ewes were infected by N. caninum of a common source.793 
In a dog with neosporosis a mixed infection of more than one N. caninum strain was shown by using 
microsatellite typing.1636

2.9.7.4.4  Genetic Diversity among Neospora Isolates

To elucidate details on the population structure of N. caninum, attempts were made to charac-
terize the worldwide population structure of N. caninum using 96 isolates, specifically focusing on 
isolates from 4 countries, that is, Spain, Argentina, Scotland, and Germany and using multilocus 
microsatellite markers.1679 The results suggested that there are different clusters of multilocus geno-
types among N. caninum isolates and that these clusters are related to the geographic origin of these 
isolates.1679 Furthermore, the results showed a close genetic relationship between those isolates from 
Spain and Argentina which might have been a result of the introduction of Iberian cattle into South 
America by Spanish and Portuguese colonizers at the end of the fifteenth century.1679 Iberian breeds 
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were the founders of the adapted Creole breeds, unique South American bovines for more than 
300 years until the introduction of new selected European and Zebu breeds.1679

2.10  TREATMENT

Many aspects related to treatment options and respective molecular targets for intervention have 
been reviewed previously.884,886,892,1376a Sulfonamides and pyrimethamine, 2 drugs widely used for 
therapy of toxoplasmosis, have been used to treat neosporosis in dogs (see Chapter 5). These 2 drugs 
act synergistically by blocking the metabolic pathway involving p-aminobenzoic acid and the folic–
folinic acid cycle, respectively. They are usually well tolerated, but sometimes thrombocytopenia 
and/or leukopenia may develop. These effects can be overcome by giving patients folinic acid and 
yeast without interfering with the treatment because the vertebrate host can utilize presynthesized 
folinic acid while T. gondii cannot. The commonly used sulfonamides, sulfadiazine, sulfametha-
zine, and sulfamerazine are all considered effective against neosporosis. Generally, any sulfon-
amide that diffuses across the host cell membrane is useful in anti-N. caninum therapy.810 While 
these drugs have beneficial action when given in the acute stage of the disease process when there is 
active multiplication of the parasite, they will not eradicate infection. Sulfonamide compounds are 
excreted within a few hours of administration; therefore, treatment has to be administered in daily 
divided doses usually for several weeks or months. Because pyrimethamine is toxic and tablets 
smaller than 25 mg are not available, a combination of trimethoprim and sulfamethoxazole as pos-
sible alternatives to pyrimethamine and sulfadiazine has been used. Trimethoprim, like pyrimeth-
amine, is a folic acid antagonist, and it has synergistic effect in combination with sulfonamides in 
in vitro tests.1174 Experimentally, sulfadiazine given in drinking water (1 mg/mL) was effective in 
controlling tachyzoite proliferation1162 but had no effect on tissue cyst formation.1327 The antibiotic 
clindamycin has been used successfully to treat neosporosis in dogs. It is available as pill for oral 
administration, as injection, and as cream for topical application.

Certain other anticoccidials (toltrazuril, ponazuril) were found efficacious against neosporosis 
in mice.58,423,799,1915 These drugs, when added to cell cultures infected with N. caninum, damaged 
the parasite apicoplast and mitochondrion.424 Amprolium, known to be an anticoccidial for poultry 
and bovine coccidiosis, was not effective against neosporosis in mice.1162 Tunicamycins, a class of 
nucleoside antibiotics similar to corynetoxins, did not diminish, but rather increased, the suscepti-
bility of mice to experimental N. caninum infection.297

Most of the drug screening for neosporosis has been performed in infected cell cultures or in 
mice (Table 2.15). In vitro screening is usually done by light microscopical assessment of parasite 
proliferation, quantitative real-time PCR,187 or by employing transgenic parasites that express an 
easily detectable marker such as beta-galactosidase, green fluorescent protein (GFP), or any other 
marker.1420,1421,1422,1587 Alternatively, a simple protocol for parasite quantification using prestained 
N. caninum tachyzoites and fluorescent probes based on ester compounds has been developed.1415 
Toltrazuril, a triazinone derivative effective against various coccidians including Eimeria and com-
mercialized under the proprietary name Baycox™ was investigated intensively in vitro,423,1914 and 
in nonpregnant and pregnant mice toltrazuril exhibited promising efficacy. However, it remains 
unclear whether toltrazuril is a suitable drug against neosporosis because overall the efficacy results 
in cattle do not support this conclusion.407,828,1102 Thiazolides such as nitazoxanide and a range 
of derivatives targeting protein disulfide isomerase activity in N. caninum1419 exhibited promising 
effects against N. caninum in vitro,654,655 but nitazoxanide failed to be active in mice when applied 
orally or was even toxic when applied intraperitoneally.474

Compounds initially developed against Plasmodium (such as mefloquine and artemisinin-
derivatives1209,1422,1423,2030a) were highly active against N. caninum in vitro, but did not exhibit pro-
tection in the mouse model.1424,1425 Other inhibitors of P. falciparium Atg8-Atg3 protein–protein 
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interactions were identified through virtual screening and predicted to be active, but this still lacks 
experimental validation.829 In contrast, dicationic pentamidine derivatives as well as miltefosine, 
both originally developed for use against Leishmania infections, showed promising effects in vitro 
and in vivo,474,476,1815,1873 but with a lot of room for improvement. This highlights the need to develop 
measures to increase delivery of drugs into the cells. One potential solution are protein transduction 
domains (PTDs), which have the ability to traverse lipid bilayers and can act as peptide-mediated 
delivery vehicles in parasites. For instance, the HIV-derived TAT PTD fused with GFP (TAT-GFP) 
was shown to efficiently penetrate the N. caninum membrane and could be an option for enhanced 
drug delivery.341

There is a link between anticancer chemotherapeutics and antiparasitic activities, since many 
anticancer drugs, which target mechanisms that lead to increased cellular proliferation, also affect 
the proliferative stages of parasites. For instance, artemisinin and derivatives with activity against 
N.  caninum and T. gondii1423 also impact the proliferation and viability of many cancer cells. 
Another example are the organometallic ruthenium compounds originally developed for the treat-
ment of cancer, and also active against N. caninum and T. gondii tachyzoites in vitro in the low 
nanomolar range.129

Recently, calcium dependent kinase 1 (CDPK1), which is essential for microneme secretion, 
host cell invasion, and egress of T. gondii, has been extensively investigated. A particular class of 
inhibitors, bumped kinase inhibitors (BKIs), has bulky C3 aryl moieties entering a hydrophobic 
pocket in the ATP binding site. BKIs selectively inhibit CDPK1 from apicomplexans in a good 
structure–activity relationship,1049 but do not inhibit mammalian kinases because they have larger 
amino acid residues adjacent to the hydrophobic pocket, thereby blocking the entry of the bulky 
C3 aryl group. Some BKIs, especially BKI-1294,1504 have a good efficacy against N. caninum in 
vitro and in vivo (Table 2.15). In vitro studies, however, indicate that the BKI 1294 is not directly 
parasiticidal. Only upon long-term in vitro treatment of infected HFF monolayers, a complete 
clearance of viable tachyzoites can be observed.1504 For different Neospora isolates, but also for 
T. gondii strain RH and ME49, the clearance of intracellular parasites is preceded by the forma-
tion of large, multinucleated complexes with deregulated gene expression as evidenced by the 
expression of bradyzoite as well as tachyzoite antigens. In the pregnant mouse model, BKI-1294 
achieved a good protection against vertical transmission of N. caninum.2105

2.11  VACCINES

2.11.1  Vaccination Studies in Small Laboratory Animals

Most vaccine studies in small laboratory animals were done in murine models (information 
is summarized in Table 2.16). One study was performed in nonpregnant M. unguiculatus vacci-
nated with recombinant surface and dense granule antigens, and only assessed protection against 
clinical signs of neosporosis and survival.342 Partial protection was found against clinical signs 
with all antigens, most promising was the efficacy when the NcSRS2-NcGRA7 combination was 
applied.342

2.11.1.1  Live Vaccines

Live vaccines composed of either isolates of low virulence or experimentally induced attenuated 
parasites have clearly shown superior efficacy in experimental trials compared to any subunit vac-
cine formulation (Table 2.16). While live vaccines show promising efficacy, the setbacks are high 
production costs, short shelf life of the product, maintenance of a cool-chain prior to application of 
the vaccine, and the potential risk of reversion to virulence. In addition, as live vaccines might result 
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in chronic infection of the host there is a risk that the life cycle could ultimately be completed again 
if tissues from vaccinated animals were fed to canid definitive hosts.1697

2.11.1.2  Subunit Vaccines

The concept of using subunit vaccines has largely relied on identifying defined parasite fractions 
or proteins that play essential roles in host cell invasion and/or tachyzoite-to-bradyzoite stage 
differentiation.891 Different approaches have been used, such as the expression of antigens in viral 
or bacterial strains used for vaccination, and the application of subunit antigens as DNA vaccines 
or as purified recombinant antigens expressed in E. coli or other expression systems, and additional 
incorporation into ISCOMS.891,892,2092 Clearly, not only the antigens confer protection (or not), but 
this is also highly dependent on the formulation, choice of adjuvant, application route, and many 
additional parameters (Table 2.16).

In both pregnant and nonpregnant mouse models, combinations of antigens as polyvalent 
vaccine had a higher efficacy compared to single antigens applied as monovalent vaccines, indicating 
that only a combination of recombinant antigens will induce protective immunological responses. 
However, in some cases, vaccination rendered mice more susceptible to infection, demonstrating 
that some antigenic components of the parasite could exhibit immune-modulating properties. More 
recently, it was shown that intranasal immunization employing hydrophobic proteins of N. caninum 
emulsified in CpG adjuvant conferred long-term (>20 weeks) protection against intragastric (IG) 
challenge with N. caninum tachyzoites, and NcGRA7 and NcMIC1 were identified as immunodomi-
nant antigens.673a Most subunit vaccines that had promising protective efficacy in nonpregnant mouse 
models have been found to be largely nonprotective in pregnant mice (reviewed in Reference 892). 
Thus, in these cases pregnancy has led to the loss of subunit vaccine-induced protective immunity.

An important difficulty in interpreting the results from studies employing recombinant vac-
cines comes from the fact that many of these antigens are expressed in E. coli. The presence of 
immunomodulating agents derived from bacterial contaminants such as lipopolysaccharides (LPS) 
cannot be ruled out, and controls with irrelevant proteins expressed in the same system or with 
lipopolysaccharide-depleted protein fractions should be included. Surprisingly, only a minority of 
Neospora vaccine studies performed to date have addressed this point. LPS and other bacterial 
contaminants will greatly influence the way innate immune pathways are activated, and to what 
extent polarization of the cellular immune response is elicited later during infection.171 This fact 
could be exploited, by actually generating LPS-free subunit vaccine candidate formulations, and 
then mixing them with pathogen-associated molecular patterns (PAMPs) in a controlled way, or 
even physically linking these antigens with PAMPs.18

2.12  PREVENTION, PROPHYLAXIS

Prevention of contamination of feed and water with oocysts, not feeding raw meat to canids, and 
selective breeding are the 3 broad preventive measures. Risk factor studies provide further information 
on routes how N. caninum infections in animals can be avoided or how disease caused by the infection 
(i.e., abortion) can be avoided. Specific measures are specially discussed in Chapters 4 and 5.
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Chapter  3

Techniques

3.1  BIOASSAY OF TISSUES FOR ISOLATION OF NEOSPORA

3.1.1  Tissues of Acutely Infected Animals

For the isolation of N. caninum from clinical specimens (e.g., cerebrospinal fluid [CSF], fluid 
from dermal ulcers in dogs, tissue biopsy), the samples are homogenized, centrifuged for 10 min 
at 2000 rpm (400 × g), the sediment is suspended in saline, mixed with antibiotics (1000 units of 
penicillin, 100 µg of streptomycin/mL), and injected SC into KO mice.

3.1.2  Tissues of Chronically Infected Animals

The number of Neospora in tissues of chronically infected animals is low, and tissue cysts are 
more likely to be found than tachyzoites. Therefore, it may be necessary to use a digestion method 
to concentrate Neospora in the inocula. The tissue cyst wall in isolated tissue cysts is destroyed 
immediately by pepsin or trypsin, but released bradyzoites survive for a few hours whereas tachyzo-
ites are killed by pepsin, but not by trypsin. Thus, host tissues can be digested in pepsin or trypsin 
without affecting the viability of parasites. Acid pepsin is preferred to trypsin because acid pepsin 
digests muscle tissue faster and more efficiently and kills many bacteria. Moreover, trypsin is more 
toxic to mice. Therefore, all traces of trypsin should be removed before inoculation into mice, and 
this process is time consuming. However, trypsin digestion is better for the brain than muscle. One 
should remember that a proportion of Neospora is destroyed by pepsin or trypsin as the host tissue 
is digested. Therefore, homogenized tissue is digested for 60 min, 37°C, allowing enough time for 
digestion of host tissue without destroying many organisms. The final concentration of trypsin in the 
tissue homogenate should not be more than 0.25%. The procedure is as follows:

	 1.	 Trim connective tissue, fat, epithelium (e.g., from tongue) from muscular tissues using nonporous, 
hard plastic cutting boards, scissors, or disposable razors. Cut muscle into small (1–2 cm) pieces 
(25 g) and store in plastic bags or cups.

	 2.	 Grind tissue in a blender for 15 seconds at low speed without saline. Then, add 125 mL of saline 
and blend at top speed for about 30 s. Rinse blender with 125 mL of saline and add the washings to 
the muscle homogenate. To save expense and time in cleaning the lid of the blender every time to 
avoid cross-contamination, line the lid of the blender with a disposable plastic sheet (commercially 
available 16.5 × 14 cm sandwich bags are convenient to use).

	 3.	 Pour the tissue homogenate into a 1000 mL widemouth plastic jar with a disposable plastic liner. 
Make 2 labels for each jar with the type of tissue, and the animal number using a good adhesive 
tape and water-resistant marker; transfer of 1 of these labels through the procedure helps to reduce 
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mislabeling. Homogenates can be left at room temperature for 1–3 h until all specimens have been 
processed.

	 4.	 To the prewarmed (37°C) homogenate, add 250 mL of freshly prepared, prewarmed (37°C) acid 
pepsin solution (pepsin 5.2 g, NaCl 10.0 g, 25% HCl 14 mL, and distilled water to make 1000 mL, 
pH 1.10–1.20). Incubate at 37°C in a shaking water bath for 60 min. The source and purity of pep-
sin used is probably not critical, but porcine stomach pepsin (1:10,000 biological activity, Sigma 
Chemical Co., St. Louis, Missouri, USA) has been used routinely and successfully.

	 5.	 Filter the homogenate through 2 layers of gauze and centrifuge 250 mL of filtered homogenate in a 
250 mL widemouth polypropylene centrifuge bottle (Nalgene®) at 1200 × g for 10 min.

	 6.	 Pour off the supernatant. Depending on the tissue, fatty scum may stick to the rim of the cen-
trifuge bottle. To prevent this, suspend the sediment in 20 mL of PBS (pH 7.2) using dispos-
able plastic pipettes. Transfer the homogenate in a 50 mL centrifuge tube with a conical bottom. 
Neutralize the homogenate with 12–15 mL of freshly prepared 1.2% sodium bicarbonate (pH 8.3) 
with phenol red as a pH indicator until the color changes to orange. After mixing, centrifuge at 
1200 × g for 10 min.

	 7.	 Pour off the supernatant and add 5–10 mL of saline that contains 1000 IU penicillin and 100 µg of 
streptomycin/mL.

	 8.	 N. caninum stages (tachyzoites and bradyzoites) in tissues are killed by water and by heating to 
60°C, and so blenders, cutting boards, and other materials can be cleaned with soap and hot water, 
then rinsed with cold water, and finally with saline before using them for the next specimen.

	 9.	 Inoculate 0.5–1 mL of tissue homogenate SC into each of 2–5 KO mice over the back using a 4 cm 
long 21–23 gauge needle. It is preferable that each mouse is identified with a rodent ear tag (Ear tag 
size No. 1, National Band and Tag Company, P.O. Box 430, Newport, Kentucky 41092, USA).

	 10.	 Examine all inoculated mice for clinical signs of N. caninum infection daily.

Use of other rodents for bioassay is discussed in Chapter 2.

3.2  PARASITE CULTURES

3.2.1  Obtaining Tachyzoites

Numerous mammalian cell lines have been used to grow N. caninum in cell cultures and the 
procedures used to isolate viruses in diagnostic laboratories are suitable to grow N. caninum. 
Although most authors used Vero cells (African green monkey cells) to grow N. caninum from 
bovine tissues (Table 4.6 in Chapter 4), N. caninum has no cell culture preference.1136 Usually, the 
cell cultures are incubated with the tissue homogenate for 1 h and then replaced with cell culture 
medium. It is important to observe the cell culture flask for 2 months because most N. caninum 
strains grow slowly and tachyzoites may not be visible microscopically for 60 days from the time of 
seeding with the homogenate.

3.2.1.1  In Vitro Cultivation

3.2.1.1.1  Tachyzoite Inoculum

In vitro culture of N. caninum tachyzoites has been established in a variety of primary cells, and 
also established cell lines.34,565,882,885,1421 This has enabled researchers to generate and characterize 
a wide range of Neospora isolates, including strains to be considered as live vaccines, and has been 
the basis for the production of Neospora antigens for immunodiagnosis, immunohistochemical, 
and molecular detection, and genotyping of the parasite by PCR. They have also been instrumental 
for the identification of potential immunoprotective antigens and targets for intervention. Finally, 
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genetic manipulation of N. caninum, and the more recent developments related to genomics, tran-
scriptomics, and proteomics, would not have been possible without the extensive use of in vitro 
culture models.

Essentially, the same techniques for cultivation and cryopreservation can be used as previously 
described for T. gondii.613 In analogy to T. gondii, N. caninum cultures contain varying amounts of 
fetal calf serum (FCS), which is commercially available. However, many batches of FCS contain 
antibodies against N. caninum antigens1981; FCS is pooled from many bovine fetuses, for commer-
cial purposes, and some of the fetuses are infected with N. caninum. This can lead to agglutination 
of parasites and rapid death once they are released into the medium. A serum-free cell culture 
medium (DefCell) was shown to support the growth of N. caninum in vitro.449

In general, the proliferation rate of Neospora tachyzoites in vitro varies considerably, depend-
ing on the host cells used and the parasite isolates.1677 Ovine fibroblasts have been employed973 as 
host cells and comparatively the growth of 2 isolates (NC1 and Nc-Liv) was quantified by 3H ura-
cil uptake, and it was shown showed that NC1 tachyzoites proliferated more rapidly than Nc-Liv. 
Addition of IFN-γ markedly reduced tachyzoite proliferation. In vitro culture of tachyzoites in 
human foreskin fibroblasts (HFF) was used to assess growth and competition of N. caninum (NC1 
isolate) and T. gondii (RH strain).1921 This study showed that initially N. caninum invaded fibroblasts 
more efficiently, but the generation time of N. caninum was longer compared to T. gondii, resulting 
in out-competition of N. caninum by T. gondii in the longer term. Both species could occupy and 
multiply in the same host cell simultaneously. In contrast, another study compared host cell inva-
sion by these 2 parasites using dog fibroblasts, cat kidney cells, and Vero cells, and showed that T. 
gondii invaded all cell types with greater efficiency.1136 N. caninum tachyzoites were also cultured 
in bovine angioendothelial cells or human Caco-2 cell cultures, and it was found that besides FCS, 
human serum also supports the growth of the parasite.1512

There are limiting aspects of scaling up the N. caninum tachyzoite production, and 1 paper sug-
gested that Theileria annulata-infected lymphoblastoid (TIL) suspension cultures could be useful 
for the propagation of tachyzoites, as these parasites were continuously released into the medium 
supernatant.1036 However, N. caninum tachyzoites have only a limited time span of few hours to 
remain infective when maintained extracellularly,878,1445 and this approach never really made it to 
wider use.

A further aspect of in vitro culture is the adaptation of isolates to culture conditions. This was 
investigated for 3 N. caninum isolates (NC1, Nc-Liv, and Nc-SweB1),1592 also it was shown that the 
3 isolates could adapt to environmental conditions without the help of sexual recombination, which 
supports the idea that N. caninum has the capacity for maintaining clonal propagation in nature. 
Treatment of N. caninum-infected cultures with a commercially available Mycoplasma removal 
agent (MRA) resulted in a mutant population that differed in antigen content.951 The treatment with 
MRA is therefore not recommended for Mycoplasma eradication in Neospora isolates.

N. caninum tachyzoites cultured through serial passages for 8 years have been able to retain 
their infectivity for mice.565 However, others have shown that the prolonged passage of tachyzoites 
in tissue culture could attenuate the virulence of N. caninum in vivo: BALB/c mice infected with 
parasites that had a low passage number were more susceptible to infection, died earlier, and had 
a higher parasite load compared to those infected with tachyzoites cultured for extended periods 
of time.148 Culture of N. caninum for 3 months in a murine macrophage cell line (J774) resulted in 
parasites had an impaired virulence upon infection of broiler chicken embryonated eggs compared 
to those cultured in Vero cells.1055

3.2.1.1.1.1  Brain Cell and Organotypic Cultures as Models for Neospora–CNS Interactions — 
The CNS represents the predilection site for N. caninum infection. One way to study CNS-relevant 
infection in vitro is by applying CNS-derived cell cultures. For instance, the effects of N. caninum 
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infection have been investigated in primary astroglial cultures obtained from neonatal rats.1610–1614 
Infected cells exhibited hypertrophy, gliofilament reorganization, metabolic changes suggesting 
hypoxia, strong IL-10 TNF-α, and NO production. N. caninum infection did not induce IFN-γ 
release. Addition of IFN-γ and TNF-α treatments resulted in reduction of tachyzoite loads, while 
depletion of IL-10 and TGF-β also had a similar effect. In addition, N. caninum infection in these 
cells induced lysosomal activity.1614

In 1 study,2051 organotypic slice cultures of rat central nervous tissue were employed and the 
infection kinetics were studied by qPCR, and the interactions with actin microfilaments and glial 
fibrillary acidic proteins by immunofluorescence, and by TEM. The majority of tachyzoites were 
found within microglia cells.

N. caninum infection was also studied in human brain microvascular endothelial cells. Infection 
of these cells did not affect mitochondrial integrity in the host cells, but resulted in increased over-
all oxygen consumption,647 and metabolic footprinting of extracellular metabolites showed that β 
hydroxybutyrate, pyruvate, adenosine triphosphate (ATP), total protein, non-esterified fatty acids, 
and triglycerides are significantly different in infected cells compared to control cells.648

3.2.1.1.1.2  In Vitro Culture in Canine Intestinal Cells — To study the sexual development of N. 
caninum in the canine intestine, canine intestinal cells were isolated from neonatal canine duo-
denum, grown to polarized monolayers, and infected with N. caninum tachyzoites or cell culture-
derived bradyzoites. The development of the parasites and the host cells was monitored by TEM and 
immunofluorescence using antibodies against cytokeratins, desmosomes, tight junctions, tachyzoite 
and bradyzoite antigens, and measurements of alkaline phosphatase activity. No sexual stages were 
detected within the 2-week culture period.890

3.2.1.1.2  Bradyzoite Inoculum

Neospora has been cultivated in cell cultures directly seeded with bradyzoites from the tissues 
of naturally infected dogs.598 Tissue cysts were isolated on Percoll from the brain of a naturally 
infected dog. Bradyzoites were released from the tissue cysts by incubation in acid pepsin solution. 
Intracellular bradyzoites could be seen at 15 h PI, and endodyogeny stages were seen at 40 h. Two 
endodyogenous divisions were completed by 64 h. Tachyzoites were first seen 6 days after seeding 
cultures with bradyzoites.598

3.2.1.1.3  Oocyst Inoculum

Coccidian oocysts are normally not known to excyst in cell culture and excystation of sporozo-
ites is necessary to initiate in vitro cultivation. Trypsin, bile, and/or sodium taurocholate are used 
to excyst coccidian oocysts. However, attempts were successful in growing tachyzoites during 3 of 
6 attempts after cultures were seeded with sporulated oocysts.780 Oocysts were treated with acid–
pepsin for 5 min at 37°C; after washing, oocysts were seeded on to Vero cells.

3.2.1.1.4  Separation of Tachyzoites from Host Cells

Various methods (differential centrifugation gradients, treatment with lectins, filtration through 
sintered glass filters, nylon wool, glass wool, and digestion) have been described to separate 
T. gondii tachyzoites from host cells with varying success.483 PD-10 Sephadex column (Pharmacia 
Biotech) filtration to remove host cells has also been used.1545 Filtration through 3–5 µm millipore 
filtration to remove host cells from tachyzoites has also been reported, but there is a loss of some 
organisms.
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3.2.2  Obtaining Tissue Cysts

Initially, tissue cysts were obtained from outbred mice given corticosteriods (MPA or dexameth-
asone). Different doses of N. caninum tachyzoites and MPA have been used based on the multipli-
cation rate of the parasite and the weight of the mice.1159,1327 Tissue cysts were first seen 17–21 DPI 
and were confined to the brain. Tissue cysts were not found in all inoculated mice. In other experi-
ments conducted1327 the highest number of tissue cysts was in an outbred ICR mouse inoculated 
with Nc-Liv and given 2.0–2.5 mg MPA on day 7 and the day of infection—the mouse died 39 DPI. 
Individual and paired BAG1-positive bradyzoites were scattered among well-developed tissue cysts. 
Even in very small-sized tissue cysts, the bradyzoites were slender, had a subterminal nucleus, and 
because of compactness individual bradyzoites were not discernible (Figure 2.2g and h, Chapter 2).

Although inbred BALB/c mice inoculated with N. caninum not given corticosteroids developed 
neurological signs, tissue cysts were not detected histologically.1172 Even in KO mice, the number of 
tissue cysts were few and confined to the CNS. Tissue cysts were also found in the brains of gerbils 
but the number was always low.

Unlike other rodents, numerous tissue cysts were found in the shrew-like marsupial, the fat-
tailed dunnart (FTD, Sminthopsis crassicaudata) from Australia.1069 The FTD weighed 12–16 g. 
Tissue cysts were found in the FTD (group 1) inoculated IP with 105 tachyzoites but surprisingly 
not in these inoculated 104 N. caninum tachyzoites. The group 1 inoculated FTD became severely 
ill and were euthanized 13–18 DPI. Tissue cysts and bradyzoites were found in virtually all organs, 
including pancreas, adrenal gland, urinary and skeletal muscle, heart, lungs, lymph nodes, liver, 
brain, and accessory sex glands.1069

Several methods have been described to separate tissue cysts from the brain. Percoll, dextran, 
and gum Arabic have been used to separate T. gondii tissue cysts from brain tissue.613 A Percoll 
method was modified to separate Neospora tissue cysts from mouse brain.1326 A continuous density 
gradient was prepared by centrifuging 30 mL of 35% Percoll in PBS at 27,000 × g for 20 min in a 
fixed angle head centrifuge. Brain homogenate (2–5 mL) was layered on top of the Percoll gradient 
and then centrifuged in a fixed angle rotor at 4400 × g for 15 min.1326 The brain material floated on 
top of the gradient and was carefully removed with a pipette. The remaining gradient was mixed 
with 3 volumes of PBS, and centrifuged in a swinging bucket centrifuge. After pouring off the 
supernatant, tissue cysts were collected from the pellet.

The degree of success in purifying tissue cysts depends on the host tissue and the amount of 
blood contamination. To minimize red blood cell and tissue contamination, the mice should be bled 
out before harvesting brains, and the brain homogenate passed through a 90 µm sieve. Tissue cysts 
of Neospora are usually smaller than 90 μm and pass through the sieve.

In another study,598 Neospora tissue cysts were separated from the brain of a naturally infected 
dog by using 35% isotonic Percoll. To prepare isotonic Percoll, mix 9 parts of Percoll and 1 part of 
10× saline.

3.2.3  Obtaining Oocysts

Oocysts can be obtained by feeding infected tissues to dogs. It is preferable to use recently 
weaned (10–12-week-old) pups. The number of oocysts excreted and the frequency is erratic. The 
number of oocysts excreted is normally very low. More success has been obtained by feeding dogs 
naturally infected water buffalo muscle or infected bovine placenta. Better success was obtained by 
feeding beef experimentally infected with Nc-Illinois strain.780 The reasons for failure are unknown. 
Sporulated oocysts are stored in capped plastic bottles with a plastic liner under the cap.

Procedures for optimal excystation of N. caninum sporozoites have not been published. Bile 
salts and trypsin, used for coccidian oocysts, also excyst N. caninum. Although intact oocysts can 
be excysted, the success rate is better with free sporocysts. Sporocysts can be released from oocysts 
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by vigorously shaking (or vortexing) sporulated oocysts with 500-µm glass beads until 80% of spo-
rocysts are released. Incubate sporocysts with 5% ox bile at 37°C for 20 min or longer. Sporozoites 
can be separated from debris by filtration through 3-µm filters.

3.2.4  Cryopreservation

Neospora tachyzoites, bradyzoites, or sporozoites can be preserved by freezing by using 
techniques described for other coccidia. Organisms survive freezing better in dimethylsulfoxide 
(DMSO) than without it. It is advisable to start with a high number (100,000 or more/mL) in the 
inoculum because not all organisms survive freezing. For preserving N. caninum, suspend organ-
isms in tissue culture medium (TCM), mix with DMSO, and slowly freeze in liquid nitrogen (LN). 
For this, prepare a sterile stock solution of 16% bovine serum albumin (BSA) in TCM (solution A) 
and a sterile 50% concentration of DMSO in TCM (solution B). Mix equal volumes of solutions A 
and B to produce solution C. Finally, mix equal volume of solution C with equal volume of extra-
cellular parasites or Neospora-infected cells in the TCM (thus, the final concentration of DMSO is 
12.5%) and let the mixture incubate for 30 min at room temperature. Freeze samples in a freezing 
box. We use NALGENE-Cryo 1°C freezing container 18 vials with isopropyl alcohol to achieve a 
−1°C/min rate of cooling (Nalgene Cat. No. 5100-0001). Store the box at −70°C overnight and then 
transfer the frozen vials to LN. In case such a freezing box is not available, a practical method of 
doing this is to immerse the sealed vial of tachyzoites in 95% ethanol, store at −70°C overnight, and 
the next day, transfer the frozen vial to LN. For experimentation, thaw the tachyzoites quickly (37°C 
water bath, 1 min), and inoculate into mice or cell culture. We have revived N. caninum after up to 
20 years of storage in LN.

Intracellular tachyzoites exhibit better survival after storage in LN compared to extracellular 
tachyzoites, but free bradyzoites and sporozoites survive better than intact tissue cysts and oocysts. 
We routinely cryopreserve parasites infected tissues on their first (primary) isolation to minimize 
effect of sub-passage in the laboratory. For cryopreservation of bradyzoites, bradyzoites are liber-
ated from tissue cysts by digestion in pepsin for 5–10 min, depending on the tissue, neutralized with 
sodium bicarbonate, centrifuged, and mixed with TCM.

3.3  DIAGNOSTIC PROCEDURES

3.3.1  Examination of Canine Feces for Oocysts

The number of Neospora oocysts in feces is usually low; therefore, concentration methods are 
often necessary to detect oocysts in feces.519 Either sugar or salt (NaCl or ZnSO4) solutions of spe-
cific gravity 1.15 or higher can be used to float sporocysts free of fecal debris. Sugar solution is less 
deleterious to sporocysts than salt solutions. We use the following method:

	 1.	 Mix 5–10 g of feces thoroughly with 10–20 mL of water using a tongue depressor to obtain a homog-
enous suspension. Mix this fecal suspension with 50–100 mL of Sheather’s sugar solution (sugar, 
500 g; water, 320 mL; and add liquid phenol, 6.5 mL if the solution needs to be stored for more than 
a few days to prevent fungal growth). To dissolve sugar, heat water to 70°C and stir solution continu-
ously, then cool before use. The specific gravity of Sheather’s sugar solution is 1.18 and the specific 
gravity of Neospora oocysts is lower than 1.15; therefore, mixing the watery suspension with sugar 
solution does not affect the flotation procedure.

	 2.	 Filter through cheesecloth or a tea strainer.
	 3.	 Centrifuge fecal suspension in 50-mL centrifuge tubes with a cap at about 400 × g for 10 min.
	 4.	 With a pipette or with a loop, remove several small drops from the very top, put drops on a glass slide 

and cover the drops with a coverslip.
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	 5.	 Let the slide–coverslip lie flat for about 5–10 min so that the fecal particles can settle and the sporo-
cysts can rise to the top before the slide is examined.

	 6.	 Examine at magnification of 100× or higher. Neospora oocysts are about 10 × 12 µm in diameter 
and are almost identical to Hammondia heydorni oocysts illustrated in Figures 3.1 and 3.2. They are 
about half the size of Cystoisospora ohioensis-like oocysts, and about one-eighth the size of round 
worm eggs (Figure 3.1).

	 7.	 To collect sporocysts from feces, aspirate the top 5 mL of the solution from the 50-mL centrifuge 
tube. Mix the aspirate with 45 mL of water, and centrifuge at 400 × g for 10 min. Discard the super-
natant fluid and resuspend the sediment in water, centrifuge, and repeat the process. Suspend the 
final sediment in 2% aqueous sulfuric acid or 2.5% potassium dichromate. For sporulation, shake 
oocysts at room temperature for 1 week and then store at 4°C. During incubation in 2% sulfuric acid, 
oocysts lose the spherical shape whereas the oocyst shape is preserved in dichromate. The chroma-
tion of the oocyst wall hardens it and the potassium dichromate is difficult to remove from the oocyst 
wall. Repeated washings are needed to completely remove the dichromate. Potassium dichromate is 
also an environmental hazard.

3.3.2  Cytology, Histopathologic, and IHC Procedures

Cytology preparations, impression smears of exudates, and tissue impression smears can be 
stained with conventional Giemsa stain, Leishman stain, or rapid Diff Quick®. Tachyzoites stain 
well with any of these procedures (Figure 3.3). Neospora tachyzoites and tissue cysts stain relatively 

50 μm
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(iv)
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Figure 3.1 � Neospora-Hammondia-like oocysts and other parasitic stages in sugar solution float of dog feces. 
Unstained. Neospora-like oocysts (i), Cystoisospora ohioensis-like oocyst (ii), Toxocara canis egg 
(iii), and hookworm sp. egg (iv). (From Dubey, J. P. 1993. Toxoplasma, Neospora, Sarcocystis, 
and other tissue cyst-forming coccidia of humans and animals. Parasitic Protozoa. In Kreir, J. P. 
(Editor). Academic Press, New York. Volume 6, 1–158.)
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faintly with the routine hematoxylin and eosin stain, commonly used for routine histopathology. 
The strength of the hematoxylin could be doubled for staining tachyzoites. The PAS reaction can be 
used to stain tissue cysts; the bradyzoites in tissue cysts stain red (Figure 2.2j, Chapter 2).

IHC procedure for AEC 3-amino-9-ethylcarbozole staining is as follows:

	 1.	 De-paraffinize slides in xylene I for 30 min. Discard xylene I. Pour xylene II into xylene I container. 
Soak for 5 min.

	 2.	 Pour fresh xylene into xylene II. Soak slides in fresh xylene for 5 min.
	 3.	 Soak in 100% ethanol I for 5 min. Discard ethanol I. Pour ethanol II into ethanol I container. Soak 

for 5 min. Pour fresh 100% ethanol into ethanol II container. Soak for another 5 min.
	 4.	 Soak in 95% ethanol for 5 min.
	 5.	 Quench endogenous peroxidase in 3% H2O2 in methanol for 15 min (20 mL 30% hydrogen peroxide 

and 180 mL methanol).
	 6.	 Soak in 80% ethanol for 5 min.
	 7.	 Soak in 70% ethanol for 5 min.
	 8.	 Soak in 50% ethanol for 5 min.
	 9.	 Soak in saline for 5 min.
	 10.	 Soak in warm saline (37°C) for 5 min.
	 11.	 Pepsin digestion: Incubate slides in 0.4% pepsin in 0.01 N HCl for 15 min, at 37°C (0.8 g pepsin, 

0.333 mL 6 N HCl, 200 mL saline, prewarmed to 37°C for 30 min).
	 12.	 Soak in 0.75% biotinylation reagent Brij® 35–PBS for 5 min twice (2.5 mL 30% Brij® 35/L PBS); 

Brij® 35 is a detergent.
	 13.	 Block nonspecific binding with 0.5% Na caseinate in Brij® 35–PBS for 10 min.

5 μm

(a) (b)

(c) (d)

Figure 3.2 � Higher magnification of coccidia in dog feces. Cystoisospora canis (a), C. ohioensis-like (b), 
Neospora-Hammondia-like (c), and Sarcocystis sp. sporocyst (d).
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	 14.	 Drain and without rinsing apply the properly diluted primary antibody to the tissues for 30 min, at 37°C.
	 15.	 Soak slides in Brij® 35–PBS for 5 min, twice.
	 16.	 Treat tissues with Dako EnVision Rabbit peroxidase solution at 37°C for 30 min.
	 17.	 Soak slides in Brij® 35–PBS for 5 min, twice.
	 18.	 Apply Dako AEC substrate chromogen solution to slides at 37°C for 15 min.
	 19.	 Collect chromogen in hazard waste bottle, and soak slides in Brij® 35–PBS for 5 min.
	 20.	 Rinse slides in running tap water for 2 min. Rinse in deionized water for 2 min, twice.
	 21.	 Counterstain with Mayer’s hematoxylin for 1 min.
	 22.	 Wash slides in running tap water for 1 min.
	 23.	 Soak slides in Scott’s tap water substitute (MgSO4 ⋅ 7H2O 20 g, NaHCO3 2 g, water 1 L) for 1 min.
	 24.	 Soak in running tap water for 1 min. Soak in deionized water for 2 min, twice.
	 25.	 Apply Crystal Mount and incubate slides overnight at room temperature.
	 26.	 Apply Permount and cover slip, if desired.

10 μm

(a)

20 μm

(b)

Figure 3.3 � N. caninum tachyzoites (arrows) compared with neutrophils, macrophage, and red blood cells in impres-
sion smears. Giemsa stain. Note most tachyzoites are dividing and are crescentic to globular. (a) Lung 
aspirate from a dog. (From Greig, B. et al. 1995. J. Am. Vet. Med. Assoc. 206, 1000–1001.) (b) Exudate 
from dermal ulcer from a dog. (Dubey, J. P. et al. 1988. J. Am. Vet. Med. Assoc. 192, 1269–1285.)
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3.3.3  Serologic Procedures

3.3.3.1  NAT

Tachyzoites propagated in mouse peritoneum (see Reference 1733) are centrifuged, and the pel-
let is incubated in 1% trypsin for 45 min at 37°C. After removing trypsin by repeated centrifugation, 
the pellet is suspended in 6% solution of 100% formaldehyde. The tachyzoites are kept overnight 
in formalin, centrifuged, and washed 3 times in PBS to remove formalin. Finally, the parasites are 
preserved in PBS with 1% sodium azide and stored at 4°C until use. We have used this antigen after 
6 months of storage at 4°C without loss of reactivity. Short-time storage at room temperature has 
not affected its reliability.

Tachyzoites have been grown in Vero cells.1545 Infected cell cultures were scrapped, suspended 
in filtered PBS, and host cells were removed by passing the tachyzoite suspension through an OD-10 
Sephadex column. The pellet of tachyzoites was suspended in 6% formalin. The concentration of 
tachyzoites was 1–2 × 104/µL.1545,1733

Protocol:

	 1.	 Serum diluting buffer: Dissolve 42.5 g NaCl, 1.54 g NaH2PO4 (M.W. 120), and 5.4 g Na2HPO4 
(M.W. 142) in 900 mL deionized water. Adjust the pH to 7.2. Bring the volume to 1 L with deionized 
water. Store at 4°C. This is the 5× stock solution. Dilute this stock solution 1:5 to give 0.01 M PBS 
(1 part stock and 4 parts deionized water). PBS should be filtered just before use through a 0.22 µM 
membrane.

	 2.	 Antigen diluting buffer: Dissolve 7.01 g sodium chloride, 3.09 g boric acid, and 2.0 g sodium azide 
in 900 mL deionized water. Add 24 mL 1 N NaOH and adjust the pH to 8.95. Bring the volume to 
1 L. This is the stock solution and can be stored at room temperature. For the working antigen dilut-
ing buffer, dissolve 0.4 g BSA in 100 mL borate buffer. Store at 4°C.

	 3.	 Dilute serum samples with serum diluting buffer (no. 1) in small test tubes (1.2 mL in strips of 8 
or 12) with a multichannel pipette, starting at 1:25. Microtiter plates may also be used for making 
serum dilutions.

	 4.	 Prepare antigen mixture as follows: For each plate, mix 2.5 mL antigen diluting buffer (no. 2), 35 µL 
2-mercaptoethanol, 50 µL Evans blue dye solution (2 mg/mL water), and 0.15 mL antigen (formalin-
fixed whole parasites).

	 5.	 Agglutination is done in U bottom 96-well microtiter plates. Pipet 25 µL antigen mixture into each 
well immediately after mixing. Pipet 25 µL serum dilutions into the wells and mix gently with the 
antigen by repeated pipetting action.

	 a.	 A positive control should be included in each plate. The control should have a titer of 1:200, and 
2-fold dilutions from 1:25 to 1:3200 should be used. A negative control ensures the specificity 
of reaction.

	 b.	 Cover the plates with sealing tape and incubate at 37°C overnight.
	 c.	 Read results using a magnifying mirror. A blue button at the bottom of the well means negative. 

A clear bottom means positive.

3.3.3.2  IFAT

The protocol presented here has been described previously.1789

Tachyzoites from cell culture:
Use tachyzoites grown with FBS as supplement. One day before harvesting the tachyzoites, 

the FBS-supplemented medium is replaced by a medium not supplemented with FBS. Isolate the 
parasite by scraping off the host cell monolayer with a rubber policeman and release tachyzoites by 
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vigorous pipetting, supporting cell rupture. To remove the host cell debris, the preparation should be 
filtered through 5-µm filters. Wash the parasites 2–3 times with cold PBS (centrifugation, 10 min, 
1500 × g, 4°C). Dilute tachyzoites to 5–6 ×  107 parasites/mL in PBS.

Preparation of slides for immunofluorescence:
Wash printed microscope slides in 96% ethanol; let slides dry. Add 10 µL of a parasite suspen-

sion (5–6 × 107 parasites/mL in PBS) to each well and let the slides dry. Slides are kept at −20°C 
until use.

Buffers:

	 1.	 4 × fluorescence assay (FA) rinse buffer: Na2CO3—11.4 g, NaHCO3—33.6 g, NaCl—8.5 g, double-
distilled water—make volume to 1000 mL, pH 9.0

	 2.	 Anti-fading-buffer: 3.5 g 1,4 diazobicyclo [2,2,2]-octane in 90 mL glycerol and 10 mL PBS

Procedure:
Avoid drying of the slides during the procedure. Avoid cross-contamination of wells. Carefully 

remove excessive fluids.

	 1.	 Fix slides 10 min in acetone (−20°C).
	 2.	 Incubate slides for 10 min in PBS.
	 3.	 Dilute samples in 2-fold serial dilutions, for example, from 1:25 to 1:3200.
	 4.	 Add 10 µL of the sample dilutions to each well.
	 5.	 Incubate the slides for 30 min in a moist chamber.
	 6.	 Wash the slides gently with FA rinse buffer and incubate for 5 min in FA rinse buffer.
	 7.	 Add 10 µL freshly prepared conjugate to each well. We use FITC-labeled species-specific conju-

gates diluted PBS/0.05% Evans blue (e.g., 1:50, optimal conjugate concentrations need to be estab-
lished depending on conjugate).

	 8.	 Incubate slides in a moist chamber for 30 min.
	 9.	 Wash the slides gently with FA rinse buffer and incubate for 5 min in FA rinse buffer.
	 10.	 Mount slides with anti-fading-buffer.
	 11.	 Read slides using a fluorescent microscope; a serum is considered negative if no fluorescence 

or only apical fluorescence is detected at a serum dilution of 1:200; a serum is regarded positive 
if there is a bright, complete, and unbroken peripheral fluorescence. The establishment of a lab 
specific cut-off is necessary. Depending on application the use of other cut-offs lower than 1:200 
might be better.

3.3.3.3  ELISAs

In the following, a protocol for an iELISA assay to detect N. caninum antibodies is presented. 
Parasitic antigen is coated to the wells of an ELISA plate. After incubation with test sera, enzyme-
labeled, species-specific anti-immunoglobulin antibodies or antibody-binding proteins conjugated 
to an enzyme (e.g., to peroxidase or alkaline phosphatase) are applied to report the antigen-specific 
reactions, that is, the extent to which antibodies have bound to parasitic antigens. In a final step, a 
substrate is added which is converted by the enzyme into a colored reaction product. The absor-
bance or optical density (OD) is measured by a spectrophotometer.

A similar protocol as described here was published for the examination of cattle224,797 but was 
modified. For this test, no complex purification1794 or other treatments like incorporation into 
ISCOMS216 are needed which may have the disadvantage that unspecific components have not been 
removed from the antigenic preparation.

Antigen source:
N. caninum tachyzoites from cell cultures
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Buffers and reagents:

	 1.	 PBS (NaCl—8 g, KH2PO4—0.2 g, Na2HPO4 12 H2O—2.9 g, KCl—0.2 g).
	 2.	 Coating buffer: 100 mM sodium bicarbonate/carbonate, pH 8.3.
	 3.	 Washing buffer: PBS-T: 0.05% Tween 20 in PBS (washing).
	 4.	 Neospora sp. seronegative horse serum.
	 5.	 Blocking buffer: PBS-T, 20% horse serum: 0.05% Tween 20 in PBS, 20% horse serum (blocking, 

sample dilution).
	 6.	 Conjugate buffer: PBS-T, 1% horse serum: 0.05% Tween 20 in PBS, 1% horse serum (conjugate 

dilution).
	 7.	 PBS-T-Urea: PBS-T with 6 M Urea (for avidity testing).
	 8.	 Species-specific conjugates or conjugates based on antibody-binding proteins (Protein A, G, L, with 

confirmed binding to immunoglobulins of species under examination); the substrate protocol (see 
below) is established for peroxidase as a reporter enzyme.

	 a.	 Substrate and stop solution (appropriate to the enzyme, also commercially available). Here a 
peroxidase substrate solution is described:

	 b.	 Substrate buffer: 0.2 M sodium acetate/0.2 M citric acid
	 c.	 TMB: 3,3′,5,5′-tetramethylbenzidine solution (50 mg dissolved in DMSO)
	 d.	 H2O2, 30%
	 e.	 Prepare fresh: 10 mL substrate buffer, 100 µL TMB, 1.2 µL H2O2, 30%, 100 µL/well
	 f.	 Stop solution: 4 N H2SO4, 50 µL/well

Process of preparing antigen and coating of plates:

	 1.	 Purified N. caninum tachyzoites harvested from cell culture by filtration through 5 µm filters.
	 2.	 Extensive washing of parasites to remove cell culture proteins and debris: Centrifuge parasite sus-

pension in a 15 mL tube (2000 × g, 10 min, 4°C, no brake), discard supernatant and resuspend para-
site pellet in ice-cold PBS. Repeat the washing 4–6 times. To glass tubes, parasites may adhere. To 
avoid this, we siliconize tubes using Sigmacote® (Sigma-Aldrich).

	 3.	 Resuspend tachyzoites in PBS to a final concentration of 1 × 108 tachyzoites/mL.
	 4.	 Lysate tachyzoites by 3 freezing-thawing cycles (−50°C/+37°C) and ultrasonication (e.g., Branson 

Sonifier, 90 s, 50% active cycle, output control level 2, on ice).
	 5.	 Centrifuge the solution at 10,000 × g at 4°C for 30 min.
	 6.	 Collect the supernatant, determine protein content (e.g., via a Bradford test) and use it directly or 

store at −80°C.
	 7.	 Coat Polysorp 96-well microtiter plates (e.g., NUNC, Roskilde, Denmark) with N. caninum antigen 

diluted in coating buffer (usually 1:100 to 1:1000; optimal dilutions need to be adjusted; add 100 µL 
into each well). Note: Optimal dilutions need to be determined by checkerboard titrations (serum, 
conjugate, and antigen).

	 8.	 Incubate for 1 h at 37°C.

Process of testing sample sera:

	 1.	 Discard the coating buffer.
	 2.	 Wash the plate 3 times with PBS-Tween.
	 3.	 Add 300 µL PBS-Tween containing 20% horse serum (blocking buffer) to each well. Incubate for 

30 min at 37°C.
	 4.	 Remove blocking solution. No washing necessary.
	 5.	 Add serum samples diluted in blocking buffer (100 µL/well). Include a standard positive and nega-

tive control serum on each plate. Incubate for 30 min at 37°C. Note: Optimal sample dilution needs 
to be determined by checkerboard titrations (serum, conjugate, and antigen). Usually, a 1:100 dilu-
tion is appropriate.

	 6.	 Note: At this point of the protocol, additional steps for avidity ELISA can be added.
	 7.	 Discard sample dilutions from wells. Wash 3 times with PBS-Tween.
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	 8.	 Add conjugate appropriately diluted (to be determined in advance by checkerboard titrations) in 
PBS-Tween with 1% horse serum (100 µL/well).

	 9.	 Incubate for 30 min at 37°C.
	 10.	 Wash 3 times with PBS-Tween and 2 times with double-distilled water.
	 11.	 Add 100 µL substrate solution per well.
	 12.	 Incubate for 15 min at 37°C.
	 13.	 Stop the reaction by adding 50 µL stop solution per well.
	 14.	 Read OD at 450 nm in a microplate spectrophotometer.
	 15.	 Calculate ELISA indices (S-Idx = (ODS-ODN)/(ODP-ODN); S-Idx, sample index; ODS, mean sam-

ple OD; ODN, mean negative control OD; ODP, mean positive control OD).
	 16.	 To determine an appropriate cut-off, a set of known negative and known positive reference sera have to 

be analyzed (e.g., 100 positive sera, 400 negative sera; for test validation, please refer to OIE manual, 
Section 1.1.6, http://www.oie.int/international-standard-setting/terrestrial-manual/access-online/).

Procedure for avidity ELISA (insert at step 6 of the process of testing sample sera in ELISA):
For avidity testing, each serum has to be titrated with and without urea incubation (e.g., serial 

dilutions in 2 of the columns of an ELISA plate; 1 column is later examined with and the other col-
umn without urea incubation step). For more accurate results, each serum sample dilution could be 
tested twice with and without urea.

Follow the ELISA protocol until step 5.

	 1.	 Wash ELISA plates with PBS-Tween 20.
	 2.	 Incubate wells in odd numbered columns with PBS-T, 6 M urea; incubate wells in even numbered 

columns with PBS-T; incubate for 5 min at 37°C.

Proceed with the ELISA protocol, step 7.
Appropriate cut-offs to decide that the antibody response of acutely or chronically infected 

animals need to be evaluated. For validation, use appropriate sera from experimentally infected 
animals or from animals for which the time of natural infection is known.

3.3.3.4  Immunoblots

The protocol presented has been described previously.224,1789 Tachyzoite antigens are separated 
under nonreducing conditions.

Tachyzoites from cell culture:
Use tachyzoites grown with FBS as supplement. One day before harvesting the tachyzoites, 

the FBS-supplemented medium is replaced by a medium not supplemented with FBS. Isolate the 
parasite by scraping off the host cell monolayer with a rubber policeman and release tachyzoites by 
vigorous pipetting, to support cell rupture. To remove the host cell debris, the preparation should 
be filtered through 5-µm filters. Wash the parasites 5 times with cold PBS (centrifugation, 10 min, 
500 × g). Prepare a parasite pellet (a pellet of 4 × 107 tachyzoites is sufficient for 1 Minigel).

Reagents for SDS-PAGE:

	 1.	 Sample buffer (5×): 3.75 g tris(hydroxymethyl)aminomethane, 10 g sodium dodecyl sulfate (SDS), 
35 mL glycerol, and 25 mg bromophenol blue. Adjust to pH 6.8 with HCl and add distilled water up 
to 100 mL.

	 2.	 Solution A (SDS-PAGE stacking gel buffer): 6.06 g tris(hydroxymethyl)aminomethane, 4 mL 10% 
(w/v) SDS. Adjust to pH 6.8 with HCl and add distilled water up to 100 mL.

	 3.	 Solution B (SDS-PAGE separation gel buffer): 18.17 g tris(hydroxymethyl)aminomethane, 4 mL 
10% (w/v) SDS. Adjust to pH 8.8 with HCl, add distilled water up to 100 mL.
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	 4.	 Solution C (SDS-PAGE acrylamide stock solution): 30 g acrylamide, 0.8 g N,N’-methylen-
bis(acrylamide), add distilled water up to 100 mL.

	 5.	 Electrophoresis buffer (5×): 15.2 g tris(hydroxymethyl)aminomethane, 72.1 g glycine, 5 g SDS, add 
distilled water up to 1000 mL.

	 6.	 Ammonium persulfate 40% (w/v) in distilled water.
	 7.	 N,N,N’,N’-tetramethylethylenediamine (TEMED).
	 8.	 Electrophoresis calibration kit (low molecular weight).

Buffers for antigen transfer to nylon membranes (PVDF membranes, Polyvinylidenfluorid 
membranes):

	 1.	 Stock transfer buffer (10× stock; 25 mM tris base, 192 mM glycine): Tris(hydroxymethyl)
aminomethane—30.3 g, glycine—144.1 g, add distilled water up to 1000 mL.

	 2.	 Transfer buffer (1×; with 0.1% [w/v] SDS and 10% [v/v] methanol): 100 mL stock transfer buffer 
(10×), 10 mL 10% (w/v) SDS, 100 mL methanol, add distilled water up to 1000 mL.

	 3.	 India ink staining solution.848

	 4.	 PBS-T-G: PBS with 0.05% (v/v) Tween 20 and 2% (v/v) fish gelatine liquid (or another appropriate 
blocking reagent).

Buffers for immunoblot:

	 1.	 PBS-T-G: PBS with 0.05% (v/v) Tween 20 and 2% (v/v) fish gelatine liquid (or another appropriate 
blocking reagent).

	 2.	 PBS-Tween: 0.05% Tween 20 in PBS.
	 3.	 Conjugate: Species-specific conjugate, for example, anti-bovine IgG[H+L] peroxidase or anti-dog 

IgG[H+L] peroxidase are used for testing cattle or dog sera, respectively.
	 4.	 Substrate: 30 mg 4-chloro-1-naphthol, 10 mL methanol, 30 mL PBS, and 40 µL 30% H2O2.

Specific equipment:

	 1.	 Minigel SDS-PAGE system.
	 2.	 Semidry blotting system for antigen transfer.
	 3.	 Block heater.

SDS-PAGE procedure:

	 1.	 Add 80 µL distilled water and 20 µL sample buffer (5×) to a pellet containing 4 × 107 tachyzoites. 
This amount is sufficient for 1 Minigel (60 × 70 × 1 mm).

	 2.	 Heat antigen in sample buffer in block heater for 10 min at 94°C.
	 3.	 Prepare the separation gel solution (Table 3.1).
	 4.	 Cast the separation gel, overlay it with distilled water and let it stand for approximately 30 min (i.e., 

until the gel has polymerized).
	 5.	 Prepare the stacking gel solution (Table 3.1).
	 6.	 Pour on the stacking gel solution and insert the comb into the solution to form the slots. Wait at least 

for 30 min (i.e., until the gel has polymerized) before the comb is removed.
	 7.	 Submerge the gel in 1 × electrophoresis buffer.
	 8.	 Load the tachyzoite antigen into the preparative slot (about 60 mm length) and the marker protein 

into the narrow slot (about 2 mm).
	 9.	 Run the gel at 120 V until the bromophenol blue front leaves the gel.

Western blotting procedure:
We prefer the electric transfer of SDS-PAGE-separated antigens to PVDF membranes using 

a continuous buffer system. Using a discontinuous buffer system as described224 had very similar 
results.
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	 1.	 Assemble the transfer unit according to manufacturer. To assemble the transfer unit gel blotting filter 
paper is needed (e.g., GB 001).

	 2.	 Run the transfer unit at a current of 1.5 mA/cm2 gel for 90 min and a continuous buffer system.
	 3.	 Stain the section of the membrane containing the molecular weight marker and a small part of the 

antigen section with India ink staining solution.
	 4.	 Incubate the remaining part of the membrane with PBS-T-G control for at least 30 min to block all 

left protein binding sites.
	 5.	 The membrane is dried overnight and can then be stored frozen (−20°C) until used.

Antibody detection procedure:

	 1.	 Cut the required number of 3–4 mm wide strips from the membrane and label each strip.
	 2.	 Incubate the strips for 10–30 min with PBS-T-G.
	 3.	 Remove PBS-T-G and incubate each strip with a test serum diluted 1:100 in PBS-T-G (or undiluted 

fetal fluid, or other dilutions as appropriate), appropriately diluted positive and negative control 
serum or PBS-T-G for 1 h (500–1000 µL serum dilution are required, depending on the slot size of 
the incubation tray). A positive and a negative control as well as PBS-T-G control must be included 
in each test run.

	 4.	 Wash the strips 4 times with PBS-Tween.
	 5.	 Incubate the strips with conjugate for 1 h (300–1000 µL required per strip, conjugate dilution has to 

be established; usually 1:2000 is a good starting point).
	 6.	 Wash the strips 3× for 3 min with PBS-Tween and twice for 3 min with PBS.
	 7.	 Incubate the strips with substrate for 20 min (500–1000 µL required per strip).
	 8.	 Wash the strips once for 3 min with PBS and dry them on filter paper.
	 9.	 Read results. When bovine and canine sera are tested for N. caninum-specific antibodies, reac-

tions against 5 immunodominant antigens (IDAs) with relative molecular masses of 19, 29, 30, 
33, and 37 kDa are recorded. Figures with example reaction patterns of various animal species 
are available in the literature (References 224, 1600, 1796, and 2108). The results are interpreted 
as follows:

	 a.	 >2 IDAs recognized: positive
	 b.	 1 IDA recognized: inconclusive
	 c.	 No IDA recognized: negative

When canine sera are tested for antibody reactions against the 152 kDa antigen, a serum is 
judged positive if a band at this relative molecular mass is visible (an example of a positive reaction 
is displayed in References 1797 and 1805).

Table 3.1 � Composition of Separation and Stacking Gels; the 
Volumes are Sufficient for 2 Minigels (60 × 70 × 1 mm)a

5% [w/v] 
Separation Gel

12.5% [w/v] 
Separation Gel Stacking Gel

Solution A – – 1.5 mL

Solution B 2.5 mL 2.5 mL –

Solution C 1.7 mL 4.2 mL 0.7 mL

H2O 5.8 mL 3.3 mL 3.6 mL

APS (40% 
[w/v])

25 µL 25 µL 8 µL

TEMED 10 µL 10 µL 16 µL
a	 The 12.5% (w/v) SDS-polyacrylamide separation gel is used for 

demonstration of N. caninum-specific antibodies in sera. To inves-
tigate canine sera for antibody reactions toward the 152 kDa anti-
gen, a 5% (w/v) SDS-polyacrylamide separation gel is used.
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3.3.4  PCR

Most PCRs reported are conventional endpoint PCRs, including 1-step PCRs, 1-step nested 
PCRs, or 2-step nested PCRs as discussed in Chapter 2. No detailed PCR protocols are provided, 
because of the large number of available target sequences. Specific protocols need to be established 
in each lab, adjusted to available reagents and equipment.

3.3.4.1  Sampling, Sample-Treatment and DNA Extraction

For diagnostic purposes and studies on the epidemiology of neosporosis, a large set of different 
sample types, including tissues of diseased animals (e.g., aborted fetuses), body fluids, placenta, milk, 
fecal samples, environmental samples, fodder, or water may be examined by PCR for the presence of 
N. caninum DNA. During collection and manipulation, DNA-free equipment should be used and cross-
contamination and carry-over needs to be avoided and controlled using negative processing controls.

3.3.4.1.1  Fresh or Fixed Samples

Fresh samples (tissues, body fluids, blood, and milk) are the most suitable for DNA analyses. For 
short-term storage of samples, 4°C is sufficient. For long-term storage, −20°C and lower are recom-
mended. A large number of in-house and commercialized protocols are available in the literature to 
extract DNA from these types of samples.

It is well known that formaldehyde significantly alters the quality of DNA. Prolonged fixation 
with 4% or 10% formaldehyde buffers prior to paraffin embedding may impair a subsequent PCR 
analysis. However, sometimes no other materials were preserved during necropsy and also retro-
spective examinations rely on formalin-fixed or already paraffin-embedded material only. Paraffin-
embedded material which has been fixed only for a short time, that is, for 2 h or a few days is better 
suited than long-term fixed material. An alternative to formalin fixation might be Weigners fixative 
(3% pickling salt, 30% ethanol, and 20% Pluriol®) which was shown to better preserve DNA.1079

Nevertheless, successful examinations of sections of formaldehyde-fixed and paraffin-embed-
ded tissues have been described,174,364,643,1131,1335,1336,1389,1771,1810,1828 although the number of PCR 
positive findings seems to be much higher in fresh than in formalin-fixed paraffin-embedded sam-
ples.1389 A PCR based on the primer pair PN1/PN2924 was superior to a PCR with using the Np4/
Np7 primers,174,1771 which suggests that a selection of the most suitable PCR protocol is necessary 
prior to the examination of formalin-fixed material. In most PCR studies, fresh samples from 
different tissues were collected and stored frozen (at least −20°C) until used, but commercial 
DNA extraction kits are marketed along with protocols how to treat formalin-fixed or paraffin-
embedded material.

Protocol to extract nucleic acid from fresh or formaldehyde-fixed tissue samples
Reagents:

	 1.	 Digestion buffer: 100 mM NaCl, 10 mM Tris-Cl, 25 mM EDTA, 0.5% SDS pH 8, 0.1 mg/mL pro-
teinase K (Note: add fresh)

	 2.	 Phenol/chloroform/isoamyl alcohol (25/24/1)
	 3.	 Chloroform/isoamyl alcohol (24/1)
	 4.	 3 M sodium acetate (pH 5.2)
	 5.	 96% (v/v) ethanol
	 6.	 70% (v/v) ethanol

DNA extraction from fresh or fixed tissue samples:

	 1.	 Collect sample into a reaction tube



131Techniques

	 a.	 Collect and homogenize fresh tissue, cells:
	 i.	 Homogenize tissue using mortar and pestle after snap freezing using LN. Transfer powder 

to reaction tube.
	 ii.	 Alternatively, a number of cryostat sections can be added to a reaction tube.
	 iii.	 Alternatively, cells isolated from blood, tissue fluids, or cell culture-derived cells are pel-

leted by centrifugation (1500 × g, 10 min, 4°C) and the supernatant is removed from reac-
tion tube.

	 b.	 Collect from a paraffin-embedded tissue: Tissue sections (∼5 µm thick) are directly added to a 
microfuge tube, without dewaxing.

	 c.	 HE-stained sections: Incubate slide in fresh xylene (Note: up to several days). Lift and remove 
coverslip with a scalpel blade. Scrape material into a reaction tube.

	 2.	 Add digestion buffer (1.2 mL/100 mg tissue) for 1 h, 37°C and agitate (in case of paraffin-embedded 
or HE-stained sections incubation may have to be extended for several days).

	 3.	 Mix with an equal volume phenol/chloroform/isoamyl alcohol (25/24/1) by inverting 50 times. 
Centrifuge for 7 min at 13,000 × g.

	 4.	 Mix with an equal volume of chloroform/isoamyl alcohol (24/1) by inverting 50 times. Centrifuge 
for 7 min at 13,000 × g.

	 5.	 Transfer the supernatant to a fresh tube and add 0.1 volumes of 3 M sodium acetate (pH 5.2) and 2 
volumes of −20°C—cold 96% (v/v) ethanol to precipitate DNA (keep at least 20–30 min at −20°C).

	 6.	 Centrifuge for 15 min at 13,000 × g. Decant the supernatant.
	 7.	 Wash the pellet using 70% (v/v) ethanol and centrifuge for 15 min at 13,000 × g.
	 8.	 Discard the ethanol solution and air dry the pellet.
	 9.	 Resolve DNA in sterile, double-distilled water for at least 12 h at 4°C.
	 10.	 Use 2.5–10 µL aliquots for PCR.

3.3.4.2  Fecal, Environmental, and Water Samples

Canine feces or environmental samples contaminated by dog feces may contain N. caninum 
oocysts. DNA extracted from feces or environmental samples may contain PCR inhibitors.1519 
However, only sparse information is available on the best way to enrich and purify N. caninum DNA 
from such samples.96,164,781,910,1067,1069,1070,1324,1805,1854,1865,2072 Protocols developed or validated for the 
extraction of oocysts DNA of Hammondia heydorni,644,1866 H. hammondi, and T. gondii,413,900,1807 
or other parasites even when not successful413 may help to establish suitable techniques to examine 
feces or environmental samples for N. caninum. Methods used to detect T. gondii oocysts in soil or 
water may also be applicable after modification.627,628,1139,1836

In the following section, a protocol that is used at Friedrich-Loeffler-Institute, Federal Research 
Institute for Animal Health, Germany to extract DNA from isolated oocysts is described. This pro-
tocol consists of lysis steps utilizing freezing and thawing cycles, treatment with saline saturated 
buffers, proteinase K, and cetyl-trimethyl ammonium bromide (CTAB). The method is partially 
based on the recommendations of others.2177 Other protocols for the isolation of DNA from oocysts 
employ grinding with glass beads to disintegrate the oocysts.910,1752,1865 We used the following proto-
col to extract DNA from oocysts in dog feces, enriched and isolated by a combined sedimentation–
flotation technique.1805 The protocol is almost identical to that used by us for related parasites, 
for example, T. gondii oocysts in further studies.899,1807 Details of the following protocol are also 
provided previously.613,1806

Protocol to extract nucleic acid from oocysts or fecal samples
Reagents:

	 1.	 PBS: 300 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.7 mM NaH2PO4

	 2.	 Sodium hypochlorite, aqueous solution, ≥4% as active chlorine
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	 3.	 Oocysts-lysis buffer (pH 9.5): 600 mM EDTA, 1.3% (v/v) N-lauroylsarcosine, 2 mg/mL proteinase K
	 4.	 CTAB buffer: 2% (w/v) cetyl-trimethyl ammonium bromide, 1.4 M NaCl, 0.2% (v/v) mercaptho-

ethanol, 20 mM EDTA, 100 mM tris(hydroxymethyl)aminomethane
	 5.	 Phenol/chloroform/isoamyl alcohol (25/24/1)
	 6.	 3 M sodium acetate (pH 5.2)
	 7.	 96% (v/v) ethanol
	 8.	 70% (v/v) ethanol

Procedure:

	 1.	 Isolate oocysts by sucrose floatation.
	 2.	 Use oocysts directly after isolation or store them in 1%–2% K2Cr2O7 or in 2% sulfuric acid in a 

refrigerator at 4–8°C.
	 3.	 Wash oocysts 4 times by centrifugation (1100 × g, 7 min, without the use of the brake) in 15 mL PBS 

in a 15 mL centrifugation tube.
	 4.	 Incubate the pellet with oocysts and contaminants in 2 mL 5.75% NaOCl (30 min, 37°C).
	 5.	 Add double-distilled H2O up to 15 mL.
	 6.	 Centrifuge supernatant in a 15 mL tube (7 min, 1100 × g, without the use of the brake) and resus-

pend the pellet with PBS. Wash pellet 3 times with PBS (7 min, 1100 × g, without brake).
	 7.	 After a last centrifugation, resuspend the pellet in 1 mL PBS, transfer into a 1.5 mL—reaction tube 

and spin down (7 min, without 1100 × g, no brake).
	 8.	 Carefully remove as much of the supernatant as possible and apply 3 freezing-thawing cycles (freez-

ing: 10 min, −20°C; thawing: 2 min, room temperature) to the pellet.
	 9.	 Resuspend the pellet in 100 µL oocyst-lysis buffer (45 min, 65°C).
	 10.	 Add 400 µL CTAB buffer (60 min, 60°C).
	 11.	 Mix with 500 µL phenol/chloroform/isoamyl alcohol (25/24/1) by inverting 50 times. Centrifuge for 

7 min at 13,000 × g. Repeat.
	 12.	 Transfer the supernatant to a fresh tube and add 0.1 volumes of 3 M sodium acetate (pH 5.2) and add 

2 volumes of −20°C—cold 96% (v/v) ethanol to precipitate DNA (keep at least 20–30 min at −20°C).
	 13.	 Centrifuge for 15 min at 13,000 × g. Decant the supernatant.
	 14.	 Wash the pellet using 70% (v/v) ethanol and centrifuge for 15 min at 13,000 × g.
	 15.	 Discard the ethanol solution and air dry the pellet.
	 16.	 Resolve DNA in sterile, double-distilled water for at least 12 h at 4°C.
	 17.	 Use 2.5–10 µL aliquots for PCR.

3.3.4.3  Options for Transporting DNA Prior to Analysis

 Aqueous extracts of DNA should be kept cold before being analyzed, including during ship-
ping. Drying a DNA pellet, or applying an aqueous DNA solution to FTA® cards (Whatman®) 
(FTA® cards = fast technology for analysis of nucleic acids cards, impregnated with DNAse inhibi-
tors) allows DNA to be transported at ambient temperatures (at significant cost savings). In any 
event, templates should not be subjected to x-ray or direct sunlight.
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Chapter  4

Neosporosis in Cattle

4.1  NATURAL INFECTIONS

4.1.1  Serologic Prevalence

N. caninum antibodies in cattle have been reported from most parts of the world (Table 4.1). 
Prevalence varied with age, breed, and geography, and other factors (see epidemiology Section 4.4 
of this chapter).

4.1.2  Clinical Infections

Reproductive losses are the main clinical outcome of neosporosis in cattle. Assessment of these 
economic losses is difficult because many costs have to be considered including, for example, the 
loss of the calf, the diagnostic examination of abortus and the cow, the loss of milk yield, and losses 
caused by culling and replacement of an affected dam. In the early 1990s, there were many reports 
of abortion due to neosporosis and the number of these reports has decreased once neosporosis was 
firmly established as a major abortifacient in cattle. We have attempted to summarize informa-
tion on bovine neosporosis. Evidence for abortion has been based on finding Neospora parasites 
or its DNA directly in aborted fetal tissues (Table 4.2), in diseased newborns (Table 4.3), and by 
comparing serological responses to Neospora in cows that aborted versus control cows that did not 
abort (Table 4.4). Data in Table 4.4 were extracted from studies that varied in design and methodol-
ogy. Our objective in summarizing the data was to indicate an association between serology and 
abortion.

4.1.2.1  Abortion and Stillbirth

N. caninum causes abortion in both beef and dairy cattle. Fetuses may die in utero or be 
resorbed, mummified, autolyzed, stillborn, born alive with clinical signs, or born clinically normal 
but being persistently infected (Figure 4.1). Among aborted twins, one or both maybe infected 
with N. caninum.995,996 Unlike bacterial infections, mummification is common in neosporosis. 
Worldwide reports are summarized in Table 4.2. Most of these reports are from Europe and the 
Americas, probably related to the diagnostic facilities available. Cows of any age may abort. Cows 
may abort repeatedly in consecutive pregnancies or after skipping a lactation.64,1497 Lesions in abor-
tion vary, depending on several factors. Important factors are as follows.
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4.1.2.1.1  Gestational Age

Fetuses of any gestational age can be aborted, from 2.5 months to term (Table 4.2). Most 
neosporosis abortions occur at 5–6 months of gestation.62,64,130,131,274,367,383,691,862,1335,1536,1595,1704,1757,​

1954,2136

It is likely that fetuses aborted earlier than 3 months are not retrieved, since they may be reab-
sorbed. Fetuses dying before 5 months gestation may be mummified and retained in the uterus for 
several months, those dying later are usually expelled.

(a)

(b) (c)

Figure 4.1 � Neosporosis in fetuses. (a) Seven-month gestational age autolyzed fetus with mineralization of 
placenta. (Courtesy of Dr. John Edwards.) (b) Mummified fetus. (Courtesy of Dr. William Wouda.) 
(c) Mummified fetus, 3.5-month gestational age. (Courtesy of Ghanem et al., see Reference 760.)
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4.1.2.1.2  Epidemic and Endemic (Sporadic) Abortions

Abortions in cattle may have an epidemic or endemic (sporadic) character. Abortions have been 
considered as epidemic if more than 10% of cows at risk abort within 6–8 weeks.85,169,395,1305,1370,1497,​

1800,1966,2121,2125 In 1 study as many as 37.5% of cows at risk (i.e., of the pregnant herd) experienced 
abortion within a few weeks.1800

4.1.2.1.3  Pathological Changes

4.1.2.1.3.1  Gross Lesions—Aborted fetuses may be in different stages of autolysis (Figure 4.1). 
There are no pathognomonic lesions of neosporosis. In few fetuses, 1–2 mm foci of discoloration 
(indicative of necrosis) were found in the heart, liver, lungs, and placenta.1057,1595 In 1 fetus, there 
was hydrocephalus,571 associated with dilated lateral ventricles and hypoplasia of cerebellum and 
medulla (Figure 4.2a). In 1 stillborn fetus, the heart was grossly enlarged.546 The entire heart of this 
fetus was fixed in formalin, and paraffin blocks from this animal were shared with many diagnostic 
laboratories of the world because it had many intralesional tachyzoites.

4.1.2.1.3.2  Microscopic Lesions—Lesions may differ depending upon the gestational age and 
the pattern of abortions. Necrosis is more prominent in younger fetuses before immunocompe-
tence develops (5 months or later) (Figure 4.3). Inflammation is more prominent in older fetuses. 
Although several tissues may be affected, lesions are most common in the brain, heart, liver, and 
placenta (Figures 4.3 through 4.10). Because of the costs involved in examination of multiple tis-
sues, there are only a few reports on the extent of lesions in different tissues. In 1 study, lesions 
were seen in the brains and hearts of all 82, livers of 48/77, skeletal muscle of 46/64, kidneys 
of 52/79, adrenal glands of 53/54, lungs of 35/80, and placentas of 10/19.130,131 The presence of 
N.  caninum in tissues of fetuses aborted due to neosporosis confirmed that lesions and para-
sites can be present in many fetal tissues (Table 4.5). In another study, not listed in Table 4.5, 
N. caninum was identified by IHC in 27/27 brains, 10/13 hearts, 5/6 placentas, 1/4 livers, 2/2 kid-
neys, and 1/1 skeletal muscle.862

Lesions may be present in any part of the brain, but are more common in gray versus white 
matter, and more common in the cerebrum.874 The initial lesion is focal necrosis with or without 
inflammatory response. In older fetuses, inflammatory responses are evidenced by the presence 
of microglia, reactive astrocytes, and cells of the monocyte and lymphoid system. A focus of 
central necrosis with peripheral inflammatory cells is the most characteristic feature of bovine 
neosporosis (Figure 4.3). Mineral deposits may occur in necrotic foci (Figure 4.4b). Spinal cords 
have rarely been examined histologically but are expected to have lesions similar to those in 
brains. There is no difference in neural lesions with respect to epidemic or endemic (sporadic) 
abortions.2121

Hepatic lesions may vary depending on whether abortions are sporadic or epidemic. Hepatitis 
is more severe in epidemic cases, and consists of periportal hepatitis and multifocal hepatocellular 
necrosis2121 (Figure 4.6).

Myositis involving heart, tongue, and diaphragm is common. Lesions are mainly inflamma-
tory with minimal necrosis. Even in autolyzed fetuses, inflammatory foci can be recognized in the 
epicardium, while in most of fetuses the myocardium had degenerated (Figure 4.7). There are only 
few tachyzoites, and generalized myocarditis is rare. We are aware of only 1 stillborn fetus that had 
generalized myocarditis with many tachyzoites (Figure 4.9). In that fetus, tachyzoite groups were up 
to 150 µm long and contained more than 200 organisms, but no tissue cysts.546

Placental lesions consist of focal necrosis and nonsuppurative placentitis (Figures 4.3d and 4.8). 
The intercotyledonary areas are not affected. Occasionally, miliary mineralized foci are grossly 
visible (Figure 4.1a). Tachyzoites have been demonstrated in trophoblasts, but rarely.196,1849
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(a)

1 mm

(c)

(b2)(b1) (b3)

Figure 4.2 � Lesions of bovine neosporosis. (a) Hydrocephalus in a 7-month gestational age aborted fetus 
reported in Reference 571. The lateral ventricles of the cerebrum are dilated. Unstained. (Courtesy 
of Dr. John Edwards.) (b) Transverse sections of the cervical (b1), thoracic (b2) and the lumbosa-
cral spinal cord (b3) segments of a 2-week-old calf. The asymmetrical areas of gray discoloration 
(arrowheads) are due to necrotizing inflammation and were present throughout the spinal cord. 
Unstained. (From Dubey, J. P., de Lahunta, A. 1993. Appl. Parasitol. 34, 229–233.) (c) Cross-
section of spinal cord of a congenitally infected calf. The lesion was grossly visible. Note unilateral 
reduction of ventral gray matter (arrow). PAS reaction. (From Dubey, J. P. et al. 1990. J. Am. Vet. 
Med. Assoc. 197, 1043–1044.)
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(e) (f )

(a) (b)

(c) (d)

Figure 4.3 � Lesions in young (3–5-month gestational age) fetuses naturally aborted due to confirmed neo-
sporosis. HE stain. (a) Focal necrosis with scattering of mononuclear cells at the periphery in 
cerebrum. (b) Focal infiltration of mononuclear cells in the cerebrum. Arrow points to a tissue cyst. 
(c) Periportal hepatitis. (d) Focal placental necrosis (arrows). (e) Inflammatory focus in the myo-
cardium. (f) Foci of necrosis and inflammation in lung (arrowheads). (b–f, Courtesy of Dr. William 
Wouda; see Reference 605). Bars in a–c, and e = 250 µm, in d and f = 100 µm.
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4.1.2.2  Congenitally Infected Calves

A small percentage of congenitally infected calves are born ill or die within 2 weeks of birth and 
some of these isolated cases are summarized in Table 4.3. In addition, N. caninum DNA was found 
in 5 of 7 placentas from full-term calves born to seropositive cows in a herd in Iran.1764 Thick-walled 
N. caninum tissue cysts were identified by IHC in the brain of a calf born to a seropositive cow.1110

50 μm

(a)

100 μm

(b)

Figure 4.4 � Encephalitis in aborted fetuses. HE stain. (a) Small inflammatory focus (arrow). (b) A large focus 
of necrosis and mineralization (arrowheads).
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500 μm 100 μm

(a) (b)

50 μm

(c)

50 μm

(d)

Figure 4.5 � Encephalitis in the cerebrum of the fetus in Figure 4.2a. This is a rare example of severe encepha-
litis with numerous tachyzoites. HE stain. (a) Necrosis and severe vasculitis. (b) Mixed leukocyte 
cell infiltration in the tunica media and adventitia of a blood vessel. (c) Plasmacytic cell infiltration 
of a blood vessel. Two groups of tachyzoites are present (arrows). (d) A large group of tachyzo-
ites among necrotic tissue and infiltration of plasma cells. (Adapted from Dubey, J. P. et al. 1988. 
J. Comp. Pathol 118, 169–173.)
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200 μm

Figure 4.6 � Severe generalized hepatitis, common in fetuses aborted during a storm of abortion, presumably 
acquired postnatally. HE stain. (Specimen courtesy of Dr. William Wouda.)

200 μm

Figure 4.7 � Epicardial myocarditis in an aborted fetus, the deeper myocardium was unaffected. HE stain. 
(Specimen courtesy of Dr. William Wouda.)
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The predominant clinical signs are ataxia and weakness of, sometimes all, limbs, and there 
may be permanent hyperextension (Figure 4.11). These calves were identified because of epide-
miological studies on farms where cows had aborted. One calf had slight bulging of the forehead. 
Exophthalmia or asymmetrical appearance of eyes has been reported (Table 4.3). Birth defects 
included scoliosis and narrowing of the spinal cord. Most of these calves were euthanized and 
complete necropsies were performed. In 1 calf, there were areas of discoloration throughout the spi-
nal cord (Figure 4.2b1–b3), severe extensive multifocal necrotizing nonsuppurative myelitis, severe 
perivascular cuffing, and degenerated parenchyma (Figures 4.12 and 4.13). It is noteworthy that 
lesions in this and other calves were confined to the CNS and muscle.

In an unusual case, a full-term calf was aymptomatic at birth but became weak at 2 weeks, and 
was eating mud. The calf was euthanized at 4 weeks. Lesions were confined to brain and muscles. 
In the brain, there were distinct areas of necrosis and cavitations of up to 6 mm in diameter.550 There 
was marked gliosis throughout the gray and white matter. Only tachyzoites, and no tissue cysts, 
were seen.

4.1.2.3  Lesions in Weaned Calves and Adult Cattle

N. caninum has not been demonstrated histologically in tissues of cattle older than 8 weeks of 
age, although the viable parasite was isolated even from adult cows (Table 4.6). In 2 reports from 
Spain, viable N. caninum tachyzoites were isolated by bioassay of CNS of 9 asymptomatic 57-day-
old calves; 6 of these 9 calves had scattered foci of mild gliosis and perivascular cuffing with 
mononuclear cells.1674,1729 In an 8-month-old calf from Italy,689 authors reported focal myocarditis 
but no encephalitis. They observed tachyzoites in sections of heart by IHC but the results need 

100 μm

Figure 4.8 � Focal placental necrosis (arrows). HE stain. Note that adjoining cotyledonary villi are unaffected. 
(Specimen courtesy of Dr. William Wouda.)
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confirmation because the related Sarcocystis sarcocysts are common in bovine myocardium and 
could cross react with N. caninum. In another clinically normal heifer and her calf, there were no 
histological cerebral lesions, although N. caninum was isolated in vitro.1507 Gliosis and perivascular 
cuffs, both in the CNS, focal myositis, and myocarditis, and infiltrates of mononuclear cells in the 
liver and kidney, were reported for a cow from which viable N. caninum had been isolated.1786

(a)

(d)(c)

(f)

(b)

(e)

Figure 4.9 � Encephalomyelitis in full-term fetuses and congenitally infected calves. a–e = full term, stillborn 
calf reported in Reference 546, f = congenitally infected calf reported in Reference 132. a–c, 
e = HE stain. (a) Focal inflammation adjacent to a blood vessel (arrow). (b) Focal necrosis and neo-
vascularization. (c) Focal nodule, mainly mononuclear cells, and a group of tachyzoites (arrow). 
(d) Focal necrosis and individual bradyzoites (arrowheads), a tissue cyst (arrow) scattered in the 
lesion. IHC staining with BAG1 antibodies. (e) Macrophage accumulation in an area of malacia. 
(f) Perivascular inflammation and 2 glial nodules. Arrowheads point to 3 tissue cysts. IHC staining 
with polyclonal N. caninum rabbit antibodies. Bars are = 50 µm.
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4.1.3  Isolation of Viable N. caninum from Bovine Tissues

Information on isolation from bovine tissues is summarized in Table 4.6. Attempts at isolation 
of viable N. caninum by bioassay in mice or cell culture have been largely unsuccessful. Many 
attempts to isolate viable N. caninum have been unsuccessful because most parasitic stages die 
within the fetus when it succumbs to the infection. Probably for this reason, N. caninum was only 
recovered from 2 of 49 histologically confirmed N. caninum-infected fetuses (among more than 100 
fetuses),373 and in both instances, tissue cysts were present. This monumental effort illustrates the 

100 μm

(a)

10 μm

(b)

Figure 4.10 � Necrosis and inflammation in the myocardium of the stillborn fetus. (a) IHC with N. caninum poly-
clonal antibodies. (b) HE stain. Note long intracellular group of tachyzoites (arrows).
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difficulty of isolating viable organisms from bovine fetuses. It is easier to isolate N. caninum from 
neural tissues of congenitally infected full-term calves, perhaps because tissue cysts are likely to be 
present and viable in tissues of a living animal.

The recovery of a few of the isolates of N. caninum listed in Table 4.6 was unusual. The 
Nc-LivB1 isolate was obtained from a stillborn calf that was seropositive but had no histologically 
demonstrable organisms in its tissues. The dam of the calf had no detectable antibodies with the 
MASTAZYME-ELISA at the time of calving and 2 weeks later, but she seroconverted during a 
subsequent pregnancy.432 The NC-PV1 isolate was obtained from a congenitally infected calf with 
clinical signs1253 that was euthanized when recumbant at 45 days of age. This is the longest time that 
an N. caninum-infected calf born with clinical signs has survived. The isolation of N. caninum from 
an 8-month-old calf is also interesting for several reasons.690 First, the dam was diagnosed as having 

Figure 4.11 � Three-day-old recumbent calf with contracted forelimbs and slight bulge on the forehead. The calf 
was stunted, weak, and unable to stand. Many tissue cysts were found in lesions of encephalo-
myelitis. (From Barr, B. C. et al. 1991. J. Vet. Diagn. Invest. 3, 39–46.)

Table 4.5 � Distribution N. caninum in Tissues of Fetuses Aborted Due to Neosporosis

No. of 
Fetuses with 
Confirmed 
Neosporosis

No. of Fetuses Positive (%) for Neospora

Refer-
enceBrain Heart Liver Lung Kidney

Skeletal 
Muscle Spleen

Adre-
nal

Intes-
tine

Pla-
centa

80 71a 
(88.7)

11 
(13.7)

21 
(26.2)

ND ND ND ND ND ND ND 2121

29 21 
(72.4)

24 
(82.7)

18 
(62.0)

16 
(55.2)

17 
(55.2)

17 
(58.6)

12 
(41.3)

10 
(34.5)

8 
(27.6)

5 
(17.2)

1380

55 41 
(74.5)

42 
(76.4)

4 (7.3) 41 
(74.5)

4 (7.3) 51 
(92.7)

ND ND ND ND 1595

41 21 
(51.2)

24 
(58.5)

25 
(60.9)

ND ND ND ND ND ND ND 1397

Note:	ND  = not done/no data.
a	 Tachyzoites in 65, only tissue cysts in 3, and tachyzoites and tissue cysts in 17.
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recently acquired N. caninum infection based on the detection of high IgG and IgM antibodies at 
230 days of gestation. Second, although a healthy calf was born at 280 days of gestation, the pla-
centa contained inflammatory foci and viable N. caninum was isolated by bioassay in mice. Third, 
thick-walled N. caninum tissue cysts were found directly in the brain of the calf after it was killed 
at 8 months of age and viable N. caninum was recovered in mice and in cell culture, even though 
the calf was clinically normal.

Most of the isolates of N. caninum were obtained from cattle with clinical signs. As mentioned 
earlier, in 2 studies from Spain, N. caninum was isolated from 9 healthy calves up to 57 days old. 
These calves were selected for isolation of N. caninum based on seropositivity before the ingestion 
of colostrum.

Viable N. caninum was isolated from 2 two-year-old asymptomatic cows from Japan and New 
Zealand; both had transmitted neosporosis to their fetuses. The cow in Japan had twice aborted 
N. caninum-infected fetuses, and was euthanized 24 days after the second abortion.1786 Although 
protozoa were not demonstrable in histologic sections of the infected brain, it had a mild nonsuppura-
tive encephalitis. The cow in New Zealand had given birth to an asymptomatic congenitally infected 
calf.1507 The cow and her calf were euthanized 2 days after the birth of the calf. Viable N. caninum 
was isolated from both the cow and her calf; there were no histologic lesions in both animals.

500 μm

Figure 4.12 � Severe myelitis with malacia in the spinal cord of a congenitally infected 5-day-old calf described 
in References 530 and 1495. This lesion was grossly visible as discoloration and softening of c4 
segment. HE stain.
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In addition to data in Table 4.6, N. caninum was recovered in mice inoculated with neural tissue 
from a calf in Canada251; this result is of interest because it was reported that the bovine tissue had 
been frozen at −52°C for approximately 4 months before inoculation into mice. Similarly, viable 
Neospora was isolated from the brain of an aborted fetus in Australia.1497 No other details are avail-
able for these isolates, apparently both isolates were not cryopreserved.

Viable N. caninum was isolated by bioassay in mice from placentas of 3 cows and their calves 
born in 3 subsequent pregnancies.690 The cows and calves remained asymptomatic and the calves were 
euthanized in good health at 2 months of age.690 These isolates were apparently not cryopreserved.

4.2  EXPERIMENTAL INFECTIONS

4.2.1  Calves and Adult Cattle

Calves and cattle inoculated orally434,2009 or parenterally with tachyzoites52,672,1076,1234,1278,1831 and 
orally with oocysts445 became infected, developed cellular and humoral responses, but remained 
asymptomatic. In 1 study, heifers inoculated intraconjunctivaly with tachyzoites became seroposi-
tive temporarily but became seronegative by 4 months PI.470

100 μm

Figure 4.13 � Higher magnification of lesion in Figure 4.12. Note extensive myelitis with vasculitis and necrosis 
of all elements of neuropile. HE stain.
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4.2.2  Cows during Pregnancy

Many aspects of neosporosis induced abortion in cattle are unknown. Numerous experiments 
have been performed by different research groups in dairy, beef, and cross breeds. Dairy cattle were 
mostly Holstein-Friesian and the beef breed was mostly Angus. Because breed was not a determi-
nant, these data are omitted from Table 4.7. Most cattle were inoculated IV with culture-derived 
106–108 tachyzoites; the dose was also omitted from Table 4.7 for simplicity. The route of inocula-
tion could affect the outcome of infection and should be considered while evaluating results. After 
SC inoculation, tachyzoites multiply locally and in draining lymph nodes, allowing the host to react 
to invading parasites. However, there is great variability in the course of infection between animals 
inoculated SC. After IV inoculation, tachyzoites can reach the placenta and fetus quickly but the 
process is unnatural because the host is presented with a large bolus of parasites at 1 time. It is note-
worthy that, except for mild pyrexia, all adult cattle inoculated with Neospora remained healthy, 
irrespective of the route of inoculation, stage of the parasite and dose inoculated, and age of cattle.

4.2.2.1  Early Studies

In 3 early studies,136,374,552 only a few cows were used. The main purpose was to fulfill Koch’s 
postulates using dog- or cattle-derived isolates of N. caninum. Of the 3 cows inoculated SC and IM 
with a mixture of tachyzoites and bradyzoites of the 3 canine strains of N. caninum available at that 
time, 1 cow aborted an autolyzed fetus, 1 had a mummified fetus, and the third cow had a severely 
diseased but live fetus when removed 32 DPI.552 This live fetus had disseminated neosporosis with 
severe necrosis. In the second report, 2 cows were inoculated IV with a bovine Neospora isolate 
at 120 days of gestation.374 Congenital infection was induced in both cows; 1 fetus removed by 
Caesarean section was infected, Neospora was demonstrated in sections of brain and isolated by 
bioassay, and the fetus had N. caninum-specific antibodies. The second cow delivered a congeni-
tally infected calf.

In the third study, 2 fetuses directly inoculated intra uterus with a bovine strain of N. caninum in 
the fetal leg died of disseminated neosporosis between days 16 and 17 PI.136 The sonogram detected 
a heart beat on day 16 but the fetuses were dead the next day. It is noteworthy that although there 
were disseminated infections with demonstrable tachyzoites, viable N. caninum could not be recov-
ered by bioassay in cell culture. This study described lesions in 6 other fetuses whose dams were 
inoculated with Neospora at 85–161 days gestational age.

4.2.2.2  Pathogenesis of Neosporosis

The following information is derived from Table 4.7.

4.2.2.2.1  Parasitemia

Parasitemia has been demonstrated sporadically between 2 and 41 days in inoculated cows by 
detecting parasite DNA in peripheral blood (white blood cells), depending on the route and the 
strain of the parasite (Table 4.8). The very small amount of blood sample could account for the 
sporadic nature of results obtained.

4.2.2.2.2  Invasion of Placenta and Fetal Tissues

In studies from a laboratory in Scotland, 34 cows were euthanized at 14, 28, 42, and 56 DPI with 
NC1 strain; 20 cows were inoculated at day 70, and 14 cows were inoculated at day 140 of gesta-
tion.1244,1264 Complete necropsies were performed on cows and their progeny. Of the 7 live fetuses 
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examined 14 DPI, lesions and N. caninum were detected in the placenta of 4, and in the brain of 
1 fetus. This is the earliest demonstration of N. caninum in fetal tissues. The intensity of infection 
increased in fetuses examined at 28 DPI.

In another study, fetal death occurred in 5 of 6 cows inoculated on day 70 of gestation.2097 The 
outcome of pregnancy varied a lot, from abortion, birth of congenitally infected calves to birth of 
uninfected calves among different studies summarized in Table 4.7.

The following account of pathogenesis of neosporosis is derived largely from a previous 
review.605 Lesions vary with infection of fetus at different stages of gestation. At around 100 days 
of gestation, the bovine fetus starts to become immunocompetent. Thus, in the first trimester, the 
fetus is exceptionally vulnerable to the effects of N. caninum infection if it should occur, although 
transplacental transmission is less likely at this stage. Later in the middle third of pregnancy, fetuses 
may be able to mount an immune response to N. caninum infection38,77,147,979 but this may or may not 
be sufficient to mediate protection.

In experimental infections, the most severe lesions were found in the placenta and fetal 
brain. Earliest lesions were found in placenta (Table 4.9). N. caninum invaded cells in the mater-
nal placenta, it caused focal destruction by multiplying in both maternal and fetal tissue at 
the materno-fetal interface and elicited a largely nonsuppurative inflammatory response147,1244 
(Figures 4.14 and 4.15). As early as 14 DPI, N. caninum multiplied in maternal and fetal villi 
with villous necrosis, sometimes with serum leakage between fetal villus and maternal septum, 
and nonsuppurative inflammation in the maternal septa of cows inoculated at 70 days of preg-
nancy.295,1680,1728 At this early stage of gestation, fetal inflammation was largely absent. In cows 
inoculated IV at 70 days of gestation, all fetuses were lost after 14 days. In cows inoculated 
SC, lesions were only seen in half the cows infected. At 28 DPI, there was breakdown of the 
placentome with separation of fetal cotyledons from maternal caruncles.1244 At later time points, 
autolysis of the maternal caruncular tissues and the fetal elements of the placenta were found to 
have been rapid, and maternal uterine tissues were returning to normal, with re-epithelization 
of the resolved caruncles.

Coincidental with the onset of placental infection, the parasite enters the fetal bloodstream 
and invades fetal tissues, with a predilection for the brain (Figure 4.16).1244 Here, N. caninum 
initially locates in and around blood vessels130,132,552 and, in the younger fetus, its uncontrolled 
multiplication can cause lethal widespread destruction of the neuropil, with little or no inflam-
mation (Figure 4.16a and b). In aborted fetuses, the hemmorhages and focal malacia are seen 
in experimental infections in live fetuses removed from experimentally infected cows after 
euthanasia, and also are often masked by autolysis.261,1503 Older fetuses have a higher degree of 

Table 4.8  Detection of N. caninum DNA in Peripheral Blood of Experimentally Infected Cows

Parasite 
Strain Route

No. of 
Cows

Tachyzoite 
Dose

Gestational 
Day

Days 
Tested Result Reference

NC1 IV 8 5 × 108 70 Daily for 2 
weeks or 
more

Positive on 2 and 5 DPI 1244
SC 8 Negative

SC 8 107 140 Negative 1264
SC 6 5 × 108 Negative

SC 11 5 × 108 210 Daily for 2 
weeks

Positive in all 11 cows, 
between 8 and 14 DPIa

189

Nc-Spain 
1H

IV 5 107 70 2 times per 
week for 
7 weeks

Only once in all 5 cowsb 1728
IV 5 Positive in 3 of 5 cowsc

a	 On day 1 only in 3 cows, on day 2 in 4 cows, on day 3 in 2 cows, and on day 4 in 2 cows.
b	 On day 5 in 2 cows, on day 12 in 1 cow, on day 19 in 1 cow, and on day 24 in 1 cow.
c	 On days 3 and 5 in 1 cow, on day 19 in 1 cow, and on day 41 in 1 cow.
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immunocompetence and are better able to respond to the parasite. They are able to restrict mul-
tiplication, and necrosis is confined to small foci of damage surrounded by a relatively intense 
fetal inflammatory responses involving microglia, reactive astrocytes, and cells of the monocyte 
and lymphoid system (Figure 4.16c)136,1536,1812,2121 that may become mineralized.235,790 Associated 
mild meningitis may also be present. Lesions may be present in any part of the brain but are more 
common in the cerebrum.1481

Aborted fetuses infected with N. caninum have multifocal necrosis and widespread mononu-
clear infiltrations in many tissues. Destruction of fetal cells and associated lymphoid inflammation 
may occur in several tissues including the heart, skeletal muscle, lung, and liver.62,130,131,2121

In some fetuses, N. caninum may cause characteristic lesions of inflammation and necrosis, with 
demonstrable parasite in tissues such as the liver and heart, while in the brain focal leucomalacia, 
indicative of fetal hypoxia just prior to birth, may be seen. Thus, N. caninum is a primary pathogen 

Table 4.9 � Lesions Observed in Placentomes and Tissues of Fetuses after Experimental Infection of 
Dams with N. caninum

Time after 
Infection Placentome Brain, Spinal Cord Liver Other Tissues

Early (2 
weeks PI)

Focal necrosis of maternal 
septae and fetal villi 
serum leakage between 
maternal and fetal tissues; 
occasional degenerative 
fetal villi, with necrosis of 
fetal trophoblast cells and 
surrounding maternal 
epithelial cells189,1244,1264

Focal malacia,1244 
few focal lesions 
with perivascular 
inflammatory cells 
(lymphocytic and 
microglial cells), 
no lesions189,1264

No1264 No1264

Medium 
(3–5 
weeks PI)

Mixed inflammatory 
response in maternal 
septa (infiltrations by 
lymphocytes, histiocytes, 
neutrophils, and focally 
eosinophils); focal stromal 
necrosis affecting the 
maternal septa; autolysis 
and necrosis of fetal 
trophoblast cells; acute 
degeneration (nuclear 
pyknosis and karyor-
rhexis), coagulative 
necrosis and autolysis of 
fetal villi; breakdown of 
the placentome; separa-
tion of fetal chorion from 
the caruncle, with 
coalescing areas of 
serum leakage and 
hemorrhages136,189,766,1244, 

1264,1680

Focal areas of 
coagulative 
necrosis, focal 
encephalomyeli-
tis, focal microg-
liosis, perivascular 
mononuclear cell 
infiltrations 
(lymphocytes, 
macrophages, 
plasma cells), 
mild focal 
mononuclear 
meningitis136,189,​

766,1264,​1317,1680

Multifocal to 
coalescing 
necrosis of 
hepatocytes 
associated 
with 
non-purulent 
inflammatory 
infiltrates, 
periportal 
inflammatory 
infiltrates of 
mononuclear 
cells136,189,​

766,1264

Scattered individual necrotic 
parenchymal cells and mild 
inflammation, multifocal 
interstitial infiltration of 
macrophages, lympho-
cytes, and plasma cells 
(myocytes in skeletal 
muscle, renal tubular 
epithelial cells, pulmonary 
and pancreatic parenchy-
mal cells and cells in 
thymus, spleen, and bone 
marrow136,189,766,1264,1317,1680

Late (≥6–7 
weeks PI)

Accumulations of mono-
nuclear inflammatory cells 
in the maternal, caruncu-
lar septa adjacent to 
lesions; fetal villi adjacent 
to focal lesions are 
replaced by fibrous tissue 
with disappearance of 
trophoblast 
cells189,1244,1264,1680

Multifocal 
nonsuppurative 
encephalomyeli-
tis, focal encepha-
litis with gliosis, 
focal nonsuppura-
tive myelitis with 
clusters of 
tachyzo-
ites77,784,1264,1680

Focal of 
non-purulent 
hepati-
tis189,1680

Non-purulent interstitial 
pneumonia characterized 
by alveolar walls thickened 
by the infiltration of 
macrophages, lymphocytes, 
and plasma cells, infiltrates 
of mononuclear leukocytes 
in muscular tissues, 
non-purulent nephritis and 
myocarditis189,784,1680
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100 μm

200 μm 50 μm

(a)

(c)(b)

Figure 4.14 � Placentitis caused by experimental neosporosis. Fetal placenta has not separated from the 
maternal part. HE stain. (a) Histological section of a placentome from a cow 28 days after subcu-
taneous inoculation with NC1 tachyzoites at 70 day of gestation. Note the maternal inflammation 
at the base of the caruncle (arrow), maternal septal inflammation and fetal villous necrosis (arrow-
heads). (Courtesy of Moredun Research Institute, see Reference 1265.) (b,c) Focal necrosis, 
inflammatory foci, and mineralization (arrows) in placentas of cows inoculated intravenously with 
Nc-Spain7 strain at 110 days of pregnancy, and euthanized 6 weeks later. (From Almería, S. et al. 
2016. Exp. Parasitol. 168, 62–69.)
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(a)

50 μm

50 μm

(b)

Figure 4.15 � Placentitis caused by experimental neosporosis. Lesions in maternal and fetal placenta in a cow, 
21 days after intravenous inoculation of Nc-Illinois tachyzoites. (From Dubey, J. P. et al. 1998. 
J. Comp. Pathol. 118, 169–173.) Fetal placenta has not separated from the maternal part. IHC 
staining with polyclonal rabbit N. caninum antibodies. (a) Large focal necrosis at maternal-fetal 
junction. Many tachyzoites are present (arrow). (b) Higher magnification showing intact tachyzo-
ites (arrow), and debris (arrowheads) reacting to antibodies.
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(a) (b)

(d)

(f )

(c)

(e)

Figure 4.16 � Lesions in live fetuses removed after euthanasia of experimentally infected cows. (a, b) 32 days 
postinoculation [Adapted From Dubey, J. P. et al. 1992. J. Am. Vet. Assoc. 201, 709–713]; (c–f) 21 
days post inoculation [Adapted from Almeria et al. 2010. Vet. Parasitol. 169, 304–311.]. HE stain. 
(a) Hemorrhage (arrow) and necrosis (arrowheads) in cerebrum. (b) Focal necrosis (arrow) of 
neuropile with few mononuclear cells at the periphery. (c) Vasculitis and an inflammatory focus in 
the spinal cord. (d) Focal necrosis in liver. (e) Mononuclear cell infiltration in tongue. (f) Myositis 
in quadriceps. Bars = 200 µm.
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that is capable of causing abortion either through maternal placental inflammation, maternal and 
fetal placental necrosis, fetal damage, or a combination of all three.

4.2.2.2.3  Oocyst-Induced Infection

In 3 similar studies, out of the 23 cows that became infected after feeding oocysts and followed 
until abortion or birth (Table 4.7), clinical infections were found only in cows inoculated during 
mid-gestation (120–130 days).1316 All 7 cows inoculated in early pregnancy (70 days) delivered 
uninfected calves. Six of 7 cows infected late in pregnancy (162–210 days) delivered infected but 
otherwise healthy calves. In contrast, 3 of the 9 cows infected at mid-gestation aborted or had still-
born calves. These effects are probably related to the permeability of the placenta at different gesta-
tion periods; the placenta is most permeable in the last trimester of pregnancy as documented for 
toxoplasmosis in sheep and humans.613 In contrast to these laboratory findings, neosporosis-asso-
ciated abortion storms occurred in cattle herds where as many as about 30% of the pregnant dams 
aborted within a short-time frame. It is highly unlikely that in nature cows ingest more oocysts than 
used in the experiments shown in Table 4.7. Other factors involved in natural infections have not 
been elucidated.

4.2.2.2.4  Pathogenesis of Abortion

4.2.2.2.4.1  General Observations—Abortion can be caused by cell death due to multiplica-
tion of N. caninum in the placenta, by cytokines that are detrimental to the maintenance of 
pregnancy, soluble mediators secreted locally that allow the producing cell to exert a powerful 
local effect on certain other cells of lymphoid and non-lymphoid origin, and hormonal regula-
tion.38,42,43,47,151,261,293,296,313,866,1743–1745,2097,2098 Similarly, it has been suggested that placental infec-
tion and inflammation may trigger prostaglandin-induced luteolysis causing premature uterine 
contraction and fetal expulsion.296,605,1023,1652,1833

There is speculation as to what extent antibody titers might be associated with abortion risk or 
protection. Immunity to neosporosis is cell mediated rather than humoral. Thus, serologic responses 
are just indicative of parasite exposure. In addition, antibody titers can fluctuate, especially during 
pregnancy, and might be affected by the virulence of the infecting N. caninum strains, and the sub-
classes of antibodies.41,78,725,792,825,1039,1217,1305,1387,1484,1657,1774,1776,1792,1794,1908,2063,2125,2150

4.2.2.2.4.2  Cytokines—Cytokines are a large group of proteins, peptides, or glycoproteins 
secreted by a broad range of cells of the immune system: macrophages, B lymphocytes, T lympho-
cytes, and mast cells, as well as endothelial cells, fibroblasts, and various stromal cells. Cytokines 
function as intercellular messenger molecules. There are many types of cytokines (chemokines, 
interferons, interleukines, lymphokines, and tumor necrosis factor). A given cytokine may be pro-
duced by more than 1 cell type. T-lymphocytes are divided into CD4+ and CD8+ T cells. The 
majority of CD4+ T cells are classified as either Th1, Th2, Th17, or T regulatory (Treg) cells, 
based on the cytokines they produce and the type of immune activity they promote. Th1 cells are 
the primary source for the proinflammatory cytokines IFN-γ, IL-2, and TNF-α. Th1 cytokines 
play a critical role in the host defense against intracellular microorganisms, and they activate 
lymphocytes and polymorphonuclear neutrophils to destruct intracellular pathogens. Th2 cells 
secrete anti-inflammatory cytokines, such as IL-4, IL-5, IL-6, IL-9, IL-13, and IL-25 (IL-17E). 
Th2 cells mediate the activation and maintenance of the humoral, or antibody-mediated, immune 
response. They induce strong antibody production, eosinophil activation, and they inhibit several 
macrophage activities. Treg cells are essential to maintain the homeostasis of cellular subsets 
involved in the adaptive immune response, either by contact-dependent suppression or by releasing 
anti-inflammatory cytokines such as IL-10 and TGF-β1. More recently, a third group, Th17 helper 



201Neosporosis in Cattle

cells have been identified, which produce the signature cytokines IL-17, IL-21, and IL-22. This has 
fundamentally changed the previously established paradigm of Th1/Th2 dichotomy (http://www.
sinobiological.com/Th17-cytokines.html).

Inflammatory cytokines, however, are partly responsible for placental damage, and their expres-
sion has been considered as a possible cause of abortion in early gestation1265,1744 or in mid-ges-
tation.42,43,49 Activation of inflammation at the materno-fetal interface and in the lymph nodes is 
necessary to halt tachyzoite proliferation, but can be detrimental to the fetus, and thus the success 
of the pregnancy. High IFN-γ levels have been observed in both aborting and non-aborting cows,2097 
and transplacental transmission occurs even if high levels of IFN-γ are produced.38,50 Fetal death 
may occur because of the adverse effects of cytokines,42,50,147,296,766,979,1265,1652 particularly in the pla-
centa.1680 The severity of placental lesions and the strong IFN-γ response in some fetuses, possibly 
as part of the immune response trying to control the high parasitemia, could have been the cause of 
fetal death. These results showed that IFN-γ is required to limit parasite proliferation, but a critical 
threshold of the IFN-γ response is required to limit adverse effects on pregnancy.47,48

Proinflammatory cytokines may be counter regulated by IL-10, IL-4, and TGF-β, which are 
expressed at the materno-fetal interface to avoid fetal rejection.974,981 However, they at the same time 
render the pregnant host unable to control Neospora infections by allowing parasite proliferation 
and transplacental transmission.38,1745 Several studies have demonstrated the concomitant produc-
tion and/or upregulation of both Th1 cytokines (mainly IFN-γ) and Th2- and Treg-cytokines during 
the course of experimental N. caninum infection in both aborting and non-aborting dams. This 
can occur upon infection early in pregnancy,151,1680,1743,1744 at mid-gestation,40,43,47,50 or at late gesta-
tion.153 The upregulation of Th1, Th2, and Treg cytokines such as IL-2, IFN-γ, IL-12p40, TNF-α, 
IL-18, IL-10, and IL-4 was more marked when fetal death was observed in early gestation.1744

The upregulation of Th1, Th2, and Treg cytokines has also been frequently described in pla-
centa.43,47,296,868,1680,1743,1744 Mixed Th1–Th2 patterns were evident in the placenta of naturally 
infected pregnant dams that experienced recrudescence of a persistent infection between 20 and 33 
weeks of gestation, with upregulated expression of IFN-γ and IL-4, but also increased expression 
of IL-12p40, IL-10, TNF-α, and increased MHC II antigen expression.1745 The same was found in a 
study that analyzed cytokine mRNA expression levels in PBMC during the course of pregnancy in 
naturally infected cows compared to noninfected cattle. In addition to increased IFN-γ production, 
PBMC of Neospora infected dams had upregulated mRNA levels of TNF-α and IL-12p40, along 
with upregulation of the Treg cytokine IL10. In contrast, expression levels of the Th2 cytokine IL-4 
were increased but did not differ significantly among infected and noninfected animals throughout 
the study period.47 These results indicate that a partially protective immune response encompasses 
increased IFN-γ expression, which has to be counterbalanced by other cytokines such as IL-12 and 
IL-10, especially toward the end of pregnancy.

Besides IFN-γ, a second major inflammatory cytokine, IL-17A, could exert a cumulative effect 
in promoting either the pathological or protective role of IFN-γ.694 IL17 CD4+ T cells and WC1+ T 
cells produce IL-17 in response to N. caninum infection in vitro,1577 and IL-17 has been detected in 
both nonpregnant and pregnant N. caninum-infected mice.478 However, a recent study in experimen-
tally infected pregnant cattle427 studied IL-17A production in aborting and non-aborting dams and 
their fetuses, and found that levels for this cytokine were low. IL-17 was only occasionally detected 
in the dams, and only negligible levels were found in their fetuses. Hence, in this experiment, 
IL-17A did not seem to be a major factor regulating IFN-γ production, but significantly lower IFN-γ/
IL-4 ratios were observed in the dams with live fetuses, which indicate the importance of Th1/Th2 
positioning in the course of N. caninum protection against abortion in cattle.

As discussed in Chapter 2 (Section 2.8.1.2.3), considerable progress has been made understand-
ing the role of humoral and cellular immunity to neosporosis using mouse models. However, caution 
is needed to apply the findings to cattle. For instance, while antibodies can pass through placental 
tissue in mice, this is not the case in cattle. In mice, an increase of IFN-γ production is correlated 
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to increases of IgG2a- and IgG3-synthesis, increased IL-4 production is associated with increased 
IgG1- and IgE-levels, and elevated TGF-β is associated with higher IgA responses. In cattle, the 
situation is less polarized and the classical roles of many cytokines in the laboratory mouse do not 
extrapolate entirely, or at all, to the situation in cattle.656 Compared to mice, cattle have a higher num-
ber of circulating γ-δT-cells. These cells can respond to antigens and PAMPs from different disease 
agents, and may play a role in Neospora infections. In addition, in cattle, Neospora-specific cytotoxic 
lymphocytes are CD4+, while cytotoxic T cells are CD8+ in the murine model.1900

Defining the maternal and fetal immune responses against N. caninum infection in cattle at 
different stages of gestation will help to understand the immunological hallmarks of the complex 
host–parasite interplay that may result in disease of the fetus. Cell-mediated immune responses play 
an important role in the development of protective immunity to N. caninum,607 and understanding 
of the pathogenesis of neosporosis in pregnant cattle requires knowledge of the role of cytokines, in 
particular at the materno-fetal interface.1265

4.2.2.2.4.3  Immune Response of the Dams—It has been shown that the initial timing and prim-
ing of the immune system by N. caninum determines the clinical consequences of subsequent 
infections, with different outcomes depending on whether the infection occurs in utero prior to 
birth, or whether postnatal infection takes place. First, postnatal infection of dams during gesta-
tion results in either abortion or infected calves (caused by exogenous transplacental transmission). 
Endogenous transmission does not require that the dam herself was infected congenitally. In a 
herd of beef cows that had suffered a neosporosis abortion outbreak, avidity serology indicated 
that most cows in the herd had acquired infection recently, consistent with a point source exposure 
event.1314 However, in the following 2 years, the calculated rate of endogenous transmission in 
that same herd was 85%. This finding is evidence that the initial episode of horizontal infection 
of pregnant dams, and the occurrence of exogenous transmission, later resulted in a high rate 
of endogenous transmission in those same cows.221 Transmission rate to progeny from chroni-
cally infected cows varies.146,500,564 In contrast, cows infected with N. caninum prior to gestation 
give birth to seronegative calves without evidence of N. caninum infection.976,1584,2097 Thus, these 
nonpregnant postnatally infected animals can clear the infection and develop the immunity that 
protects against abortion or transmission to successive generations. On the other hand, animals 
infected in utero through endogenous transplacental transmission remain persistently infected and 
can experience recrudescence and abort or transmit the infection to successive progeny.64,134,1964 
Thus, cattle infected during gestation and cattle infected in utero do not easily develop effective 
immunity to the parasite.979

In the field, most N. caninum-associated abortions occur at mid-gestation.607 Studies performed 
in pregnant cattle at this time point (e.g., at 110 days of pregnancy) have reported a transient state of 
T-cell hyporesponsiveness to the parasite with downregulation of cell proliferation, reduced IFN-γ 
responses, and decreased lymphocyte subpopulations.38 The first studies showing that IFN-γ inhib-
ited the intracellular proliferation of N. caninum tachyzoites were performed in vitro employing 
infected ovine fibroblast cells treated with ovine recombinant IFN-γ.973 Growth-inhibitory effects 
of IFN-γ on N. caninum were also found in murine macrophages and rat glial cells.1013,1936 Similar 
effects were observed in IFN-γ and TNF-α treated bovine brain cells2146 and growth-inhibitory 
effects of canine IFN-γ, β, and α were also found on canine cells infected with N. caninum tachyzo-
ites.1467 Enhanced gene expression of proinflammatory and immunomodulatory molecules was 
observed in bovine umbilical vein endothelial cells (BUVEC) infected with N. caninum tachyzo-
ites.1938–1940 Infection by N. caninum and presentation of N. caninum antigens was also demon-
strated for bovine dendritic cells.806

The first line of immunological defense against invading pathogens in cattle is mediated by natu-
ral killer (NK) cells, which were shown to exhibit the capacity to lyse N. caninum-infected fibroblasts 
and to produce IFN-γ.240 The NK cells show a decrease at 4–6 DPI in calves, but reach a peak at 11 
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DPI, simultaneous to that of CD8+ T-cells and γ-δ T-cells.1076 This is associated with increased lev-
els of antioxidant activity, malondialdehyde, and NO in cows naturally infected with N. caninum.681 
In addition, CD4+ cytotoxic T-cells are important for the killing of N. caninum-infected cells.1900 
Infected cattle elicit a Th1-type response associated with CD4+ T-cell activation and IFN-γ expres-
sion.37,38,44,1265,1743,1999,2001,2097 CD4+ T cell lines from PBMC from infected cows also produced IFN-γ 
upon stimulation with N. caninum cyclophilin (Nc CyP).1999,2000 In naturally infected cattle, IFN-γ 
production during pregnancy was shown to be effective in preventing abortion.40,1220

4.2.2.2.4.4  Immune Response in the Fetus—The immune response of the fetus also plays a cru-
cial role for the outcome of the infection, and thus the time point of infection is an important param-
eter. The capacity of the fetus to mount an immune response to an invading pathogen increases 
progressively with time as the immune system develops. Fetuses from experimentally infected dams 
are able to induce significant cellular and humoral immune responses to N. caninum infection from 
3 to 4 months of gestational age, depending on the isolate used for infection.367,1680 In experimen-
tally infected pregnant cows at day 70 of gestation, higher IFN-γ levels and lymphocyte prolifera-
tion were observed in the cows carrying live fetuses compared to those carrying dead fetuses.151 
Significant cytokine expression was observed in fetuses of experimentally infected heifers at 110 
days of gestation.38 Another study, however, failed to detect consistent inflammation in the uteri 
of infected animals.1522 Moreover, when cows were infected at day 210 of pregnancy, abortion and 
lesions were not observed in the fetuses, suggesting a control of the infection by the maternal as well 
as fetal immune responses.189 Although a high rate of vertical transmission was observed, parasites 
were observed in the placenta only from 28 DPI, while they were already present at 14 DPI when 
the cattle were infected earlier in pregnancy.367,1244,1265

A specific antibody response of the fetus against Neospora was found at least from day 100 of 
gestation onward.151,153 Mitogenic cellular responses were detected after 12 weeks of gestation in 
fetal blood cells and after 14 weeks in the thymus and the spleen.147 Infection in early pregnancy was 
associated with dissemination of the parasite and Neospora-specific necrotic lesions, but no inflam-
matory reactions were detected,766,1244 while infection in mid and late pregnancy results in fewer 
lesions and reduction of parasite dissemination, also without inflammatory lesions.766,1265 These 
findings suggest the fetal immune response contributes to the outcome of the infection.

4.2.2.2.4.5  Immune Response in Bulls—Cytokine responses to N. caninum infection have 
also been studied in bulls. Similar to calves and heifers, naturally infected seropositive bulls also 
had higher IFN-γ responses than controls, although high individual variations were observed 
over time.671,1831 When bulls were reinfected with the parasite, mean IFN-γ levels of re-infected 
bulls were significantly higher than in other bull groups as early as 3 and 7 DPI.672 Therefore, 
in bulls, measurement of the plasma IFN-γ level seems to be a good indicator of recent N. 
caninum infection.672 Heifers intrauterine infected with semen contaminated with N. caninum 
seroconverted and showed specific IFN-γ responses1830 but only in some animals (9–65 days 
after infection). Only N. caninum DNA has been detected in semen1524 but no viable parasites 
were observed,671,672 thus, there is no evidence for N. caninum venereal transmission in natural 
infection.46

4.3  DIAGNOSIS

4.3.1  General Considerations

Subclinical infection is the most common result. Neonatal mortality is the main clinically 
important outcome of neosporosis. One route by which N. caninum can be introduced into a naïve 
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herd is via purchasing infected replacement cattle. Persistently infected but actually non-diseased 
dams heifers or calves may suffer from neosporosis in future pregnancies. Consequently, not only 
the diagnosis of diseased cattle but also the detection of asymptomatic but infected cattle is of 
importance. Diagnosis of bovine neosporosis should optimally be based on several components: (i) 
histological examination, (ii) detection of the parasitic genome by PCR, (iii) detection of specific 
antibodies in individual animals, and (iv) epidemiological evidence (Figure 4.19). Results of fetal 
histopathology and immunohistochemical examination are expected to have low positive predictive 
value and it was recommended to base final diagnosis on further information that includes lesion 
severity, fetal age, herd status, and exclusion of other possible abortifacients.1968

4.3.2  Submission of Samples to a Diagnostic Laboratory

Submission of aborted fetus, placenta, and serum/blood from the dam to a diagnostic laboratory 
can provide initial diagnosis.603,607,1316,1525 Ideally, the entire chilled fetus should be submitted to a diag-
nostic laboratory for complete necropsy. If this is not practical, it is important that properly fixed speci-
mens are submitted to a diagnostic laboratory. However, it has to be kept in mind that the sensitivity of 
the DNA extraction methods of the formalin-fixed tissues is substantially reduced. As explained earlier, 
examination of multiple tissues increases chances for diagnosis. If a choice has to be made by the 
farmer or practicing veterinarian, then brain, heart, tongue, diaphragm, liver, and placental cotyledons 
are most suitable for providing provisional diagnosis. These tissues should be fixed in 10% buffered 
formalin. Brain tissue in aborted fetuses is often soft and sometimes almost runny; this specimen can be 
poured in a jar with formalin (pathologists can find bits of solid tissue sufficient enough for diagnosis). 
A cross section of heart at midpoint and a slice of liver (away from gallbladder) can be fixed in formalin; 
these tissues should not be more than 0.5 cm thick. Placenta should be rinsed with saline before fixation 
to remove non-host materials (straw and dirt), and specimens should include both cotyledons and inter-
cotyledonary tissue. Fixation is ideal if the amount of formalin solution is at least 10 times the volume 
of the tissues. After 1–2 days of fixation, specimens can be sealed in a biological specimen container, 
and mailed in a secure box with a biohazard sign. Volume of the sample can be reduced by pouring off 
excess formalin; only enough formalin is needed to keep the tissues moist. Advice for proper submis-
sion of tissues for diagnosis has been recently provided.1316 Together with tissue samples, blood samples 
of aborting cattle for serological analyses should also be submitted. Bovine IgG remained stable for 48 
or 118 days even at room temperature when taken sterile by venipuncture.990

4.3.3  Routine Histopathological Examination

Routine histopathological examination of sections of fetal tissues after staining with HE may 
provide initial evidence for etiology, and is most economical.1968 Focal necrosis and inflammatory 
areas in the brain are the hall marks of neosporosis (Figure 4.3a). Nonsuppurative myocarditis 
and myositis is the second most common lesion of neosporosis (Figure 4.3e). The heart in aborted 
fetuses is often autolytic, but the epicardium is better preserved than the deeper myocardium. With 
respect to the placenta, the lesions are patchy and confined to cotyledons (Figure 4.3d), therefore 
inclusion of several cotyledons in specimens is recommended. As explained earlier, fetal lesions in 
the liver can vary in endemic (sporadic) and epidemic abortions. Hepatitis is more severe and com-
mon in epidemic versus endemic neosporosis but lesions in the brain, heart, and placenta are similar 
in both types of abortions.

Besides Neospora and Toxoplasma, Sarcocystis and Tritrichomonas are other protozoans that 
are abortifacients in cattle. trichomonas foetus is a flagellate and morphologically distinct from 
Toxoplasma and Neospora. Neospora, Sarcocystis, and Toxoplasma are related apicomplexans and 
their differential diagnosis was discussed in Chapter 2. If apicomplexan-like protozoa are found in 
the brain of bovine aborted fetuses, they can be assumed to be N. caninum. Although T. gondii DNA 
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was detected in cattle193,640,797,1520,1757 and T. gondii could be isolated from aborted bovine fetuses,280 
there is no documented case of a proven T. gondii-associated abortion in cattle.

Although cattle are intermediate hosts to several Sarcocystis species,622 only S. cruzi is known 
to be abortifacient. S. cruzi schizonts occur in vascular endothelial cells (Figure 4.17) and have 
immature stages (without merozoites). Unlike Neospora, Sarcocystis schizonts multiply by endo-
polygeny where the nucleus becomes lobed and lobes remain interconnected. At the last division of 
the nuclear lobe, merozoites are formed (Figure 4.18). As stated earlier, Sarcocystis merozoites lack 
rhoptries (Figure 2.31).

4.3.4  Immunohistological Examinations

The number of N. caninum in aborted fetal tissues is very low and most of the tachyzoites 
are dead and autolytic. Therefore, a search for tachyzoites in the HE-stained section is unreward-
ing. Although tissue cysts are better preserved than tachyzoites, their number is low and often not 
associated with lesions. IHC staining with antibodies specific for N. caninum, greatly facilitates 
diagnosis. However, a negative reaction does not rule out neosporosis because of the low numbers 
of parasites. Greater than 10,000 organisms per gram of tissue are needed to find them in a 5 µm 
histologic section (J. P. Dubey, own observations). Usually, polyclonal antibodies (e.g., rabbit hyper-
immune sera) are used for parasite detection in IHC. These polyclonal sera might not be entirely 
specific. The use of monoclonal antibodies might increase specificity of IHC as compared to the 
application of polyclonal antibodies. However, in 1 study using a monoclonal antibody specifically 
detecting a dense granule antigen, many PCR positives were not diagnosed positive during IHC 
examination.1704 The diagnostic sensitivity of an IHC based on monoclonal relative to PCR may 
increase once several monoclonal antibodies are used in combination.2015
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Figure 4.17 � TEM of an immature S. cruzi schizont in a vascular endothelial cell of an experimentally infected 
calf. Note lobulation of the nucleus (nu) and formation of merozoite anlagen (me); hc = host cell 
cytoplasm. (Courtesy of Dr. C. A. Speer.)
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Proficiency testing among a number of European laboratories specialized for the diagnosis of 
neosporosis revealed a low level of agreement between the results in IHC staining in different labo-
ratories.2022 It seems to be a general problem that IHC is less sensitive than PCR in detecting infec-
tion, in both situations, when monoclonal antibodies1671 or polyclonal antibodies are applied.2022 
Monoclonal antibodies against N. caninum are commercially available, although their suitability 
for IHC examinations needs to be confirmed (e.g., Neospora caninum mAb gp65 IgG1 Isotype, 
VMRD, Pullman, Washington, USA). Polyclonal antibodies to N. caninum prepared in goats may 
react with other related parasites (Toxoplasma and Sarcocystis) if the goat used for Neospora immu-
nization had been exposed to other protozoan parasites.

5 μm

Figure 4.18 � TEM of a mature S. cruzi schizont in placenta of a naturally aborted fetus. Although the schizont 
is poorly preserved, the merozoites lack rhoptries (arrow) but have many micronemes. (Courtesy 
of Dr. Bradd Barr, see References 130 and 132.)
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IHC procedure using rabbit antibodies is described in Chapter 3.

4.3.5  Demonstration of Viable Neospora

Isolation of viable N. caninum is possible as has been shown several times (Table 4.6) but has 
no practical diagnostic importance.

4.3.6  Detection of N. caninum DNA

The specific detection of N. caninum DNA by PCR represents one of the most important 
methods to determine N. caninum infection in aborted fetuses, stillborn calves, or calves suf-
fering from neonatal neosporosis. PCR on DNA extracted from tissues are standard but also an 
in situ PCR has been established to perform PCR on histological sections or cell cultures1226; 
however, we are not aware that this technique which combines the sensitivity of PCR with the 
possibility to link positive reaction with histological observations (i.e., lesions) has been further 
used for N. caninum diagnosis.

Neospora is a possible
cause of the abortion

Determine group of
 dams at risk: 

Epidemic: All dams pregnant for 58–200
days at 1st abortion of the epidemic

Endemic: All dams which were
pregnant during the period of increased

abortion rate in herd

Abortion problem on farm
(epidemic, endemic)

Neospora is the likely
cause of abortion

Serological
examination:
Aborting and

nonaborting dams
at risk

DNA detection or sero-
positive and obvious

histological signs

Examination of aborted fetuses and placentae by
histological, serological, or PCR analyses

Serological examination
of aborting animals

DNA detection and mild
or no histological signs

of neosporosis

Detection of specific
antibodies

Abortion No abortion
Positive A b
Negative c D

Statistical test (Fisher's
exact, Chi Square)

significant

Figure 4.19 � Diagnosis of N. caninum-associated abortion. The serologic examination of maternal sera and 
fetal body fluids as well as the histological and the PCR analysis may provide first but not yet 
definitive evidence for an N. caninum-associated abortion. If the lesions are severe enough to 
kill a fetus and if these lesions are immunohistochemically linked to N. caninum it may be justi-
fied to conclude that the abortion is caused by N. caninum. The involvement of N. caninum in 
bovine abortion may also be confirmed by the observation of a statistically significant association 
between seropositivity and abortion within the group of dams with an abortion risk (“dams at 
risk”). Definitions for “dams at risk” are provided in the text.
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Advantages of PCR are a high specificity and sensitivity of this methodology. However, the high 
sensitivity of the PCR method is also a disadvantage at the same time, as this technique is prone for 
cross-contamination and carry-over which may cause false positive results if not efficiently con-
trolled.378 A trial among a number of European laboratories specialized on the diagnosis of neo-
sporosis revealed false positive findings, even in these specialized laboratories.2022 Although highly 
sensitive, nested PCR protocols (if not used in a single tube format) are extremely vulnerable. On 
the other hand, PCR is also vulnerable to inhibitory effects if the DNA extracted is contaminated by 
inhibitory components and this effect needs to be efficiently controlled by internal control DNA which 
is amplified along with the specific targets.378 All targets mentioned in Table 2.13 from Chapter 2 are 
suitable for diagnostic purposes in cattle. In the above-mentioned trial among European laboratories, 
the observed differences in the diagnostic performance between laboratories could not be explained 
by the target gene or the type of PCR applied, and it was concluded that other variables, for example, 
protocols followed to extract DNA, have an impact on the outcome of the PCR analysis.2022

4.3.6.1  Clinical Cases

PCR is an important tool in the diagnosis of clinical neosporosis. PCR was superior in terms 
of sensitivity to detect infection compared to other diagnostic tests (histological examination, 
IHC) in most studies on aborted or bovine fetuses that died in utero after experimental infection 
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Figure 4.20 � Sarcocystis cruzi schizonts in renal glomerulus of an experimentally infected calf. Note devel-
opment of schizonts. (i) Uninucleate, macrophage-like schizont, (ii–iii) immature schizonts with 
division of nucleus, (iv) developing merozoites, (v) mature schizont with merozoites, and (vi) 
extracellular merozoite. HE stain.
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of dams.266,313,784,1335,1389,1670,1757,1880 However, the concordance among different methods (PCR vs. 
serologic results and PCR vs. histologic results) was fair1335,1880 or even poor.1330,1389 In 1 study, 
histological examination of fetal tissues was superior to PCR examination.1590 In some studies, 
sensitivity of PCR was improved by employing a nested PCR to diagnose N. caninum infection 
in bovine fetuses.1572 One study compared 2 nested PCRs published138,954 and observed a higher 
apparent sensitivity in one of these PCRs.954 However, nested PCR protocols are labor-intensive 
and prone to cross-contamination problems.

Several studies in cattle indicate that placenta and brain are the most suitable for 
the detection of N. caninum DNA by PCR followed by the lung, heart, liver, and kid-
neys.42,106,174,367,766,797,912,976,1264,1330,1584,1680,2151 One study suggests that the likelihood of positive find-
ings is higher in placentomes than in the interplacentome area.766

DNA has been detected in fetal amniotic, allantoic,766,912,1330 or other body fluids.1680,2086 
Amniotic and allantoic fluids tested in parallel, revealed a lower proportion of positive findings as 
compared to fetal tissues.766 PCR analysis of amniotic fluid seemed to be superior relative to allan-
toic fluid.766 The parasite DNA load and diagnostic efficacy can also be influenced by the stage of 
gestation at which a fetus was aborted.367 In the last trimester, the parasite was only rarely detected 
in fetal tissues.766

Autolysis influences the diagnostic sensitivity of N. caninum-specific PCR. It is assumed that 
specific PCRs based on the amplification of small fragments are less affected by autolytic processes 
than PCRs based on larger amplicons.643 N. caninum DNA has been detected even in mummified 
fetuses.760,1924,2176

In neonatally affected calves, the parasite and its DNA is localized mainly in the CNS (Table 
4.5). N. caninum DNA was also found in brain and blood of seropositive cows that had congenitally 
infected fetuses.1508

4.3.6.2  Asymptomatic Cattle

Little is known of the tissue distribution of N. caninum in juvenile and adult cattle. Chances 
to detect infection are extremely low. In a slaughterhouse study in Brazil, only 5 of 100 beef cattle 
tested positive by PCR and sequencing. Both heart and brain were examined but only the brain 
tested positive.177 Histopathology and quantitative real-time PCR were used to determine the tissue 
distribution of N. caninum in calves at 80 days after experimental infection and many tissues were 
tested (liver, spleen, kidney, heart, lung, adrenal gland, thyroid gland, pancreas, thymus, tongue, 
parotid gland, mandibular salivary gland, skeletal muscle, brachial and sciatic plexus, sympathetic 
trunk, cerebrum, cerebellum, spinal cord, eye, optic nerve, pituitary gland, gastrointestinal tract, and 
lymph nodes) by real-time PCR; parasite DNA was detected only in the CNS. The highest burden of 
N. caninum DNA was observed in the cerebellum, especially in the amygdala and hippocampus.1481

N. caninum DNA has also been detected in the blood, serum, milk or colostrum of 
cows,671,1330,1411,1412,1506 in semen, and seminal cell fraction of bulls.268,671,672,1524,1532,1831 However, 
clinical significance of these findings is unknown and there are studies which could not confirm the 
findings mentioned above.1904,2030

4.3.7  Detection of Antibodies

4.3.7.1  Antibody Types and Isotypes

In cattle, as in other hosts, IgM antibodies appear prior to IgG antibodies. Specific IgM 
levels peaked 2 weeks after N. caninum infection, but declined by 4 weeks445 whereas IgG 
levels increased during the first weeks up to 3–6 months after experimental primary infec-
tion.172,374,445,1792,1794,1994,2009, 2097 An initial rise in specific IgG1 was followed by a slightly delayed 
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surge of IgG2.77,445,2097 No elevated IgA levels were observed in calves experimentally infected with 
oocysts.445 Infected bovine fetuses can also mount a specific IgM and IgG response.77,147,256,1867,1981 
Immunoblot analyses revealed that in infected cattle not all antibody types recognize the same set 
of antigens.1847

4.3.7.2  Ratio of Specific IgG1 and IgG2

In persistently infected cows that gave birth to N. caninum positive calves, the reciprocal IgG2 
titers were markedly higher than those of IgG1 7 months after they had been inseminated.825 In 
contrast, in nonpregnant cows, in cows with uninfected calves, and in a cow that aborted after 
infection, there was no significant difference between IgG1 and IgG2 titers.825 An examination of 
the specific IgG1/IgG2 ratio in 31 dams with a naturally acquired chronic N. caninum infection 
revealed a predominant IgG2 pattern in the vast majority of aborting dams. In many of the non-
aborting dams, an IgG1 pattern was observed throughout the gestation (i.e., from day 40 to 210 of 
gestation).40 The prominent IgG2 response suggested a T-helper cell type 1 bias in those dams in 
which transplacental transmission occurred although, in pregnant dams a T-helper cell type 2 bias 
was expected due to the inherent immunomodulation during pregnancy.825,979,2079 For a protective 
immune response against N. caninum, a Th1 cell-biased response (associated with IgG2) is regarded 
as essential.173,979,1051 However, an overwhelming Th1-biased response in pregnant cattle could 
affect the feto-maternal interface and cause rejection or abortion of the fetus.42,296,979,1652,1680,1744 For 
further details, see Section 4.2.2.2.4 on pathogenesis of abortion.

In fetuses, specific IgG1 is dominating77,147,256,1867,1981 and also in newborn calves, specific IgG1 
dominates the IgG response in most of the calves.1903

4.3.7.3 � Fluctuating Antibody Levels in Relation to Risk 
of Abortion and Vertical Transmission

Levels of specific antibodies may persist for life but are influenced by the age and stage of gesta-
tion.301 Antibody levels fluctuate especially in pregnant dams and sometimes are below the detec-
tion limits of serological tests, depending on test sensitivity.1484 In a study from Israel using stringent 
IFAT cut-offs (1:400 for positive and 1:200 for borderline), a small proportion of dams (7.7%) tested 
positive between 100 and 130 days of gestation, but tested negative at the end of pregnancy; 10% of 
the calves born to seronegative dams were found seropositive.1301

Reactivation of chronic infection as a putative factor responsible for endogenous transplacental 
transmission became a likely option to be considered when several independent studies observed an 
increase of specific antibody levels during bovine gestation.78a,374,422,690,791,825,908,1484,1490,1657,1724,1908 
The observation that this antibody rise usually occurs in the second half of gestation825,1484 or after 
the second half of gestation791,1484 suggested that both immunological changes in the cow and also a 
parasitic recrudescence could have contributed to the elevated titers. A transient immune suppres-
sion of T lymphocytes was observed in cattle experimentally infected with N. caninum after about 
18 weeks of gestation.976 This could increase the susceptibility of animals, and favor recrudescence 
probably causing parasitemia.978,979 In 1 cow, a rise of specific antibodies was only observed around 
the time of abortion,825 which suggest that parasitic multiplication affected the calf and the dam 
almost at the same time, which caused fetal death and triggered the antibody response in the dam. 
These studies indicate that the kinetic of a serological response to N. caninum during pregnancy may 
help to predict abortion or vertical transmission in chronically infected dams.41,825,1558,1589,1657 The 
likelihood of abortion was 3.2 times lower in parous cows with low antibody titers to N. caninum 
than in cows with elevated antibody levels at the last screening prior to 90 days.2150 In contrast 
to parous cows, levels of antibodies in heifers at the last screening prior to 90 days pregnancy 
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diagnosis could not be linked to abortion risk.2150 Antibody levels can fluctuate during pregnancy 
without effect on the clinical outcome. Cows that experienced a rise in N. caninum antibody levels 
during the third trimester delivered healthy calves.1891a

Not all persistently infected dams experience a rise of antibodies during gestation. In a study 
of 65 persistently infected non-aborting cows, 32 cows had a marked and consistent increase in 
specific antibodies during the second half of gestation; antibody levels in the remaining 33 non-
aborting cows (also persistently infected) were almost constant throughout gestation and rose only 
after 210 days of gestation.1484 Only 11 of the 21 cows (52.4%) that had aborted had an antibody peak 
prior to abortion. In 2 cows, no specific antibodies were detected at the time of abortion, although 
histological examination of aborted fetuses suggested an N. caninum-associated abortion and in 1 
of these cows, specific antibodies had peaked in the second half of gestation.1484 Although these 2 
cows may be an exception, results indicate that diagnosis based on the assumption that abortion is 
always linked to a rise in specific antibodies can be false.

In cattle of different age groups in 14 British herds which had been affected by N. caninum-
associated abortion, vertical transmission of N. caninum was dominating because seroprevalence 
did not increase by age.429 However, there was a significantly lower prevalence in 13- to 24-month-
old cattle which suggested that in cattle infected by endogenous transplacental transmission anti-
body levels may drop during the first months of life.429

4.3.7.4  Avidity Maturation

After primary N. caninum infection, the avidity of specific antibodies increases over time219,222 
and this can provide additional information regarding the time point and duration of a primary 
infection. Several avidity assays have been developed to differentiate low avidity IgG responses 
(indicative for a recent primary infection, approximately of 2 months duration) from high avidity 
IgG responses (indicative for a chronic infection) (discussed in Chapter 2). Usually, high avidity IgG 
responses are observed in cattle naturally infected for more than 6 months.219,221 In field studies, 
low avidity IgG responses could be linked to N. caninum-associated abortion epidemics suggesting 
that a recent primary infection was the cause of abortion.1004,1314,1759,1800 Contamination of fodder or 
drinking water with N. caninum oocysts was thought to be responsible for these infections.1314,1315

4.3.7.5  Antibodies in Adult Cattle due to Vaccination

After vaccination of cattle with inactivated N. caninum or live vaccines, the interpretation of 
serologic data may become difficult.128,866,868,1302,1387,1739,2087 Animals inoculated with these vaccines 
developed antibody responses which were similar to those of cattle naturally infected with N. cani-
num.77,346,866,1387 Therefore, it was proposed to develop marker vaccines together with companion 
serological tests to distinguish the antibody responses in vaccinated cattle from those naturally 
exposed.607

4.3.7.6  Antibodies in Fetuses

Ruminants have a syndesmochorial placentation, which does not allow maternal immuno-
globulins to reach fetal tissues.1529 Because bovine fetuses develop immunocompetence after 
around 120 days of gestation,1926 many but not all infected fetuses are able to develop specific 
antibodies to the transplacentally invading N. caninum tachyzoites. However, also fetuses younger 
than 120 days may already be able to mount specific antibodies. At day 28 after experimental 
infection (i.e., at day 98 of gestation), a fetus mounted a specific IgG response (IFAT titer 1:28) 
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but no IgM response.151 There are numerous reports on fetal antibodies after experimental infec-
tion77,136,147,151,784 and also in field studies, the detection of specific fetal antibodies were repor
ted.108,137,256,450,775,814,1590,1682,1867,1880,2120 The fetal antibody response is a predominant IgG1 response 
but also specific IgM or IgG2 are detected.77,147,256,1867,1981

The low sensitivity of fetal serology may be due to lack of fetal immunocompetence, especially 
in bovine fetuses younger than 6 months.2120 In experimental infection of pregnant dams at day 140 
of gestation, that is, after a bovine fetus is regarded as at least partially immunocompetent, specific 
IgM or IgG were not observed until day 42 after inoculation.147 In another experimental infection 
with oocysts at day 120 of gestation, the crown-rump length of the fetus suggested that it died at day 
130 of gestation, that is, 10 DPI and no specific antibodies were observed.784 Thus, also a short inter-
val between infection and fetal death may account for fetuses failing to mount a specific immune 
response.2120 In addition, autolysis may cause degradation of fetal immunoglobulins2120 and may 
lead to low levels of specific antibodies. Thus, a negative serological result in an aborted fetus does 
not rule out N. caninum infection. Western blot-based assays are shown to increase sensitivity and 
specificity of fetal serology.53,1880 However, it has to be stressed, that the demonstration of specific 
antibodies against N. caninum in an aborted fetus does not allow the conclusion that the parasite was 
responsible for disease because the vast majority of N. caninum-infected fetuses infected later in 
gestation develop normally and are born as healthy calves.1557 In 3 experimentally infected cows, 1 
mummified fetus from a dam inoculated at 95 days of gestation had specific antibodies (IFAT 1:160) 
while 2 dead fetuses from the dams inoculated at day 118 of gestation remained seronegative.136

Serological tests can be used to study the infection status of an aborted fetus because fetal blood, 
serosanguinous fluids in the pleural or peritoneal body cavities, pericardial fluid, and abomasal con-
tent may contain specific antibodies against N. caninum.1382 In a study from Denmark, it was con-
cluded that the IFAT (with a cut-off titer of 1:20) was a specific method for diagnosis of neosporosis 
in fetuses older than 4.5 months of gestation.1867 Others used IFAT titers of 1:32,53 1:16,54 or 1:64151 
as cut-offs or validated various titers from undiluted up to 1:800.1880,2120 There are several reports 
indicating a low sensitivity when fetal serology is performed with IFAT or ELISA54,137,797,1682,1812,1867,

1880,2120 even when low cut-offs were applied. Using a commercially available ELISA (i.e., CIVTEST 
BOVIS NEOSPORA; Table 2.11 in Chapter 2) to detect specific antibodies in fetal fluids, a less strin-
gent optimal cut-off was established as compared to the one for diagnosis in adult cattle.54

In some fetuses, there is a low agreement among serological results and those obtained with PCR 
and histology,1389,1590 probably due to autolysis. The main problem with IFAT for fetal serology seems 
to be test sensitivity, not specificity, irrespective of the serum dilution factor.1880 Using an immunoblot 
did markedly increase the agreement between fetal serology and histological/IHC/PCR results.1880

4.3.7.7  Antibodies in Newborn Calves

Fetal infection may lead to the birth of full-term congenitally infected calves that are clinically 
normal, but some calves may develop neurological disease (Table 4.3). Intrauterine infection with 
N. caninum seems to induce the development of specific antibodies against the parasite in most 
infected calves.65,912 The appearance of specific antibodies is not generally associated with high 
total serum IgG concentrations.340 Although pathogen-specific tolerance in congenital N. caninum 
infection has been suspected,66,815 the absence of antibodies to the parasite in stillborn or newborn 
calves makes an N. caninum infection unlikely. Newborn calves must be tested before suckling 
because ingested colostral IgG antibodies may cause false positive test results.1003,1557 The mag-
nitude of antibody titer after the ingestion of colostrum by the calf could be higher than the titer 
in dam serum because antibodies are concentrated in the colostrum. It was shown that colostral 
antibodies in calves persisted for several months.300,906,2123 A precolostrally seropositive calf was 
followed for 28 days after birth. The initial high (1:320) IgM titer in the calf declined to undetectable 
levels by 24 days after parturition whereas the IgG titer increased from 1:6400 to 1:25,600 (weeks 
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5–11 post parturition) and dropped to 1:6400 again.689 Study results from Belgium in 6 cases of 
calves with neurological signs suggested a limited sensitivity of IHC and PCR in neonatal bovine 
neosporosis but a reasonable performance of serological testing.451

4.3.7.8  In-House and Commercial Serological Assays

A large number of serological assays have been reported for detecting antibodies to N. caninum 
(Table 2.10). In addition to in-house tests, a number of commercial serological tests are available 
for the diagnosis of N. caninum infection (Table 2.11). Most of the commercial tests are based 
on previously published in-house tests and were developed to detect specific antibodies in cattle. 
Almost all commercial tests are ELISAs using ELISA plates; we are aware of 1 test also following 
the solid phase immunoassay principle, but applying a plastic card, shaped like a comb, on which 
purified N. caninum antigen is attached (ImmunoComb).1034a

Most serological assays used native or recombinant antigens, mostly from tachyzoites (Table 
2.10). A single ELISA assay used bradyzoite-specific recombinant NcSAG4.14 Other recombinant 
bradyzoites antigens (such as NcBSR4 or NcSRS9) were recognized only by a small proportion of 
N. caninum-infected cattle and seem to be unsuitable for the establishment of serological assays.1715

Several ELISAs have been described to test bovine sera for N. caninum antibodies (Table 2.10). 
These ELISAs utilize either whole or fixed N. caninum tachyzoites, aqueous or detergent-soluble 
total tachyzoite extracts, single native antigens or recombinant tachyzoite antigens. Among recom-
binant antigens, those based on parasite surface (such as NcSRS2 and NcSAG1) or dense granules 
(NcGRA7) dominate (Table 2.10). Recombinant antigen technique can be used to define antigenic 
domains on particular proteins as it has been shown for NcSRS2.1877 Different methods have been 
applied to solubilize tachyzoite antigens. Some of these methods were comparatively evaluated.2183 
Based on monoclonal and polyclonal antibodies, cELISAs have been developed which detect anti-
bodies directed against particular N. caninum-specific epitopes172,176,462,1323,1863 (Table 2.10).

Most of the commercialized ELISAs for the detection of N. caninum-specific bovine antibodies 
are based on total tachyzoite lysate antigen (Table 2.11).972,1096 However, a test using fixed N. cani-
num tachyzoites was also marketed but is no longer available.2095 In addition, ISCOM-incorporated 
tachyzoite antigens, native antigen captured by monoclonal antibodies against a 65 kDa N. caninum 
tachyzoite antigen176 or NcSRS2755 or native affinity-purified NcSRS22049 are used in ELISAs cur-
rently marketed for serological diagnosis in cattle. One commercialized blocking or cELISA uses 
a recombinant antigen (rNcSRS2 expressed in E. coli) in combination with a specific monoclonal 
antibody labeled with peroxidase (Table 2.11).972,1096 In most cases, commercial assays are superior 
in terms of reproducibility of test results, even when different batches of test kits are used. However, 
there are examples in the literature which show that massive variations in test performance occurred 
when different batches of commercial tests were used for N. caninum research.145,2074

4.3.7.8.1  Fit for Purpose Selection of Appropriate Test Cut-Offs in Serological Assays

Each of the different serological methods can be applied for different purposes. However, it 
has to be stressed that it is not advisable to use serological tests before evaluating them for the 
application in which they will be used (http://www.oie.int/international-standard-setting/terrestrial-
manual/access-online/). One of the parameters to be evaluated is diagnostic specificity, that is, 
the proportion of test negatives among all animals being true negative. Cross-reactivities among 
related parasites, for example, between N. caninum, B. besnoiti, and Sarcocystis sp., or between 
N.  caninum and T. gondii have been reported728,869 affecting diagnostic specificity of serological 
tests and it is necessary to reevaluate tests for diagnostic specificities when used in new hosts or in 
other regions of the world.378 Selecting an appropriate cut-off54,56,603,1000,2049 is critical for any sero-
logical assay used for bovine neosporosis. The diagnostic sensitivity, that is, the proportion of test 
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positives detected among all true positives, may change when a cut-off is changed. A less stringent 
cut-off enables to make a test more sensitive. Applying a lower cut-off needs careful consideration, 
because usually a test with a less stringent cut-off becomes less specific and the number of false 
positive test results increase.378 For some application, it might be advisable also to change the test 
protocol (e.g., the type of antigen, antigen concentration, serum and conjugate dilution, isotype or 
subtype specificity of conjugate). Most of the serological tests described were developed to diagnose 
bovine abortion (Tables 2.10 and 2.11).

Another important application of serology is the detection of infected cattle (e.g., calves, replace-
ment heifers, and bulls) in order to cull N. caninum-infected animals from herds,833 to prevent the 
new introduction of infected animals into herds or other regions, to exclude infected dams from 
embryo-transfer,111,1115 or to evaluate the potential adverse effect of N. caninum-infected donors or 
recipients on the success of embryo transfer.276,461 Serological tests for the identification of infected 
cattle may require a higher sensitivity (i.e., lower cut-offs) than those meant to diagnose bovine abor-
tion54,56,1790 and not all commercially available diagnostic tests were equally suitable to detect infected 
animals.56,2049 Different cut-offs might be necessary to ensure maximum sensitivity or specificity.54 
One of the constraints to establish tests to detect infection in dams (and not only disease, i.e., neo-
sporosis) is that a reference is missing to define in population of cattle those which are true positive 
and those which are true negative. Different approaches are followed to overcome this problem and 
to validate serological tests for the purpose of detecting N. caninum infection or to diagnose bovine 
neosporosis, including gold-standard-free approaches.54,176,283,345,703,1726,2040,2049,2095 As a potential way 
to define true positive dams, precolostral seropositivity of calves born to dams was proposed as an 
indication.2096 Using N. caninum infections in cattle as an example, an alternative diagnostic proce-
dure, called “probability diagnostic assignment (PDA)” was evaluated that used continuous serologic 
measures and infection prevalence to estimate the probability of an animal being infected.1969

IB, IFAT, and ELISA were validated to detect specific antibodies in fetuses and these examina-
tions revealed less stringent cut-offs as compared to those established for adult cattle.54

In the past, there was some debate on appropriate cut-off titers for IFATs. However, a specific sit-
uation exists regarding the selection of appropriate cut-offs for this assay. Because the IFAT titers are 
largely dependent on the quality of the equipment used for fluorescence microscopy, it is often hard to 
standardize the IFAT test results among different laboratories. Consequently, a cut-off titer appropri-
ate in one particular laboratory might not be suitable in another. Reference sera from an experienced 
laboratory with defined titers help establish IFAT in an as yet not experienced laboratory.

4.3.7.8.2  Suitability of Milk to Examine the Serological Status of Individual Cattle

Milk of infected cows contains specific antibodies against N. caninum. The major IgG isotype 
in milk is IgG1.254 Some of the in-house and commercialized ELISAs (initially validated for use 
with bovine serum or plasma) were modified and shown to be suitable for the examination of indi-
vidual bovine milk samples as well as bulk milk samples.

In-house tests142,216,322,706,1801,1804 as well as commercialized ELISAs262,650,792,835,1355,1802,2033,2067 
(Tables 2.10 and 4.10) were modified and used to test milk. In general, comparative analyses showed 
that not exactly the same results can be achieved when replacing serum by milk. One exception is a 
report on 35 serum/milk pairs of a single herd examined by immunoblot, which revealed complete 
concordance.1523

A number of in-house tests to assay individual milk samples have been reported.216,324,1804 A high 
level of agreement between serum and milk was observed when using an ISCOM ELISA216 and also 
in a native surface antigen (NcSRS2 or p38) ELISA, as characterized by high kappa values.1804 
The antibody response in the milk of an individual dam largely reflects the antibody response in 
serum. However, relative to the serum antibody levels the specific milk antibody levels seem to be 
affected by other variables such as the time between last calving and sampling,324,1802 number of 
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lactations,324 or age of a dam.1804 However, several studies revealed that a significant proportion 
of serologically negative animals tested positive in milk, while animals which tested negative in 
milk were serologically positive (Table 4.10). In individual milk samples, the sensitivity of milk 
relative to serum testing was usually in the range of 75%–97%, while specificity was in the range 
of 90%–99%. Kappa values, characterizing agreement, were in the range of 0.52–0.94. Some com-
mercial tests performed better than others (Table 4.10). This shows that serological tests should not 
be used for milk testing without a thorough validation. The establishment of test modifications is 
essential when used for milk including, for example, sample dilutions and cut-off selection (Table 
4.10). However, for the same tests, different studies established different optimal cut-offs (Table 
4.10). The reason is most likely that different studies applied different sets of samples. Some studies 
used only few herds for creating their sample set (Table 4.10). The more herds were enrolled for a 
respective study, the better the established cut-off was validated.

4.3.7.9  Testing of Individual Aborting Dams or Dams at Abortion Risk

After the occurrence of bovine abortion, stillbirth or neonatal mortality on a farm, a serological 
examination may provide information if these dams are infected with N. caninum (Figure 4.20). All of 
the serological tests listed in Table 2.10 can be applied for this purpose. However, in contrast to most 
other methods, ELISA is the most convenient to test a larger number of sera in a short period of time.

Most cows who delivered an N. caninum-infected fetus or calf, had specific antibodies against 
N. caninum at the time of abortion450,1538,1880,2123 or after calving.65,430,912 Consequently, a negative 
serological test result for the dam makes it unlikely that N. caninum was involved in abortion, still-
birth, or neonatal mortality.

In cases of epidemic and endemic abortion, antibody levels as determined by 2 different ELISAs 
were higher in aborting than in non-aborting dams at risk,1792,1794 suggesting that aborting cows 
were more exposed to parasitic antigens than non-aborting infected herd mates. Also, many other 
working groups observed that dams that abort due to neosporosis often have higher N. caninum-
specific antibody levels than infected but non-aborting dams.41,569,792,898,1039,1217,1301,1305,1657,1774,1792,17

94,1908,2063,2125,2150

The same is true for cows that transplacentally transmit the infection to their calves.825,35799 

1301,1403,1558 Those serological tests that have a cut-off not adjusted to detect dams that are infected 
with N. caninum but adjusted to detect those animals with high N. caninum-specific antibody levels 
are useful to demonstrate the association between seropositivity and abortion1790 or the relationship 
between seropositivity and vertical transmission.430

By IFAT, aborting dams from herds with endemic bovine abortion appeared to have lower anti-
body levels than dams from herds affected by recent epidemic abortion.1792,1794 Surprisingly, the 
opposite was the case when ELISAs were used to examine the same animals; aborting dams from 
herds with endemic bovine abortion appeared to have higher antibody levels than dams from herds 
afflicted by recent epidemic abortion.1792,1794 This shows that not all serological assays show the 
same diagnostic capability to diagnose N. caninum infection depending on time of infection, which 
appears to be recent in epidemic cases and is regarded as latent or chronic in endemic abortion.

As stated earlier, fluctuating antibody levels are observed during pregnancy78a, 374,422,690,825,1558,1657,1908 
around abortion825,1792,2124 or after calving.1908 Serial sampling of cows that aborted N. caninum-
infected fetuses revealed a decline of antibody titers 20–140 days post abortion.374

The antibody levels may drop below the detection limit of less sensitive tests and cause false 
negative results.422,498,1757,2124 This is eventually the reason for cases in which N. caninum-infected 
fetuses were aborted by or positive calves were born to seronegative dams.430,432,791,1301,1757 In 1 case 
viable N. caninum was isolated from a dam serologically negative by NAT, a commercial ELISA 
and IFAT.791 In 2 chronically infected cows, no specific antibodies were detected at the time of 
abortion, although histological examination of aborted fetuses suggested a N. caninum-associated 
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abortion. However, in 1 of these cows, specific antibodies had peaked in the second half of gesta-
tion1484 which may indicate that antibody levels may have dropped or even disappeared after fetal 
death but prior to expulsion. Although infected, some animals do not develop antibodies at all, 
or the antibodies are not detectable by particular tests as it was reported in a calf experimentally 
infected by oocysts.445 In an experimental study, N. caninum was detected by PCR in several tissues 
(midbrain, uterine lymph node, heart, skeletal muscle, and kidneys) of a dam that tested several 
times serologically negative using a commercial ELISA.153,189

The presence of antibodies to N. caninum in the serum of a dam allows no definitive diagnosis 
regarding the cause of abortion because only a low proportion of infected dams abort, and most 
of their calves are born infected but healthy.825,1558,1964,2123 Therefore, a dam may have antibodies 
against N. caninum, although abortion, stillbirth, or birth of a weak calf may have had another 
cause. Positive serological testing of individual dams only allows one to suspect N. caninum infec-
tion but is no proof that N. caninum was involved in the reproductive failure (Figure 4.19).

4.3.7.10  Serological Testing on a Herd Level

A definitive diagnosis of bovine abortion due to neosporosis can be achieved when all dams at 
risk are tested and this testing is called herd-based approach.1961 The rationale is to determine by 
statistical methods if the proportion of seropositive aborting dams is higher than the proportion of 
serological positives among non-aborting dams at risk (i.e., to determine whether abortion is sta-
tistically associated with seropositivity to N. caninum). Positive and negative serological results of 
aborting and non-aborting dams are usually entered into a 2 × 2 table (Figure 4.19) and examined 
by standard statistical tests, like Fisher’s exact test or chi-square test (i.e., statistical tests for which 
also on-line test calculators are available).

It must be stressed that only serological results that have been obtained from dams at risk (i.e., 
those dams that were pregnant during the period of time when the abortion problem occurred) 
should be included in the analysis. The selection of dams at risk depends on the pattern of the 
within-herd abortion problem (Figure 4.19). In endemic (sporadic) cases, the period during which 
pregnant dams have an abortion risk may last several months429,1789,1800,1966 and all dams that had 
been pregnant during that time are regarded at risk. In contrast, in epidemic cases, the period for 
pregnant cattle being at risk may last only a few weeks.1305,1960,2125,2136 In abortion storms, dams 
were regarded at risk if they had been pregnant for at least 58–260 days at the day the epidemic (i.e., 
abortion storm) started.1800

By comparing the N. caninum seroprevalences of different age groups or groups of animals 
which were housed together, additional information on the route by which an infection came into a 
herd may be provided.492 Once only particular age-groups housed or pastured together are affected, 
a postnatal, oocyst-mediated infection is most likely.

The analysis of dam-daughter or dam-calf pairs may provide information whether the infec-
tion is predominantly transmitted vertically in a herd, that is, by endogenous transplacental trans-
mission.1966 It is important to note that if calves are not sampled presuckling, maternal antibodies 
are going to interfere with the analyses. However, maternal antibodies are no longer detectable 
in 6-month-old calves.906,2123 In herds in which there is a positive association regarding the sero-
positivity of dams and their daughters or progeny, the predominant route of infection seems to be 
by endogenous transplacental, but not via postnatal infection. For example, in a herd with a high 
number of seroconversions from negative to positive over a period of 3 years, there was no statistical 
association between the serological response in dams and their respective daughters confirming that 
a high rate of postnatal infections occurred during that time.1604

In general, all of the serological tests listed in Table 2.10 can be applied for this purpose. 
However, again ELISAs represent the most suitable tests for this purpose, because ELISAs allow 
the examination of a larger number of sera at 1 time.
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4.3.7.11  Avidity Tests to Define the Time Point of Infection

It may become necessary to make supplementary analyses to find indication whether the infec-
tion in cattle occurred recently or is chronic. These analyses can be done in individual animals 
but also in groups of animals (e.g., in entire herds or subgroups of herds, e.g., in aborting dams) to 
identify the predominant route by which the cattle became infected with N. caninum. In case there 
are indications of recent infection, a postnatal infection via oocysts is the most likely route.

To define the stage of infection, a number of avidity ELISAs have been developed (Table 2.10; 
Chapters 2 and 3).13,219,222,223,1758,1800 There seem to be differences in avidity maturation between dif-
ferent antigens. While an ISCOM and NcSRS2-based ELISAs could follow avidity maturation up 
to 20 weeks p.i., this was hardly or not possible in assays based on a crude-antigen extract as shown 
by an inter-laboratory comparison.223

Optimally, these avidity tests are applied on a herd level. Avidity test results for individual 
animals should be interpretated with caution, because individual animals can maintain a low avid-
ity antibody response although infected for several years.221 For avidity testing of an antibody 
response, not only ELISAs but also other serological methods are suitable. In 1 study, immunoblot 
was used for avidity testing13 and by this approach differences in avidity for particular antigens 
were examined.13

Other approaches to differentiate recent from chronic infection are based on the comparative 
examination of antibody reactions against a limited set of antigens, that is, antigens recognized 
during early phase of infection and antigens more often recognized late phase of infection or dur-
ing chronic infection. Employing an antigen specific for bradyzoites, for example, a recombinant 
NcSAG4 antigen14 in ELISA generally revealed only low levels of specific antibodies. Reactions 
against NcSAG4 seem to be an indicator for chronic infection only when used in combination 
with an ELISA detecting antibodies elicited in the early phase of infection, as, for example, anti-
NcGRA7 antibodies.14 Other recombinant bradyzoite antigens, such as NcBSR4 or NcSRS9 were 
recognized only by a small proportion of N. caninum-infected cattle and do not seem to be suitable 
for the establishment of serological assays.1715 Others observed that recombinant NcSAG1 antigen 
is suitable to detect chronically infected cattle but antibodies against recombinant NcGRA7 were 
only detected during pregnancy (most often between 6th and 7th months of gestation), eventu-
ally indicating recrudescence.1930 In another study, antibodies levels against NcGRA7 were higher 
in aborting than in non-aborting seropositive dams and a possible explanation is that antibodies 
against NcGRA7 are indicative for a reactivated infection.950 In experimentally tachyzoite-infected 
cattle, antibodies (IgG1) to recombinant NcGRA7 peaked shortly after infection, while antibodies 
to recombinant NcSAG1 (Ig1 and IgG2) increased steadily until 56 DPI,904 which again suggested 
that NcGRA7 is a useful antigen to detect recrudescence.

To our knowledge, there is so far only 1 commercial test that offers the possibility to do avidity 
analyses (i.e., CIVTEST BOVIS NEOSPORA; Table 2.11). The adaptation of other commercial 
ELISAs to examine the avidity maturation of N. caninum-specific IgG in bovine sera seems to be 
possible, because a commercial assay for the detection of specific antibodies in ruminants was suc-
cessfully validated for avidity analyses in experimentally and naturally infected sheep.

4.3.7.12  Serological Tests to Estimate the Herd Seroprevalence

Several working groups adapted ELISAs for analysis of bulk milk samples (Table 4.10). An 
analysis with these ELISAs provides an estimate of the seroprevalence within the group of ani-
mals that contributed to the bulk milk or tank milk sample142,145,322,324,706,792,1801,2033,2073 (Tables 4.10 
and 4.11).

Several in-house tests to estimate the seroprevalence in a group of animals or a herd (i.e., by 
testing of bulk or tank milk) were published (Table 4.10). Tests were able to detect herds or groups 
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of animals with a prevalence of at least 15%–20% with sensitivities of 63%–80%.142,1801 Test speci-
ficities reported ranged from 70%142 to 100%1801 which shows huge differences in test performance. 
Especially in small herds, the outcome of bulk milk testing is extremely variable among different 
sampling dates as shown in a study on 418 herds in Thailand,325 most likely due the small and vari-
able number of seropositive animals contributing to a bulk or tank milk sample and variations in 
antibody levels in milk of individual animals during gestation and between different lactations.324 
Using the same test, that is, the in-house ISCOM ELISA, the effect of milk yield and different lev-
els of specific antibodies in the serum of individual animals on the composition of tank milk was 
studied.706

Commercialized tests were also validated to estimate seroprevalence in herds (Table 4.10). 
Studies aimed at the correct identification of herds with seroprevalences ≥10% or ≥15%. Correlation 
coefficients ranged from 0.54 to 0.87, which shows that not all tests have the same capacity to esti-
mate herd prevalence.142,792,957,2073 A large study with 2 commercial and 1 in-house test showed 
that there is variation between different sampling dates which in the case of the in-house tests 
were related to differences in test performance.142 Another study showed that similar problems 
related to test performance or test stability may also occur in commercialized tests.145 Further 
variability influencing the reliability of estimating herd prevalence is the extent to which strong or 
weak seropositive cattle contribute to the bulk milk sample.145 Differences between whole milk or 
skimmed milk seem to be negligible.262 In addition to their application in epidemiological stud-
ies,792,1490,1491,1801,1803 bulk milk ELISAs are potentially important to support farmers in maintain-
ing bovine herds free of N. caninum infections and to identify herds already infected with this 
parasite.142,145,325

4.4  EPIDEMIOLOGY

The following is based on a previous review607 but has been updated.

4.4.1  Transmission and Risk Factors in Cattle

Long-term serological studies in cattle suggest that N. caninum infection persists lifelong. In 
many regions of the world, transplacental transmission represents the main route of infection in 
cattle607 (Figures 4.21 and 4.22). In persistently infected dams, a reactivation during gestation is 
responsible for endogenous transplacental transmission.605 In as yet naïve dams a postnatal infec-
tion during gestation, most likely caused by ingested oocysts, is responsible for exogenous trans-
placental transmission (Figure 4.21). Once the female calf is born healthy, it remains persistently 
infected and is able to transmit Neospora infection again (endogenously) to its offspring with the 
result that 1 postnatal infection event may cause several infected cattle generations607 (Figure 4.22). 
Mathematical modeling was used to study how a certain prevalence is maintained in a population 
considering different rates of endogenous transplacental transmission.698,699

4.4.1.1  Prenatal (Transplacental) Transmission

N. caninum is one of the most efficiently transplacentally transmitted parasites in cattle. In some 
herds virtually all calves were born infected but were asymptomatic (Table 4.11). Evidence for this 
efficient transplacental transmission is derived from natural and experimental studies. In 1 type of 
field studies, the familial relationship between serologically positive and negative animals in herds 
was analyzed (Table 4.11). Other studies compared antibody status of dams and the precolostral 
antibody response of newborn calves and there are further reports on the association between the 
antibody response of dams and their older progeny or daughters (Table 4.11).
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A study of dairy cows in a herd in Sweden215 traced the familial history of N. caninum sero-
positivity and found that all infected animals were the progeny of 2 cows that were bought when 
the herd was established 16 years earlier. Insemination records suggested that venereal transmission 
was not a factor. Similar results, that is, the demonstration of family trees with a high proportion 
of positive cattle were obtained in other studies performed in Germany,1789 Canada,194 Australia,833 
Sweden,705 and Brazil.444

A study in California, USA65 provided convincing evidence that chronic persistent infection 
can be passed to progeny via endogenous transplacental transmission. Twenty-five seronegative 
heifers were housed with 25 seropositive heifers beginning at birth, and their progeny were evalu-
ated for N. caninum infection. The seronegative heifers remained seronegative and gave birth to 
calves not infected with N. caninum. The seropositive heifers remained clinically normal but 
gave birth to congenitally infected calves. Seven of these congenitally infected calves were nec-
ropsied (Table 4.3); all had histologic evidence of N. caninum infection and 4 were recumbent.65 
Transplacentally infected and precolostrally seropositive calves had lower mortality than sero-
negative calves1557 which is a clear indication that persistently infected calves are born infected 
but asymptomatic.

Strong evidence for transplacental transmission of N. caninum was obtained by finding statisti-
cally significant associations between the antibody responses in dams and their newborn calves. In 
several studies, it was observed that most of the newborn progeny of positive dams are serologically 
positive, too, while in seronegative dams most of the progeny are negative. In cattle and other rumi-
nants, there is no transfer of antibodies from the dam to the fetus, not even through a placenta that 
has been damaged by infection.526 Therefore, detection of specific antibodies in precolostral serum 
indicates in utero synthesis of antibodies by the fetus and is a strong indication of transplacental 
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Figure 4.21 � Endogenous and exogenous transplacental transmission of Neospora in cattle.
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transmission. Usually, a high proportion of precolostral positive calves are found in bovine herds 
ranging from 24% up to 100% (Table 4.11). In a few studies, one of them conducted in an embryo 
transfer center,74 low rates of vertical transmission were observed, ranging from 24% to 50%74 
(Table 4.11). However, a finding of no specific antibodies in a calf is not conclusive for the absence 
of infection because the fetus might have been infected late in gestation and antibody synthesis may 
not have started. It was hypothesized that transplacentally infected calves may become immuno-
tolerant1330; and this hypothesis was based on the non-confirmed detection of parasite DNA in the 
serum of serologically negative cattle and thus needs further studies for confirmation. In most stud-
ies comparing the serological results in seronegative dams and the precolostral antibody response in 
calves, the proportion of positive calves was low and ranged from 0% to 7% (Table 4.11). There was 
a single study on the F1 progeny of cows which had aborted previously during an outbreak in which 
14% of the descendants of seronegative dams were precolostrally positive.2123 Rarely, it is possible 
that a seronegative dam might give birth to a seropositive calf; this may be because the cow had 
been infected for some time and that the level of antibodies has declined to an undetectable level 
in the dam.374,705,1215,1757 In addition to low sensitivity, also low specificity of serological tests has to 
be taken into account,146,498 that is, it is possible that in some of these studies, a proportion of true 
negative calves had been tested false positive.

Further results obtained in studies comparing the serological responses in dams and their 
several month old or adult progeny or daughters are summarized in Table 4.11. In these studies, 
the proportion of serologically positive progeny of positive dams ranged between 41% and 100% 
(Table 4.11).
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Figure 4.22 � Dynamics of vertical transmission of Neospora in cattle.
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Parity may affect transmission rate as evidenced by a Dutch study498; the transplacental trans-
mission rate was higher in dams with a lower parity number indicating partial immunity against 
N. caninum in older dams. In contrast, only 0%–36% of the progeny or daughters of seronegative 
dams tested serologically positive. This range is rather broad. But, it has to be kept in mind, that the 
correlation of the antibody responses of dams and their adult daughters is affected by the possibil-
ity of postnatal infections in both the dam and the progeny, that is, a negative dam could give birth 
to negative progeny, but both, the dam and the progeny (calf, daughter dam) are at risk, later on, of 
becoming postnatally infected prior to serological analysis. This, in the end, may cause discordant 
serological results in dam-daughter or dam-progeny studies, especially in herds with higher rates of 
postnatal transmission. Data based on precolostral antibody testing of progeny (Table 4.11) suggest 
that not more than about 5% of the cattle in these herds became infected by horizontal transmission 
(Table 4.11).

Presumably cows remain infected for life and transmit N. caninum infection to their offspring 
in several consecutive pregnancies690 or intermittently.235,825,2123 The rate of endogenous transpla-
cental infection may decrease in subsequent pregnancies or with age, suggesting that, as mentioned 
above, at least partial immunity may develop by time in persistently infected dams.498,898,1215,1218,1737,​

1965,2063

Mathematical models of N. caninum infections within dairy herds699 indicate that even low lev-
els of horizontal transmission may be important in the maintenance of the infection within herds, 
because the endogenous transplacental transmission rate is less than 100% and thus would lead to a 
continuous decrease in the infection prevalence in the infected herds.

4.4.1.2  Postnatal (Horizontal) Transmission

There are several seroepidemiological studies in herds with severe outbreaks of N. caninum-
associated abortion (abortion epidemics) with no association between infection in dams and their 
older progeny, indicating high rates of postnatal transmission (and as a consequence exogenous 
transplacental transmission later on, Table 4.11).492,1568,1603,1792,1800,2058 In some studies, it was shown 
that only particular age groups within a herd were affected by infection495,1603 which was explained 
by common housing and feeding of these animals.495 In a dairy herd from Taiwan, a large propor-
tion of dams had seroconverted and more than half of these dams had aborted almost at the same 
time.948 These observations were in accord with the hypothesis that food or water provided to these 
animals might have been contaminated by oocysts of N. caninum and that this contamination was 
the source of infection (Figure 4.22).

The ingestion of sporulated N. caninum oocysts from the environment is the only demonstrated 
natural mode of infection in cattle after birth.445,784,1317,1994 Cow-to-cow transmission of N. caninum 
has not been observed.65 There is no evidence that placentophagia plays a role in transmission.1795 At 
present, there is no definitive evidence that live N. caninum is present in the excretions or secretions 
of adult asymptomatic cows. Neonatal calves became infected after the ingestion of milk experi-
mentally contaminated with tachyzoites.2009 N. caninum DNA in milk, including colostrum, has 
been demonstrated.1411,1412 However, there is no evidence that lactogenic transmission of N. caninum 
occurs in nature.434,493,1991 The inoculation of high doses of N. caninum via the conjunctival route 
of cattle resulted in seroconversion470 but no vertical transmission was observed1392 and a natural 
infection via this route appears to be unlikely.

Venereal transmission may be possible, but unlikely, as evidenced in heifers experimentally 
infected by intrauterine inoculation of semen contaminated with tachyzoites1827 and a dose response 
has been observed in a titration experiment with seroconversion and maintained antibody levels 
in heifers inoculated with semen contaminated with 5 × 104 tachyzoites.1830 Although N. caninum 
DNA has been found in the semen of naturally exposed bulls268,671,1524 or experimentally infected 
bulls,1830 results suggest that viable organisms, if present, are few and infrequent. In addition, cows 
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inseminated with frozen-thawed semen contaminated with N. caninum tachyzoites failed to acquire 
infection.285

4.4.1.3  Epidemic and Endemic N. caninum-Associated Abortion

N. caninum-associated abortion in bovine herds may have an epidemic or an endemic (sporadic) 
pattern. There are reports that in the years after an epidemic abortion outbreak, the affected herd 
may experience endemic (sporadic) abortions.221,1370,1603 Abortion outbreaks have been defined as 
epidemic if the abortion outbreak is temporary and if 15% of cows at risk abort within 4 weeks, 
12.5% of cows abort within 8 weeks, or 10% of cows abort within 6 weeks.1370,1800,2125 In contrast, 
an abortion problem is regarded as endemic if it persists in the herd for several months or years. It 
is likely that these 2 patterns of N. caninum-associated abortion are related to the 2 routes by which 
N. caninum infections can cause abortion1996,2101, that is, by endogenous or exogenous transplacental 
transmission (Figure 4.22). However, these 2 patterns represent extremes and intermediate abortion 
patterns (related to neosporosis, too), representing mixed patterns, possibly caused by endogenous 
and exogenous transplacental transmission are observed in the field.

4.4.1.3.1  Epidemic Abortions Caused by Exogenous Transplacental Transmission

Epidemic abortions or abortion storms are thought to be due to a primary infection of naïve 
dams with N. caninum, probably due to ingestion of feed or water contaminated with oocysts1314,1315 
(Figure 4.22). Because pregnant dams may be exposed to contamination with oocysts almost at 1 
time (point source exposure), exogenous transplacental fetal infection and the resulting abortions 
occur within a short period of time (termed exogenous transplacental transmission, because the 
infection of the dam came from outside the animal during gestation1996,2101). Finding low avidity IgG 
responses in experimentally infected cattle, indicate a recent infection.13,221,223,507,1800 Low avidity 
N. caninum-specific antibodies in the majority of aborting dams from herds with epidemic abortion, 
confirmed that the aborting animals became infected recently.14,169,221,1004,1314,1759,1800

4.4.1.3.2  Endemic Abortion Caused by Endogenous Transplacental Transmission

Recrudescence or reactivation of a latent or persistent infection in the dam during gestation 
may cause abortion.825,1558,1908,1996,2085,2101 In many cattle herds with endemic abortion due to neo-
sporosis, there is a strong positive association between the serostatus of mothers and their adult 
daughters, that is, there is evidence that the major route of vertical transmission in these herds is 
endogenous194,215,221,302,492,833,1301,1786,1800,1966,2123 and that the rate of postnatal infection of pregnant 
dams, and the rate of exogenous transplacental transmission is very low.146

Several studies demonstrate that chronically infected seropositive cows have a 2-fold or higher 
increased risk of abortion compared to seronegative dams.1214,1215,1542,1558 In a dairy herd from Spain, 
seroprevalence remained between 18% and 21% over a period of 3 years. Of 13 abortions recorded 
in seropositive animals 8 (62%) were repeat abortions and no abortions had been recorded in sero-
negative animals.1542 Also in a study from Israel, the proportion of repetitive abortion in seropositive 
dams was about 5 times higher than in seronegative dams.1301

Parity of the dams or gestation number may influence the risk of abortion caused by endogenous 
transplacental transmission.1010,​1218,1964 In 1 study, a markedly increased abortion risk in congeni-
tally infected heifers was observed during their first gestation but not in later gestations compared 
to the abortion risk in seronegative controls.1964 In contrast, in a study from Israel, the proportion 
of abortion in pregnant seropositive dams appeared to be higher in elder cattle.1301 However, it 
remained uncertain whether only endogenous or in addition also exogenous infection of dams had 
caused the abortions.1301 In a study from The Netherlands which analyzed herds with abortion 
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storms, it was assumed for some of these herds that many cattle became infected postnatally, that 
is, in many dams an exogenous transplacental transmission could have contributed to abortion.2125

Latent or persistent infection in dams may have been acquired vertically65 or postnatally.500,1370 
The mechanism of reactivation of latent N. caninum infection is unknown. Whether immune sup-
pression induced by ingestion of toxic feeds or other concurrent infections can cause reactivation 
has been debated but not supported by data.141,1603,2125 Several others suspect “stress” as a trigger of 
endemic N. caninum-associated abortion. A period with increased rainfall in a usually dry region 
was found associated with N. caninum-abortions in herds with endemic infection and it was hypoth-
esized that these abortions had been induced by stress especially in dams in the second trimester 
of gestation.1215,1218,2150 In another study, it was shown that progesterone supplementation during 
mid-gestation increased the risk of abortion in those N. caninum-infected dairy cows, which, at the 
same time, had high titers of N. caninum-specific antibodies179,180; the effect of progesterone could 
not be explained.

4.4.1.4  Persistent N. caninum Infection and Fertility

A persistent N. caninum infection seems to have no effect on bovine embryos1215 and after abor-
tion, persistently infected dams had better fertility as compared to seronegative dams.1775

4.4.1.5  Effect of Infection on Fetal Survival

Irrespective of the origin of infection (exogenous or endogenous), not all congenitally infected 
fetuses become ill.500 In abortion epidemics, up to 57% of aborting dams (among all dams at risk) 
have been reported.1800,2125 However, in the Netherlands, a high rate of seroconversion together with 
low avidity responses were observed in a dairy herd, suggesting a recent exposure of this herd to N. 
caninum, though no increased abortion incidence was observed in the herd.496 If epidemic abortion 
is caused by an exposure to oocyst-contaminated feed or water the observed variability regarding 
abortion risk may be explained by factors such as the infection dose,784 the pathogenicity of the 
parasite strain by which the animals became infected,730,1729 and by the susceptibility of the dams 
(e.g., immune status, which is also related to the stage of gestation).784

4.4.2  Risk Factors Associated with Infection

Knowledge of risk factors for herds to acquire N. caninum infection and have N. caninum-
associated abortions is important for the development and implementation of measures to control 
bovine neosporosis. Knowledge of risk or protective factors with respect to bovine neosporosis 
is based largely on retrospective cross-sectional or case-control studies. Retrospective assessment 
generally allows the identification of putative risk or protective factors, but conclusive data can 
only be obtained by prospective cohort or experimental studies. However, the repeated identifica-
tion of the same risk or protective factor in several independent retrospective cross-sectional or 
case-control studies increases the evidence that this factor is a “true” risk or protective factor for an 
infection or a disease.

Serologic prevalences of N. caninum (Table 4.1) indicate that there are considerable dif-
ferences among countries, within countries, between regions, and between beef and dairy cat-
tle.144,448,634,1086,1380,1390,1656,2028 However, these results should be interpreted with caution because of 
differences in serologic techniques, study design, and sample size between studies. Data reported on 
the European situation144 are noteworthy because sera were tested by standardized serological tech-
niques2049 and a similar study design was followed in different countries. From the data, it is evident 
that seroprevalence of N. caninum was lowest in Sweden compared with the prevalence in other 
European countries. Similar observations were made in Canada where also marked differences in 
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seroprevalence between regions were found in randomly sampled dairy cows and herds.2028 Results 
suggest that there are differences in the infection risk among different regions, within a particular 
region, and among different management systems. Therefore, caution should be used when trans-
ferring the results of a risk factor analysis obtained in a particular region or management system to 
another.

There are numerous risk factor studies assessing either the risk of individual cattle or herds, 
which either became infected with N. caninum or experienced N. caninum-associated abortions. 
These risks (infection risk and abortion risk) are positively associated with each other but influ-
enced differently (Figure 4.22). After exogenous transplacental transmission, abortion risk might be 
influenced by, for example, the number of oocysts ingested by the dam and the gestational stage,784 
whereas the occurrence of abortions in endogenous transplacental transmission might be influenced 
by as yet unknown factors, for example, the immune status of the dam or simply stress.1215,1218,2150

Several studies have examined N. caninum infection risk at the herd level or animal level with 
the serostatus of herds or individual cattle (dams, calves) as a dependent variable, that is, as the 
target or outcome variable. The results of these studies have been influenced by the sensitivity and 
specificity of the serological tests used and fluctuations of antibodies during pregnancy as discussed 
earlier. Demonstration of seropositivity does not provide information on the viability of infection. 
Furthermore, rarely, an animal may be infected but seronegative.188,791

As yet, there is no serological test available providing information on the route of infection 
(horizontal by oocysts or vertical by transplacental transmission). Only a few tests, but not those 
routinely used in seroepidemiological studies provide reliable information on how recently the 
infection occurred. To partially overcome the later problem, some risk factor studies focused on 
herds with epidemic abortion141,495 because in these it is likely that the infection of most of the 
aborting dams was postnatal and these herds could provide better information on the factors that 
favor on-farm postnatal infection of cattle with N. caninum than herds in which infection occurred 
a long time ago. However, it was regarded as doubtful that all N. caninum abortion storms are the 
immediate result of a recent exposure to oocyst shedding farm dogs.2128

No association between the allele frequency distribution for BoLA DRB3 and DQA1 (i.e., genes 
which are part of the MHC) and infection with N. caninum were identified, that is, there is no evi-
dence for a genetic predisposition of particular cattle as yet.1816

Results of studies that assessed risk factors for infection on either the animal or herd level fol-
low. A summary of the actual data available is provided in Table 4.12.

4.4.2.1  Age

The risk of being seropositive may increase with the age or the gestation or parity num-
ber in beef and dairy cattle (Table 4.12) and suggests that postnatal infection by horizontally 
transmitted N. caninum is of particular importance in some herds. In contrast, a negative age 
effect on the prevalence of seropositive animals was reported in beef cattle in Canada.2057 In the 
same study, it was observed that the risk of being culled was significantly greater in seroposi-
tive than in seronegative cows, suggesting that selective culling could be a possible reason for 
the age effect. Based on these findings it is not surprising, that both the mean age of cows in a 
herd and the proportion of heifers in a herd could explain differences in the level of herd sero-
positivity as demonstrated in beef cattle in the northwestern USA (Idaho, Montana, Oregon, and 
Washington).1772 Age effect on seropositivity in dairy cattle may vary in different study areas. 
In Spain, for instance, the risk of being seropositive increased with age, while in Sweden the 
situation was opposite.144 In another study, in beef and dairy cattle from the same area in Spain 
(Galicia), the seroprevalence also increased with age.634 It was hypothesized that the age effect 
might be influenced by variations in the probability of horizontal transmission (e.g., by the risk 
of ingesting oocysts), by regional differences regarding replacement rate (influencing the time 
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cattle may be exposed to horizontal transmission), and by management practices such as selective 
culling of seropositive animals.144 Nonselective culling of animals in a herd with a high serop-
revalence could result in a positive relationship between age and prevalence, if the population 
from which successive external replacement heifers are purchased has a lower seroprevalence 
than the herd itself. This effect (lower prevalence in younger age groups) is further strengthened 
by the fact that the proportion of transplacental transmission is often much lower than 100%.430 
As discussed earlier, recrudescence during gestation may have further contributed to a higher 
seroprevalence in older age groups.429

4.4.2.2  Parity Number of Dam

The higher the parity number of seropositive dams the lower was the chance of progeny to be 
prenatally infected by N. caninum as shown in the Netherlands.498 Observations in Costa Rica were 
in accord with this finding, showing that daughters born by dams which had a parity number ≥6 at 
delivery, had a lower risk of being seropositive.1737

4.4.2.3  Definitive Hosts (e.g., Dogs, Coyotes, and Wolves)

In most epidemiological studies in dairy herds, the presence of farm dogs (as illustrated in 
Figure 4.22), either current or within the past 10 years,2050 or the actual number of farm dogs (Table 
4.12) was a risk factor for seropositivity in cattle. This is not surprising since dogs are definitive 
hosts of N. caninum. Three studies observed positive correlations between the N. caninum serop-
revalence in dogs and cattle754,818,1380 which further confirms that the occurrence of N. caninum in 
cattle is linked to infection in dogs.

Not only the presence of dogs but also the possibility that the dog has contact to the herd764 or is 
kept loose249 were identified as risk factors. Furthermore, the putative ways by which dogs may pose 
an infection risk to dairy cattle has been studied.497 Defecation by farm dogs on feeding alleys and 
on stored grass or corn silage was reported more often by farmers of herds with evidence for post-
natal bovine infection than by those herds with no such evidence.497 Interestingly, in a study of herds 
with evidence of recent postnatal infection, seropositivity to N. caninum was more often associated 
with common housing than with common feeding of the seropositive age group.495 Based on these 
results, it might be justified to assume that contamination in the feeding area is more closely related 
to infection than contamination of fodder during storage.

Farmers of herds with evidence of postnatal infections more often observed dogs feeding on raw 
meat, placenta, fetuses, uterine discharge, colostrum, or milk.249,497,2028 This suggested that these 
materials may pose an infection risk to dogs; that is, these materials may facilitate dogs becoming 
infected with N. caninum. In an experimental study, placenta, but not colostrum, has been con-
firmed as an infection source for dogs.493 However, oocysts were not excreted when aborted fetuses 
or brains of fetuses were fed to dogs.195 These results were most likely influenced by the stage of 
autolysis in the fetus, killing the parasite along with the host cells. Most N. caninum in aborted 
fetuses die with the host cells and it is rare to find intact tachyzoites in such tissues.605 Several 
studies reported on dogs that have shed oocysts after ingesting a variety of tissues, including neu-
ral, muscular, visceral, and fetal membranes (Chapter 5). Therefore, it can be assumed that fresh 
tissues (e.g., tissues of N. caninum-infected calves or cows that died, fresh placentas or remnants 
after slaughter) may cause excretion of N. caninum oocysts while autolyzed materials (e.g., aborted 
fetuses, retained placentas) seem to be less appropriate.

There is some evidence that recently introduced dogs pose a higher risk of transmission of 
N. caninum than resident dogs.495 This could be explained in an analogy to the hypotheses for 
T.  gondii, for which it is suspected that naïve definitive hosts are crucial for the life cycle.428 In 
N. caninum, this situation seems to be similar as dogs shed no (or only a few) oocysts after being 
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fed repeatedly with infectious material.493,785,1798 In addition, higher numbers of oocysts are excreted 
by young dogs (10–14 weeks old) than by older dogs (2–3 years old).785

In addition to farm dogs, dogs kept in the neighborhood of farms may pose an infection risk. In 
a German cross-sectional study, dog densities in districts, cities, or municipalities were predictors of 
the prevalence of bulk milk positive herds1801 or were identified as risk factors for herd seropositiv-
ity.1803,2050 Coyotes were found to be additional definitive hosts of N. caninum.781 This was suspected 
after epidemiological studies of beef calves had shown that the abundance of coyotes or gray foxes 
in different ecological zones of Texas was associated with the seroprevalence of N. caninum in beef 
calves.125 Whether gray foxes are also definitive hosts of N. caninum remains to be determined. In 
addition to coyotes, wolves are also definitive hosts of N. caninum.615 Especially in regions with 
a high abundance of wild-living definitive hosts (e.g., coyotes and wolves), the sylvatic cycle (e.g., 
from deer to wild-living canid species) might be important in maintaining the domestic cycle (from 
cattle to dogs) of the parasite.783 Although 1 experimental study indicates that the red fox is not a 
definitive host for N. caninum,1799 there is an ongoing discussion as to whether red foxes could be 
sources of postnatal infections with N. caninum. N. caninum-like oocysts were reported in the feces 
of naturally infected foxes from Canada2072 but there is no unambiguous proof that foxes represent 
definitive hosts of N. caninum. It is suspected that other canids may represent definitive hosts for N. 
caninum and the access of wild canids to farms was identified as a risk factor of infection with N. 
caninum for Ethiopian cattle93 and the presence of not further specified canids or stray canids were 
also reported as a risk factor.764,1919 Available information related to wild canids is summarized in 
Chapter 16.

For beef cattle, there is as yet no clear evidence that farm dogs or dogs kept in the surroundings 
of farms pose an infection risk.2050 A possible explanation for this is that on the less intensively 
managed beef farms, there is in general no close contact between the excretions of farm dogs and 
beef cattle.127,1533,1772 An unusual observation was that the presence of farm dogs on beef farms in 
Texas, USA was a putative protective factor127; in the same region, it was demonstrated that wildlife 
contact with the weaning ration could explain seroprevalences in beef calves.127 Possibly, the pres-
ence of dogs was inversely related to the presence of wild canids on farm land, as hypothesized in a 
Canadian study on N. caninum abortion.918

4.4.2.4  Carnivores Other than Canids

In experimental studies, cats failed to serve as definitive hosts for N. caninum.1310 However, 
there is 1 epidemiological study of dairy cattle that observed a protective effect for cats being 
present on the farm.1541 It is possible that this factor is a confounder related to the absence of dogs. 
However, another possible explanation for the protective effect of the factor “presence of cats” might 
be that cats are predators of putative intermediate hosts of N. caninum (e.g., rodents) which could 
reduce the frequency by which definitive hosts of N. caninum have access to tissues of infected 
intermediate hosts.

4.4.2.5  Intermediate Hosts Other than Cattle

Not only cattle but also other intermediate hosts of N. caninum may be a source of infection for 
dogs and other canids. The presence of N. caninum DNA in naturally infected mice and rats sug-
gests that these animals may be important sources of infection for carnivore hosts of N. caninum 
(Table 2.2). A study from France reported the presence of rabbits and/or ducks as a putative risk 
factor for seropositivity in dairy cattle.1541 In Mexico, the presence of domestic poultry was found 
as a risk factor for seropositivity.1854 In another study from northern Italy, the risk for seroposi-
tivity in individual cattle increased with the number of farm dogs when poultry were present on 
the farm.1533 In The Netherlands, the presence of poultry on the farm was also found to be a risk 
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factor for the occurrence of N. caninum-associated abortion; their possible role as vector of oocysts 
was discussed.141,2127 The susceptibility of poultry for N. caninum is a matter of debate. Although 
antibodies against N. caninum have been observed in chicken390,968,1288 and DNA was observed in 
seropositive chicken390,773 all attempts to date have failed to isolate viable N. caninum from chicken. 
Chicken seems to be a better host for T. gondii than for N. caninum.773 Although experimental 
infection in embryonated eggs is possible110,715,1054 and material from infected embryonated chicken 
eggs induced oocyst excretion in dogs,715 evidence is lacking that chickens are important natural 
intermediate hosts of N. caninum. Experimentally inoculated pigeons developed antibodies against 
N. caninum1360 and researchers from China, Israel, and Iran reported N. caninum DNA in naturally 
infected pigeons, crows and sparrows, respectively.2,520,1762 In addition, in Spain, N. caninum DNA 
was observed in 2 magpies (Pica pica) and 1 common buzzard (Buteo buteo)426 but the importance 
of wild birds in the life cycle of N. caninum remains to be clarified. These results warrant further 
examination of the susceptibility of other livestock to N. caninum infection, such as rabbits, ducks, 
chicken, and other poultry as well as wild animals, and whether these potential intermediate hosts 
could pose an infection risk to definitive hosts.

4.4.2.6  Grazing, Fodder, and Drinking Water

Oocyst-contaminated pastures, fodder, and drinking water are regarded as the potential sources 
for postnatal infection of cattle. Therefore, it is important to know which feeding practices pose an 
increased infection risk.

In Italy and northwestern USA, grazing of cattle on rangeland during summer seems to be a 
protective factor.1533,1772 In Ireland, those farms that housed cattle early in fall had an increased risk 
of N. caninum antibodies, suggesting that housed cattle have a higher risk to acquire an N. caninum 
infection.1491 Although wild canids and dogs have free access to rangeland, oocyst contaminations 
caused by definitive hosts may be too low to pose a significant infection risk or oocysts may not 
survive during summer months if these are very hot and dry. Unfortunately, information on the cli-
matic conditions under which N. caninum oocysts are able to survive in the environment is lacking.

In beef herds, the use of a hay ring appeared as a putative risk factor for seropositivity.127 This 
factor was explained by the observation that cows often calve, abort, or expel placentas near hay 
feeders. Because these feeders are seldomly moved it was hypothesized that fecal contaminations by 
definitive hosts which have fed on infectious material may concentrate close to the feeders.127 In the 
same study, a procedure implemented to avoid the contamination of fodder, that is, the use of a self-
contained feeder for cow supplements, was identified as a probable protective factor.127 Related to this 
is the observation that ranches with wildlife access to the weaning supplement had an increased risk 
of their calves being N. caninum positive127 and another study reported an increased risk of seroposi-
tivity in Brazilian dairy cattle when wildlife had access to farm facilities.1287 Since farm dogs play a 
major role, contamination could occur especially when feed is produced on the farm. However, this 
was observed as a risk factor in 1 study1287 but identified as a protective factor in another study,818 both 
from Brazil. Silage is stored on the farm and is regarded as 1 of the feeds potentially contaminated 
by N. caninum oocysts.1316 In addition, rodents as intermediate hosts of N. caninum may concentrate 
close to silage. However, silage feeding was identified as a protective variable in a Brazilian study.818

In a Canadian study, it was observed that feeding monensin to dry cows was a herd-related factor 
reducing the risk of N. caninum seropositivity.2028 Monensin is used in dairy herds to assist in the man-
agement of negative-energy balances during milk production. Monensin was also shown to reduce the 
population of N. caninum tachyzoites in cell culture1171 and the infectivity and viability of bradyzoites of 
T. gondii in cell culture was inhibited by monensin at low concentrations (0.1 ng/mL).392 In 2 groups of 
cattle infected with N. caninum tachyzoites, the 1 receiving monensin had significantly lower antibody 
responses than the one not given monensin. However, including also other sampling dates PI into the 
analysis, led to nonsignificant serological differences between both groups of cattle.2030 Nevertheless, 
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further studies are necessary to elucidate whether feeding monensin has a direct effect on N. caninum 
or whether “feeding monensin to dry cows” represents a confounding variable (i.e., can be explained by 
unknown variables associated to both infection risk and “feeding monensin to dry cows”).

In a study conducted in France, the use of ponds rather than the use of a well or public water sup-
ply for drinking water was a risk factor for N. caninum infection in dairy cattle.1541 Seroprevalence 
data in feral marine mammals suggest that N. caninum oocysts may contaminate surface water and 
subsequently contaminate sea water.593 In 1 study from Mexico the presence of N. caninum DNA 
was reported in drinking water collected on dairy farms, and the presence of oocysts suspected but 
not confirmed.1854

4.4.2.7  Feeding Colostrum or Milk

Experimental studies have demonstrated that neonatal calves may become infected by the inges-
tion of milk containing tachyzoites.434,2009 However, cross-suckling of calves born to seronegative 
mothers on seropositive cows has not led to an infection.434 Because N. caninum DNA was demon-
strated in bovine milk,1411,1412 there is an ongoing debate whether or not the lactogenic transmission 
of N. caninum is possible. With respect to this, it is interesting that 1 study in dairy cattle suggested 
that feeding of pooled colostrum is a putative risk factor for seropositivity.384

4.4.2.8  Calving Management

In a risk factor analysis of beef calves in Texas, the effect of seasonal calving during spring was 
profound, that is, the risk of calves of being seropositive was higher than it was on ranches with a 
fall-calving season.127 There was no explanation offered for this observation. Possibly, there are sea-
sonal effects in these beef herds on the risk for calves to become infected, either by transplacental or 
by horizontal (postnatal) transmission. This seasonality may be biologically linked to the whelping 
season of the putative definitive hosts in Texas, coyotes and gray foxes. Since, naïve or young dogs are 
more likely to excrete N. caninum oocysts than older or immune dogs,493,785,1798 the same may also be 
true for young coyotes and gray foxes. Further studies are needed to explain the observations in Texas 
beef calves. Interestingly, in a French study, prolonged herd calving periods of 3–6 or 6–12 months 
reduced the risk of herd seropositivity compared to herd calving periods of up to only 3 months.1541 
There was no explanation for this observation. A study in Ireland revealed that year-round calving 
(in contrast to split or spring calving) was statistically associated with the presence of N. caninum-
specific antibodies in bulk milk collected on farms.1491 Two explanations were offered for this obser-
vation: (i) on farms with year-round calving, those dams that have aborted are made pregnant again 
and are most likely not culled, which may prevent N. caninum-infected dams from being removed 
from the herd and (ii) on farms with year-round calving definitive hosts are exposed continuously to 
potentially infectious material, which may perpetuate the on-farm lifecycle of N. caninum.

4.4.2.9  History of Reproduction Problems

History of reproductive problems (abortion/stillbirth, prolonged calving interval, retained fetal 
membranes, uterine infection, endometritis, and repeated breeding) were reported as risk factors 
for seropositivity in 2 related studies in Ethiopia.94,95 The history of abortion on the farm was a risk 
factor for seropositivity in dairy cattle in Mexico.1854

4.4.2.10  Cattle Stocking Density and Size of Farm Land

In 2 studies on beef calves in Texas, a high stocking density was identified as a potential risk 
factor for seropositivity.125,127 A similar effect was observed for stocking density of beef cows during 
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winter in northwestern USA.1772 This effect was explained by the observation that ranches with 
a high density of cattle (both beef and dairy) are more likely to use supplemental feeding prac-
tices.85,125,127 Places on farms where supplemental feed are stored or fed to cattle may attract rodents 
that are potential prey for definitive hosts of N. caninum. This could cause these places to have an 
increased risk for being contaminated with the feces of definitive hosts and the presence of infected 
rodents, thus increasing the risk of postnatal infections.125

In studies on dairy cattle in southern Brazil and Canada, it was observed that with increasing size 
of farm land or area (acres) used for forage production the seroprevalence in herds decreased.384,2028 
However, in case of the Brazilian study, this protective effect was not linked to the stocking den-
sity.384 It was hypothesized that on small farms, it is easier for farm dogs to have access to bovine 
carcasses, aborted fetuses, placenta, and uterine discharge than on larger farms.

4.4.2.11  Herd Size

In several studies, the risk of individual cattle becoming seropositive increased with the size of 
the herd.93,764,1533 When in a study from Italy the analysis was restricted to data from northern Italy, 
the number of dogs per farm interacted significantly with herd size, that is, the risk of being sero-
positive increased in larger herds with an increasing number of dogs per farm.1533 In a study con-
ducted in Germany, larger herds had an increased risk of being serologically bulk milk positive.1803 
In a Canadian study, the number of lactating cows was one of the herd-level variables associated 
with the risk of seropositivity in dairy cattle.2028 Possible explanations are that with increasing size 
of the herd there is an increasing chance to acquire an N. caninum infection by, for instance, pur-
chasing external replacement heifers. Another explanation for herd size as a risk factor could be that 
hygienic measures to prevent dogs from feeding on infectious material are more difficult to follow 
in large herds than in small herds.1803 In addition, the open storage of feed outside barns and silos 
(typical for large farms) may favor contamination.

4.4.2.12  Source of Replacement Heifers

Rearing replacement heifers on the farm rather than purchasing them from outside sources may 
foster the trend that an existing N. caninum infection in a herd may persist for many years.705,1909 
This could explain why, in one of the risk factor studies on beef cattle, “rearing of own replacement 
heifers” or “closed management” was identified as a potential risk factor for high seroprevalence in 
calves127 or in dams from cow–calf operations in Alberta, Canada being serologically positive.1640 If 
the seroprevalence is lower in the recipient herd than in the population from which the replacement 
heifers are obtained, the purchase of replacement heifers should increase infection in the recipient 
herd or even introduce infected animals into a naïve herd. This could explain the results of other 
studies which suggest that purchasing replacement represents a risk.93,2111 In a Canadian study, no 
association was observed between purchasing dairy cattle and seroprevalence for N. caninum in 
dairy herds.337

4.4.2.13  Breed

There are indications from several countries that the N. caninum seroprevalence differs 
according to the cattle breed.84,93,144,757,758,1028,1737 However, these results have to be interpreted 
with caution, because the differences observed might have been caused by differences in the pro-
duction system or farm characteristics and not by differences in the breed-related susceptibility 
to infection. For example, native Spanish breeds were less likely to be seropositive than Holstein-
Friesian or mixed breeds. This was explained by differences in the intensity of management.144 
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In  contrast to Holstein-Friesian native breeds are predominately located on highland pastures 
with very low stocking densities. In the same study, breed-associated differences were reported 
from Sweden.

4.4.2.14  Type of Cattle

There are several studies reporting significant differences in the prevalence between dairy and 
beef cattle. In some studies, dairy cattle showed a higher risk to be seropositive1380,1390,1656 and in 
other studies, the opposite was the case.144,634 Obviously, there is no general rule which type of cattle 
has a higher risk of infection (dairy or beef). However, differences in abortion risk between dairy 
and beef cattle were observed (Section 4.4.3).

4.4.2.15  Type of Housing

In a French study, tethered dairy cattle had an increased risk of being seropositive compared to 
dairy cattle kept untethered indoors.1541 No explanation for this effect was offered, but it shows that 
risk of infection is most likely not uniform among animals belonging to a particular cattle type. In a 
study conducted in Jordan, the presence of a calving pen was identified as a protective variable.1931 
A possible explanation for this observation is that hygienic conditions on farms with a calving pen 
are higher, for example, possibly in these farms placentas which could be infectious to dogs are 
regularly and adequately removed.

4.4.2.16  Hygienic Status and Biosecurity

Variables indicating a low level of biosecurity1737,1931 or a low hygienic status of a farm93,758 are 
related to increased N. caninum seropositivity in cattle. It is unlikely that these factors have a direct 
effect. The same can be assumed for a variable “asking for a bovine viral diarrhea virus (BVDV)-
negative test before introducing an animal” that most likely also has no direct effect on N. caninum 
seropositivity, but characterizes the general hygienic status or biosecurity level of a cattle farm.

4.4.2.17  Factors Related to Concurrent Infections

T. gondii and N. caninum are closely related and both parasites are able to infect cattle post-
natally via the oral ingestion of oocysts. In a study from Spain, the probability of infection by 
N. caninum was 6.1 times higher in cattle that were positive for T. gondii.791 Common risk factors 
which may favor postnatal infections with coccidian infections may have contributed to this effect. 
This finding was surprising, because of the differences in life-cycles and in routes of transmission 
to cattle between N. caninum (mainly vertical) and T. gondii (mainly horizontal). Thus, this relation 
seems to be associated to biosecurity measures.

In Swedish cows, a statistically significant association between antibodies against N. caninum 
and BVDV were observed.220 From this result, it was assumed that risk factors supporting the intro-
duction and spread of BVDV in cattle, such as high cattle density and frequent purchase of animals, 
also increase the risk for N. caninum infection. However, a study in Spain found no such associa-
tion.1261 In an Italian study, a positive association between antibodies against bovine herpes virus 1 
(BHV-1) and antibodies against N. caninum was demonstrated.1712 The possibility whether BHV-1 
induced immunosuppression after natural infection or vaccination could increase the susceptibility 
of cattle to secondary infection with N. caninum was discussed. Also, a Brazilian study suspected 
effects of coinfection between N. caninum and BVDV of BHV-1.455 However, to prove this hypoth-
esis, experimental or follow-up studies after infection or vaccination are necessary.1712 Another 
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Italian study reported an increase in N. caninum-specific antibodies in dairy cows after blue tongue 
(BT) vaccination (serotype BT serotype 2 + 9 vaccine) in southern Italy.316 Surprisingly, this was 
not observed in dairy cows from central Italy (vaccinated with BT serotype 2) and northern Italy (no 
vaccination)316 and unexplained immunosuppressive effects and reactivation of N. caninum in case 
of the combined BT serotype 2 + 9 vaccine was hypothesized. In a Canadian study of 78 dairy herds 
in Ontario, no significant association between antibodies against N. caninum and the serostatus to 
Leptospira interrogans serovar hardjo, icterohaemorrhagiae, or pomona was observed.1583 In a 
study from France, a slightly elevated somatic cell count 200–400 × 103 versus a somatic cell count 
<200 × 103 (as averaged in the herd over the last 6 months) was reported as a protective variable but 
no explanation was offered for this observation.1541

4.4.2.18  Climatic Season

In 2 European studies that analyzed climate effects on the risk of seropositivity in herds or indi-
vidual cattle, the factors “mean temperature in spring in a buffer zone around farm location” and 
“mean temperature in July in the municipality where the herd is localized” were identified as puta-
tive risk factors.1711,1803 These observations can be explained by the effects of climate on sporulation 
or survival of oocysts. For example, a higher temperature (up to not yet defined limits) may favor a 
faster sporulation of oocysts in the fodder or in the environment surrounding cattle.

Studies reporting seasonal effects on seropositivity (Table 4.12) have to be interpreted with caution 
because there is reactivation during gestation causing higher levels of antibodies in the third trimester of 
gestation and seasonal calving could bias studies on seroprevalences during different climatic seasons. 
In Algeria, higher seroprevalences were observed in cattle sampled during spring.758 Another study 
from Ireland also revealed significant differences in the prevalence of bulk milk positive herds between 
4 different sampling periods (March, June, August, and November) with the highest prevalence in 
November and the highest incidence from August to November.1490 Therefore, the existence of seasonal 
effects on the risk of N. caninum infection for cattle should not be excluded but needs further study.

4.4.2.19  Vegetation

An Italian study observed that the risk of seropositivity in individual cattle decreased with 
increasing summer normalized difference vegetation index (NDVI) values determined for the 3 km 
buffer zones around farm locations.1711 A high summer NDVI is indicative for forests or broad-
leaved trees. It was assumed that cattle from the respective farms were not pastured and thus had 
a lower chance to ingest N. caninum oocysts. However, this interpretation is not supported by the 
finding of another Italian study in which “no grazing” was identified as a risk factor for seropositiv-
ity in individual cattle.1533

4.4.2.20  Human Population Density

In Germany, the human population, similar to dog density, could also be used to predict the 
prevalence of bulk milk positive herds in district and cities.1801,1808 Because dog density was identi-
fied as a putative risk factor for infection, it is not surprising that human population density also 
seems to have the same effect, due to correlation between population and dog density.

4.4.2.21  Geographic Clustering

Several well-controlled studies identified geographic clusters in which significantly higher levels 
of bovine infection with N. caninum were observed than in other parts of the study area.707,1077,1210,1485 
In none of the studies, these geographic clusters were explained by accompanying data.
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4.4.3  Risk Factors Associated with Reproduction

Soon after the first description and isolation of N. caninum from dogs,528,529 it became obvi-
ous that the same parasite is also associated with bovine abortion.1954 In addition, N. caninum was 
also made responsible for stillbirth and perinatal mortality.804 A few reports suggest an effect on 
fertility as well. A study from Senegal revealed that N. caninum seropositive cattle needed a higher 
number of inseminations to conception than seronegative cattle independent of age and breed.1028 
Significant effects on fertility were also reported in other studies. Seropositive cows required 3.7 
inseminations to become pregnant in the most recent pregnancies, compared to 2.4 inseminations 
for seronegative cows.833 Another study found that N. caninum-infected heifers were 1.8 times more 
likely not to conceive after 1 insemination than their noninfected herd mates.1434 In contrast, others 
did not observe any adverse effect of N. caninum infection in early pregnancy.215,1010,1216,1218,1740 In 
a Canadian study, positive N. caninum serological results were associated with increased calving 
intervals of >484, 534, or 584 days in dairy cattle.2029

Transplacental transmission of N. caninum from a chronically infected dam to the fetus is an 
important mode of infection and can occur in consecutive pregnancies via endogenous transplacen-
tal transmission65,215 (Figure 4.22). This mode of transmission contrasts to the exogenous transpla-
cental transmission to the fetus, when a previously naïve dam becomes infected postnatally most 
likely via ingestion of N. caninum oocysts from fodder or water and these contaminations with 
oocysts are related to definitive hosts (Figure 4.22). High rates of exogenous transplacental trans-
mission in a bovine herd may cause an epidemic abortion outbreak, affecting a large proportion of 
the pregnant herd. However, this is not always the case. Exogenous transplacental transmission may 
cause only prenatal infections in fetuses and calves but neither abortion nor stillbirth may occur.496

Factors having an effect on the occurrence of epidemic abortion outbreaks may completely 
differ from those influencing the risk of endemic abortions. Risk factor analyses often have the 
disadvantage that there is no information regarding the epidemiological context (epidemic or 
endemic abortion problem). Consequently, it is not possible to clearly assign the risk or protective 
factors identified in epidemiological studies to the occurrence of epidemic or endemic abortions. 
However, some risk factor analyses restricted their analyses to herds with epidemic outbreaks141,2125 
or stratified analysis for herds with postnatal N. caninum infection and endemically infected control 
herds497; therefore, the risk factors identified in such studies can be related to the occurrence of abor-
tion due to high rates of exogenous transplacental transmission. In many other studies, risk factors 
cannot be attributed clearly to endogenous and exogenous N. caninum transmission.

4.4.3.1  Abortion Risk Associated with Seropositivity of Individual Cattle

Seropositive cows are more likely to abort than seronegative cows as demonstrated in many 
studies, including retrospective and prospective cohort studies (Table 4.12). The strength of the asso-
ciation between seropositivity and abortion in a single group of animals may vary considerably if 
different serological assays are used or if for the same assay different cut-offs are applied.1790,2057 
Consequently, the estimates for odds ratio or relative risk may vary in relation to the serological test 
applied.

The abortion risk increases with increasing levels of N. caninum-specific antibodies in indi-
vidual animals. A strong association between the level of antibodies in the dam and the occur-
rence of lesions in aborted fetuses consistent with N. caninum infection was found in 1 study from 
Belgium.450 Herds with a high N. caninum seroprevalence had an increased risk for repeated abor-
tion.249 The same was observed in individual dams with a positive N. caninum serological sta-
tus.93,1301,1542 A few studies observed that seropositivity in dams was associated with stillbirth and 
perinatal mortality.228,246,2057 However, in 1 study, calves born seropositive performed better than 
seronegative calves.1557



244 Neosporosis in Animals

As stated above, there are 2 potential reasons for abortion, postnatal infection during preg-
nancy (causing exogenous transplacental transmission), or reactivated persistent infection (causing 
endogenous transplacental transmission) (Figure 4.22). With respect to postnatal infection, a high 
antibody level in the individual animal could be indicative of a high infection dose and/or for an 
efficient multiplication of the parasite in the infected host. In the case of a latent infection, a high 
antibody level or titer could also reflect the presence or intensity of recrudescence of an existing 
chronic infection. There is evidence from prospective studies in latently infected dams that the 
intensity and duration of the increase of specific antibodies during gestation could be related to the 
risk of fetal infection.825,950,1908 Thus, it was proposed to use information on individual N. caninum-
specific antibody levels or antibody titers (and not only seropositivity) as a predictive tool to identify 
animals with a high risk of abortion in herds with a high seroprevalence for N. caninum.1657 It was 
also attempted to use the ratio of specific IgG1 and IgG2 (IgG1/IgG2 ratio) to predict or understand 
the outcome of bovine pregnancy in dams with a chronic infection because increased specific IgG2 
is regarded as an indicator for a proinflammatory immune response (Section 4.2.2.2.4).40 However, 
as yet no reliable protocol is established to predict abortion by serological tools.

4.4.3.2  Abortion Risk Associated with N. caninum Seroprevalence in the Herd

There are several case-control and cross-sectional studies which observed that a high N. cani-
num seroprevalence in herds is associated with an increased risk of abortion at the herd level.141,691,7

57,918,1559,1757,1803,2125 This is explained by the increased abortion risk in latently infected as well as in 
recently infected individual dams (discussed above). However, not all herds with a high seropreva-
lence suffer from N. caninum-associated abortion.496,1010,1559,1803 Long-term studies in herds which 
had experienced abortion outbreaks revealed no (or only slightly) elevated abortion rates in the years 
after the outbreak.221,1603 Recent exposure to N. caninum infection, as evidenced by seroconversion 
and low avidity antibodies does not necessarily result in an increased abortion rate.496 This supports 
that, in addition to infection, other factors may influence the abortion risk.

4.4.3.3  Factors Related to Infection Risk

Several factors putatively related to N. caninum-associated abortion were already discussed 
above with respect to infection risk. Moreover, several factors identified as putative risk or protec-
tive factors for N. caninum infection in cattle also seem to influence the risk of N. caninum-associ-
ated abortion (Table 4.13).

4.4.3.3.1  Effect of Age on Abortion Risk

A number of studies on herds with N. caninum-associated abortion reported an increased 
abortion risk with increasing age, parity number, number of pregnancies, or gestation num-
ber.1010,1039,1301,2122,2125 However, in herds with clear evidence for endemic N. caninum-associated 
abortion, the association with age seems to be reversed. For example, in a study on the abor-
tion risk in N. caninum seropositive dairy cows, lactation number was identified as a putative 
protective factor.1218 Also, others found a lower risk of N. caninum-associated abortion in older 
cattle.1669 These findings confirm previous reports on a 7.4-fold increased abortion risk in con-
genitally infected heifers during their first gestation but only a 1.7-fold higher risk of abortion in 
the first pregnancy of first lactation in comparison to the abortion risk in seronegative controls. In 
the first pregnancy of the second lactation, congenitally infected cows had the same abortion risk 
as seronegative cows.1964 In another study conducted in a herd with endemic N. caninum-associ-
ated abortion where endogenous transplacental infection was the main mode of transmission, a 
2.8-fold increased abortion risk during the first pregnancy of the second lactation in seropositive 
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dams but not in the first pregnancies of the first, third, and later lactations were observed in 
another study.898 In a Canadian study on beef cattle to find potential reasons for non-detectable 
pregnancies, both increased levels of N. caninum antibodies and age (bred heifer, >10 years old) 
were associated with risk.2063

4.4.3.3.2  Abortion Risk in Cattle and Farm Dogs

There are large number of studies confirming that the presence of dogs and other dog-related 
factors as a major risk factors for N. caninum infection in cattle (Table 4.12). As shown in Table 4.13, 
the presence of dogs, their number, their seropositivity, and the frequency of observing farm dogs 
defecating in a feed manger were associated with an increased abortion risk of the herd.141,757,918 
One of the studies identifying a positive association between the presence of farm dogs and N. 
caninum-associated abortion had selectively analyzed risk factors for epidemic abortion. Because 
epidemic abortion is possibly caused by oocyst-mediated horizontal transmission, the identifi-
cation of the presence of potential definitive hosts, that is, farm dogs as a putative risk factor is 
not unexpected.141,918 In addition, a positive correlation between seropositivity of farm dogs and 
increased seroprevalence in cattle, indicating a relationship between infection in dogs and in cattle 
was observed in another study.2125 Investigated dogs were present both at farms with epidemic and 
endemic neosporosis.2125

4.4.3.3.3  Abortion Risk in Cattle and Wild Canids

In 1 study, the frequency with which wild canids (including coyotes, wolves, foxes, and wild 
dogs) were observed on the premises seemed to have a protective effect on the likelihood that farms 
experienced N. caninum-related abortion.918 The protective effect was explained by hypothesizing a 
negative interaction between the presence of farm dogs (which seem to pose an infection risk) and 
wild canids. It was assumed that the more farm dogs are present on a farm, the lower the likelihood 
that wild canids are observed on the premises.

4.4.3.3.4  Abortion Risk in Cattle and Cats

The frequency with which stray cats were observed on the premises was identified as a putative 
protective factor for N. caninum-associated abortion.918 As mentioned above, a study from France 
reported a reduced risk of infection in cattle when cats were present on farm.1541 It was assumed 
that the presence of cats might be an indicator for the absence of dogs, resulting in a reduced risk 
of horizontal transmission.918 In the same study, the frequency with which wild canids (including 
coyotes/wolves, foxes, and wild dogs) were observed on premises seemed to have a protective effect 
on the likelihood of N. caninum-related abortion on the farm.918

4.4.3.3.5  Other Potential Intermediate Hosts Such as Poultry and Horses

Case herds having experienced N. caninum-associated abortion outbreaks in The Netherlands 
more often kept, in addition to cattle, an increased number of poultry (more than 10).141 Interestingly, 
in 1 study, the infection risk increased with the number of farm dogs if poultry was present on a 
farm suggesting an interaction between these intermediate and definitive host-related variables.1533 
Antibodies against N. caninum have been observed in chickens390,968,1288 and DNA was observed 
in seropositive chickens.390,773 However, all attempts so far failed to isolate viable N. caninum from 
chickens. Therefore, further studies are necessary to establish that poultry or which poultry species 
represent important intermediate hosts for N. caninum.
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Unexpectedly, a Canadian study observed an association between the number of horses on a 
farm and the occurrence of N. caninum-related abortion.918 The reason for this association is not 
clear. Horses are known as intermediate hosts of N. hughesi which seem to represents a species 
different from N. caninum.1284 As yet N. hughesi (see Chapter 18) has not been isolated from cattle. 
Thus, it is unknown whether N. hughesi could be involved in bovine abortion. In addition, there is 
no definitive evidence that horses act as intermediate hosts for N. caninum.

4.4.3.3.6  Fodder

Feeding fodder of inferior quality, for example, “Feeding of moldy maize-silage to dairy cows 
during summer” or “Feeding of remnant fodder to heifers during summer” seemed to be risk factors 
for epidemic N. caninum-associated abortion in The Netherlands.141 The effect of feeding fodder 
of inferior quality may involve a suspected negative impact of fungal toxins on the immune system 
of cattle.141,1962,2125 In addition, remnant fodder may contain a higher proportion of contaminants, 
thus possibly also fecal contaminations of definitive hosts. A further explanation could be that inad-
equate rations may stress cattle.

4.4.3.3.7  Climate, Climatic Season, Stress, and Body Condition

A highly significant seasonal pattern regarding the submission of N. caninum positive aborted 
fetuses was observed in California. The highest number of positive cases was submitted during 
winter, which in California is mild and humid in contrast to the summer, which is hot and dry.1962 In 
Canada, the proportion of N. caninum diagnoses peaked in the autumn months (i.e., in September–
November)2104 but no explanation for this observation was provided. In The Netherlands, abor-
tion epidemics most often occurred in summer,2125 which in The Netherlands is warm and humid. 
There are several possible explanations for these phenomena. Mild temperatures and humidity favor 
sporulation and survival of coccidian oocysts which may increase the risk of postnatal infection. 
A further explanation is that mild temperatures and humidity support the growth of fungi. Fungal 
toxins are suspected to cause immune suppression in cattle which may favor the recrudescence of 
N. caninum infections in persistently infected dams.141,1962,2125

Heat stress may have an effect on fertility and pregnancy maintenance.724,1213 But a hot environ-
ment alone seems not to affect the risk of N. caninum-associated abortion.1214,1218,2150 However, in a 
dry environment, rainfall during the second trimester of gestation was found to increase the risk of 
abortion in seropositive cows.1218,2150 The effect of rainfall is regarded as nonspecific. This observa-
tion may reflect the general susceptibility of pregnant cows to any type of stress during the second 
trimester of gestation, that is, in a period of gestation when cows are immunocompromised.976,2150 
A risk factor analysis on abortion risk in N. caninum seropositive dams in 2 Spanish dairy herds 
suggested that there was a significant relationship between rainfall and abortion. It was suspected 
that increased rainfall may pose direct and indirect stresses to cattle by elevated heat production in 
response to cold temperatures, behavioral stress, impaired food quality, and diminished hygiene.1218

A Canadian study revealed that a thin body condition (body condition score 4 or less) increased, 
together with the level of N. caninum-specific antibodies, the chance of beef cows to experience a 
reproductive failure.2063

4.4.3.3.8  Farm-Raised Replacement Heifers

Rearing dams affected by abortion and the replacement heifers on the same farm was identified 
as a putative risk factor for N. caninum-associated abortion in a case-control study conducted in 
Switzerland.860 This finding is in accord with previous findings on the infection risk in beef calves.127
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4.4.3.3.9  Demographic Factors, Proximity to a Town and Village

In a Swiss case-control study “proximity to a town or village” was observed as a putative risk 
factor for N. caninum-associated abortion.860 This observation is in accord with the findings of a 
German study which showed that herds had an increased risk of being positive in N. caninum bulk 
milk ELISA if they were located in districts or cities with a high human population density.1801 
An increased population density is correlated with a high dog density1801 which may lead to an 
increased infection risk of herds located closer to towns or cities. This may cause an increased risk 
for N. caninum-associated abortion in these areas.

4.4.3.3.10  Factors Related to Antibodies against Other Infectious Agents

Infections with agents other than N. caninum could pose stress or immune suppression to ani-
mals thus supporting the recrudescence of chronic infections or postnatal transmission.220,1962 In 
contrast, vaccination against other infectious agents could reduce the level of stress in a herd and 
thus reduce also the likelihood of N. caninum-associated abortions if stress triggers such abor-
tions.918 The effect of other infections or vaccination against other infectious agents on the risk 
of N. caninum-associated abortion is not clear. Both vaccination and infection induce antibodies 
against infectious agents and these serological responses can be used to address this question 
in epidemiological studies. However, the results of risk factor studies based on the serological 
responses to other infectious agents are often difficult to interpret because typically there is no 
(or only limited) information whether the antibodies are present because of infection or because 
of vaccination.

In an univariate analysis, a Swiss case-control study observed that herds with N. caninum-
associated abortions were more often positive for antibodies against Coxiella burnetii and less often 
positive for antibodies against BVDV, Chlamydia psittaci, and Leptospira species than the control 
herds.860 However, in a final multivariate model, positive BVD serology appeared to be the only 
putative serological risk factor for N. caninum-associated abortion at the herd level. The serostatus 
to Coxiella, Chlamydia, and Leptospira was eliminated from this final model because of the lack 
of statistical significance.

In a Dutch case-control study, no significant relationship was observed between the herd-level 
seropositivity for BVDV, BHV1, Leptospira interrogans serovar Hardjo and Salmonella enterica 
serovar Dublin, and the risk of epidemic N. caninum-associated abortion. However, among the 
aborting dams, there was a negative relationship between seropositivity to BVDV and seropositivity 
to N. caninum.141

4.4.3.3.11  Housing

In 2 studies, the type of housing had an effect on the risk of N. caninum-associated abortion. In a 
Swiss study, loose housing of cattle was identified as a putative factor increasing the abortion risk.860 
Apparently, loose housing is related to unknown management practices that increase the risk of N. 
caninum-associated abortion. For example, an association between loose housing and herd size 
was identified in a German study, because in large herds, cattle were more likely to be kept in pen 
barns.1803 However, in another study conducted in France, loose housing was identified as a factor 
that reduced the infection risk.1541

In a Canadian study, the housing of heifers on a loafing pack (a housing pen divided into feed 
manger, scrape alley, and bedded pack areas) reduced the abortion risk.918 It was assumed that some 
designs of loafing packs may hinder the access of farm dogs and that the effect is most likely associ-
ated with oocyst-mediated horizontal transmission of N. caninum to cattle.
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4.4.3.4  Factors Associated with Reproduction

The results of several studies suggest that variables related to reproduction could affect the risk 
for bovine N. caninum-associated abortion.

4.4.3.4.1  History of Previous Abortions

Congenitally infected cows which had previously aborted, had a 5.6-fold increased abortion 
risk compared to congenitally infected cows which had not experienced an abortion before.1964 
Others also observed that dams with a positive N. caninum status had an increased risk for repeated 
abortion.93,1301,1542

4.4.3.4.2  Annual Rate of Cows Returning to Estrus Post Pregnancy Check

A Canadian case-control study revealed that there was a positive association between the occur-
rence of N. caninum-related abortions in a herd and the annual rate of cattle returning to estrus 
after pregnancy confirmation.918 A high rate of early pregnancy losses could increase the chance 
for definitive hosts to have access to infectious material, increasing the rate of oocyst-mediated 
horizontal transmission. On the other hand, this result could indicate that N. caninum is not only 
associated with abortion but also with early pregnancy losses. Indeed, there are 4 other studies, 3 
from Canada with results supporting this view.1434,2057,2059,2063 In this context, cattle experimentally 
infected at day 70 of gestation by intravenous inoculation with high doses of N. caninum tachyzoites 
were more susceptible to abortion than those infected with the same dose at day 140 or 210 after 
insemination.2097 Whether N. caninum contributes to early pregnancy losses remains open because 
a number of other epidemiological studies observed no indication that N. caninum is able to cause 
early pregnancy losses.215,1010,1214,1218,1740

4.4.3.4.3  Retained Afterbirths

There are 2 studies indicating that the risk of N. caninum-associated abortion may increase with 
an increasing annual rate of retained afterbirths.141,918 Firstly, more retained afterbirths could pro-
vide more sources of infection for definitive hosts and thus increase the chance of oocyst-mediated 
horizontal transmission. Secondly, and more likely, N. caninum could not only be associated with 
abortion but also be involved in the pathogenesis of retained afterbirth.85,94 Further studies are nec-
essary to clarify this point.

4.4.3.4.4 � Using Beef Bull Semen to Inseminate Dairy Cattle, 
Lower Susceptibility of Beef Breeds

In a prospective cohort study using dairy or beef bull semen to inseminate N. caninum 
seropositive dairy cows, it was observed that the use of beef bull semen reduced the risk of abor-
tion1217 which was confirmed in another study.1218 Further studies from Spain demonstrated that 
crossbreed pregnancies efficiently reduced the abortion risk in N. caninum-infected dairy cows, 
especially if Limousin semen was used.41,2150 But also crossbreed pregnancies of seropositive 
Holstein-Friesian cattle inseminated with semen from other beef breeds (Charolais, Belgium 
Blue, and Piedmontese) led to abortion less frequently than in seropositive Holstein-Friesian 
cows inseminated with semen from Holstein-Friesian bulls.41 The positive effects of crossbreed-
ing were stronger in cows with high levels of N. caninum-specific antibodies.41 A study from 
Belgium observed that the distribution of intracerebral lesions was more extensive in aborted 
dairy than in beef fetuses.450 A Canadian study revealed that the breed of dam was significantly 
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associated with N. caninum diagnosis in aborted fetuses, with a higher prevalence in dairy ver-
sus beef breeds.2104 These results could suggest that beef breeds in general or certain beef breeds 
(e.g., Limousin) are less susceptible to N.  caninum infection than others. Results of a further 
study in Argentina support this view.1380 A more recent review, which compiled findings on N. 
caninum-associated abortions in beef and dairy cattle, concluded no significant differences in 
N. caninum-specific-abortion risk between beef and dairy cattle. This observation has to be 
interpreted with care because most dairy and beef cattle compared in this study did not come 
from the same herds or regions.1694

It was hypothesized that placental function might be favored in crossbreed pregnancies pos-
sibly via an increased concentration of pregnancy-associated glycoproteins (PAG, i.e., PAG-1 
and PAG-2).48 PAG-1 and PAG-2 are expressed in the ruminant trophectoderm from the time 
the placenta attaches to parturition.2064,2112 The precise role of these glycoproteins is unknown. 
Eventually, these PAGs interact with uterine serpins which are involved in the progesterone-
mediated uterine immunosuppression during gestation.1833 Both PAG-1 and PAG-2 levels 
undergo a sudden drop in aborting cows, thus acting as useful markers of the feto-placental 
status.727,1219,1435 In 1 study, it was shown that in N. caninum seropositive, chronically infected 
but non-aborting cows, PAG-1 concentrations during the course of gestation were not affected 
and were similar to concentrations observed in N. caninum negative cows.1219 However, PAG-1 
concentrations were affected by breed and fetal genotype irrespective of N. caninum infection 
status.724,727 PAG-1 plasma level seems to be a useful marker to monitor the feto-placental status 
in aborting animals; high levels seem to be beneficial.1219 However, PAG-1 seems to have no 
predictive capacity related to N. caninum-associated abortion.48 In contrast to PAG-1, PAG-2 
levels might be a predictive marker regarding the fate of pregnancies in persistently N. caninum-
infected pregnant dams.48 In 1 study, both N. caninum seropositivity and low plasma PAG-2 
concentrations (<4.5 ng/mL) on day 120 of pregnancy were associated with the likelihood of 
abortion.726

4.4.3.4.5  Use of Calving Pen to Hospitalize Sick Animals

In a Dutch case-control study, it was observed that herds on farms where the calving pen was 
also used to hospitalize sick animals had a higher risk of having a recent N. caninum-associated 
abortion epidemic than other herds.141 The biological significance of this finding is not clear. It is 
very unlikely that N. caninum is transmitted horizontally among adult cattle, for instance via the 
exposure to placenta or uterine effusions.1795 To date, all experiments aimed at infecting adult cattle 
or calves via oral ingestion of placental material from seropositive animals failed.434 Therefore, it 
has to be assumed that the factor “calving pen used to hospitalize sick animals” was possibly linked 
to another as yet not identified risk factor.

4.4.3.4.6  Attendance of Cattle Shows

In a Dutch case-control study, it was observed that herds which had attended cattle shows during 
the previous 2 years had a reduced risk of N. caninum-associated abortion epidemics.141 Possibly 
this factor is negatively associated with the factors “rearing of own replacement heifers”127 or “rear-
ing the dams affected by abortion and replacement heifers on the same farm”860 because the atten-
dance of cattle shows could indicate that a higher proportion of replacement heifers come from 
external sources. “Rearing own replacement heifers” was identified as a potential risk factor for a 
high N. caninum seroprevalence in beef cattle127 and “rearing the dams affected by abortion and 
replacement heifers on the same farm” was identified as a putative risk factor for N. caninum-
associated abortion in a Swiss case-control study.860
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4.5  ECONOMICS AND CONTROL OF BOVINE NEOSPOROSIS

4.5.1  Economic Considerations

The major economic impact of neosporosis is caused by reproductive failure in cattle. Fetal 
death represents direct costs. However, other indirect losses increase the overall expenses for farm-
ers, such as expenses for professional help and diagnosis, or lengthened intervals for rebreed-
ing and replacement of culled cows, reduction of milk yield and reduced weight gain in infected 
animals.603,607,1525,1992 However, the latter 2 are controversial: with respect to milk yield, different 
studies indeed showed a reduction,897,1973 whereas others indicated increased1603 or not signifi-
cantly different833,917 milk production. The same accounts for weight gain: reduced post-weaning 
weight gain in seropositive calves due to poor feed efficiency was observed,126,127a but no differ-
ence in weight gain between seropositive and seronegative calves was observed in more recent 
studies.916,1404 Other factors that may impact on the economic effects of N. caninum may include 
differing genetics and susceptibilities of cattle, different herd management practices, nutrition, and 
the possibility of concurrent infection with other infectious agents that has not been fully evaluated 
nor consistently presented in published studies.127,1691,1694,1695

It is difficult to have a reliable global overview of the economic losses caused by abortions due to 
N. caninum. A comprehensive calculation based on the review of 99 publications from 10 countries 
estimated the median losses of N. caninum-induced abortion to be in excess of US$ 1.298 billion 
per year, with two-thirds incurred by the dairy cattle, and one-third by the beef cattle industry.1694 
The global costs were estimated to US$ 852.4 million in North America (65.7%) (USA, Canada, and 
Mexico), US$ 239.7 million in South America (18.5%) (Brazil and Argentina), US$ 137.5 million 
in Australasia (10.6%) (Australia and New Zealand), and US$ 68.7 million in Europe (5.3%) (The 
Netherlands, Spain, and UK).1694

Different patterns of Neospora-associated abortion occur: epidemic and endemic (including 
sporadic). The epidemic pattern is defined by temporary abortion outbreaks.431 Epidemic abor-
tions are due to primary infection of previously uninfected dams exposed at almost the same 
time to a single source of contamination.1314 This pattern can result in a large proportion (>10%) 
of pregnant cows aborting over a short period of time.607 These abortion storms are generally 
viewed as very costly and sometimes devastating to the farmer. In the endemic pattern, the abor-
tions happen intermittently for months or years and are due in part to persistently infected dams 
that transplacentally transmit the parasite to their progeny.833 A low background level of postnatal 
(horizontal) transmission continuously occurring in endemically infected herds also may con-
tribute to N. caninum-associated abortion in these herds and this background level of horizontal 
transmission seems to be favored by the presence of dogs.146 The prevalence in dogs shows a 
correlation with the prevalence in cattle.575 Although a sylvatic cycle for N. caninum has been 
demonstrated,786,1747 its importance as a reservoir for the transmission to domestic animals has 
not been definitely elucidated, but seems to be of minimal significance at a large scale, although 
it can be significant locally.1068,1070

Other factors that could have an influence on the infection risk are, for example, the presence 
of other intermediate hosts, the feeding mode of cattle, coinfections, vegetation index, climate, size 
of farmland, calving management, and feeding colostrum or milk.607,614 Seroprevalences in beef 
herds are usually lower than in dairy herds, but this may be due to different farm management prac-
tices144,1390 rather than breed-related susceptibility.634 However, some studies found different rates of 
abortion and immune responses between different breeds of cattle.84,1757,1776

In order to diminish the costs of N. caninum infections within herds, different strategies have 
been proposed, depending on the country or region, infection rate, and associated risk factors.607 
Culling productive cattle is expensive. In farms with endemic abortions, the identification of 
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infected animals and to cull or selectively breed them may represent an option to avoid further costs 
due to neosporosis. To avoid epidemic abortions, the contact between definitive hosts and cattle has 
to be avoided and contamination of food and water by feces containing oocysts must be carefully 
controlled.607 There are also standard measures that can be applied to prevent the introduction of 
new infection sources in a herd. Replacement heifers or cows should be tested for N. caninum or 
purchased from disease-free herds. Access of dogs and wild animals to the housing zone, barn, 
water where cattle drink, and feed storage as well as to potentially infected tissue from intermediate 
hosts has to be avoided. A control of rodents in the farm area could also reduce the dogs’ infec-
tion risk although the importance of rodents as sources for canine infection needs to be further 
studied. Reproductive management could also reduce the costs of infection in a herd (reviewed in 
Reference 607). The 2 methods of reproductive management that have proven to reduce vertical 
transmission are the transfer of embryo from infected dams to uninfected recipients,111,1115 although 
care should be taken to avoid contamination from the ovarian follicle,1856 and the insemination of 
seropositive dairy dams with beef bull semen.41,1217,1856 Indeed, crossbreeding was shown to have a 
favorable effect on the placental protective function, presumably through higher concentration of 
PAG and other associated factors.1217,1435,1436,1833 However, the most effective option is not always 
the most economic one and a detailed and adapted economic study as to be made specifically 
for each case before deciding on a strategy.858,860,1121,1689 Moreover, it is important to constantly 
recalculate the economics of the strategy to be in agreement with fluctuating prices.1691 With all 
control strategy studies, it was never possible to reach a seroprevalence of zero, because of the 
existence of the horizontal transmission. In order to eradicate N. caninum, it would be necessary 
to control both transplacental transmission within a herd as well as horizontal transmission.859,1316 
Chemotherapeutic treatment of Neospora-seropositive animals has not been regarded as an eco-
nomically viable option. Depending on the compounds used, milk or meat from drug-treated ani-
mals would remain unacceptable for consumption for some time.607 Nevertheless, experimental 
studies have revealed potentially interesting effects of several compounds in vitro and in vivo in lab-
oratory animal models. Many of the promising compounds originate from repurposing approaches 
and have been studied by cell culture-based screening methods.1421,1422 A target-based screening 
approach has been used to identify inhibitors of calcium-dependent protein kinase 1 (CDPK1), 
which is conserved almost exclusively within the group of apicomplexan parasites including also 
Plasmodium, Toxoplasma, Cryptosporidium, Sarcocystis, and others, but most studies have been 
performed in small laboratory animals and only few in the actual target hosts such as cattle. On the 
other hand, vaccines have the advantage of presenting no risk of long-lasting residues in the meat or 
milk. It was also demonstrated that vaccination makes economic sense in case of high prevalence of 
the disease.856–859,1687,1693,1695,1697 Therefore, an efficient vaccine that prevents N. caninum infection 
is needed and would fill an empty market field.928

4.5.2  Vaccination against Neosporosis in Cattle

The only licensed Neospora vaccine was Bovilis Neoguard®, which was composed of a tachyzo-
ite lysate, and was available in selected countries for several years. However, this vaccine had only 
moderate efficacy in field trials,1739 and 1 study suggested that vaccination itself could increase the 
risk of early embryonic death.2087 Thus, this vaccine was withdrawn from the market. Vaccine tri-
als against neosporosis in cattle, employing either live-attenuated strains or subunit vaccines, are 
compiled in Table 4.14.

4.5.2.1  Live-Attenuated Vaccines

Nc-Nowra was the first live-attenuated N. caninum strain that was experimentally assessed. 
It was demonstrated that live vaccines can protect against fetal death.2100 For this, animals were 
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Table 4.14 � Vaccine Studies against Neosporosis in Cattle

Vaccine Set Up Results References

N. caninum tachyzo-
ites (killed)

Pregnant cattle, vaccinated twice 
by combined IV/IM inoculation 
of tachyzoite extract formulated 
in POLYGEN adjuvant. 
Challenge during pregnancy

High humoral immune responses 
in vaccinated cattle, no protection 
against abortion and fetal 
infection

75, 76

N. caninum tachyzo-
ites (Bovilis 
Neoguard™)

Field trial with dairy cattle. No 
challenge

Reduction of abortion from 20% in 
the placebo group to 11% in the 
vaccinated group

1739

NC-Nowra (naturally 
attenuated live 
vaccine strain)

Cattle vaccinated IV 90 days 
prior to pregnancy, challenged 
with Nc-Liv at day 70 of 
gestation

Cattle immunized with live 
tachyzoites had strong cellular 
and IFN-γ responses prior to 
challenge, and this correlated 
with protection against fetopathy. 
Dams vaccinated with Nc-extract 
were not protected

2100

N. caninum tachyzo-
ites (Bovilis 
Neoguard)

Clinical trial on 5 dairy farms 
(SC, 2x, 4-week intervals)

Vaccination increases the risk of 
vertical transmission. In 1 of 5 
herds, vaccination reduced 
abortion

2087

Native N. caninum 
antigens formulated 
in ISCOMs and live 
Nc6 vaccine strain

Pregnant heifers, immunized 
with live Nc-6 Argentina or 
antigen extract formulated with 
ISCOM (SC, 2x). Challenge 
with NC1 at day 70 of 
gestation. Termination of 
experiment at day 104 of 
gestation

Reduced vertical transmission 
through live vaccination, but not 
through vaccination with antigen 
extract

866

N. caninum tachyzo-
ite extract

Cattle, aqueous tachyzoite 
extract at various concentra-
tions with soybean-based 
adjuvant (2x). No challenge in 
first experiment, or infection at 
days 78 or 225 of gestation in 
second study

Increased IgG1 and IFN-γ levels in 
vaccinated animals as compared 
to controls. Stimulation of 
CD4(+)-T-cells. High systemic 
IFN-γ levels did not interfere with 
pregnancy

1270, 1271

N. caninum tachyzo-
ites (naturally 
attenuated live 
vaccine strain 
NcSpain H1)

Seronegative heifers, vaccinated 
with Nc-Spain H1 (2x), 
challenge with NC1 post 
mating (2x)

Strong IgG and IFN-γ responses 
post immunization. No fetal loss 
in immunized but not challenged 
heifers. In challenged heifers, 
50% protection against fetal loss

1732

N. caninum tachyzo-
ites (live or frozen 
Nc-Nowra)

Cattle, 96 seronegative animals, 
immunized with Nc-Nowra (SC 
or IV, 1x), either live or from 
frozen stocks, prior to mating. 
Pregnant heifers were 
challenged with Nc-Liv.

Protection against abortion by 
vaccination, with live tachyzoites 
IV 85%, with cryopreserved 
tachyzoites 30%

2078

GRA7 (recombinant 
antigen)

Nonpregnant cattle, NcGRA7 
(50 and 200 µg) entrapped in 
oligomannose microsomes (sc, 
2x). Challenge with NC1 isolate 
27 days after last boost. 
Euthanasia at 85–87 DPI

IgG and IFN-γ levels increased as 
compared to controls. Lower 
parasite load in brains in cattle 
immunized with 50 µg

1482

SAG1+HSP20+GRA7 
(recombinant 
antigens)

Pregnant heifers, immunized 
with recombinant proteins 
formulated with ISCOM (SC, 
2x). Challenge with NC1 at day 
70 of gestation. Experiment 
terminated at day 104 of 
gestation

Immune responses against 
antigens. No IFN-γ response. No 
protection against vertical 
transmission

867

(Continued)
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IV inoculated with 107 Nc-Nowra tachyzoites 9 weeks prior to artificial insemination in order to 
establish a chronic infection. Strong antibody responses and strong cellular and IFN-γ responses 
were noted prior to challenge. Experimental challenge was done IV with 107 Nc-Liv tachyzoites 
at day 70 of gestation. The protective efficacy of a naturally attenuated N. caninum isolate, the 
Nc-Spain1H isolate, was demonstrated.1732 In these experiments, heifers were immunized SC twice 
with 107 live Nc-Spain1H tachyzoites prior to artificial insemination. Upon challenge with NC1 
at day 70 of gestation, protection of 50% against fetal death was noted. When challenge was per-
formed at mid-gestation (day 135), calves from immunized heifers had significantly lower preco-
lostral Neospora-specific antibody titers compared to calves from the non-immunized/challenge 
group. An Argentinian isolate, Nc-6 Argentina, was compared with native Nc-6 Argentina antigen 
extract formulated in ISCOMs (both applied prior to mating), followed by IV challenge with the 
NC1 isolate also on day 70 of gestation.866 A significant increase in N. caninum antibody responses 
was detected in the heifers of both groups prior to challenge, and IFN-γ responses were similar as 
well. The experiment was terminated at day 104 of pregnancy, and all fetuses were viable at that 
time point. PCR detected transplacental transmission in 1 of 4 fetuses from the live-vaccinated 
group, and in 3 of 4 fetuses of the group vaccinated with the ISCOM formulation. More recently, 
a live vaccine isolate (NcIs491) was assessed in a field trial comprised of 520 pregnant and N. 
caninum seropositive cows, of which 146 were vaccinated at mid-gestation and 374 served as con-
trols.1302 A significantly lower incidence of abortion was observed in vaccinated (16%) compared to 
non-vaccinated cows (26%), resulting in a vaccine efficacy of 39%. However, the number of sero-
positive offspring remained similar in both groups and it remains to be clarified to which extent the 
vaccine strain caused this infection in the offspring of vaccinated dams.

4.5.2.2  N. caninum Tachyzoite Lysate-Based Vaccines

The first antigen formulation to be assessed as a vaccine against experimental N. caninum infec-
tion in cattle was a POLYGEN-adjuvanted killed Neospora tachyzoite preparation.76 The rationale 
behind this experiment was that cattle immunized with this formulation were previously shown 
to produce interferon IFN-γ at levels similar to those of tachyzoite-infected cattle. Heifers were 

Table 4.14 (Continued) � Vaccine Studies against Neosporosis in Cattle

Vaccine Set Up Results References

SAG1+HSP20+GRA7 
or live NC-6 
Argentina vaccine 
strain

Pregnant heifers, immunized 
with recombinant proteins 
formulated with ISCOM (SC 2x) 
or with live NC-6 Argentina 
strain. Challenge with NC1 at 
day 70 of gestation

Analysis of CD3(+), CD4(+), γδ-T 
cells, CD8(+) cells and macro-
phages, and expression levels of 
IFN-γ, IL-4, IL-10, IL-12, and 
TNF-α. Strongest cellular immune 
responses were observed in the 
placentomes of non-vaccinated 
animals and those that were 
immunized with inactivated 
vaccines

868

N. caninum tachyzo-
ites (live NcIs491 
vaccine strain)

Field study with 520 pregnant, 
seropositive heifers; 146 were 
vaccinated, 374 controls

Lower incidence of abortion in 
vaccinated as compared to 
control cows, with overall vaccine 
efficacy of 39%

1302

Soluble fraction of N. 
caninum tachyzoite 
lysate and a 
soy-based aqueous 
adjuvant (sNcAg/
AVEC)

10 pregnant heifers were 
vaccinated twice during the first 
trimester of gestation and 8 
remained unvaccinated. No 
challenge infection

High antibody and IFN-γ 
responses in vaccinated animals 
without any influence on 
pregnancy outcome

1271
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immunized at days 35 and 63 of gestation and were challenged at day 91 of gestation. Immunization 
appeared to induce high IgG1 responses, elevated lymphoproliferative responses and IFN-γ produc-
tion. However, following tachyzoite challenge, the cellular immune response dropped to undetect-
able levels, and fetal infection was not inhibited.

A study in Costa Rica investigated the effect of Bovilis Neoguard, on the crude abortion rate 
of dairy cows under field conditions, and results indicated a reduction of abortion from 20% in the 
placebo group to 11% in the vaccinated group.1739 Subsequently, the efficacy of Bovilis Neoguard™ 
was reinvestigated by carrying out clinical trials in 5 dairy cattle farms in New Zealand, all of which 
had a history of N. caninum abortions. Cattle enrolled in these trials at days 30–60 of gestation were 
vaccinated at 4 week intervals. The conclusion of this study was that vaccination after conception 
prevented 61% of abortions in 1 of 5 herds, but increased transplacental transmission occurred, and 
results indicated that vaccination may have increased the risk of early embryonic death.

Another approach has been to formulate total antigen extract into ISCOMs. This formulation 
was injected into seronegative calves and the immune response and blood parasitemia was assessed 
following challenge with N. caninum tachyzoites. The protective effect of the vaccine was not 
assessed, but higher antibody titers and similar IFN-γ production were observed in those calves 
that had received the antigens with ISCOMs compared to those that had received live parasites as 
an immunization dose.866

Recently, the safety and immunogenicity of a soluble native N. caninum tachyzoite-extract 
vaccine formulated with a soy lecithin/β-glucan adjuvant in pregnant cattle was reported.1271 This 
formulation had previously been shown to be protective in the mouse model and induced strong 
IFN-γ responses and high avidity antibodies in nonpregnant cattle.1270 The vaccine was used during 
the first trimester of pregnancy, and anti-N. caninum immune responses were efficiently primed 
by vaccination. Infection was carried out at days 78 or 225 of pregnancy, and the high systemic 
IFN-γ levels that were induced did not interfere with pregnancy. However, protection against verti-
cal transmission was not reported in this study.

4.5.2.3  Subunit Vaccines

In 1 study, nonpregnant cattle were immunized SC with recombinant NcGRA7 entrapped in 
oligomannose microsomes (M3-NcGRA7) twice with a 4 week interval.1482 Challenge infection 
with 107 NC1 tachyzoites was done 27 days after the second immunization, and animals were eutha-
nized at days 85–87 PI. NcGRA7-specific antibody production and IFN-γ production in PBMC was 
induced in vaccinated animals prior to challenge, and the parasite load in the brain was significantly 
decreased in cattle immunized with 50 μg M3-NcGRA7 compared with controls.

Another study was performed in pregnant animals and addressed transplacental transmission.867 
The bacterially expressed and purified recombinant antigens rNcSAG1, rNcHSP20, and rNcGRA7 
were formulated with ISCOMs, and inoculated into heifers prior to mating. Immunogens were SC 
administered twice, with 1 group receiving all 3 antigens, 1 only ISCOMs, and 1 receiving sterile 
PBS only. Challenge was done at day 70 of gestation employing the NC1 isolate. The vaccinated 
groups had high antibody responses prior, and even more increased responses after, challenge, but 
there were no differences in IFN-γ production among the experimental groups at any point in time. 
Analysis of the fetal tissues showed that despite a clear humoral immune response, vaccination had 
failed to prevent fetal infection.

In a follow-up study,868 the cell-mediated immune responses in the placenta of heifers that 
were vaccinated with this combined recombinant antigen ISCOM formulation were analyzed and 
compared with the corresponding immune responses of heifers vaccinated with either live Nc-6 
Argentina tachyzoites or Nc-6 Argentina antigen extract ISCOM formulation. CD3(+), CD4(+), γδ-T 
cells, CD8(+) cells, and macrophages were analyzed,868 as well as expression levels of IFN-γ, IL-4, 
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IL-10, IL-12, and TNF-α. Strongest cellular immune responses were observed in the placentomes 
of non-vaccinated animals and those that were immunized with inactivated vaccines. Animals vac-
cinated with live tachyzoites showed a milder immune cell infiltration to the placenta, possibly due 
to the existence of a protective systemic maternal immune response that helped to minimize N. 
caninum infection at the maternal-fetal interface.

Based on studies in mice which had demonstrated that vaccination with recombinant N. cani-
num profilin (rNcPRO) resulted in limited protection and a profound regulatory T cells response,1273 
the immune response against rNcPRO and rNcPRO fused to functional T cell epitopes of vesicular 
stomatitis virus glycoprotein G (rNcPRO/G) was analyzed in cattle.1272 In addition, the 2 recombi-
nant antigens were also mixed with TLR2 and TLR9 agonists. Vaccination of cattle with rNcPRO 
elicited only IgM antibodies, while antibodies in rNcPRO/G-vaccinated animals switched to IgG1 
after the booster. The vaccine formulated with rNcPRO/G and TLR agonists improved the produc-
tion of systemic IFN-γ and induced long-term recall B cell-responses, rendering this formulation 
interesting for further studies in pregnant cattle.

4.5.3  Reproductive Management

The following measures have been suggested to reduce the economic losses related to endog-
enous transplacental transmission in infected herds:

	 1.	 Embryo transfer. Transferring embryos that are taken from infected dams into uninfected animals 
will prevent endogenous transplacental transmission of N. caninum.111 Only seronegative cows 
can act as recipients, thus pretransfer testing of recipients for infection with N. caninum is highly 
recommended. None of the 70 fetuses or calves born to seronegative cows that received embryos 
from seropositive donors were infected with N. caninum. In contrast, 5 of 6 calves resulting from 
embryo transfer from seronegative animals to seropositive cows were infected with N. caninum.111 
These findings were confirmed in another study1115 that used commercial embryo transfer proce-
dures. Another report showed that the zona pellicula protects preimplantation stage bovine embryos 
against N. caninum invasion,199 which opens up the possibility to use this technique to recover 
uninfected calves from genetically valuable but N. caninum-infected dams. This is a great strategy 
for those uncommon instances in which there is a genetically highly valued cow with a neosporosis 
problem. This can allow them to recover the uninfected blood line. But this is an impractical very 
expensive strategy for the average dairy cow.

	 2.	 Artificial insemination of seropositive dairy cows with semen from beef bulls could have a benefi-
cial effect on placental function due to crossbreeding. As shown in a study conducted in Spain in 2 
high-producing dairy farms with a mean seroprevalence of 28%, insemination of these cows with 
beef bull semen resulted in a marked reduction of abortion.1217

	 3.	 “Test-and-cull” as an approach to eliminate seropositive cattle. N. caninum-infected cows within a 
herd represent a reservoir that may allow parasite transmission to other cattle, either vertically to 
their offspring, or by horizontal spread through the presence of a definitive host, such as via ingestion 
of feedstuff or water contaminated with oocysts. As a consequence, farmers may decide to remove 
infected cows or their progeny from the herd. The culling of infected cows is a control option that 
is effective, but not always economically viable. The following options are included in this strategy: 
(i) test and then remove seropositive dams or seropositive aborting dams from the herd, (ii) testing 
for seropositivity, followed by insemination of the progeny of seropositive dams only with beef bull 
semen, and (iii) test and exclude the progeny of seropositive dams from further breeding. Success 
was reported using these options.833 Moreover, simulation models in endemically infected herds of 
beef cattle provided estimates on the economic return after using different “test-and-cull” strategies 
such as culling females that fail to calve, selling seropositive females and purchasing seronegative 
replacements, and excluding the female offspring of seropositive dams as potential replacements. 
In this model, testing of the entire herd and excluding the female offspring of seropositive dams as 
potential replacements appeared as the economically most factorable option return.1121 Importantly, 
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these approaches can only be considered for herds with predominantly endogenous transplacental 
transmission of N. caninum, and only seronegative cattle should be used as replacements. Prior to 
adopting a “test-and-cull” strategy, it is important to analyze the risk factors for infection, such as 
whether endogenous transplacental transmission or the presence of dogs or other domestic or wild-
life reservoirs,826 is the main route of transmission, and a cost-benefit analysis for each farm should 
be performed prior to choosing any of these options. Cost-benefit analyses are to be performed using 
specialized computer programs.

	 4.	 Protection of feedstuffs and water from contamination by canid feces is the most economical control 
factor for housed cattle.
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Chapter  5

Neosporosis in Dogs

5.1  NATURAL INFECTIONS

5.1.1  Sources of Infection and Transmission of N. caninum for Dogs

As reviewed in Chapter 2, the main sources of N. caninum infections in dogs are related to 
ingestion of tissue cysts in prey or food. How dogs acquire N. caninum infections in nature is not 
fully understood.

Vertical transmission of neosporosis was first recognized in 3 successive litters from a bitch in 
Norway in 1984.205,529 In a retrospective study, a congenitally infected German Shorthaired Pointer 
bitch from Ohio, USA transmitted infection to its progeny in 1957541 resulting in the description 
of the most severe outbreak of neosporosis identified to date.541 Transplacental transmission has 
also been confirmed in experimentally infected dogs.362,533 In most cases of neonatal neosporosis, 
clinical signs are not apparent until 5–7 weeks after birth.564 These data suggest that N. caninum 
is transmitted from the dam to the neonates during the terminal stage of gestation. A postnatal 
transmission via milk is not excluded. Overall, only a small proportion of dogs acquire N. caninum 
infection prenatally.124,564,602 Recently, N. caninum DNA was detected in tissues of 22 of 41 (53.6%) 
stillborn puppies from 5 seropositive bitches.1936a This report needs confirmation because stillbirths 
due to neosporosis has not been confirmed in natural infections in dogs.

Feeding on infected intermediate host tissues is most likely responsible for postnatal infections 
in carnivores. In 1 report, 51% of 300 foxhounds fed bovine carcasses were found to have N. caninum 
antibodies.1993 While consumption of aborted bovine fetuses does not appear to be an important 
source of N. caninum infection in dogs,195,318,497 the consumption of bovine fetal membranes was 
shown to be a source of N. caninum infection. The parasite has been found in naturally infected 
placentas196,689,1849 and dogs fed placenta from freshly calved seropositive cows excreted N. caninum 
oocysts.493 It has been amply demonstrated that dogs can become infected by ingesting N. caninum-
infected tissues. A large variety of tissues from naturally and experimentally infected ruminants 
including tissues from cattle, water buffaloes, goats, sheep, rodents, and also embryonic chicken can 
be infectious.116,314,493,715,780,785,1067,1187,1309,1579,1797 Whether they can become infected by the ingestion 
of oocysts is not completely known but likely; dogs inoculated with oocysts seroconverted but did 
not excrete oocysts and N. caninum was not demonstrated in their tissues.116

5.1.2  Serologic Prevalence

Serological prevalences of N. caninum in the general canine population indicate that subclinical 
neosporosis is common worldwide (Table 5.1). Many of these serological studies were conducted 
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in relation to dogs as a source of infection for livestock. Thus, data are biased. Risk factors for 
N. caninum infection are discussed as follows.

5.1.2.1  Risk Factors for Infection in Dogs

Several studies have identified factors that may influence the seroprevalence found in dogs 
(Tables 5.1 and 5.2); main factors are summarized below:

	 1.	 Age: The fact that N. caninum seroprevalence increases with age in dogs (Tables 5.1 and 5.2) sug-
gests that most of these dogs became infected postnatally, most likely by the ingestion of tissue cyst 
containing material from intermediate hosts. However, only a small portion of dogs seroconvert and 
develop antibodies against N. caninum tachyzoites (Table 5.8).

	 2.	 Gender: Gender effects have been only observed in a few studies (Tables 5.1 and 5.2). 
Since N. caninum is well adapted to vertical transmission, it is not unlikely that also in female gravid 
dogs, there is a reactivation of N. caninum during gravidity. This was addressed in a study from 
Denmark. Neospora antibodies increased markedly during gestation in a pregnant bitch, suggesting 
that there is parasitic recrudescence during pregnancy.1667 Other studies have shown that non-spayed 
female dogs were significantly more often seropositive than males,610,803,1103,2126 but there is also 1 
reference reporting the opposite.2156

	 3.	 Breed: A few studies showed that crossbred or mongrel dogs have a higher risk of being sero-
positive.248,410,756 Others observed higher seroprevalences in particular breeds (Siberian Huskies in 
Japan1103 and the Boxer breed in Italy397) or an increased risk in purebred versus crossbred.298 These 
findings remained unexplained and it is possible that these singular observations are not related to 
the higher susceptibility of particular breeds.

	 4.	 Presence of intermediate hosts of N. caninum: Cattle farm dogs have a significantly higher risk 
of being positive compared to household, urban, rural, and guard dogs or even rescue kennel dogs 
(Tables 5.1. and 5.2), and dairy farm dogs have a higher infection risk than beef farm dogs,410 pos-
sibly due to the closer contact with animals. Higher seroprevalence ratios in farm dogs are related to 
farms with an abortion history,757,1486 or a higher N. caninum seroprevalence in cattle.1676,2126

		    Also dogs from sheep farms have an increased risk of being seropositive relative to household or 
urban dogs827; but still continue to be less so than in those from cattle farms.679 There is an excep-
tion in which farm dogs were significantly less often positive than dogs from sheep–beef farms in 
New Zealand.81

		    Cats are not important intermediate hosts of N. caninum1310: Thus, there is no explanation for 
observations that the presence of cats1667 significantly increased the risk of dogs becoming seroposi-
tive for N. caninum. Chickens are regarded as intermediate hosts of N. caninum based on serological 
and PCR examinations.390 The importance of chicken and other domestic poultry in the life cycle of 
N. caninum is unknown. However, the presence of domestic poultry significantly increased the risk 
of dogs becoming seropositive for N. caninum248 (Table 5.2).

	 5.	 Habitat: Not unexpectedly dogs from an urban area have a generally lower risk of being infected 
as compared to dogs from a rural or periurban area (Tables 5.1 and 5.2). Interestingly, in the case of 
urban dogs from Araçatuba, São Paulo state, Brazil dogs that were kept on soil or lawn had a higher 
risk of being seropositive as compared to dogs which were kept on a concrete floor.245 Possibly, dogs 
kept on soil or lawn have a better chance to have access to prey, and contamination with N. caninum 
oocysts may persist for longer on soil.

	 6.	 Type of dogs: Street dogs as well as dogs which have access to the street are at higher risk 
(Table 5.2),191,745 directly because they have access to food outside (point “7” of this list), including 
waste or prey animals. It is likely that dogs that hunt, or feed on tissues of domestic or wild animals 
become exposed to N. caninum. Many wild animal species are suspected as intermediate hosts of 
N. caninum (summarized in Chapters 9 through 18).

	 7.	 Feeding/access to food: Dogs with access to or fed on raw material from intermediate hosts of N. cani-
num had an increased risk for seropositivity (Tables 5.1 and 5.2). This included aborted fetuses or pla-
centa,1486,1676 raw meat including also beef1099,1570,1676 and milk,1853 which represent sources for which 
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a possible transmission has been shown by experimental studies. In farms in which carcasses of dead 
cattle are properly removed, dogs presented a significantly lower risk of seropositivity.410

		    In addition, also dogs fed with noncommercial food, dogs which have access to food outside their 
home, and dogs which are hunting had an increased risk to be N. caninum seropositive.1486,1853 Dogs 
that hunt or feed on animal species which are suspected to be intermediate hosts of N. caninum may 
become infected and develop antibodies. Rodents (rats and mice),679,949,960,1008,1336,1338 lagomorphs 
(rabbits),954,2166 insectivores (shrews),1338 or domestic and wild birds2,390,426,520,789,1762 are suspected to 
be intermediate hosts of N. caninum based on PCR results or on PCR and IHC results1336 (see Table 
2.2 in Chapter 2).

	 8.	 Coinfections: Several studies on N. caninum seroprevalence in pet dogs observed that the likeli-
hood of Leishmania infantum positive dogs being N. caninum antibody positive was higher than 
in L. infantum negative dogs.396,397,748 Such an association has been also reported for hunting and 
stray dogs.369 There is no evidence that an infection with L. infantum, or other infectious agents 
(Table 5.1) increases the susceptibility for N. caninum or vice versa. In such cases, most likely there 
are common risk factors associated to habitat which favor coinfections.

	 9.	 Other factors: In an observation from Algeria,756 vaccinated dogs had a significantly lower sero-
prevalence as compared to non-vaccinated dogs, this is related to the level of attention provided 
by owners, so such dogs are fed regularly with a known source. Also, in the same study,756 a 
seasonal effect is reported, with higher seroprevalence in dogs sampled in summer, climatic 
conditions might influence the survival time of excreted oocysts, but also the availability and 
the abundance of infected intermediate hosts. Similar effects were observed for T. gondii in 
cats.9,1809

5.1.3  Prevalence of N. caninum Oocysts in Dog Feces

As dogs play both the role of definitive and intermediate host in the life cycle of N. caninum, 
they are the key element in the epidemiology of the disease. Although serological prevalence is 
high in both dogs and intermediate hosts, prevalence of dogs excreting oocysts is low at a moment. 
Surveys on the prevalence of N. caninum-like oocysts in feces of dogs are summarized in Table 2.3 
(see Chapter 2). N. caninum-specific methods should be used to differentiate oocysts from those of 
Hammondia heydorni and other related parasites.

5.1.4  Isolation of Viable N. caninum from Dogs

Current information regarding isolation of viable N. caninum from either tissues (clinical 
cases and asymptomatic dogs) or feces has been summarized in Tables 2.3 (see Chapter 2) and 5.3. 
Molecular data are provided for future epidemiological studies.

5.1.5  Clinical Infections

Worldwide reports of clinical canine neosporosis are summarized in Tables 5.4 through 
5.6. Serological prevalence data indicate that N. caninum infections are common but clinical 
disease is relatively rare. Why some dogs develop clinical neosporosis whereas most remain 
asymptomatic needs clarification. Whether the severity of clinical disease is related to para-
site virulence or host susceptibility, or a combination of both, is unknown. Currently, 26 via-
ble isolates of N. caninum have been cultured: 11 from feces (Table 2.3, Chapter 2) and 15 
from tissues (Tables 5.3 through 5.5). Most of them are derived from dogs with clinical illness. 
At present, there are no pathogenicity-related genetic markers to distinguish different strains 
of N. caninum.167,614 Clinical neosporosis is most common in young, very old, and immuno-
suppressed dogs (Tables  5.4 through  5.6). Administration of exogenous glucocorticoids can 
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exacerbate neosporosis708,719,735,927,1111,1133,1521 or neosporosis is associated to other disease such 
as lymphosarcoma,562 or traumas.920

Although overlaps exist, 4 forms of canine neosporosis can be differentiated (Table 5.6)617,​1098,1749,1956:

	 1.	 The most severe signs are seen in transplacentally infected puppies that develop ascending rearlimb 
paresis and paralysis, with rigid contracture of the muscles of the pelvic limbs, often including mus-
cle atrophy (Figures 5.1a and 5.2). Initial symptoms often start in the first weeks of life. The majority 
of these dogs are 2 months old at diagnosis, most likely prenatally infected dogs, N. caninum has 
a tropism for the lumbosacral spinal nerve roots. Polyradiculoneuritis and polymyositis, eventually 
including meningoencephalomyelitis, are typical.

	 2.	 Adult dogs may suffer from a non-generalized neosporosis and may develop a wider range of 
manifestations, predominantly including encephalitis, meningoencephalomyelitis, or myositis. 
Paraparesis is the most common neurological sign, but seizures, abnormal behavior, and vestibular 
dysfunction can also occur. Signs of myositis include stiff gait, weakness, and pain or atrophy of 
skeletal muscles. Almost any other organ can be involved, including the lungs, liver, eyes, and heart 
(Figure 5.1c).

	 3.	 In some dogs, a multifocal, systemic dissemination affecting a variable number of organs, other than 
the CNS, is observed.

	 4.	 In addition, there are several case reports on polygranulomatous N. caninum dermatitis with or with-
out a systemic dissemination of the parasite into other organs. Dermal neosporosis affects mainly 
adult dogs (Figure 5.1b).

Some of the factors that may affect clinical infections are

	 1.	 Age: The most severe cases of neosporosis occur in young congenitally infected pups (Tables 5.5 
and 5.6). Although stillbirths and neonatal deaths have been reported in littermates of pups with 
confirmed neosporosis (Table 5.5), the youngest pups with verified neosporosis were 8 and 12 days 
old.1636 Necropsy examinations were performed on 2 of the 4 pups born by Caesarean section. Both 
pups had generalized neosporosis with N. caninum demonstrated in histological sections of their 
lungs, livers, hearts, adrenal glands, and kidneys. Among the 27 Neospora-infected dogs reported 
in Reference 120, there was a 2-day-old pup diagnosed by IHC, but no additional details were 
provided. Young dogs develop pelvic limb paresis (Figure 5.2) that becomes progressive paralysis. 
Rarely, all littermates are affected. The earliest clinical sign may be limping or dragging of 1 limb 
or sudden lameness.573,608 The pelvic limbs are more severely affected than the thoracic limbs and 
often have rigid hyperextension.120,402 Some dogs learn to sit and to use their thoracic limbs, and are 
able to hop for months. A Labrador617 lived for 5 years after initial clinical signs noticed at 3 months 
of age. During the 5 years, the dog had persistent N. caninum IFAT titers of 800 or higher.617

		    Subclinically infected bitches can transmit the parasite to their fetuses, and successive litters 
from the same bitch may be born infected or skip a generation among infected litters.124,209,210,541,870 
At what stage of gestation N. caninum is transmitted from bitch to the fetus is unknown. In most 
cases of neonatal neosporosis, clinical signs are not apparent until 5–7 weeks after birth (Tables 5.4 
through 5.6). These data suggest that N. caninum is transmitted from the dam to the neonates toward 
the terminal stages of gestation or postnatally via milk. Vertical transmission of N. caninum in dogs 
is considered highly variable and not likely to persist in nature in the absence of horizontal transmis-
sion of infection.124 Pups may have a variety of neurological signs from hyperexcitability to com-
plete stupor and the dysfunction reflects the area of CNS involvement. Other dysfunctions which 
occur include difficulty in swallowing, paralysis or stiffness of the jaw,120,166,863 muscle flaccidity, 
and muscle atrophy. In some cases, the severe stiffness of the jaw causes a small (1–2 cm) opening 
of the mouth. In these pups, the food may stay in the pharynx, indicating weakness of reflexes or 
muscles or both. Dogs with pelvic limb paralysis may be alert and survive for months. Tetraplegia 
may follow.

		    The cause of the pelvic limb hyperextension, which is predominantly observed in young congeni-
tally affected dogs, is likely due to a combination of lower motor neuron paralysis caused by radicu-
loneuritis and myositis, which results in rapidly progressive fibrous tissue scarring of the muscles 
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that leads to arthrogryposis (fixation of joints). The rigidity and hyperextended limb position may 
be explained by the opposing forces from scar contracture of muscles opposing the concurrent long 
bone growth. The disease may be localized or generalized and virtually all organs may be involved, 
including the skin. The dams show no clinical signs of infection.

	 2.	 Breed: Of 148 isolated cases summarized in Table 5.4, there were 29 Boxers, 24 Labrador 
Retrievers, 9 Greyhounds, 7 West Highland White Terriers, 7 Golden Retrievers, 6 Basset 
Hounds, 5 Poodles, 4  Bullmastiffs, 4 Shetland Sheepdogs, 3 Collies, 3 Irish Wolfhounds, 
2 Great Danes, 2  Bloodhounds, 2 Border Collies, 2 Cavalier King Charles Spaniels, and 39 
isolated breeds. For cases in littermate dogs, most reports were in Labradors (Table 5.5). 
Some  of  these reports were retrospective and thus details are incomplete. All N. caninum-
infected pups  were from 36 litters, some from the same dams. The breeds affected were: 11 
Labradors, 5 Boxers, 4 German Shorthaired Pointers, 4 Greyhounds, 2 Bloodhounds, and 1 each 
of Rhodesian Ridgeback, Doberman, Kleiner Müsterländer, English Springer Spaniel, American 
Staffordshire  Terrier,  Irish Wolf Hound, Bloodhound, Bernese Mountain Dog, and Beagle 
(Table 5.5).

	 3.	 Tissues parasitized: Clinical signs varied with the organs affected. Many of the reports on neo-
sporosis in dogs were retrospective (Tables 5.4 through 5.6). Clinical signs in most cases of canine 
neosporosis were neuromuscular, especially in pups.

		    Dermatitis is another common presentation of neosporosis in dogs.238,529,562,702,822,1095,1111,1133,1268,​

1329,1593,1631,1937 Lesions may ulcerate with a purulent discharge. Most of these cases were in aged 
dogs or those on immunosuppressive drugs, but pups can also be affected. The youngest affected 
dog was a 16-week-old Boxer.238 This dog had multiple ulcerative dermal nodules throughout the 
body and the dog died within 6 days of the first appearance of the dermal nodules. N. caninum 
was found in the skin, pancreas, muscles, and brain. A prior episode of Salmonella gastroenteri-
tis and glucocorticoid therapy probably contributed to immunosuppression and demise of the 
pup. A 13-month-old West Highland White Terrier in Australia developed dermal neosporosis. 
Initially, non-painful, non-ulcerated nodules were noted under the right eye, right elbow, and in 
the perineum.1329 This dog had a history of progressive weight loss associated with ulcerative 

Table 5.6 � Reports on Different Presentations of Canine Neosporosis in Dogs ≤12 Months or Dogs >12 
Months of Age

Age

Progressive 
Polyradiculitis and 

Polymyositis, Eventually 
Involving 

Meningoence
phalomyelitis

Encephalitis, 
Meningoence
phalomyelitis, 

Eventually with the 
Dissemination to 

Other Organs

Disseminated 
Neosporosis, 
Including, for 

Example, 
Myocarditis, 
Polymyositis, 

Hepatitis, Interstitial 
Pneumonia

Polygranulomatous 
Dermatitis, 

Eventually with 
Dissemination to 

Other Organs

≤12 
months

118, 121, 205, 253, 357, 
400, 402, 404, 528, 529, 
541, 547, 573, 602, 863, 
908, 986, 994, 1080, 
1298, 1563, 1567, 1598, 
1599, 1633, 1634, 1642, 
1684, 1842, 1895, 2008, 
2011, 2021

547, 2081 121a,b, 529c,d, 597c,e, 
994c,d,e, 1500c, 2081c

238, 1937

>12 
months

121, 242, 529, 597, 1080, 
1093, 1192, 1225, 1551, 
1567, 1953, 2007

292, 529, 718, 735, 
772aa, 779, 987, 1224, 
1250, 1398, 1749, 2021

239b, 529d,e,f, 708e, 
772aa, 811d

529, 562, 702, 1111, 
1133, 1329, 1521, 
1593, 1631

Note:	O rgans affected in disseminated canine neosporosis.
a	 Myositis.
b	 Eye innervations.
c	 Myocarditis.
d	 Pneumonia.
e	 Hepatitis.
f	 Skin.
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2 cm

(a)

(b) (c)

Figure 5.1 � Neosporosis in dogs. (a) Neosporosis affected dog from Reference 863. N. caninum was isolated 
from muscle biopsy of this animal. The dog is depressed and the hind limbs are in hyperextension. 
Its jaw was stiff allowing only 1 cm opening. The dog lived with hand feeding. (From Dubey, J. P. 
2013. Commonwealth Agricultural Bureau Reviews 8, e55). (b) Ulcerative, hyperemic, nodules in 
the skin of a dog (From Dubey, J.P. et al. 1988. J. Am. Vet. Med. Assoc. 192, 1269–1285.) (c) Heart 
of a naturally infected dog from Canada (From Odin, M. and Dubey, J.P. 1993. J. am. Vet. assoc. 
203, 831–833). The dog died suddenly. Note a large area of infarction (arrows).



293Neosporosis in Dogs

colitis, probably due to undiagnosed immune deficiency. The dog subsequently developed dis-
seminated neosporosis despite therapy. In USA, 2 cases of dermal neosporosis in Golden and 
Labrador Retrievers were associated to lymphosarcoma,562,1111 in another case it was associated 
to chronic immunosuppressive therapy.562,1111 Concurrent dermal leishmaniasis was found in 
1 dog from Italy.1937 Neosporosis in a Maltese dog was associated with long-term prednisone 
therapy.822 In a 9-year-old dog from Israel, there was generalized lymphadenomegaly and dermal 
nodules all over the body of the patient.1593 The 10-year-old Golden Retriever from Italy1133 had 
been given prednisone for immune-mediated myelofibrosis. In addition, the 10-year-old dog from 
Brazil had hyperadrenalocorticism; the patient was treated successfully with clindamycin but 
relapsed.1268

		    Severe neosporosis hepatitis was reported in 5 dogs (Table 5.4). In a 4-year-old Poodle, it was 
the result of a reactivated infection after drug-induced immunosuppression708; the extent of liver 
involvement was unknown because the diagnosis was based on liver biopsy, and other organs 
were not examined. A similar case was observed in a 4-year-old Border Collie treated with cor-
ticosteroids for pemphigus foliaceus. Severe hepatic necrosis was associated with intralesional 
tachyzoites; the brain was not parasitized.927 Hepatitis was the most prominent in an 8-month-old 
female Basset Hound that had generalized neosporosis. Most (>75%) of its liver was necrotic and 
masses of tachyzoites were in the lesions (Figure 2 of Reference 529). The dog had been vaccinated 
against canine distemper virus, canine hepatitis, leptospirosis, and rabies and had not been ill 
before this episode. No obvious immunosuppression was identified. This dog also had encephalo-
myelitis, myositis, granulomatous masses in its ureter (Figure 5.3), and vena cava. In addition to 
numerous tachyzoites in the liver and granulomatous masses, organisms were seen in the pancreas, 
esophageal, temporal, and pelvic limb muscles, stomach mucosa, lungs, and the retropharyngeal, 
bronchial, pancreatic, and hepatic lymph nodes. Tachyzoites were also seen in the myocardium 

Figure 5.2 � Three-month-old Labrador Retriever with rear limbs paralysis and hyperextension. Viable 
N. caninum was isolated from this dog.
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but were not associated with inflammation. Perhaps, this is the most severe reported case of neo-
sporosis in a dog. Two neonatal cases, 1 in a 12-week-old Golden Retriever and 1 in a 2-week-old 
Scottish Terrier with patent protozoal multifocal foci of necrosis were described in Canada and 
South Africa, respectively.357,994

		    Differential diagnosis needs to be carried out in cases of protozoal hepatitis in dogs.622

		    Dogs can die suddenly of severe myocarditis and heart failure without the obvious involvement of 
other tissues.529,1346,1500

		    An unusual case of diffuse peritonitis with peritoneal effusion has been reported in an 11-year-old 
Rhodesian Ridgeback from USA.920

2 cm

5 mm

(a)

(b)

Figure 5.3 � (a) Fibrotic mass (arrow) attached to ureter of dog (From Dubey, J.P. et al. 1988. J. Am. Vet. Med. 
assoc. 192, 1269–1285.) A similar mass was attached to the right adrenal gland and caudal vena 
cava. (b) Granulomatous mass in adrenal gland of another dog (JPD, unpublished).
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		    Pneumonitis was suspected in an 11-year-old dog with persistent cough and tachypnea.811 
Tachyzoites were found in its lung aspirate antemortem (Figure 3.1a, Chapter 3). The dog died of 
respiratory failure. On necropsy examination, the diagnosis of neosporosis pneumonitis was con-
firmed. Few tachyzoites were also found in skeletal muscles but not in other organs.

5.2  DIAGNOSIS OF CANINE NEOSPOROSIS AND CANINE N. CANINUM INFECTION

5.2.1  General Considerations on Clinical Examination

Antemortem diagnosis of neosporosis is difficult. Clinical history, age of dogs, and serologi-
cal examinations are helpful for the diagnosis of neosporosis in dogs. Most cases of canine neo-
sporosis have been identified in congenitally infected dogs involving littermates (Table 5.5). In 
most instances, dogs begin to develop clinical signs 3 or more weeks after birth. Not all pups are 
affected to the same degree (Tables 5.5 and 5.6). Paralysis of pelvic limbs, often with contracture, 
is the most consistent sign of neosporosis in dogs. Features that distinguish neosporosis from other 
forms of paralysis are gradual muscle atrophy and stiffness, usually as an ascending paralysis, 
and the pelvic limbs are more severely affected than the thoracic limbs.616 Paralysis progresses 
to rigid contracture of muscles of affected limbs. This arthrogryposis is a result of scar forma-
tion in the muscles from lower motor neuron damage and myositis. In some pups, joint deforma-
tion and genu recurvatum may develop. Differential diagnoses have to be carefully excluded. In 
a study on potential infectious reasons for acute canine polyradiculoneuritis (which is a putative 
model for Guillain–Barré syndrome in humans) antibodies against T. gondii but not N. caninum 
were associated with the disease.925 Cervical weakness, dysphagia, megaesophagus, and ultimately 
death occur. In some dogs, the progression may become static. Dogs do not develop severe intra-
cranial manifestations and maintain alert attitudes. They can survive for months with hand feed-
ing and care but remain paralyzed with associated complications.616 In dogs older than 6 months, 
the most common signs are related to multifocal CNS involvement with or without polymyosi-
tis resulting in ataxia, paraplegia, shivering, unsteadiness, seizures, stupor, abnormal gait, drag-
ging of pelvic limbs, and bumping into objects.529 Cranial nerve functions may be affected.120 
Hematologic and biochemical findings have been variable, depending on the organ system of 
involvement.178,238,357,400,402,529,602,702,708,719,822,920,933,986,987,1080,1224,1268,1325,1684,1749,2021 With muscle dis-
ease, creatinine kinase and aspartate aminotransferase activities have been increased. Serum ala-
nine aminotransaminase and alkaline phosphatase activities are increased in dogs that develop 
hepatic inflammation. CSF abnormalities have included mild increases in protein (over 20 but under 
150 mg/dL) and nucleated cell counts (over 10 but <100 cells/dL). Differential leukocyte counts, in 
decreasing numbers, included lymphocytes, monocytes and macrophages, neutrophils, and eosino-
phils.616 Thus, mononuclear cells seem to predominate. CSF analysis results can be within reference 
limits in some dogs. Eosinophilic pleocytosis has been observed in rare instances in dogs when 
N. caninum is present. Tachyzoites are occasionally observed in CSF. Electromyographic, radio-
graphic, and magnetic resonance imaging (MRI) can aid diagnosis by locating lesions and conduc-
tion abnormalities.120,357,400,402,718,735,863,2021 Nerve conduction velocities may be reduced in the most 
severely affected limbs, especially proximally as a result of radiculoneuritis, but they are often 
within reference range. Low evoked action potentials may be found with myositis.

5.2.2  Histopathologic Diagnosis

Relative to the number of infected dogs (Table 5.1), cases of canine neosporosis are rarely 
reported (Tables 5.4 through 5.6). N. caninum was isolated also from brains of non-diseased dogs 
which suggest that N. caninum causes a persistent infection in dogs.1118 In a prospective study, it was 
observed that in the vast majority of infected dogs infection was asymptomatic.124
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5.2.2.1  Antemortem Findings

Symptoms of neuromuscular disease are suspicious of canine neosporosis. In addition to 
neurological signs, seizures, abnormal behavior, and vestibular dysfunction are suspicious, too. 
Signs of myositis (stiff gait, weakness, and pain or atrophy of skeletal muscles) are indications 
for canine neosporosis. Heart failure, pneumonia, and hepatitis, as well as skin lesions could be 
other signs of less common forms of canine neosporosis. However, positive serological findings 
in symptomatic dogs are not sufficient to diagnose canine neosporosis because infection is wide-
spread also in non-diseased dogs (Table 5.1). In cases of encephalomyelitis, but also in other cases 
(Tables 5.4 through 5.6), the examination of CSF can often but not always help to confirm diag-
nosis. In most cases, a pleocytosis178,238,357,402,547,718,719,735,822,1598 is observed; however, only in rare 
cases, the presence of N. caninum could be confirmed by microscopic examination529,718,719,1325 or 
indirect via PCR.719,735,986,1225,1598,1810 In some confirmed cases, CSF presented normal2021 and even 
in a case when N. caninum DNA was detected by PCR in CSF, the CSF protein-content and cel-
lular counts presented normal.735 In 1 study, a repeated CSF analysis was recommended to avoid 
false negative results.719

(a) (b)

(c) (d)

Figure 5.4 � Higher magnification of granulomatous mass in Figure 5.3b. (a) Massive numbers of N. caninum 
tachyzoites (all dark/black areas). IHC with N. caninum polyclonal antibodies. (b) The adrenal 
gland architecture has been replaced with inflammatory mass. HE stain. (c) Neutrophils, mono-
nuclear cells, and epitheloid cells obliterating adrenal architecture. Arrow points to a large group 
of tachyzoites. (d) Esophagitis in a 3-month-old Golden Retriever suffering from congenital neo-
sporosis. (From case reported in Cochrane, S. M., Dubey, J. P. 1993. Can. Vet. J. 34, 232–233.) 
Note necrosis of smooth muscle (arrow) and numerous tachyzoites (all dark areas, arrows). IHC 
with N. caninum antibodies. Megaesophagus is one of the lesions of congenital neosporosis in 
dogs. Bars = 50 µm.
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Figure 5.5 � Foci of extreme pallor (arrows) in diaphragm of one of the congenitally infected 3-month-old dogs. 
(Reported in Dubey, J. P. et al. 1988. J. Am. Vet. Med. Assoc. 193, 1259–1263.) Unstained.

50 μm

Figure 5.6 � Section of medulla oblongata of case no. 7 from Reference 529. Note inflammatory focus in the 
subependymal tissue and shedding of cellular elements (arrow) in the ventricle. Arrowhead points 
to a group of tachyzoites. HE stain.
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Biopsies taken from affected organs (muscle, liver, skin, or aspirates from lung) were suc-
cessfully used to detect the parasite or its DNA (Tables 5.4 through 5.6). Also, in cases of 
N.  caninum-associated neuromuscular disease, however, muscle biopsies confirmed myositis but 
parasitic stages were not detectable in muscle aspirates.122,400 In other cases, parasitic stages were 
observed microscopically357,811,1209 or suspected after positive PCR findings in biopsies.708

5.2.2.2  Lesions in Dogs with Canine Neosporosis, Postmortem Findings

	 1.	 Gross pathology: Gross postmortem findings are generally nonspecific; gross lesions of neosporosis 
reported were cerebral atrophy,1224 necrotic areas in the CNS529,2021 and in the liver,529 granulomas 
(≤1 cm in diameter) in visceral tissues (Figures 5.3 and 5.4),529 yellowish-white streaks in muscles 
(Figure 5.5),528,539,1598,2011 cerebellar atrophy,208,735,987 brownish, reddish, or yellowish areas in the 
heart,1500 myocardial infarcts (Figure 5.1c),1346 megaesophagus,121,166,357,1080,1093 hemorrhages in skel-
etal musculature,2021 white greyish striations in limb muscles,166 and ulcerative dermatitis (Figure 
5.1b).238,463,529,702,1111,1133,1329,1593,1631,1937

		  Muscle atrophy,120,121,693,735,863,986,1298,1325,1563,1598,1633,1748,2007 including fibrosis988,1684 of the pelvic 
limb musculature is frequently reported. In 1 case from USA, masseter muscle atrophy was 
described.529 In a series of cases reported from England and Belgium, this was the most consistent 
finding observed in 21 out of 27 cases.120 In case of gross lesions, N. caninum infection needs to be 
confirmed either by IHC or by PCR-derived methods.

	 2.	 Histology: In general, progressive meningoencephalomyelitis, polyradiculitis, and polymyositis is 
characteristic in transplacentally infected puppies with ascending pelvic limb paresis and paralysis 
(Figures 5.6 through 5.11 and Tables 5.5 and 5.6). In addition, the parasite may affect a number 
of other organs, causing lesions, characterized by inflammation and focal necrosis. In adult dogs, 

50 μm

Figure 5.7 � Neosporosis of peripheral nerves in the dog in Figure 5.2. HE stain. Note severe inflammation of 
nerve (arrowheads) and of the ganglia (arrow). (From Dubey, J. P. et al. 1988. J. Am. Vet. Med. 
Assoc. 193, 1259–1263.)
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multifocal encephalomyelitis, myocarditis, polymyositis, dermatitis, or multifocal dissemination to 
inner organs including lung and liver are observed (Tables 5.5 and 5.6).

		  In prenatally infected young dogs, lesions are seen in the spinal cord and brain stem with demyelin-
ation, neuronal degeneration with neurophagia and areas of malacia.1598,2007 The brains of dogs with 
neuronal canine neosporosis had multifocal nonsuppurative encephalitis with neuronal degeneration 
and necrosis, perivascular cellular infiltration, and gliosis.120,121,402,528,529,541,693,988,1567,1598,2021,2109 In 
6 cases of canine neosporosis, the distribution of N. caninum brain infection was reported in more 
detail.121 Lesions were most consistently found in the cerebrum although widespread in the entire 
CNS.121 In 3 clinical cases in a litter of Labrador Retrievers, lesions were more severe in the cere-
brum than in the midbrain.602

		  In HE-stained tissue sections, severe, diffuse, mixed inflammatory infiltrates affecting the 
leptomeninges and extending into the adjacent neural parenchyma (thalamus, optic chiasm, 
pituitary gland, rhinencephalon, and hippocampus) might be observed.718 In the leptomeninges, the 
infiltrate consisted of plasma cells, lymphocytes, macrophages, and eosinophils. Gliosis, neuronal 
necrosis, and tissue cysts were observed in the neural parenchyma.811 Large areas of neuronal 
necrosis, gitter cells, proliferating vessels, white matter spongiosis, and small hemorrhages might 
be observed.718 In the spinal cord, lesions were widely distributed and often radiculoneuritis was 
observed (Figure 5.6).121 In addition, inflammation with infiltrations of neutrophils, plasma cells, 
and macrophages were seen, even when Neospora was not detectable.121 In dogs infected with 
N. caninum, meningoencephalomyelitis718,735,1748 is most commonly reported, but also myocardi-
tis,120,529,597,994,1346,1429,1500,2081 polymyositis,529,693,863,988,1080,1748 pneumonia,529,539,811,994,1080 and hepati-
tis.708,1080 Further disseminations into adrenal glands have been observed.529

		  N. caninum-associated dermatitis has been frequently reported.238,463,529,562,702,822,1111,​1133,1268,

1329,1521,1593,1631,1937 Cutaneous lesions consisted of multifocal, ulcerated, and sometimes exudative 

100 μm

Figure 5.8 � Sciatic nerve from dog in Figure 5.2. Severe mononuclear cell infiltration (arrow). HE stain.
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nodules, measuring 0.5–5  cm in diameter with variable distribution (Figure 5.1b). Lesions were 
characterized by pyogranulomatous necrotizing inflammation.529,562,1111

		  In most studies, histologic examination detected only tachyzoites. Tissue cysts are rarely detected 
in cases of canine neosporosis and almost exclusively in the brain.121,166,357,529,547,573,597,602,693,718,719,779,​

988,994,1080,1185,1224,1429,1567,1598,1642,1749,1842,1895,2008,2011,2021,2081,2116 There are only few reports of definitive 
identification of N. caninum tissue cysts in the muscle cells of infected dogs.602,1599

5.2.3  Demonstration of Viable N. caninum in Dogs

Specific protocols for isolation of viable parasites from fecal matter and tissues were reviewed 
in Chapter 3. Reported isolates in dogs are summarized in Table 5.3.

5.2.3.1  Demonstration of Viable N. caninum in Cases of Canine Neosporosis

1.	 Postmortem: There are several reports on the postmortem isolation of N. caninum from diseased 
(and/or euthanized) dogs.119,528,573,598,602,608,779,1598 As a diagnostic tool, isolation has no practi-
cal importance because it is too laborious, and sensitivity of this method has not been validated. 

pv

5 μm

Figure 5.9 � Numerous tachyzoites in a parasitophorous vacuole (pv) in a neural cell in lumbar spinal nerve 
of a dog. Arrow indicates a tachyzoite with several rhoptries. (From Dubey, J. P. et  al. 1988. 
J. Am. Vet. Med. Assoc. 193, 1259–1263.)
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50 μm

Figure 5.10 � Severe vasculitis (arrow) and necrosis of neuropile and Neospora (arrowheads) in midbrain of a 
dog (case no. 7 of Reference 529). Giemsa stain.

50 μm

Figure 5.11 � Severe myositis and necrosis (arrow) in gluteal muscle of dog represented in Figure 5.2. HE stain.
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Isolations can be achieved either from the infected dog tissues into cell culture,119,402,528,573 via mouse 
inoculations and passages,528,573,598,602,1598 or gerbil inoculation and passages.402,598,779 Homogenates 
of brain, muscle tissues, and peritoneal fluids were used for cell culture inoculation or sub-inoculation 
of rodents.

	 2.	 Antemortem: Cell culture isolation was achieved directly from muscle biopsy863 or fine-needle 
aspiration from skin.1329 An exploratory laparotomy of a dog with a 4-month history of peritonitis 
revealed a septic exudate including also protozoal zoites,920 which could be in vitro isolated and 
diagnosed by using N. caninum-specific PCR.

5.2.3.2  Demonstration of Viable N. caninum Oocysts

Dogs rarely excreted large numbers of N. caninum oocysts (Table 2.3 in Chapter 2). To in vitro 
isolate N. caninum from fecal samples into cell culture a passage via inoculations and passages 
of gerbils or mice is the most promising method.164,167,168,1798,1805 Because N. caninum oocysts are 
morphologically similar to those of H. heydorni and related parasites (e.g., T. gondii observed in 
dog feces most likely because of coprophagia) bioassay is the ultimate way to confirm the identity of 
viable oocysts present in canine feces.1805 In addition, molecular tools can also discern the identity 
of the oocysts.314,910,1798

5.2.4  Detection of N. caninum DNA in Dogs

5.2.4.1  N. caninum DNA in Canine Neosporosis

	 1.	 Postmortem: PCR is a useful tool to confirm cases of canine neosporosis (Tables 5.4 and 
5.5). N. caninum DNA was detected by PCR in brain,166,573,1225,1598 spinal cord,1598 lung,166,1598 
liver,708,1598 spleen,1598 kidney,1598 heart,1598 and striated muscle.166,573,1598 Paraffin-embedded 
CNS and other tissues revealed positive results and confirmed diagnosis.1636,1684 When tissues 
(lung, liver, kidney, and heart) of a dog with confirmed neosporosis were examined after treat-
ment, a negative result was achieved although the brain tested positive in PCR.1225 In a case 
in which immunosuppressive therapy may have been responsible for N. caninum reactivation 
in a dog, a “Tru-Cut” biopsy of liver contained numerous (20–100) cytoplasmic basophilic, 
oval, 2–3 µm diameter, globular to ovoid bodies (most likely tachyzoites) which were further 
diagnosed as N. caninum by PCR.708

		    In the city of São Paulo, Brazil, sera and tissues of 50 dogs with neurological signs were tested; 7 
dogs resulted seropositive, 2 dogs were positive by bioassay in gerbils, and 3 dogs were positive by 
PCR.1118 In Algeria, N. caninum DNA was detected in liver and spleens of 32% (28 of 87) asymp-
tomatic pound dogs by using Taqman real time PCR753; however, this technique is highly sensitive 
and there is always a chance of over estimation.

	 2.	 Antemortem: In cases of encephalomyelitis, but also in other cases, testing of CSF by PCR could 
confirm neosporosis.719,735,986,1225,1598,1810

		  N. caninum or its DNA has been detected in biopsies or fine-needle aspirates taken from 
dermal lesions (Tables 5.4 and 5.5).238,463,529,562,702,822,1111,1133,1268,1329,1521,1593,1631,1937 The find-
ing of N. caninum DNA in skin lesions confirms diagnosis.463,822,1133,1329 In cases of dermatitis, 
Leishmania sp. can coexist with N. caninum1937 and amastigotes can be confused with dividing 
N. caninum. Historically, the first case of neosporosis was a dog with dermatitis case no. 10 
of Reference 529 the dog was euthanized in 1987 (before the naming of Neospora caninum) 
because it was suspected to have leishmaniasis because of globular tachyzoites (J. P. Dubey, 
unpublished) (Figure 3.3b). On closer examination, N. caninum tachyzoites are crecenteric, 
whereas Leishmania amastigotes are globular, and these organisms are easily distinguished 
by TEM.

		    In addition, N. caninum positive findings were also reported for whole blood in a case of pelvic 
limb paresis1225 and in another case of skin neosporosis, together with positive results in serum, 
rectal scrapings, and feces.1329
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5.2.4.2  N. caninum DNA in Canine Feces

N. caninum oocysts are morphologically very similar to those of H. heydorni and related para-
sites (e.g., T. gondii or H. hammondi)899,1805,1866 and PCR is, in addition to bioassay, one of the ways 
to confirm the identity of oocysts in canine feces.1805

Studies on oocyst excretion of N. caninum in dogs should be interpreted with caution because 
in many studies oocyst excretion could not be confirmed unambiguously (Tables 2.3 in Chapter 2, 
5.7, and 5.8). Only findings in which living parasites were isolated, that is, the viability of oocysts 
was shown and oocysts or in vitro isolated parasites typed, for example, by microsatellite typing 
should be regarded as definitive (Table 5.3).164,167,168,615,781,1798,1805 N. caninum-like oocyst detection 
and properly controlled detection of N. caninum DNA constitutes an acceptable tool for epidemio-
logical studies on already proven definitive hosts (Table 2.3 in Chapter 2). Studies in which just 
DNA of N. caninum is shown in feces are inconclusive since the demonstration of parasitic DNA 
could have many reasons, including laboratory cross-contamination or the presence of N. caninum 
DNA in the feed-diet.

5.2.4.3  Genotyping of N. caninum Strains Isolated from Dogs

Methodologies have been described in Chapter 3. In general, microsatellite typing28,29,​

168,1578,1636,1673 has become a valuable tool to fingerprint isolates and to confirm the absence of labo-
ratory cell culture contamination. In Table 5.3, available molecular data for N. caninum isolates 
are summarized. Microsatellite assays have been used to type N. caninum isolated from tissues of 
clinical cases1636 or from oocysts excreted by naturally infected dogs.1649 Other methodologies such 
as PCR sequencing of ITS1 or pNc5 genes have been also employed with the aim of detecting vari-
ability in N. caninum positive samples.314,416,1649

5.2.5  N. caninum-Specific Antibodies in Dogs with Canine Neosporosis

Based on the serological findings, the clinical signs, the application of diagnostic imaging pro-
cedures including MRI,718,735 radiographic imaging (e.g., megaesophagus120), and electromyographic 
examination402,657 may aid further diagnostic steps. Demonstrating serum antibodies to N. caninum 
by any of the different tests can help confirm the diagnosis of neosporosis. In general, canine antibody 
concentrations may decrease over time and some dogs eventually become seronegative.124 Antibody 
titers can also vary among different laboratories. The test used in most clinical cases of neosporo-
sis was IFAT; individual titers are listed in Tables 5.4 and 5.5. IFAT titers were generally 800 or 
higher. Although IFAT titers were generally high in cases with severe neosporosis, this should not 
be stressed because there is no correlation found between the magnitude of titer and clinical signs.

Low antibody titers have been reported in some dogs with histologically verified neosporo-
sis.573,608 The IFAT can be used to detect IgM antibodies; however, dogs with confirmed acute 
neosporosis may have negative IgM test results.573 Some very young dogs might still have maternal 
antibodies. Maternal antibodies may be transferred from dam to offspring, resulting in false-posi-
tive titer results; however, these levels were gone in uninfected pups by day 32 of life.124

Toxoplasma gondii infections are also common in dogs and dual infections with T. gondii and 
N. caninum can coexist in the same dog.562 Cross-reactivity between T. gondii and N. caninum was 
not demonstrable in verified infections.573,602 Slight cross-reactivity with sera from dogs infected 
with Babesia gibsoni but not Babesia canis has been observed.2142 There was no cross-reactivity 
between N. caninum and Leishmania sp.72,298,397,748,1552

Most dogs do not seroconvert for tachyzoite antigens after excreting N. caninum oocysts 
(Table 5.7). Antibody tests able to unambiguously identify dogs that have excreted oocyst are still 
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needed. Nevertheless, tachyzoite antigen-based serological assays are important tools in epidemio-
logical studies to examine the exposure of dogs to N. caninum (Table 5.1).

5.2.5.1  Antibody Development and Antibody Types

Dogs develop antibodies against N. caninum antigens after postnatal infection, by ingesting 
infectious tissue cysts containing feed-food, but also when puppies are infected prenatally via trans-
placental transmission. The uptake of infectious material may cause oocyst excretion in these dogs; 
however, there are a number of reports on experiments in which dogs and other canids were fed 
infectious material, did not excrete oocysts during the following days, but subsequently seroconver-
ted, that is, developed antibodies against N. caninum715,780,785,1067,1187,1309 (Table 5.8). The materials 
used to feed the experimental dogs were often tissues that contained tissue cysts or were suspected 
to contain tissue cysts and/or tachyzoites of N. caninum. In 1 study, a dog excreted oocysts 10 days 
after being fed a single meal of infected chicken embryos; the chicken embryos had been inoculated 
with 106 N. caninum tachyzoites by the chorioallantoic membrane 8 days previously.715 In the same 
study, another dog excreted oocysts 34 days after ingesting infected chicken embryos; the embryos 
had been inoculated 8–12 days previously. It is not known whether tissue cysts were present in the 
inocula fed to dogs.715 The results of experiments by feeding dogs with infectious tissues suggest 
that extra-intestinal stages develop after the ingestion of intermediate host tissues containing tissue 
cysts and/or tachyzoites. Whether the oral ingestion of tachyzoite-containing material is infectious 
to dogs has not been shown and seems to be unlikely. An experiment with milk spiked with cell 
culture-derived tachyzoites failed to induce oocyst excretion in dogs.493

In addition to carnivorism, fecal transmission via sporulated oocysts is a possibility.116

The development of specific IgG and IgE N. caninum antibodies was followed in experimen-
tally and naturally infected dogs. While the IgG response was detected by IFAT, ELISA, and 
immunoblot, only weak specific IgE reactions were observed.1012

In addition to postnatal infection (with tissue cysts and oocysts), seroconversion can occur pre-
natally (Table 5.5). In 53–182-day-old prenatally infected puppies, no specific IgM but specific 
IgG was detected by IFAT.573 Whether this is generally the case in prenatally infected dogs needs 
further investigation.

5.2.5.2  Persistence of Antibodies

A retrospective testing of naturally infected dogs of Hamiltonstövare breed, the use of IFAT 
revealed that N. caninum-specific antibodies persisted for up to 4 years in 9 dogs, but in 4 dogs, all 
with low titers on initial testing (1:50), antibody titers fell below the detection limit over a 1–2-year 
period.124 Antibody titers declined after parturition in naturally infected seropositive bitches573 or 
remained at almost the same level.602,1684

5.2.5.3  Antibodies and Vertical Transmission in Dogs

Persistently infected bitches may repeatedly transmit their infection vertically during several 
pregnancies to their offspring.124,209,541,602,870,1298 In addition, N. caninum can be transmitted through 
several dog generations.124

	 1.	 Puppies: Not all puppies of a litter are seropositive124,400,870,1298,1684 which is an indication that not all 
puppies of a litter become infected. After experimentally induced vertical transmission of N. caninum, 
1 newborn puppy died of neosporosis but no specific antibodies were detectable by IFAT.533 Congenitally 
infected puppies may have high antibody IFAT titers after birth and these titers decline later on.1684

	 2.	 Bitches: Transplacental transmission of N. caninum was prospectively studied in 17 naturally 
infected, privately owned bitches of the Hamiltonstövare breed using IFAT; puppies of these sero-
positive bitches (IFAT titers 1:50 or higher) were tested by IFAT to determine their infection status. 
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Only 4/118 (3%) puppies from these 17 bitches were seropositive and only 2 of these developed disease 
compatible with neosporosis.124 Retrospective studies in seropositive bitches (6 Hamiltonstövare, 
3 Boxer, 2 Flat-Coated Retriever, and 2 Labrador Retriever) including 179 pups showed that the 
proportion of seropositive puppies was positively associated with the IFAT titers in the dam and 
ranged from 5% in dams with an IFAT titer of 1:50 to 89% in dams with an IFAT titer of 1:12,800.124 
This shows that the proportion of vertical transmission varies in female dogs and the efficiency of 
transmission can be considerably high in dams with very high IFAT titers.

5.2.5.4 � Antibodies in Dogs with Myositis, Polyradiculoneuritis, 
and Encephalomyelitis

Most dogs in which myositis, polyradiculoneuritis, and encephalomyelitis predominate (i.e., 
predominantly young dogs most likely transplacentally infected) have IFAT titers of 1:400–
1:1600 (Tables  5.4, 5.5, and 5.9). However, some dogs with N. caninum-associated myositis, 

Table 5.8 � Positive Serologic Reactions against N. caninum Tachyzoites in Dogs Failing to Excrete 
Oocysts but Fed with Infectious Material/Material Suspected to be Infectious

Country

Number of Dogs 
Failing to Excreted 

Oocysts after Feeding 
Infectious Material/

Material Suspected to 
be Infectious Material Used to Feed Dogs

Serological Test 
(Cut-Off) Reference

Australia 2 Tissue from calves (inoculated 
107 or 108 tachyzoites, culture 
adapted Nc-Nowra, 12 weeks 
after infection; tissue: brain, 
spinal cord, heart, lung, 
kidney, and tongue)

VMRD-cELISA 
(>30% inhibition)

1067

Brazil 3 Repeated feeding with 
embryonated eggs 10 days 
after inoculated with 106 
N. caninum tachyzoites/each; 
dogs were fed each with 
2 eggs/day (excluding egg 
shells), during 3 consecutive 
days, with feeding procedures 
being repeated at 15 and 30 
days after first feeding

IFAT (1:25) 715

USA 1 100 tissue cysts in mouse 
brains (NC2 isolate)

IFAT (1:50) 1309

3 Brains from mice infected for 
58 or 92 days with clones of 
CKO or PB-1-2C strains

NAT (1:25) 1187

1 (reported) Tissue of a seropositive calf 
inoculated with 500 oocysts 
of NC-beef (6 weeks—2 
months after infection; tissue: 
brain, spinal cord, heart, liver, 
kidney, tongue, diaphragm, 
and other skeletal muscles)

IFAT (1:50) 780

2 Infected calf tissues (NC-beef 
tachyzoites, 2 × 106–3.2 × 107; 
6 weeks—2 months after 
infection; tissue: brain, spinal 
cord, heart, kidney, tongue, 
diaphragm, and other skeletal 
muscles)

IFAT (1:50) 785
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polyradiculoneuritis, and encephalomyelitis had only IFAT titers of 1:50 up to 1:200. Cut-offs of 
1:800 as suggested in the literature for the diagnosis of canine neosporosis should not be applied. 
However, titers in congenitally infected dogs may increase overtime.573,863 In a case of natural con-
genital infection, 4 pups had initial titers of 1:50 to 1:400 at day 49 or 50 after parturition; in con-
trast, titers ranging from 1:100 to 1:3200 were reported at days 53–182 after parturition in the same 
dogs.573

5.2.5.5  Antibodies in Dogs with Other Forms of Canine Neosporosis

In elder dogs suffering from N. caninum-associated encephalitis, meningoencephalomyelitis 
with/without systemic involvement, in dogs with multifocal disseminated neosporosis affecting 
internal organs, and in dogs with cutaneous neosporosis with/without systemic involvement, the 
reported IFAT titers ranged between 1:400 and 1:1600 in most cases (Tables 5.4 and 5.9).

5.2.5.6  Antibody Detection in CSF

Antibodies against N. caninum can be detected in CSF.779,863,987,1225,1598 While the serum IFAT 
titers ranged from 1:400 to 1:5120 in the examined dogs, the titers in CSF only ranged from 1:40 
to 1:1280 and the quotient IFAT titer (in serum)/IFAT titer (in CSF) ranged from 4 to 16. A low 
quotient may indicate a destroyed blood-brain barrier. The examination of CSF for antibodies is 
able to confirm findings in serum, but (due to the low analytical sensitivity) a negative outcome is 
not suitable to exclude an N. caninum infection.

5.2.5.7  Effect of chemotherapeutical Treatment on Antibody Levels

After treatment, antibody levels may drop. Several months after treatments with trimethoprim/
sulfonamide and clindamycin were discontinued and a puppy with neosporosis had partially 
improved, titers of initial 1:3200 had returned to 1:200.1080 No effect on IFAT titer after treatment 
for 12 days with trimethoprim and sulfadiazine was observed in a pup with congenital neosporosis 
when examined 3–4 weeks later1598 and also in another dog treated with clindamycin, antibody 
levels as determined by IFAT did not change.1551 In contrast, in a litter of Labrador Retrievers with 
canine neosporosis, IFAT titers declined within 4 weeks after treatment with clindamycin.602

5.2.5.8  Avidity Maturation of a Specific IgG Response in Dogs

There is 1 study reporting a low avidity IgG response in dogs.1012 In dogs that excreted oocysts 
after ingesting tissue cyst-infected meat, serum samples were tested 30–35 DPI. In these sera, low 
avidity IgG antibodies were observed in an N. caninum in-house ELISA.1012 In contrast, naturally 
infected dogs, suspected to have a chronic infection, had higher avidity values in this test. Further 
studies are needed to confirm these findings using well-defined sera from experimentally infected 
dogs, which are followed over several months, and avidity-ELISA protocols need to be established 
for dog samples similar to those validated for cattle.223

5.2.6  Serological Reactions in Dogs after Excreting Oocysts

5.2.6.1  Reactions against Conventional Tachyzoite Antigen

Seropositivity is indicative of exposure to the parasite but not of N. caninum oocyst excretion. 
Most experimentally infected dogs (40/58) that excreted oocysts did not seroconvert (Table 5.7). 
These results were irrespective of the serological test, including the IB tests.1798 This observation was 
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also confirmed by testing sera from naturally infected dogs found excreting N. caninum oocysts.1805 
The lack of seropositivity suggests that only in some of these dogs extra-intestinal stages occurred 
during the intestinal development of N. caninum preceding oocyst development.

Another potential reason for seroconversion in some of these dogs might be ingestion of oocysts 
from own feces or feces of other dogs. However, infection of dogs via ingestion of N. caninum oocysts 
may not be efficient or successful. Four dogs were fed with N. caninum oocysts (1 dog 1 × 103, 1 dog 
5 × 103, and 2 dogs 1 × 104). None of the dogs excreted N. caninum oocysts but 2 of the dogs (infected 
by 1 × 104 oocysts) seroconverted as shown by IFAT and immunoblot.116 Neither parasite DNA nor 
parasite stages were observed in dogs necropsied 6 months after inoculation with oocysts.

In summary, the presence of tachyzoite or bradyzoite-specific antibodies in a dog only indicates 
that the animal became exposed to N. caninum but provides no evidence for oocyst shedding.

5.2.6.2 � Serological Reactions against a 152 kDa Tachyzoite 
Antigen in Oocyst Shedding Dogs

Reactions against a 152 kDa tachyzoite antigen were recognized in the sera of dogs after they 
excreted oocysts following feeding with infected intermediate host tissues.1797 The reactions were 
observed in dogs between days 35 and 447 after feeding with infected tissue but not prior to oocyst 
excretion. Recognition of the 152 kDa tachyzoite antigen may thus be a marker for dogs having 
excreted N. caninum oocysts in the past. The 152 kDa tachyzoite antigen was also recognized by 
those dogs which neither showed positive IFAT reactions nor recognized N. caninum immunodomi-
nant antigens in the immunoblot. Possibly, this 152 kDa is an N. caninum antigen not only present in 
the tachyzoite stage but also in stages involved in the asexual or sexual development of N. caninum 
in the intestine of the definitive host. When this technique was applied to analyze sera from 4 natu-
rally N. caninum shedding dogs, all these sera reacted with the 152 kDa antigen.1805

5.2.7  Serological Assays

5.2.7.1  Available Types of Assays

The IFAT is still the most often used test for serological analyses in dogs (Table 5.1). Although 
other tests, such as NAT573,1545 or ELISA have also been used or validated for dogs,213,573,602,759,936,​

1012,1323,1472,1608 these tests are currently not broadly applied for diagnosis. Banding patterns in immu-
noblot are similar to those reported for other animal species211,213,936,1012,1797 and immunoblot tests 
were used to confirm results of other serological tests (e.g., Reference 1598). The advantage of IFAT 
is that this test is easy to perform and the IFAT titers provides more relevant information on anti-
body levels than ELISA tests, in which usually only a single serum dilution is analysed.

Generally, all tests available and developed for cattle should also be applicable for the exami-
nation of dog sera (Table 2.10 in Chapter 2). Tests based on parasite lysate,568,1012,1858,2126 and 
ISCOM-incorporated antigens213 have been published. In addition, a dot ELISA employing para-
site lysate antigens after sonication has been described.1609 An ELISA using tachyzoites fixed by 
formaldehyde  to ELISA plates was modified as a competitive ELISA (using a polyclonal rabbit 
anti-N. caninum antibody) and the test showed high sensitivity and specificity in the examination 
of dog reference sera.1323

An ELISA based on native, affinity-purified NcSRS2 showed optimal sensitivity and speci-
ficity (100% and 97.9%) when validated relative to IFAT and immunoblot and showed no cross-
reactivity with sera of L. infantum-infected dogs.936 NcSRS2 also seems to be a suitable antigen for 
the development of recombinant antigens for serological testing. Recombinant NcSRS2 expressed 
in baculovirus1472 or in Pichia pastoris1607 was successfully used to establish serological tests to 
detect N. caninum antibodies in canine sera.1472,1607 Another surface antigen, that is, seems to be a 
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suitable candidate for serological assays in dogs, too. Recombinant NcSAG1 was used to establish 
an RIT1148 and ELISA.905,1020

A number of other recombinant antigens were used to develop assays for testing canine sera. Anti-
NcPF (i.e., anti-N. caninum profilin) and anti-NcGRA7 antibodies were mainly detected at the acute 
stage in experimentally infected dogs, while anti-NcSAG1 antibodies were produced during both 
acute and chronic stages.905 Recombinant truncated NcGRA2t1020 or NcGRA7t850 were also used.

A recombinant GRA6-based LAT was validated for dog serology.759 For dog sera, the recombi-
nant GRA6-based LAT showed excellent specificity but low sensitivity relative to IFAT.759

5.2.7.2  Commercial Assays

We are aware of only 1 commercialized N. caninum assay which is explicitly marketed for use in 
dogs (ID-VET Neospora). Other commercialized indirect ELISA tests (NEOSPORA CANINUM 
ELISA antibody KIT BIO K 192; IDEXX Neospora X2 [IDEXX Bov]) were also validated or used 
to test canine sera401,755,759,1770 (Table 5.1). Several competitive ELISAs have been validated for use 
in dogs including a monoclonal antibody-based test,176 which is commercially available299,1070,1123 
(Table 2.11 in Chapter 2).

5.3  THERAPY

Clinical responses in naturally infected dogs are summarized in Tables 5.10 and 5.11. 
Clindamycin, sulfadiazine, and pyrimethamine alone or in combination with other drugs have been 
administered to treat canine neosporosis. In adult dogs with acute paralysis from myositis, dysfunc-
tion is often more amenable to early treatment because scar contracture is less common. Dermatitis 
and myositis responded to therapy with clindamycin (Table 5.10). In neonates, clinical improvement 
did not occur in the presence of muscle contracture or rapidly advancing paralysis (Table 5.11). To 
reduce the chance of illness, all dogs in an affected litter should be treated as soon as the diagnosis 
is made in 1 littermate. Older (over 16 weeks) puppies and adult dogs responded better to treatment 
(Tables 5.10 and 5.11).

With neurologic involvement, trimethoprim–sulfonamide or pyrimethamine and sulfonamide 
are better treatment options because of more efficient penetration of the CNS. Clindamycin is 
effective in suppressing the replication and dissemination of tachyzoites but does not appear to be 
effective against encysted bradyzoites. Despite clinical improvement, treatment with drugs such 
as clindamycin does not eliminate the N. caninum infection from the body (Tables 5.10 and 5.11).

In a study from UK, data on the treatment of 16 dogs with neosporosis with clindamycin, pyri-
methamine, and sulfadiazine, either alone or in combination were reported.120 Five dogs made a full 
recovery, and good response to treatment was seen in another 5 dogs. Treatment was less effective 
in younger pups with neuromuscular signs.

5.4  PREVENTION

In dogs, N. caninum can be transmitted repeatedly through successive litters and litters of their 
progeny. This tendency should be considered when planning the breeding of bitches infected with 
Neospora. Dogs should not be fed uncooked meat, especially beef. On farms, dogs should not 
be allowed to feed on offal or aborted materials. They should be prevented, when possible, from 
defecating in feed troughs, watering sources, pastures, or livestock holding pens where cattle are 
housed. No vaccine has been developed to combat neosporosis. No drugs are known to prevent 
transplacental transmission.
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5.5  EXPERIMENTAL INFECTIONS

5.5.1  Using Dogs as Intermediate Hosts

Clinical neosporosis has been induced postnatally by using high doses of tachyzoites. Three of 
the 8 5-day-old pups inoculated SC with 106 tachyzoites of the NC1, NC2, and NC3 isolates, devel-
oped clinical neosporosis.363 One pup had myalgia, muscle atrophy of the pelvic limbs, and persis-
tent cough and N. caninum was isolated from its brain and muscle tissue when the pup was killed 
27 DPI. Histologically, the pups had evidence of encephalitis, myositis, hepatitis, and interstitial 
pneumonia, and N. caninum tachyzoites were seen in lesions. Tissue cyst-like structures were seen 
in microscopic sections of the brain. One pup was laterally recumbent and was euthanized 37 DPI. 
Microscopic lesions were seen in the brain, heart, tongue, skeletal muscles, lung, and liver. A third 
pup died of neosporosis day 12 PI with inflammatory and necrotic lesions and N. caninum tachyzo-
ites in the brain, heart, tongue, limb muscles, diaphragm, lung, and liver. The results demonstrate 
that postnatally infected pups can develop clinical neosporosis.

The pioneer experiment528 regarding experimental transmission of N. caninum in dogs was 
performed as follows. N. caninum infection was diagnosed in 3–8-week-old naturally infected 
pups and the first viable isolate of the parasite (NC1) was isolated from 3 of them. A dog (no. 12) 
was SC inoculated with 105 culture-derived tachyzoites obtained from the tissues of 2 infected pups 
(nos. 3 and 4). This dog (no. 12) was given methylprednisolone acetate on 22 and 29 DPI. The dog 
remained clinically normal for 4 weeks, and then 2 days before death appeared depressed. Lesions 
were found in the lungs, liver, myocardium, muscles (including ocular muscles), brain, and spinal 
cord; parasites were specially evidenced causing the important necrosis in the liver. Other dogs 
inoculated with dog-derived infected tissues remained asymptomatic and no organisms or lesions 
were found in their tissues.

Experimentally, 3 studies described the transplacental transmission of N. caninum in pregnant 
bitches inoculated with the NC1 isolate.315,363,533 In the first experiment,533 a laboratory-bred Beagle 
was inoculated SC and IM with 1.5 × 106 tachyzoites.533 The bitch remained clinically normal and 
delivered 8 full term pups, 28 days later. Pup no. 1 was born dead, pup no. 2 died 2 days later, 
and pups no. 3 and no. 4 were euthanized at 2 and 3 days of age because they were not nurs-
ing. Pup no. 5 was euthanized in a moribund condition on day 20. N. caninum was isolated in 
cell cultures inoculated with tissues of each of the 5 pups. Histologically, although all 5 pups had 
lesions, encephalitis and myocarditis in association with tachyzoites were verified only in pup no. 5. 
Pups no. 6–8 and the bitch remained healthy. However, they had pneumonia and myositis following 
the administration of large doses of corticosteroids, indicating they were subclinically infected.533 
N. caninum tachyzoites were seen in tissues of pups no. 6–8 and the bitch, indicating that under 
certain circumstances subclinical neosporosis can be reactivated.

In the second study,363 6 mixed breed bitches were inoculated SC with 5 × 106 tachyzoites of 
NC1 strain at day 21 of pregnancy.363 Four bitches had only macerated, mummified, or resorbed 
fetuses and it was not possible to demonstrate N. caninum in fetal tissues; 1 of these bitches died of 
disseminated neosporosis 17 DPI. One bitch gave birth to 3 live full term pups, with mild neurologic 
deficits but N. caninum was not demonstrated in the tissues of pups killed 9–13 weeks after birth. 
The last bitch was killed 18 days after N. caninum inoculation because it had ultrasonic evidence of 
fetal death. There were 12 fetuses or sites of fetal attachment. Three fetal sites were not investigated 
because the fetuses were resorbed. N. caninum was found in the tissues of the 9 remaining fetuses, 2 
of which were alive at the time of necropsy. There were no inflammatory lesions although numerous 
tachyzoites were seen in fetal tissues. Many tachyzoites were degenerating along with fetal tissues. 
Necrosis and N. caninum tachyzoites were found in maternal and fetal placenta.564

In the third study,315 6 bitches in 2 groups were inoculated with a very high dose (108 tachyzo-
ites). In group I, 3 bitches were inoculated during the third week of gestation, and in group II, 
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3  bitches were inoculated at the sixth week of gestation. The bitches were allowed to whelp 
naturally. Dams and their pups were examined by IHC, serology, and by PCR. In group I, 6 of 
the 10 pups died within 48 h of birth. In group II, 7 of the 13 pups died between 5 and 10 days 
of birth. N. caninum DNA was detected by nested PCR in 2 pups (hearts of both and liver of 
1) from group I, and 1 pup (CNS and lymph node) from group II. The dams and the pups that 
survived were clinically normal. N. caninum was not demonstrable in the tissues of any of the 
pups and their dams.

5.5.2  Using Dogs as Definitive Hosts

This topic was discussed in Chapter 2, experiments were summarized in Tables 5.7 and 5.8; 
some of the dogs fed infected tissues excreted oocysts but none developed clinical signs. In most 
cases, the production of oocysts was low (Table 5.7) or absent.195 The prepatent period was gener-
ally 7 days and patency was short. Graphical summary of the relation oocysts excreted/DPI of 52 
experimentally infected dogs available in the literature is shown in Figure 5.12. In a recently pub-
lished study (not included in Figure 5.12), oocyst shedding started at 7 DPI and ended at 21 DPI.1510a
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Chapter  6

Neosporosis in Sheep

6.1  NATURAL INFECTIONS

6.1.1  Serologic and DNA Prevalence

Data are summarized in Table 6.1. Seroprevalence varied from 0% to 64% depending on the 
serological test and cut-off employed, age and type of sheep, and gender and management of ani-
mals. Conclusive data are lacking with relation to age and seropositivity to access prenatal and 
postnatal transmission. None of the studies reported sequential sampling of sheep and different 
age groups from a single farm. When bulk milk from 613 dairy sheep herds in Sardinia, Italy, was 
investigated, 44.2% of the herds were positive.1934a

In 1 study from Tehran, Iran, N. caninum DNA was detected in 1 of 150 brains and 120 of 180 
hearts of sheep from an abattoir.81a

6.1.2  Clinical Infections

The economic, clinical, and epidemiologic importance of N. caninum infection in sheep 
remains uncertain. In one of the largest investigations of protozoal abortion in a diagnostic center 
in England, there was no evidence of congenital N. caninum infection in sheep.1539 In this investi-
gation, antibodies to N. caninum were not found in the pleural fluid of 179 fetuses and 141 lambs. 
N. caninum was also not identified in tissues from 281 fetuses/lambs by IHC.1539 Contrary, to this 
report N. caninum was identified in some sheep flocks, including flocks from Italy, New Zealand, 
and Spain.793,946,1293,1405

Occasionally, N. caninum can cause abortion, birth of weak lambs, neonatal mortality, and even 
clinical signs in adult sheep. Available evidence is summarized in Table 6.2.

Although seroprevalence is generally higher in sheep that aborted versus sheep with normal 
pregnancy, the causal relationship needs further investigation.945,946,1891,2083 In 1 study the lambing 
rate in ewes seropositive to N. caninum was significantly lower than in seronegative ewes.793

6.1.2.1  Histologically Confirmed Abortion and Stillbirth

There are 4 reports of histologically confirmed congenital neosporosis in neonatal sheep (Table 
6.2); in the brain of an aborted fetus and a stillborn lamb,793 in a ewe and 2 surgically delivered twin 
fetuses,1083 and a lamb from a flock in England.545,854 The lamb from England was born weak and 
had nonsuppurative encephalomyelitis with intact and degenerating tissue cysts (Figure 6.1).
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In addition, protozoal-associated lesions were seen in 10.8% of 74 ovine abortions in which 
previously N. caninum DNA had been previously detected.1405

6.1.2.2  Detection of N. caninum DNA in Aborted Fetuses

N. caninum DNA has been detected in the tissues of aborted fetuses (Table 6.2) but a causal 
relationship cannot be established without histological examination and a thorough exclusion of 
other causes of abortion.327,1293 Available data are summarized in Table 6.2.

6.1.2.3  Clinical and Subclinical Neosporosis in Adult Sheep

6.1.2.3.1  Isolation of Viable N. caninum from a Clinically Normal Adult Ewe

A dog fed a brain homogenate of a 4-month-old sheep in Brazil excreted N. caninum oocysts 
10–16 days later.1579 After sporulation, these oocysts were orally infective to gerbils (M. unguicu-
latus). Thick-walled tissue cysts were found in both gerbils euthanized in good health 2 months PI. 
N. caninum DNA was detected in the brain homogenate of the donor ewe, the dog, as well as from 
oocysts shed by the dog. The isolate was not named.

25 μm

Figure 6.1 � Glial nodule around a ruptured N. caninum tissue cyst. Inflammatory cells are inside the interior of 
the cyst. Note tissue cyst wall (arrows). IHC using polyclonal N. caninum antibodies. (Adapted from 
Dubey, J. P. et al. 1990. J. Parasitol. 76, 127–130.)
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6.1.2.3.2  Isolation of Viable N. caninum from a Pregnant Ewe

N. caninum was demonstrated histologically and isolated from the brain of a 5-year-old 
pregnant Suffolk ewe in Japan.1083,1097 The ewe was pregnant with twin fetuses and had been 
used in an unrelated experiment involving fetal hypertension. Laparotomy had been performed 
at day 118 of gestation and both fetuses were removed and fixed for histological examination. 
Both fetuses had encephalitis, and N. caninum tissue cysts were demonstrable in the brain of 
1 fetus.

The ewe had an IFAT N. caninum titer of 1:256. She became depressed and died of metritis 1 
month after laparotomy. Histologically, the ewe had encephalitis and tissue cysts were identified; 
parasite DNA was detected by PCR.1083 Viable N. caninum was isolated in immunodeficient mice 
inoculated with brain homogenate of the ewe; the isolate was further propagated successfully in cell 
culture.1097 The isolate was not named.

6.1.2.3.3  Clinical Neosporosis in an Adult Sheep

The cases are summarized in Table 6.2.
A 3-year-old Merino ewe was found to have neurological signs (limb paddling, recumbency).203 

The ewe was euthanized and the tissues were fixed in formalin because of a suspicion of transmis-
sible spongiform encephalopathy (TSE). There was no evidence of TSE by TEM and histologi-
cal examinations. However, an apicomplexan parasite was detected by TEM; and no other details 
were provided in the paper. Histologically, there was meningoencephalitis, particularly in the mid 
brain. N. caninum was demonstrated by IHC and the parasite DNA was detected by PCR in DNA 
extracted from the paraffin block.203

6.2  EXPERIMENTAL INFECTIONS

Sheep can be experimentally infected using different routes, strains, and doses of N. cani-
num (Tables 6.3 and 6.4), and they represent an excellent ruminant model for bovine neosporosis. 
Additionally, rams were successfully infected with N. caninum1929; ewes mated with infected rams 
did not seroconvert to N. caninum.

The following are the important conclusions from the studies summarized in Table 6.3.

	 1.	 The main clinical signs are in fetuses and newborns.
	 2.	 The dose can affect the outcome of pregnancy.
	 3.	 Clinical effects are mainly related to the gestational period; infection of ewes during early 

pregnancy results in fetal death, abortion, resorption, and mummification. Inoculation during late 
gestation results in the birth of weak lambs or normal lambs.

	 4.	 Lambs inoculated after birth remained asymptomatic.

6.3  IMMUNITY, PROTECTION, AND VACCINATION

Sheep develop good humoral and cellular responses to N. caninum in experimental and natural 
infections using a variety of tests and antigens (Tables 6.1 through 6.4; and References 73, 88, 259,​
260, 1608, 1708, and 1927.)

Similar to cattle, chronically infected sheep can abort from neosporosis due to exogenous infec-
tion or due to endogenous transplacental transmission of N. caninum to the fetus during second 
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pregnancy (Table 6.4). However, the frequency of repeat abortion through natural infections is 
unknown.

In one report immunization of ewes with killed N. caninum antigens, mixed with adjuvants, 
elicited protection in ewes against fetal loss but not against congenital infection.1006 It is also known 
that immunization with T. gondii (using commercial vaccine) does not confer protection against 
abortion after a challenge with 107 NC1 N. caninum tachyzoites.977
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Chapter  7

Neosporosis in Goats

7.1  NATURAL INFECTIONS

7.1.1  DNA Serologic Prevalence

Compared to cattle and sheep, the prevalence in goats is lower (Table 7.1). Seropositivity varied 
from 0% to 26.6%. Part of these variations maybe related to the duration of the infection, and the 
serological tests used. Dynamics of antibodies in 13 pregnant goats were followed; titers fluctu-
ated 4–8 fold (decline or rise).1347 In addition to serosurveys, a study using molecular methods 
was carried out in Brazil1860; tongues, hearts, and brains were collected from 102 adult sheep in 
an authorized abattoir, all tissues resulted positive for N. caninum in 2 animals (1.9%). They used 
nested PCR and sequencing of amplicons of ITS1 and 18S fragments that also allowed detection of 
H. heydorni and T. gondii in 3.9% and 7.8% of animals.

7.1.2  Clinical Disease

Abortion, stillbirth, and birth of weak kids have been reported in goats from several countries 
(Tables 7.2 and 7.3). Gross abnormalities included hydrocephalus, hypocerebellum, and porenceph-
aly (Figure 7.1a,b). The prominent features of neosporosis-associated encephalitis in goats were (i) 
glial nodules with numerous tissue cysts (Figure 7.1d) and (ii) the presence of few tachyzoites. The 
tissue cysts observed were predominantly smaller than 20 µm in diameter.

All reports listed in Tables 7.2 and 7.3 were sporadic. The data reported in Reference 1347 
provided evidence for transplacental transmission of N. caninum in goats naturally infected prior to 
pregnancy. Authors screened four 10-year-old goats from several farms in Brazil and selected 13 of 
them for a longitudinal follow-up. Thirteen goats were seropositive (IFAT, 1:50 or higher); all were 
seronegative for T. gondii. Goats were bred and blood samples were obtained on 0, 30, 60, 90, and 
120 days after mating, and 1, 2, and 3 months after parturition. One of these goats aborted 4 fetuses, 
and another had 2 stillborn kids at 148 days of pregnancy; Neospora was found in these animals 
(see Table 7.2). The goat that aborted had an IFAT titer of 1:800 on day 0 and 1:6400 at the time of 
abortion. The goat that had stillbirth had an IFAT titer of 1:100 on the day of mating, a titer of 1:3200 
at the time of parturition, and at 3 months after parturition the titer declined to 1:400. Of the remain-
ing 11 goats, 8 gave birth to congenitally infected kids, as evidenced by seropositivity in presuckling 
sera. Thus, endogenous transplacental transmission was evidenced in 9 of 13 (69.2%) goats. At least 
in 2 congenitally infected kids the IFAT titer had declined from 1:1600 to <1:50 at 120 days of age. 
These data are of epidemiological significance. Although parasite DNA was detected in tissues of 
adult goats, N. caninum could not be demonstrated histologically.1448
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Protozoal-associated lesions (mononuclear inflammatory infiltrates and necrotic foci in paren-
chyma) were found and properly described in brain, lung, kidney, and heart of abortions caused by 
N. caninum from Spain.1405 The same was done in the CNS of adult goats and their fetuses from 
Brazil,391 but this study was completed with lectin histochemistry and immunohistochemistry of 
cellular responses. In this later study, neurological lesions were described as multifocal necrosis foci 
surrounded by astrocytes, perivascular cuffing, and gliosis.

7.2  EXPERIMENTAL INFECTIONS

Results of 2 experiments1173,1635 reported in pregnant pygmy goats inoculated with the NC1 
strain and in Boer goats inoculated with NcSpain7 are summarized in Tables 7.4 and 7.5. The fol-
lowing conclusions were drawn:

	 1.	 The main clinical signs were abortion, stillbirth, and birth of weak kids.
	 2.	 The stage of pregnancy had a marked effect on the outcome of pregnancy; effects were more severe 

in does inoculated early in pregnancy.
	 3.	 The earliest evidence of placental invasion was day 10 PI.
	 4.	 Fetal infection was demonstrable by day 14 PI.
	 5.	 Abortions occurring as early as 10–11 DPI were probably due to pyrexia in doe.
	 6.	 IgG and IgM antibodies were demonstrable in does as early as 7 DPI.
	 7.	 Fetuses developed antibodies as early as 18 DPI when their dams were inoculated at 120 days of gestation.

Two additional studies comprising experimental infections were carried out. In the first one,568 
2 Nubian goats were IM and SC inoculated with the NC1 isolate (2.55 × 105 and 5.5 × 106 tachyzo-
ites), and 4 pygmy goats (used in a previous experiment, see Reference 1173) were inoculated SC 
with 107 tachyzoites. All goats were subjected to studies on their serological responses. Nubian 
goats developed antibodies from 2 weeks onwards, peaking 1:3200 (goat 1) and 1:6400 (goat 2) at 
24 and 35 DPI, respectively. The titers for all 4 pygmy goats remained <1:50 after 35 DPI.

In a second experiment,2157 within a study aiming to validate NcMIC10 (N. caninum micro-
neme protein 102157) as a new diagnostic marker, ten 2–4-years-old Boer goats were IV inoculated 

Table 7.3  Detection of Neospora DNA in Aborted Goat Fetuses

Country Region No. Tested

No. 
Positive 

(%)
Positive 
Tissue Method Remarks Reference

Brazil Minas 
Gerais

8 fetuses 6 (75.0) Brain Sequence 
within the XII 
chromosome, 
direct PCR

Parasites detected 
in 4 by IHC

391

Italy Sardinia 23 fetuses 2 (8.6) Brain, liver, 
spleen, 
muscle, 
abomasum

ITS1, nested 
PCR

Also found infected 
with T. gondii in 
13% of fetuses 
and 25% of 
placentae

1293

8 placentae 1 (12.5) Placenta

– 1 fetus 1 (100.0) Brain 18S, direct 
PCR

Other pathogens 
investigated. 
Lesions in brain

635

Spain – 26 fetuses 3 (11.5) Brain Nested PCR, 
ITS1

Lesions by 
histology in 
15.4%. 2 fetuses 
positive by PCR 
presented 
protozoal-
associated lesions

1405
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(a) (b)

(c)

(d)

Figure 7.1 � Lesions in neonatal goats. (a) Hydrocephalus in a 3.5 month gestational age fetus. The cerebral 
architecture is collapsed (arrow) because of enlarged lateral ventricles. The cerebral hemispheres 
were atrophied and the cerebellum was smaller than normal. Unstained. (b) Hydrocephalus in a kid 
that born weak and died the day of birth. Transverse section of the brain. Note atrophy of cerebral 
cortex due to dilatation of ventricles. Unstained. (c) Mineralized area with focal cavitations. HE 
stain. (d) Severe nonsuppurative inflammation. Arrows point to tissue cysts. A few tachyzoites and 
many tissue cysts were present. IHC with polyclonal rabbit N. caninum antibodies. (a, c, and d) 
Courtesy of authors in Reference 566; (b) Courtesy of authors in Reference 2032. Bars = 250 µm.
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with the Nc-Illinois isolate; they were divided into 2 groups (n = 5) that received either 104 or 106 
tachyzoites 90 days after mating. All goats aborted between 24 and 36 DPI.

BIBLIOGRAPHY

Serologic Prevalence: 5, 26, 51, 69, 159, 355, 408, 409, 443, 490, 566, 660, 682, 744, 765, 952, 985, 1089, 
1197, 1232, 1233, 1243, 1347, 1368, 1388, 1394, 1446, 1453, 1518, 1839, 1860, 1890, 1898, 1950, 
1980, 2013, 2180.

Clinical Disease: 133, 327, 382, 391, 551, 566, 635, 1293, 1347, 1405, 1448, 2012, 2032.
Experimental Infections: 568, 1173, 1635, 2157.
Additional References: 51, 258, 1978.

Table 7.5 � Experimental Infections in Pregnant Boer Goats Inoculated Intravenously 
with 106 N. caninum Tachyzoites of the Nc-Spain7 Strain

Progeny

Doe

Outcome

PCRa

No. Day Necropsied Gestation Day Brain Liver

Inoculated Day 40

1 10 50 Dead fetus – –

2 10 50 Dead fetus – –

3 11 51 Dead fetus – –

4 11 51 Dead fetus – –

NA NA NA Dead fetus NA NA

NA NA NA Dead fetus NA NA

5 17 57 Dead fetus + +
6 21 61 Dead fetus + +
7 21 61 Dead fetus + +

Inoculated Day 90

8 27 117 Dead fetus + NA

9 29 119 Dead fetus + NA

10 29 119 Dead fetus + –

11 35 125 Dead fetus + +
NA NA NA Dead fetus + +
12 53 143 Live kid + +
13 53 143 Stillborn – –

14 55 145 Live kid + –

Inoculated Day 120

15 12 132 Live kid – –

16 14 134 Weak kid + +
17 15 135 Live kid + +
18 16 136 Weak kid + +
19 18 138 Weak kid + +
NA NA NA Weak kid + +
20 21 141 Weak kid + +
21 22 142 Weak kid + +

Source:	Modified from Porto, W. J. N. et al. 2016. Vet. Res. 47, 29.
a	 PCR results: + = positive, − = negative; NA = not available.
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Chapter  8

Neosporosis in Water Buffaloes (Bubalus bubalis)

8.1  NATURAL INFECTIONS

8.1.1  Serologic Prevalence

Reported seroprevalences vary from 1.5% to 100% (Table 8.1) but most of these differences are 
probably related to the serologic methods and, more importantly, the cut-off values. For example, a 
very low (1.5%) prevalence in buffaloes was reported in Vietnam,955 but the results are based on a 
very high cut-off (1:640) by IFAT.

The management systems could also affect the prevalence. In Asia, most water buffaloes are 
stall-fed, and most farmers have only a few animals, minimizing exposure to wild canids.1048,1824

Compared to cattle, little is known about the epidemiology of N. caninum infection in buffaloes. 
In an epidemiological study of beef cattle and buffaloes grazed together on 4 ranches in Argentina, 
seroprevalences (IFAT, 1:100) were much higher in buffaloes (43.3%, 584 of 1350) than in cattle 
(28.6%, 252 of 880).1393 The age of the surveyed animals may have influenced seroprevalence rates. 
Higher rates were found in older animals in Argentina; seroprevalences were 57% in buffaloes <3 
years old, 63% in 3–5 years old, and 67% in buffaloes older than 5 years.277 A similar trend was 
reported in a subsequent study from Argentina1393 and Thailand.1048 In 1 study from Brazil sero-
positivity for N. caninum in water buffaloes was higher in extensive production, in dairy production 
and related to this on farms with a milk colling system.241 In addition, purchases of animals and 
presence of other farm animals (pigs, but also small ruminants) seemed to represent a risk factor.241 
In the absence of a longitudinal study, the proportion rates for congenital versus post-natal trans-
mission of N. caninum infection in buffaloes are unknown. In Italy, seroprevalences were 24.5% 
in 1–2-year-old buffaloes, 32.2% in 3–4-year-old buffaloes, 38.6% in 5–6-year-old buffaloes, and 
43.1% in buffaloes older than 6 years.813 Seasonal conditions may also affect the seroprevalence. 
The highest seroprevalence was recorded in buffaloes sampled in summer (70.5%) versus winter 
(39.6%).1451

8.1.2  Parasitologic Prevalence

Viable N. caninum was isolated from buffalo brains.1722 Brains from 6 asymptomatic culled 
male buffaloes from São Paulo, Brazil were used to attempt isolation of N. caninum using cell cul-
ture and bioassay (Table 8.2). For in vitro cultivation, 10 g of brain of each of the 6 buffaloes were 
digested in trypsin, washed, and homogenates seeded onto bovine monocytes. Again in Brazil, 
viable N. caninum was isolated from 3 seropositive water buffaloes by feeding dogs; oocysts recov-
ered were used for further oral infections in dogs.116
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8.1.3  Clinical Disease

Currently, there is no definitive evidence of clinical neosporosis in buffaloes. Reports of con-
genital infection and neosporosis-associated clinical signs are summarized here. N. caninum DNA 
was detected in 1 out of 9 fetuses tested from buffaloes slaughtered at an abattoir in Brazil.347 
These fetuses were between 2 and 5 months of gestational age. Antibodies to N. caninum were not 
found in their thoracic fluid, but bioassay and histological examinations were not performed.347 

Table 8.1 � Serological Prevalence of N. caninum in Water Buffaloes

Country Region Type
Number 
Tested

Number 
Positive

% Positive 
(Range)

Serologic 
Testb, Cut-Off Reference

Argentina Corrientes 4 farms 449 287 63.9 (56.5–75.5) IFAT, 1:100 277
NEAa 5 farms 500 211 42.2 (26–65) IFAT, 1:100 1092
NEA 4 farms 1350 584 43.3 (37.5–65.5) IFAT, 1:100 1393
NEA 5 farms 1693 694 40.1 IFAT, 1:100 1090

Australia Northern 
Territory

– 480 424 88.3 (33.3–100) ELISA, IDEXX 1459

Brazil Bahia 4 farms 117 42 35.9 IFAT, 1:200 777, 787
Northern Brazil, 
13 provinces

Farms 4796 2665 55.5 ELISA 412

2345 48.8 IFAT, 1:40
Pará 3 farms 196 139 70.9 IFAT, 1:25 747
Pará 4 farms 212 187 88.2 ELISA, IDEXX 2042
Paraíba 14 farms 136 26 19.1 IFAT, 1:200 241
Rio Grande do 
Sul

Farms 164 24 14.6 ELISA, CHEKIT 2048

São Paulo 5 farms 192 169 88.0 IFAT, 1:50 349
São Paulo 12 farms 411 230 56.0 IFAT, 1:200 467
São Paulo 11 farms 222 117 53.0 NAT, 1:40 713, 714

142 64.0 IFAT, 1:25
China Jiangsu – 40 0 0.0 ELISA, CIVTEST 2163, 2164
Egypt Cairo Abattoir 75 51 68.0 NAT, 1:20 572
India Punjab 2 farms 32 16 50.0 cELISA, VMRD 1337

Andhra Pradesh, 
Karnataka

Various 
sources

341 34 9.9 cELISA, VMRD 1824

Iran Ahvaz Abattoir 181 67 37.0 ELISA, IDEXX 830
Iran Ahvaz – 122 76 62.3 ELISA, IDEXX 842
Iran

Hamedan Farms 450 28 6.2 ELISA, IDvet 433
Italy Campania 50 herds 1377 477 34.6 IFAT, 1:200 813

Campania 2 farms 908 463 51.0 ELISA, IDvet 103
Pakistan Punjab, Lahore Farms 300 159 54.7 cELISA, VMRD 1451

Punjab 10 farms 312 134 42.8 cELISA, VMRD 1453
Philippines Central Luzon 7 farms 105 4 3.8 ELISA 1089
Thailand 6 provinces 238 farms 628 57 9.1 (8.6–16.7) IFAT, 1:100 1048
Vietnam Ho Chi Minh 

City
Abattoirs 200 3 1.5 ELISA, IFAT, 

1:640
955

a	 North East Areas: Formosa, Chaco, Misiones, and Corrientes provinces.
b	 IDEXX = IDEXX HerdChek Neospora caninum antibody, indirect ELISA, sonicate lysate of tachyzoites, IDEXX 

Laboratories, USA; CHEKIT = CHEKIT Neospora, indirect ELISA, detergent lysate of tachyzoites, IDEXX 
Laboratories, The Netherlands; CIVTEST = CIVTEST BOVIS NEOSPORA, indirect ELISA, sonicate lysate of 
tachyzoites, Laboratorios Hipra S.A., Spain; VMRD = Neospora caninum cELISA Competitive ELISA GP65 
surface antigen of tachyzoites VMVVMRD, USA.
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In a heterogeneous population of buffaloes from various sources in Pakistan aborting buffaloes had 
a higher seroprevalence (78.9%) versus non-aborting buffaloes (59.8%).1451

Suggestive evidence of neonatal neosporosis in buffaloes has been reported from Italy.103,813 
In the first report, encephalitis and myocarditis were found in 2 of 4 fetuses examined histologi-
cally,813 but the parasite identity was not confirmed. Additional evidence was provided in the sec-
ond report.103 Three fetuses from a herd with seropositive buffaloes were examined at necropsy. 
N. caninum DNA was found in the brains of all 3 fetuses by pNc5 gene-based PCR. Histologically, 
all 3 fetuses had encephalitis and myocarditis, but N. caninum was not demonstrable.103

8.2  EXPERIMENTAL INFECTIONS

8.2.1  Infection in Nonpregnant Animals

Six buffalo calves were each inoculated SC with 5 × 106 live culture-derived tachyzoites of the 
cattle Illinois strain of N. caninum, and 2 calves were kept as uninoculated controls. Antibody titers 
were monitored weekly for 8 weeks and then monthly until 1-year PI using IFAT. All inoculated 
calves developed IFA titers of 1:100 or higher between 7 and 11 days PI, and peaked after 3 weeks 
to 1:1600 in 1 buffalo, to 1:800 in 3 other animals, and to 1:400 in the remaining 2 calves. Titers 
remained elevated until 7 weeks PI, and then declined to 1:25 or 1:50 in all the 6 animals by 12 
months PI. All calves remained asymptomatic.1723

To follow the dynamics of N. caninum antibodies, sera from 29 buffaloes and their calves were 
collected during 1 year and assayed for N. caninum antibodies; 23 of 29 calves were seropositive 
(IFAT of 1:100 or more) at 1–2 days of age. Of these 23 calves, 17 remained seropositive during 
the study, while 6 became seronegative at 4 (2 calves), 6 (1 calf), 7 (2 calves), and 8 (1 calf) months 
of age. These findings indicate a neonatal transmission rate of N. caninum in buffaloes of 73%.1723

8.2.2  Infection in Pregnant Animals

Transplacental transmission of N. caninum has been induced in buffaloes by IV inoculation of 
dams with 108 or 5 × 108 tachyzoites. The results varied with the dose, parasite strain, and the ges-
tational age (Table 8.3). As expected consequences were more severe when dams were inoculated 
at day 70 versus day 90 of gestation and when the dose was 5 times higher. Fetal death occurred by 
day 28 in 1 of 3 fetuses necropsied at day 28 PI. Parasite DNA was demonstrable in several fetal 
tissues. Placentitis was the most prominent lesion, and was found in 90% of the inoculated dams. 
Inflammatory lesions were found in several organs but N. caninum was not demonstrable in tissue 
sections. Placental inflammation was characterized by the infiltration of CD3+ and CD4+ T cells and 
T cells exposing γδ T-cell receptor, similar to what was previously found in cattle in early gestations 
but with milder lesions.294 There are no data on the birth of infected asymptomatic buffalo calves.

Table 8.2 � Isolation of Viable N. caninum from Brains of Naturally Infected Water Buffaloes from Brazil

No.
Direct Cell Culture 

from Brain
Bioassay in Gerbils 

(Meriones unguiculatus) Oocyst Shedding by Dogs
Isolate 

Designationa

1 − − + NCBrBuf-1

2 + − + NCBrBuf-2

4 − + − NCBrBuf-3

5 + + + NCBrBuf-4

6 − + − NCBrBuf-5

Source:	Adapted from Rodrigues, A. A. R. et al. 2004. Vet. Parasitol. 124, 139–150.
a	 Isolates not archived.
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Chapter  9

Neosporosis in Pigs

9.1  NATURAL INFECTIONS

9.1.1  DNA Serologic Prevalence

Information on serological prevalence in domestic pigs (Sus scrofa) and other feral-wild swine 
is summarized in Tables 9.1 and 9.2. N. caninum antibodies were found in 9.6% of 166 subadults 
versus 19.6% of 301 adult feral swine in USA, suggesting post-natal transmission.198 Additionally, 
no positive were detected by PCR in pig tissues in Switzerland.2133

9.1.2  Clinical Infections

Currently there is no credible evidence that N. caninum causes clinical disease in pigs.

9.2  EXPERIMENTAL INFECTIONS

In 1 study, 2 adult sows inoculated IM with 2.5 × 106 tachyzoites of the NC1 isolate remained 
clinically normal but developed N. caninum antibodies within 2 weeks PI.568 Peak IFAT titer was 
1:6400 and there was no reactivity with T. gondii, indicating development of specific antibodies.

An important experiment in pregnant sows was performed in Denmark.1011 Six sows were 
inoculated IM with 2.5 × 106 tachyzoites of the Swedish isolate (Nc-SweB1) of N. caninum at day 
48–101 of gestation and the gilts were euthanized at near the parturition time (Table 9.3). Antibodies 
were assayed in the dams and their fetuses by IFAT. Tissues of all gilts and most fetuses were stud-
ied histologically, by IHC, and by bioassays in cell culture. The following conclusions were drawn:

	 1.	 Gilts became seropositive as early as 9 DPI.
	 2.	 All gilts remained asymptomatic, but lesions were demonstrable in the liver of 3 gilts, tachyzoites 

were found in livers of 2 gilts (nos. 5 and 6) and in the endometrium of gilt no. 1.
	 3.	 N. caninum infection was proven in 3 fetuses from gilt no. 1. Viable N. caninum was recovered in 

cell culture inoculated with tissues of 1 fetus, demonstrated by IHC in the liver of 1, and brains of 2 
fetuses.

	 4.	 Tissue cysts were not found in tissues of fetuses or gilts.
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Table 9.3  Experimental Neosporosis in Pregnant Sows

Sows
Fetuses

Designation 
of Gilts

Gestation 
Day

Euth. 
PID

Antibodies
N. caninum 

IHC No. 
No. 

Dead
No. 

Tested Antibodies Lesions IHCIgG IgM

1 48 59 1280 1280 Positive 9 1 7 2 3 3a

2 48 59 20480 5120 Negative 10 0 10 – – –

3 76 30 5120 1280 Negative 11 2 11 – – –

4 72 30 5120 5120 Negative 13 2 13 – – –

5 101 9 40 80 Positive 11 0 11 – – –

6 101 10 2560 1280 Positive 10 0 10 – – –

Source: Data from Jensen, L. et al. 1998. Acta Pathol. Microbiol. Immunol. Scand. 106, 475–482.
a	 Parasite isolated in cell culture from tissues of 1 fetus.
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Chapter  10

Neosporosis in Camels and South 
American Camelids

10.1  NATURAL INFECTIONS

10.1.1  One Humped Camel (Camelus dromedarius)

Antibodies to N. caninum were detected in camels from Africa and Middle East (Table 10.1).
There is no report of clinical neosporosis in camels.

10.1.2  South American Camelids

10.1.2.1  Serologic Prevalence

Available information for llamas (Lama glama), alpacas (Vicugna pacos), and vicuñas (Vicugna 
vicugna) is summarized in Table 10.2.

10.1.2.2  Clinical Infections

Neosporosis associated abortion was detected in 7 of 18 llamas and 12 of 32 alpacas (Table 10.3).

BIBLIOGRAPHY

Camels: 25, 841, 909, 935, 964, 965, 1754, 1820, 2082.
South American Camelids: 312, 329, 331, 358, 1071, 1402, 1417, 1716, 1820, 1828, 1829, 2108.
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Table 10.1  Seroprevalence of N. caninum in Camels (Camelus dromedarius)

Countrya Region Source
No. 

Tested
No. 

Positive
% 

Positive Assay

Cut-Off 
Titer or 
Testb Remarks Reference

Egypt Cairo Abattoir 161 6 3.7 NAT 1:20 Titer of 
1:1280 in 1 
camel

909

Iran Mashhad Abattoir 120 7 5.8 IFAT 1:20 Titer of 1:20 
in 3, and 
1:40 in 4

1754

Yazd Abattoir 254 10 3.9 NAT 1:10 Titer of 1:20 
in 6, and 
1:40 in 4

841

Isfahan Abattoir 310 10 3.22 IFAT 1:50 Titer of 
1:100 in 3

935

Saudi 
Arabia

Riyadh Farm 412 23 5.6 IFAT 1:20 Titer of 1:20 
in 16, and 
1:40 in 7

25

Sudan Khartoum Farm 61 6 9.8 ELISA VMRD 96.9% of 
herds were 
positive

964, 965

United 
Arab 
Emirates

Dubai Farms—
dams

578 76 13.1 ELISA VMRD Samples 
tested for 7 
other 
infectious 
agents

2082

Calves 541 77 14.2

a	 No anti-N. caninum antibodies were detected in 10 Bactrian camels (Camelus bactrianus) kept in Czech and 
Slovakian zoos.1820

b	 VMRD = Neospora caninum cELISA Competitive ELISA GP65 surface antigen of tachyzoites, VMRD, USA.
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Table 10.3  Neosporosis Abortion in Llamas and Alpacas from Peruvian Highlands

Host
No of 

Fetuses No. Positive (%)

Diagnosis

ReferenceHistologya IHC PCR

Llama 
(Lama 
glama)

9 2 (22.2) 2 1 1 in brain 1828
18 7 (38.8) 5 4 1 brain and heart, 

1 brain
1829

Alpaca 
(Vicugna 
pacos)

6 2 (33.3) 2 1 2 in brain 1828
32 12 (37.5) 8 8 2 in brain and heart, 

4 in brain, 1 in heart
1829

a	 Indicative of protozoal infection.
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Chapter  11

Neosporosis in Felids

11.1  NATURAL INFECTIONS

11.1.1  Serologic Prevalence

Information on domestic cats (Felis catus) and on other wild Felidae is summarized in Tables 
11.1 and 11.2.

11.1.2  Clinical Infections

There is no evidence for clinical neosporosis in felids.

11.2  EXPERIMENTAL INFECTIONS

Cats are susceptible to infection. Information is summarized in Table 11.3. Additionally, infor-
mation on serological responses of cats to N. caninum infection was compiled previously.568 Briefly, 
3 trials were performed. In trial no. 1, three 3-day-old kittens were SC inoculated with tachyzoites, 
2 died on days 14–17 PI, and the kitten that survived was seropositive. In trial no. 2, an adult cat 
seroconverted (>1:800 on day 29 PI) after oral infection with N. caninum tissue cysts. In trial no. 3, 
three 3-month-old cats elicited a pronounced humoral immune response after IM inoculation with 
NC1 tachyzoites.

The following conclusions can be drawn from Table 11.3:

	 1.	 Cats can be infected with N. caninum transplacentally and postnatally.
	 2.	 Congenital infection can occur due to reactivation of infection in cats infected before pregnancy.
	 3.	 Disseminated neosporosis can develop in inoculated cats.
	 4.	 Parasite can encyst in cat tissues.
	 5.	 Cats can develop antibodies to N. caninum.

BIBLIOGRAPHY

Natural Infection in Domestic Cats: 90, 244, 359, 456, 465, 588, 663, 678, 838, 839, 932, 1821, 1855.
Natural Infection in Other Felids: 70, 333, 677, 1027, 1350, 1517, 1820, 1872, 1888.
Experimental Infections in Cats: 532, 534, 544, 568, 1310.
Additional References: 45, 506, 508, 786, 1819.
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Chapter  12

Neosporosis in Avian Species

Currently there is no definitive evidence that birds are natural hosts of N. caninum. Available 
information is summarized here.

12.1  NATURAL INFECTIONS

Although N. caninum antibodies and DNA were found in several species (Tables 12.1 and 12.2), 
intact parasites have neither been demonstrated nor isolated by bioassays. Additionally, antibody 
responses to N. caninum were not persistent in experimentally infected birds (Table 12.2).

12.2  EXPERIMENTAL INFECTIONS

None of the birds inoculated with tachyzoites developed clinical signs (Table 12.2). It seems 
that chickens can be successfully infected with tachyzoites but the host eliminates the infection. Of 
7-day-old chickens inoculated with tachyzoites, parasites were found in tissues of chickens killed 
at 15 DPI but not in chickens killed at 60 DPI.715 Eggs laid by inoculated hens had no evidence of 
N. caninum infection.715

Compared to newborn chickens, embryonated eggs were susceptible to N. caninum infection 
(Table 12.2). Parasites multiplied in several tissues of embryos, and 2 dogs fed infected tissues 
excreted oocysts.715 However, oocysts were not seen in the feces of 2 dogs fed infected embryo tis-
sues in another investigation.1432

Other experiments were aimed to evaluate the potential role of carnivorous birds as definitive 
hosts for N. caninum; 2 red-tailed hawks (Buteo jamaicensis), 2 turkey vultures (Cathartes aura), 
2 barn owls (Tyto alba), and 3 American crows (Corvus brachyrhynchos) were fed with rodent tis-
sues (mice and rats infected with 105 culture-derived tachyzoites of N. caninum 1–6 months before). 
Oocysts were observed in their feces but it was concluded that their identity was different from 
N. caninum after failure of infection in BALB/c mice.112

BIBLIOGRAPHY

Natural Infections: 2, 390, 426, 520, 665, 773, 789, 968, 1288, 1363, 1371, 1440, 1721a, 1762, 1787a, 2117.
Experimental Infections: 110, 112, 459, 715, 1054, 1274, 1275, 1328, 1360, 1432.
Additional References: 1295, 1781.
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Chapter  13

Neosporosis in Humans and Primates

13.1  NEOSPOROSIS IN HUMANS

Low levels of antibodies to N. caninum have been reported in human sera (Table 13.1). The 
significance of these findings is uncertain because neither parasite DNA nor the parasite has been 
confirmed in human tissues. Nevertheless, N. caninum has been successfully cultured in human 
cell lines such as MCF-7 human breast carcinoma,1237 human brain microvascular endothelial cells 
(HBMECs),648 human trophoblast (BeWo) and uterine cervical (HeLa),310 human foreskin fibro-
blasts (HFFs), human astrocytoma cell line (86HG39), human epithelial lung cells (A549 cells)1885 
and also, the same level of growth was observed when human serum instead of fetal bovine serum 
was used for tissue culture.1512

13.2  EXPERIMENTAL NEOSPOROSIS IN RHESUS MONKEYS

Transplacental neosporosis was demonstrated in Macaca mulatta in 2 experiments performed 
in California, USA.135 In the first experiment, 2 M. mulatta 65-day gestational fetuses were inocu-
lated in utero each with 106 N. caninum tachyzoites; these fetuses were removed by hysterotomy 
13 and 22 days later. In the second experiment, 2 M. mulatta were inoculated IM and IV with 
1.6 × 107 tachyzoites at gestational day 43; fetuses were removed by hysterotomy 67 and 70 days 
later. The fetuses were found alive but infected with N. caninum. In all 4 fetuses N. caninum-
associated lesions, and live parasites were demonstrated by IHC and bioassay in cell culture. The 
predominant lesion was encephalitis with demonstrable tachyzoites.135 Later, using the same speci-
mens, N. caninum DNA was detected in the brain and heart of the dam, placenta, and several fetal 
tissues.913
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Chapter  14

Neosporosis in Cervids and Other Wild Herbivores

14.1  NATURAL INFECTIONS IN CERVIDS

14.1.1  White-Tailed Deer (Odocoileus virginianus)

White-tailed deer (WTD) are considered as one of the most important reservoirs of N. caninum 
infection in the USA. Hundreds of thousands of WTD are harvested by hunters and killed in traffic 
accidents yearly. The carcasses and viscera are a potential source of infection for wild carnivores, 
specially wolves, coyotes, but also for dogs, which in turn can spread the infection by excreting 
environmentally resistant oocysts in the environment.

14.1.1.1  Prevalence

Serologic prevalence is summarized in Table 14.1.
Up to 88% of WTD were seropositive. The lack of correlation with age in 1 study612 suggested 

that congenital infection may be important in the epidemiology of neosporosis in WTD (Table 14.1).
Viable N. caninum was isolated from brains of 4 adult and 2 WTD fetuses (Table 14.2). 

Additionally, 1 isolate (NC-deer1) was obtained by feeding a dog the brain of a naturally infected 
deer from Illinois, USA. The dog excreted N. caninum-like oocysts 7–14 days after ingesting the 
deer tissue. PCR testing and sequencing of ITS1 confirmed the identity of the oocysts as N. cani-
num. A calf fed 2500 oocysts of this isolate developed N. caninum antibodies.783

14.2  OTHER CERVIDS

14.2.1  Serologic Prevalence

Available information is summarized in Table 14.1.

14.2.2  Clinical Infections

Clinical neosporosis has been reported in 4 species of deer (Table 14.3). A comprehensive report 
described an outbreak/cluster of cases in a zoo in Argentina.170 A 2-week-old fawn and 4 neonates 
were found dead. The fawn had congenital defects (megacolon and anal dilation) and microscopic 
lesions were detected in histologic sections of several organs. A tissue cyst was seen in a fresh smear 
of its brain, N. caninum DNA was detected by PCR, and viable N. caninum was isolated from the 
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brain of the fawn. Neospora DNA was also detected by PCR from 1 of the 4 fetuses (Table 14.3). 
Microsatellite typing suggested that the infection in the fawn and the fetus was from the same 
source.

14.3  OTHER HERBIVORES

14.3.1  Serologic Prevalence

Available information is summarized in Table 14.4 (North American, European, and Asian 
wild Bovidae), Table 14.5 (African wild Bovidae), and Table 14.6 (other non-ruminant herbivorous 
species).

14.3.2  Clinical Neosporosis

A clinical case in an East African antelope (also called the lesser kudu) (Tragelaphus imberbis; 
Family Bovidae) was reported from neonates in a zoo in Germany (Table 14.3). Evidence for con-
genital infection was based on the detection of N. caninum antibodies in presuckling sera and the 
detection of parasite DNA in brains of 2 calves. The cause of mortality was not established.

BIBLIOGRAPHY

White-tailed Deer: 67, 170, 581, 612, 618, 783, 824, 1190, 1406, 1509, 2043.
Other North American and European Cervidae: 39, 155, 201, 243, 439, 442, 601, 611, 674, 716, 783, 802, 

824, 1267, 1409, 1414, 1441, 1550, 1639, 1641, 1769, 1820, 1875, 1910, 1943, 2113.
Other Cervids: 117, 155, 170, 442, 567, 846, 1343, 1344, 1406, 1513, 1820, 1970, 1971, 2182.
Other Herbivores: 39, 155, 200, 243, 264, 506, 601, 674, 675, 677, 716, 721, 824, 1143, 1205, 1242, 1297, 

1406, 1407, 1600, 1650, 1769, 1820, 2090.
Additional References: 45, 405, 406, 508, 1747, 1819, 1851.
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Chapter  15

Neosporosis in White Rhinoceros 
(Ceratotherium simum)

The white rhinoceros is related to wild Equidae (Perissodactyla; odd-toed ungulates). There is 
no report on serologic prevalence of N. caninum in rhinos. However, 3 deaths due to overwhelming 
neosporosis have been reported (Table 15.1). One rhinoceros from South Africa died of massive 
myocardial necrosis (Figures 15.1 and 15.2), and the one from Thailand of severe hepatitis with 
60% of liver parenchyma necrotic. An aborted rhinoceros in Australia also had extensive hepatic 
necrosis. Numerous tachyzoites were found in lesions in all 3 animals.

Table 15.1 � Clinical Neosporosis in White Rhinoceros (C. simum)

Country Age History Clinical

Diagnosis

ReferenceHistology IHC PCR TEM

Australia Fetus-7 
month 
gestation

Aborted 
in 
captivity 
in zoo

– Necrosis in 
liver with 
tachyzoites. 
Tachyzoites 
seen in 
cerebellum 
without any 
lesions

Tachyzoites 
in liverb

Positive liver 
using Np6 
and Np21 
and 
sequencing. 
Distinct 
genotype 
with MS10

Not done 1773

South 
Africa

16 days 
old

Free 
range 
herd. 
Born in 
captivity.

Died 
suddenly 
of heart 
failure

Severe 
myocarditis

Not in 
original 
papera

Not done Yes 2102

Thailand 16 years Captive 
in zoo 
for 15 
years

Died 
suddenly, 
no signs 
previous 
day

Grossly 
visible 
necrotic 
areas in 
liver, 
involving 
60% of 
liver. 
Necrosis in 
adrenal 
cortex, and 
kidneys. 
Tachyzoites 
in lesions. 
No tissue 
cysts

Positive in 
liver, 
kidneys, 
adrenal, 
intestine, 
and bile 
duct 
epithelium. 
No lesions 
or 
parasites 
in brain. 
Tissue 
cysts and 
tachyzoites 
in heart

Positive liver 
using pNc5 
PCR

Not done 1876

a	 Confirmed by J. P. Dubey (Figure 15.2).
b	 Histology and IHC illustrations of this case were provided by Reference 508.
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BIBLIOGRAPHY

45, 508, 786, 1773, 1820, 1876, 2102.

100 μm

Figure 15.1 � Severe myocarditis in a rhinoceros from South Africa from Reference 2102. Note mononuclear 
cell infiltration and an area of mineralization (arrow). HE stain. (Courtesy of Dr. June Williams.)

20 μm

Figure 15.2 � Foci of myocarditis from the rhinoceros in Figure 15.1. IHC using anti-N. caninum antibodies. All 
black areas are N. caninum tachyzoites (arrows).
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Chapter  16

Neosporosis in Wild Canids and Other Carnivores

16.1  WILD CANIDS

16.1.1  Australian Dingo (Canis lupus dingo)

In 2 Australian surveys, antibodies against N. caninum were found in 0.9% and 26.9% of 
dingoes (Table 16.1). Dingoes are considered important in the epidemiology of neosporosis 
in Australia,1067,1068 because in the wild, dogs in aboriginal communities are most likely dingo/
wild dog hybrids. The evidence for Neospora-like oocysts in these dogs is reviewed. Three pure 
12-week-old dingo pups were fed beef experimentally infected with N. caninum; 1 of these 3 pups 
excreted few oocysts 12–14 days later.1067 The oocysts were morphologically similar to N. caninum 
oocysts and their identity was confirmed by PCR and sequencing of pNc5 gene and ITS1 rDNA 
gene.1067 N. caninum-like oocysts were found in the feces of 2 of 132 aboriginal community dogs; 
these were PCR-positive for N. caninum.1070 Oocysts from 1 of these dogs were bioassayed in dunn-
arts (S. crassicaudata), that are highly susceptible to N. caninum infection.1069 Oocysts (unknown 
number) were fed to 2 dunnarts and the experiment was terminated 46 days later. Both dunnarts 
remained asymptomatic and did not develop antibodies to N. caninum as assessed by a cELISA 
(VMRD). However, tissue cysts were identified in the spleen of 1 dunnart by IHC but not by PCR. 
N. caninum DNA was found in the brain of the second dunnart by using primers targeting the pNc5 
gene and this was confirmed by amplification of N. caninum MS10 microsatellite DNA using nested 
PCR.1069 Although there is strong evidence that dingoes represent another definitive host of N. cani-
num, the in vitro isolation of viable N. caninum from dingo feces would provide the unambiguous 
proof that dingoes are definitive hosts for N. caninum.

16.1.2  Coyote (C. latrans)

Serologic information is summarized in Table 16.1.
Coyotes are considered important in the epidemiology of neosporosis in North America.125 

N. caninum-like oocysts were found in the feces of 2 of 185 coyotes in Canada, based on PCR. 
However, viable N. caninum oocysts have not yet been identified in the feces of naturally infected 
coyotes.2072

Experimentally, 1 of 4 coyotes experimentally fed infected beef excreted few N. caninum-like 
oocysts 8–10 days later. Results were confirmed by PCR using Np6/Np21 primers. Bioassay of 
coyote oocysts was not performed. All 4 coyotes developed IFAT titers of 1:800 or 1:1600, 28 DPI.

In another study, oocysts were not found in the feces of 3 coyote pups fed N. caninum-infected 
tissues1176; the pups developed IFAT titers of 1:800 or 1:1600 but N. caninum stages were not identi-
fied in the tissues of the pup necropsied 33 DPI.
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16.1.3  Red Fox (Vulpes vulpes)

Several serological surveys have been reported in red foxes (Table 16.1) because they were 
suspected as definitive hosts of N. caninum. Indeed, N. caninum-like oocysts were not found in the 
feces of naturally exposed foxes in Spain,36 Ireland,2110 and Germany.380 However, N. caninum-like 
oocysts were reported in the feces of 2 of 271 foxes in Canada, based on PCR testing.2072 Several 
studies demonstrated that they are important intermediate hosts.36,1796 However, foxes that were 
experimentally fed N. caninum-infected tissues did not excrete oocysts.1799

There is 1 histologically confirmed report of clinical neosporosis in a fox. A 3-month-old fox 
developed granulomatous dermatitis during rehabilitation following an automobile accident.619 The 
fox had a low (NAT, 1:25) titer to N. caninum. Numerous N. caninum tachyzoites were found in the 
lesions by IHC. There was concurrent asymptomatic T. gondii infection and viable T. gondii, but 
N. caninum was not isolated by bioassay. The fox had been treated with clindamycin that had prob-
ably killed the N. caninum tachyzoites.619

16.1.4  Blue Fox (Alopex lagopus)

Antibodies to N. caninum were found in blue foxes in China (Table 16.1). N. caninum tissue 
cysts were also reported in the histological sections of kidneys and brain of 5 foxes with an undiag-
nosed illness.2165 This report needs confirmation because tissue cysts are rare in renal tissues and in 
IHC performed by one of us, JPD, the results reported in Reference 2165 could not be confirmed.

A blue fox inoculated IM with N. caninum-infected dog brain developed encephalitis and 
tachyzoites were found in lesions.205

16.1.5  Gray Wolf (C. lupus)

Wolves are considered to be very important hosts in the epidemiology of neosporosis in wild-
life and free range cattle in the USA. N. caninum-like oocysts were found in the feces of 3 of 73 
wolves.615 Oocysts from 1 of these 3 samples were proven to be N. caninum by bioassays in KO 
mice, further propagation in cell culture, and by DNA characterization. This isolate was designated 
NcWolfUS1. Additionally, viable N. caninum was isolated by bioassay in KO mice and cell cul-
ture from the brain and heart of 2 of 109 wolves from the USA.620 These isolates were designated 
NcWolfMn1 and NcWolfMn2.

16.1.6  Other Wild Canids

Serological surveys have been performed in other wild canid species (Table 16.1) such as 
Azara’s fox (Lycalopex gymnocercus), crab-eating fox (Cerdocyon thous), Chiloé fox (Pseudalopex 
fulvipes), fennec (Vulpes zerda), golden jackal (Canis aureus), gray fox (Urocyon cinereoargenteus), 
South American gray fox (Dusicyon griseus), Culpeo fox (Dusicyon culpaeus), hoary fox (Dusicyon 
vetulus), maned wolf (Chrysocyon brachyurus), Korean raccoon dog (Nyctereutes procyonoides 
koreensis), African wild dog (Lycaon pictus), and bush dog (Speothos venaticus).

16.2  OTHER WILD CARNIVORES

16.2.1  Raccoons (Procyon lotor)

Serologic prevalence data is summarized in Table 16.2.
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An N. caninum tissue cyst was identified histologically in the brain of an encephalitic rac-
coon in the USA1140; diagnosis was confirmed by PCR. This juvenile raccoon had a clinical canine 
distemper virus infection, which is known to be immunosuppressive. Thus, it is not clear whether 
N. caninum was associated with encephalitis.

Experimentally, 2 raccoons fed N. caninum-infected tissues remained clinically normal, became 
seropositive, but did not excrete oocysts.559

16.2.2  Mustelids

Serologic information is summarized in Table 16.3.
Experimentally, 4 ferrets (Mustela putorius), 4 short-tailed weasels (Mustela erminea), and 5 

long-tailed weasels (Mustela frenata) fed N. caninum tissue cysts acquired infection, but stayed 
clinically healthy and did not excrete oocysts.1306

16.2.3  DNA Detection in Wild Carnivores

Information is summarized in Table 16.4.

BIBLIOGRAPHY

Wild Canids: 35, 36, 123, 125, 162, 198, 205, 225, 255, 291, 309, 380, 453, 601, 615, 619, 620, 783, 843, 989, 
992, 1063, 1067, 1070, 1176, 1188, 1276, 1286, 1296, 1439, 1570, 1637, 1796, 1799, 1820, 1857, 1861, 
1868, 1872, 1905, 1910, 1918, 2047, 2071, 2072, 2075, 2076, 2110, 2165.

Other Wild Carnivores: 36, 152, 354, 506, 559, 601, 658, 677, 743, 938, 958, 1140, 1189, 1306, 1439, 1450, 
1515, 1820, 1872, 1918, 1925, 2138, 2165.

Additional References: 508, 564.
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Chapter  17

Neosporosis in Miscellaneous Animals

In this chapter information on neosporosis in all animal species, not included previously, is 
summarized.

17.1  GIANT PANDA (AILUROPODA MELANOLEUCA)

Antibodies to N. caninum were not detected in serum samples of 19 Giant pandas from China; 
sera were tested by IFAT (cut-off 1:50).1205

17.2  PARMA WALLABY (MACROPUS PARMA)

An 8-year-old captive parma wallaby was found dead in a zoo in Austria. Grossly, the left side 
of the heart was hypertrophied. Necrosis and mononuclear cell infiltrations were found in the myo-
cardium. The presence of N. caninum tachyzoites was confirmed by IHC and PCR testing.399

17.3  MARINE MAMMALS

We are not aware of clinical neosporosis in these animals. Serologic prevalence is summarized 
in Table 17.1.

17.4  SMALL MAMMALS

Serologic prevalence is summarized in Table 17.2.

17.4.1  Rodents and Lagomorphs

Serologic information is summarized in Table 17.2.
Information on the presence of DNA in tissues is summarized in Table 2.2 (see Chapter 2).
An IHC study examined sections of livers, hearts, lung, and brains of 14 squirrels (Spermophilus 

variegatus), 6 rats (Rattus norvegicus), and 13 house mice (Mus musculus) from Mexico.1336 
N. caninum-like parasites were found in the brain and liver of 1 mouse, and in the livers of 2 rats 
and 6 squirrels. The putative presence of N. caninum in the livers of 6 of 6 asymptomatic rats is an 
unusual finding, and these results need confirmation.
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N. caninum antibodies were found in 9 of 55 R. norvegicus from cattle farms in Taiwan.949 
Two of these seropositive rats had detectable N. caninum DNA in brains, but the parasite was not 
demonstrated histologically in their tissues. Brains of all rats were bioassayed in outbred mice 
immunosuppressed with prednisolone. When the outbred mice died, their brains were homogenized 
and inoculated IP into a nude mouse. Six months after inoculation with the brain homogenate of 
1 seropositive rat, the brain homogenate of 1 outbred mouse (mouse no. A) was inoculated into a 
nude mouse. The nude mouse was euthanized (PI day not stated) and tested for N. caninum infec-
tion. A tissue cyst was found in the brain of the nude mouse, and stained positively with N. caninum 
antibody. DNA was isolated from the brain of the nude mouse and the presence of N. caninum 
confirmed by PCR. Results of this report need confirmation.
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Chapter  18

N. hughesi and Neosporosis in 
Horses and Other Equids

18.1  INTRODUCTION

In 1998, a new species of Neospora, N. hughesi was described from a horse in California, 
USA.1284 To date, N. hughesi has been reported only from horses. It is uncertain at present whether 
there are 1 or 2 species of Neospora that infect horses. Therefore, available information on 
N. hughesi and neosporosis in horses is summarized in this chapter.

18.2  DIFFERENCES BETWEEN N. HUGHESI AND N. CANINUM

18.2.1  Morphological

18.2.1.1  Tachyzoites

In the original description of N. hughesi, tachyzoites in smears were 4.0–7.0 × 1.8–3.0 (n = 10) 
µm and 4.9–5.3 (n = 3) × 1.4–2.5 (n = 18) µm in sections of the spinal cord of the horse.1284 
However, any appreciable visual differences between tachyzoites of another isolate (Oregon isolate) 
of N. hughesi (Figure 18.1) and the NC1 isolate of N. caninum were not found when viewed by 
microscopy of cell culture derived tachyzoites.585

18.2.1.2  Tissue Cysts

In the original description of N. hughesi, tissue cysts (n = 6) in the spinal cord of the naturally 
affected horse were reported to be 6.9–16.0 × 10.7–19.3 µm in size, with a thin cyst wall (0.15–
1.0 µm).1284 The thickness of the tissue cyst wall was proposed as one of the distinguishing features of 
N. hughesi, because tissue cysts of N. caninum are generally thick-walled (1–3 µm). However, thick-
walled tissue cysts (1.0–3.0 µm) have been reported in horses,414,585,1175 (Figure 18.2) and thin-walled 
(<1.0 µm) tissue cysts were reported in dogs naturally infected with N. caninum.573 Thus, there are 
no clear morphological differences between N. caninum and N. hughesi tissue cyst wall morphology.

18.2.1.3  Antigenic and Molecular Differences

Antigenic and molecular differences between N. hughesi and N. caninum have been 
reported.585,1284,1285,1887 There is a 6%–9% difference in the amino acid sequences of 2 surface 
antigens (SAG1 and SRS2) between these 2 species.585,1284,1285 Additionally, their dense granules 
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proteins (GRA6 and GRA7) are also different.2066 The nucleotide sequence of the ITS-1 region of 
these 2 parasites has a 7 bases difference.585,1284

18.2.1.4  Biological Differences

Rodents are more susceptible to experimental infections with N. caninum than N. hughesi.585,2065 
The KO mice inoculated with N. caninum died sooner than after infection with N. hughesi, and 
lesions observed by histology were different. Necrosis of the myocardium (Figure 18.3), even vis-
ible macroscopically, was the predominant feature of N. hughesi infection whereas lesions in liver, 
lungs, and brain predominated in N. caninum infections. Gerbils (Meriones unguiculatus) inocu-
lated with N. caninum often developed fatal infections whereas they remained without symptoms 
after inoculation with N. hughesi. Whether these differences are due to species differences or repre-
sent strain-specific features remains to be elucidated in future experiments with a larger number of 
representative isolates using identical procedures.

18.3  NATURAL INFECTIONS IN HORSES

18.3.1  Serologic Prevalence

Information on horses is summarized in Table 18.1, and data regarding other equids is compiled 
in Table 18.2. In most of these surveys N. caninum tachyzoites were used as antigens. Only a few 
surveys employed N. hughesi tachyzoites and these studies are indicated in Table 18.1.

10 μm

Figure 18.1 � Individual and dividing tachyzoites in CV1 cells inoculated with 5 × 105 tachyzoites of the Alabama 
strain of N. hughesi. (Courtesy of Dr. David Lindsay).
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100 μm

(a)

25 μm

(b)

Figure 18.2 � (a,b). Tissue cysts (arrows) in glossopharyngeal nerve of a horse reported in Reference 414. HE 
stain. Note the absence of inflammation and thick cyst wall (arrowhead) of tissue cysts. (Sample 
courtesy of Dr. Barbara Daft).
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250 μm

(a)

50 μm

(b)

Figure 18.3 � Myocarditis in a KO mouse, 21 days after SC inoculation with tachyzoites of the Oregon isolate 
of N. hughesi. HE stain. (a) Pan-myocarditis. Arrow points to submyocardium, and arrowhead 
points to endocardium. (b) Necrosis and inflammation. Infiltration mainly by mononuclear cells.
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18.3.2  Transplacental Infection

The presence of antibodies in presuckling foal serum is indicative of transplacental infection 
because the placental barrier limits, but does not completely preclude, the passage of maternal 
antibodies to fetuses in horses.521,522 There is documentation that Neospora can be transmitted con-
genitally in horses but it seems to be a rare event. Antibodies to Neospora were detected in 2 foals 
in Brazil,1203 but the information is not definitive because of the low titer (1:50) and the use of 
N.  caninum  as antigen (Table 18.1). In an extensive study of mares from 4 farms in California, 
USA over a 3-year period, antibodies to Neospora were not detected in pre-suckling sera of 366 
foals from 261 mares,522 and 69 of 324 (21.2%) mares were seropositive to N. hughesi at the time of 
parturition. Additionally, Neospora was not found in fetal tissues or placenta from 22 abortions by 
histology on these farms.522

In another study, antibodies to N. hughesi were detected in 17 of 74 (22.9%) mares.1645 Presuckling 
sera from 74 foals and their 58 dams were tested for N. hughesi antibodies. Only 3 foals were sero-
positive in pre-suckling sera (IFAT 1:1280, 1:2560, and 1:20,480). These seropositive foals were 
from 2 mares (A, B) with IFAT titers of 1:640 and 1:10,240. Two congenitally infected foals were 
born to the same mare, and N. hughesi DNA was detected in its placenta.

N. hughesi can be transmitted in subsequent pregnancies. Mares A and B from the above 
study1645 gave birth to an additional 4 congenitally infected foals in subsequent pregnancies.1646 
All 7 congenitally infected foals in these 2 studies were healthy. Colostrally acquired antibodies to 
N. hughesi disappeared or declined after 3 months post-suckling.1645

Contrary to the findings from California, USA, a Brazilian study reported a high prevalence of 
Neospora antibodies in the sera of mares as well as their foals prior to suckling.79 Sera from 203 
thoroughbred mares and their foals were screened at 1:50 dilution by IFAT using N. caninum as 
antigen; 129 of 203 (63.3%) were seropositive. Of these 129 seropositive mares, a very high (34.8%) 
percentage of mares gave birth to seropositive foals. Additionally, 6 of 74 seronegative mares gave 
birth to seropositive foals. Although mare sera were titrated further to 1:200 dilution and the sero-
positivity decreased to 33%, foal sera were not titrated. As discussed earlier, low levels of maternal 
IgG can cross the placenta in mares.521,522 Therefore, further studies are needed to confirm results 
of this investigation from Brazil. In another study from Brazil, Neospora antibodies were found in 
21.5% (39 of 181) mares and in 9.3% (17 of 181) of their foals in pre-suckling sera.1628 In this study, 
antibodies were assayed using an in-house ELISA.

18.3.3  Clinical Infections

18.3.3.1  Histologically Confirmed Cases

Confirmed fatal neosporosis has been reported in very young or old horses (Table 18.3). The 
earliest reported case was a late-term fetus. The fetus and associated placenta were autolyzed and it 
was suspected that the fetus died in utero several days before abortion. Only the lungs and placenta 
were submitted for diagnosis.524,540 Numerous tachyzoites were seen histologically in lungs that had 
pneumonitis.

The second case was in a 1-month-old foal. The foal had circled its mare to the right from birth, 
indicative of a neurological disorder. The foal was blind in 1 eye and had minimal vision in the 
second eye. Histologically, it had granulomatous encephalitis, marked by gliosis especially in the 
mid brain and optic nerve. Thick-walled Neospora tissue cysts, but no tachyzoites, were detected 
in the brain.1175

Another 6 cases of neosporosis were diagnosed in aged horses, 3 of them had other non-protozoal 
complications. Among these, the clinical presentation in the horse from Georgia was unusual.807 
The horse had anemia, was icteric, had abdominal lymphadenopathy, and foci of thrombosis in 
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lymph nodes and lungs. Numerous Neospora tachyzoites were present in the small intestines and in 
parinodal connective tissue (Figure 18.4).

A 19-year-old Pinto mare had Cushing’s disease; manifested by adrenal cortical hyperplasia, 
pituitary adenoma, and mycobacterial pulmonary granuloma.414 It addition to CNS lesions, there 
were inflammatory lesions in hypoglossal, pharyngeal, and facial nerves, associated with Neospora 
tissue cysts (Figure 18.2) and tachyzoites.

In a case report on a 20-year-old neosporosis horse from Oregon, thyroid adenoma was also 
found.844 The horse had encephalomyelitis and tachyzoites were demonstrated, but no tissue cysts 
were found (Figure 18.5).

18.3.3.2  Antemortem Diagnosed Cases

Clinical neosporosis was diagnosed in 4 equids, all from California (Table 18.4). All of these were 
initially presented with signs reminiscent of Sarcocystis neurona-induced encephalomyelitis, including 

50 μm

(a)

10 μm

(b)

Figure 18.4 � Histological section of colon of the mare. HE stain. (a) Note a focus of necrosis in the lamina 
propria adjacent to a necrotic crypt of Lieberkühn (arrow). (b) Higher magnification of the lesion 
showing many tachyzoites (arrowheads) among necrotic cells. (From Gray, M. L. et  al. 1996. 
J. Vet. Diagn. Invest. 8, 130–133.)
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50 μm

Figure 18.5 � Demyelination and inflammation (arrow) in submeningeal area of the thoracic spinal cord of a 
horse. HE stain. Arrowhead points to a group of tachyzoites. (From case reported in Hamir, A. N. 
et al. 1998. Vet. Parasitol. 79, 269–274.)

Table 18.4 � Clinical Neosporosis in Equids in California, USA, Diagnosed Antemortem

No. Age
Sex/

Condition Breed Clinical Signs
Diagnosis 
Serology Treatment Outcome Reference

1 24 years Gelding Appaloosa Rear limb 
incoordination, 
ataxia

CSF-N. 
hughesi 
IFAT titer 
1:2560

Ponazuril 
(5 mg/kg, 
PO, for 
60 days)

Improved 
clinically

686

2 16 years Gelding Quarter 
Horse

Ataxia of all 4 
limbs

Serum titer 
1:1280, 
CSF titer 
1:10

Ponazuril 
(5 mg/kg, 
PO, for 
45 days)

Improved 
clinically

3 4 months Filly Percheron Ataxia Serum titer 
1:1280, 
CSF titer 
1:20

Ponazuril 
(5 mg/kg, 
PO, for 
30 days)

Improved 
clinically

4 23 years Female Mule Ataxia, facial 
nerve 
paralysis

CSF titer 
1:40, N. 
hughesi

Ponazuril 
(5 mg/kg, 
PO, for 
60 days)

No clinical 
improvement

688

Note: PO = per os.
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neurological symptoms, muscle atrophy, and facial nerve involvement. Detailed laboratory investiga-
tions excluded S. neurona infection. The treatment with ponazuril was proven to be promising.

18.3.3.3  Abortion

Neospora-associated abortion in horses is rare.522 Three types of evidences have been presented. 
There is only 1 histologically confirmed case in an equine fetus (Table 18.3). Neospora DNA was 
detected by PCR in equine fetal tissues (Table 18.5) but Neospora organisms were not demon-
strated. Thus, the direct cause of the effect was not conclusively established.

Higher antibody prevalences were reported in sera of mares with abortion than in healthy mares 
(Table 1; e.g., References 6, 1319, 1625, and 2045) but the results are not conclusive with respect to 
correlation between seropositivity and abortion.

18.3.4  Diagnosis

Clinically, neurological disease in horses (equine protozoal myeloencephalitis, EPM) caused by 
N. hughesi is similar to the EPM caused by S. neurona. Parasite morphology, serology, molecular 
differences, and IHC can be useful in differential diagnosis.411,586,621,687,788,914,1282,1644,1672

18.3.4.1  Serological Diagnosis

An ELISA test was developed which showed differences in the levels of antibodies against 
NcSAG1 and NhSAG1, depending on whether an animal was infected or immunized with 
N. caninum or N. hughesi, respectively.914,1705 The NhSAG1 test had a higher sensitivity to detect 
infections with N. hughesi than infections with N. caninum. However, an unambiguous differen-
tiation between an antibody response against N. caninum and N. hughesi remains impossible with 
the currently available tools, neither by Nh-IFAT1546 nor NhSAG1-ELISA.914 ELISA or IFAT titer 
ratios between serum and CFT are important in the diagnosis of EPM.1705 High CSF relative to 
ELISA titers indicates that the parasite under investigation (S. neurona or N. hughesi) is involved 
in EPM.

Table 18.5 � Detection of Neospora DNA in Aborted Equine Fetuses

Country
No. 

Tested
No. Positive 

(%)
Positive 
Tissue Method Remarks Reference

France 12 1 (8.3) Brain PCR, pNc5 
genea

– 1638

26 6 (23.1) Brain PCR, pNc5 gene Positive: 3 of 12 stillbirth, 
3 of 14 fetuses, 
histologically negative

2041

407 3 (0.7) Brain, heart, 
placenta

RT-PCR, pNc5 
gene

1 only infected by 
Neospora, 1 coinfected 
with EHV-1 (equine 
herpes virus), 
1 coinfected with 
Streptococcus

1141

91 3 (3.3) Brain, heart, 
placenta

PCR, pNc5 gene 3 of 91 brains, 2 of 77 
hearts, and 1 of 1 
placenta were positive

1625

USA 74 1 (1.3) Placenta PCR sequencing, 
ITS-1 gene

From a mare that gave 
birth to 2 congenitally 
infected foals, positive 
for N. hughesi

1645

a	 Currently there is no evidence for the presence of pNc5 gene in N. hughesi.
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18.3.4.2  Polymerase Chain Reaction

There are distinct uncertainties in the literature because most diagnostic Neospora-PCRs were 
developed prior to the description of N. hughesi.1284 Subsequently, ITS1 and 28S rDNA sequences 
of N. hughesi were compared with the published primer sequences for N. caninum. Using ITS1 or 
28S rDNA as a target, at least 1 primer has minimal sequence differences.643,644 Thus, it is possible 
that these ITS1 and 28S rDNA-based PCRs for N. caninum either do not detect N. hughesi DNA, or 
do so with reduced sensitivity. Prior to the use of these primer pairs to detect N. hughesi DNA, an 
evaluation of their sensitivity and specificity is necessary. Fragments of the pNc5 gene of N. hughesi 
were not amplified by a PCR using Np6/Np21 as a primer pair.164,1887 Therefore, it is likely that 
also the PCR using the modified primers Np6plus and Np21plus1426 are N. caninum-specific and do 
not amplify N. hughesi DNA. However, other primer pairs also developed to amplify pNc5 gene 
fragments174,196,364,1043,2141 have not yet been tested for the amplification of N. hughesi DNA. An 
N. hughesi-specific pNc5 gene PCR is not available. N. hughesi can be distinguished from N. cani-
num by DNA-based techniques using specific gene2066 or microsatellite sequences.29

18.4  EXPERIMENTAL INFECTIONS

A 15-year-old horse was inoculated with 6 × 107 (IM) and 7 × 107 (IV) tachyzoites of BPA1 
isolate of N. caninum.2034 No neurological signs associated to the infection were detected, but the 
animal became febrile 32-h PI. N. hughesi IFAT titers were <1:40 the day of inoculation, peaked to 
1:5120 at 12 DPI, and dropped to 1:640 at 7 weeks PI. No protozoal inflammatory lesions or para-
sites were detected in gross or microscopic examination of spinal cord, brain stem, lung, or kidney. 
Finding of high antibody titers using N. hughesi as antigen in the horse inoculated with N. caninum 
indicates cross reactivity between these 2 parasites.

In a second, more comprehensive study, 7 adult horses were inoculated IM with 5 × 107 tachyzo-
ites of the EN-1 isolate of N. hughesi.1546 Pre-inoculation IFAT titers of these horses on day 0 were 
<1:80 in 3, 1:80 in 2, and 1:160 in 2. All of the inoculated horses developed IFAT titers of 1:1280 
or higher 28 DPI. Antibody titers of 7 uninoculated control horses were 1:320 or lower. None of 
the horses developed confirmed EPM. The authors concluded that a titer of 1:640 discriminated 
between infected and uninfected horses. The NAT gave inconsistent results because of spontaneous 
agglutination when using N. hughesi tachyzoites in combination with horse serum. ELISAs based 
on whole parasite antigens and recombinant proteins also gave inconsistent results. These findings 
should be considered while interpreting results of Neospora serological studies in horses.
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A

A549 cells, see Human epithelial lung cells
ABC, see Avidin biotin complex
Abdominal lymphadenopathy, 405, 407
Abortion

aborted fetuses, N. caninum DNA detection in, 323
histologically confirmed abortion and stillbirth, 317, 323
pathogenesis, 200
risk, 243–244, 248

Acid pepsin, 115
Acquired immunity, 68
Acutely infected animals, tissues of, 115
Adenosine triphosphate (ATP), 118
Adult cattle, 183

lesions in, 178–183
Adult sheep, clinical and subclinical neosporosis in

clinical neosporosis in adult sheep, 324
isolation of viable N. caninum from clinically normal 

adult ewe, 323
isolation of viable N. caninum from pregnant ewe, 324

AEC 3-amino-9-ethylcarbozole staining, 122–123
African wild dog (Lycaon pictus), 386
Age, 231, 236
Ailuropoda Melanoleuca, see Giant Panda
Alopex lagopus, see Blue fox
Alpacas (Vicugna pacos), 347
AMAH, see Angell Memorial Animal Hospital
American crows (Corvus brachyrhynchos), 357
Amino acid sequences, 397–398
Angell Memorial Animal Hospital (AMAH), 1
Antemortem

diagnosed cases, 407, 409
diagnosis of neosporosis, 295
findings, 296–298
isolation of N. caninum, 302

Antibodies, 211
in adult cattle, 211
development, 305
in dogs, 306–308
in fetuses, 211–212
against N. caninum tachyzoites in, 304
in newborn calves, 212–213
persistence, 305
tests, 303, 305
titers, 303, 410
types and isotypes, 209–210
and vertical transmission in dogs, 305–306

Antibody detection, 77, 84
antigens for, 84
avidity tests, 90
direct NAT, 84
ELISA tests, 85–87
IFATs, 84
immunoblots, 87, 90
immunodominant bands, 88–89
LATs, 84, 87

procedure, 129
Antigen detection, 90
Antigenic and molecular differences, 397
Anti-inflammatory cytokines, 200–201
Anti-NcPF, 310
ApiEST-DB, 40
ATP, see Adenosine triphosphate
Australian Dingo (Canis lupus dingo), 381
Avian species, neosporosis in

detection of N. caninum infection in Avian species, 
358–359

experimental infection of Avian species with 
N. caninuma, 360–361

natural infections, 357
Avidin biotin complex (ABC), 76
Avidity

maturation, 211
tests, 90, 224

Azara’s fox (Lycalopex gymnocercus), 386

B

Babesia canis (B. canis), 303
Babesia gibsoni (B. gibsoni), 303
BAG1, see Bradyzoite antigen 1
BALB/c mice, 57, 62
Barn owls (Tyto alba), 357
Baycox™, 101
Beef cattle, 237
Beta-galactosidase, 101
BeWo, see Human trophoblast
BHV-1, see Bovine herpes virus 1
Bioassay of tissues for isolation of Neospora, 115

tissues of acutely infected animals, 115
tissues of chronically infected animals, 115–116

Biosecurity, 241
Bitches, 305–306
BKIs, see Bumped kinase inhibitors
Blue fox (Alopex lagopus), 386
Blue tongue (BT), 242
Bovine angioendothelial cells, 117
Bovine herpes virus 1 (BHV-1), 241
Bovine neosporosis, 324

control, 253–258
economic considerations, 253–254
vaccination against neosporosis in cattle, 254

Bovine serum albumin (BSA), 120
Bovine umbilical vein endothelial cells (BUVEC), 202
Bovine viral diarrhea virus (BVDV), 241–242
Bradyzoite antigen 1 (BAG1), 23, 25, 75
Bradyzoites, 18, 115

antigens, 224
conoidal ends, 32
conversion of tachyzoites to, 23–26
inoculums, 118
size, 22
and tissue cysts, 20, 21, 30, 31
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Brain cell as models for Neospora–CNS interactions, 117–118
Breed, 240–241
BSA, see Bovine serum albumin
BT, see Blue tongue
Bubalus bubalis, see Water buffaloes
Bumped kinase inhibitors (BKIs), 104
Bush dog (Speothos venaticus), 386
Buteo jamaicensis, see Red-tailed hawks
BUVEC, see Bovine umbilical vein endothelial cells
BVDV, see Bovine viral diarrhea virus

C

C57BL/6 mouse model, 62
C57BL/10ScCr mice, 68
Calcium-dependent protein kinase 1 (CDPK1), 104, 254
Calves, 183

calving management, 239
lesions in, 178–180, 181–183
neosporosis in, 163–164

Camelus dromedarius, see One Humped Camel
Canids, 381, 386

Australian dingo, 381
blue fox, 386
coyote, 381
gray wolf, 386
red fox, 386
seroprevalence of N. caninum antibodies, 382–385

Canine feces
for oocysts, 120–121
sN. caninum DNA in, 303

Canine intestinal cells, in vitro culture in, 118
Canine N. caninum

clinical examination, 295
histopathologic diagnosis, 295–300
infection, 295

Canine neosporosis, 283
clinical examination, 295
demonstration of viable N. caninum in, 300–302
diagnosis of, 295
histopathologic diagnosis, 295–300
IFAT titers in clinical cases of, 307
N. caninum DNA in, 302
N. caninum-specific antibodies in dogs, 303–308

Canis aureus, see Golden jackal
Canis latrans, see Coyote
Canis lupus, see Gray wolf
Canis lupus dingo, see Australian Dingo
Carcasses, 365
Carnivores, 237, 386; see also Herbivores

carnivorous birds, 357
detection of N. caninum DNA in wild carnivores, 389–390
DNA detection, 391
mustelids, 391
raccoons, 386
seroprevalence of N. caninum antibodies, 387

Cathartes aura, see Turkey vultures
Cats, 262, 351

abortion risk in, 248
serologic prevalence of N. caninum antibodies, 352

Cattle, 133; see also Dogs; Goats; Pigs; Sheep
abortion and stillbirth, 133, 171
abortion pathogenesis, 200
abortion risk, 243–244
age, 231–236
antibodies, 211–213
antibody levels, 210–211
antibody types and isotypes, 209–210
asymptomatic cattle, 209
avidity maturation, 211
avidity tests, 224
breed, 240–241
calves and adult cattle, 183
calving management, 239
carnivores, 237
climatic season, 242
clinical cases, 208–209
clinical infections, 133
concurrent infections, 241–242
congenitally infected calves, 175–178
cows during pregnancy, 191
cytokines, 200–202
dams at abortion risk, 222–223
definitive hosts, 236–237
diagnosis, 203
early studies, 191
economic considerations, 253–254
encephalitis in, 5
epidemic and endemic abortions, 172, 229–230
estimating herd seroprevalence, 224–225
factors relating to infection risk, 244–250
factors with reproduction, 251–252
feeding colostrum/milk, 239
geographic clustering, 242
gestational age, 171
grazing, fodder, and drinking water, 238–239
herd size, 240
housing type, 241
human population density, 242
hygienic status and biosecurity, 241
immune response, 202–203
immunohistological examinations, 205–207
effect of infection, 230-
intermediate hosts, 237–238
invasion of placenta and fetal tissues, 192
isolation of viable N. caninum, 180–183, 184–190
lesions, 199
lesions in weaned calves and adult cattle, 178–180, 

181–183
linking N. caninum to abortions in, 2
N. caninum antibodies, 134–152, 196–200
N. caninum-associated abortion in, 153–162
N. caninum DNA detection, 207–208
neosporosis in calves, 163–164
oocyst-induced infection, 200
parasitemia, 191
parity number of dam, 236
pathogenesis of neosporosis, 191
pathological changes, 172–175
persistent N. caninum infection and fertility, 230
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placental infection, 195–196
placentitis, 197–198
postnatal transmission, 228–229
pregnancy in Neospora-seronegative cows, 192–194
prenatal transmission, 225–228
replacement heifers, 240
reproduction problems, 239
reproductive management, 258–259
risk factors with infection, 230–231
risk factors with reproduction, 243
routine histopathological examination, 204–205
samples submission to diagnostic laboratory, 204
serological assays, 213–222
serological testing on herd level, 223
serologic prevalence, 133
seropositivity, 165–170
stocking density and size of farm land, 239–240
subclinical infection, 203–204
transmission and risk factors in, 225
type, 241
vaccination, 254, 255
vegetation, 242
viable Neospora, 207

CBA/Ca mice, 70
CDPK1, see Calcium-dependent protein kinase 1
cELISAs, see Competitive ELISAs
Cell-mediated immune responses, 202
Central nervous system (CNS), 4

lesions, 407
Centrosome, 53
Ceratotherium simum, see White rhinoceros
Cerdocyon thous, see Crab-eating fox
Cerebrospinal fluid (CSF), 115

antibody detection in, 308
Cervids, 365

cervids, 365
clinical infections, 365
clinical neosporosis in cervids and antelopes, 372
isolation of viable N. caninum from wild ruminant 

hosts, 371
natural infections in, 365
prevalence, 365
serologic prevalence, 365
seroprevalence of N. caninum antibodies, 366–370, 

373–376
WTD, 365

Cetyl-trimethyl ammonium bromide (CTAB), 131
Chemotherapeutical treatment on antibody levels, 308
Chemotherapeutics against neosporosis, 102–103
Chickens, 357
Chiloé fox (Pseudalopex fulvipes), 386
Chronically infected animals, tissues of, 115–116
Chrysocyon brachyurus, see Maned wolf
Cilia, 16
Cis-natural antisense transcripts (cis-NATs), 38
Clindamycin, 310
CNS, see Central nervous system
Coccidia, 7
Coccidian oocysts, 118
Coccidians, 7–8

Commercial assays, 310
Competitive ELISAs (cELISAs), 87, 381
Congenital defects, 365
Congenitally infected calves, 175–178
Conventional histopathology, 74
Corvus brachyrhynchos, see American crows
Cost-benefit analyses, 259
Coyote (Canis latrans), 381
Crab-eating fox (Cerdocyon thous), 386
Cryopreservation, 120
CSF, see Cerebrospinal fluid
CTAB, see Cetyl-trimethyl ammonium bromide
Culpeo fox (Dusicyon culpaeus), 386
Cushing’s disease, 407
Cutaneous lesions, 299–300
Cystozoites, see Bradyzoites
Cytokines, 200–202
Cytology, 74, 121–123

D

DBA, see Dolichos biflorus agglutinin
DCs, see Dendritic cells
Definitive hosts, 236–237
Definitive hosts, dogs as, 315
Dendritic cells (DCs), 35, 62
Dense granule proteins, 51–52
Dermatitis, 291–292
Dexamethasone, 119
DHFRM2M3, 42
Diagnostic procedures

cytology, histopathologic, and IHC procedures, 121–123
examination of canine feces for oocysts, 120–121
PCR, 130–132
serologic procedures, 124–129

Dihydrofolate reductase-thymidylate synthase 
(NcDHFR-TS), 42

Dimethylsulfoxide (DMSO), 120
Dingoes, 381
Djungarian Hamster (Phodopus sungorus), 74
DMSO, see Dimethylsulfoxide
DNA, 131, 357

characterization, 386
extraction, 130–131
prevalence, 317, 318–321
serologic prevalence, 329
transporting DNA prior to analysis, 132

Dogs, 292, 365, 381; see also Cattle; Goats; Sheep
antibodies against N. caninum tachyzoites, 304
attempted treatment of neosporosis in, 311–312
canine neosporosis in, 291
clinical infections, 275, 291–295
clinical neosporosis in single dogs, 284–288
as definitive hosts, 315
demonstration of viable N. caninum in, 300–302
detection of N. caninum DNA in, 302–303
diagnosis of canine neosporosis and canine 

N. caninum infection, 295–310
infected skin, 17
as intermediate hosts, 314–315
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Dogs (Continued)
isolation of viable N. caninum from, 275, 276–282
N. caninum-specific antibodies in, 303–308
neosporosis in littermate pups, 289–290
in Norway, 3–4
of peripheral nerves in, 298
prevalence of N. caninum-like oocysts in feces, 13, 275
prevalence of N. caninum antibodies in, 263–272
prevention, 310
pyogranulomatous dermatitis in, 37
risk and protective factors for postnatal N. caninum 

infection, 273–274
risk factors for infection in, 262, 275
serological assays, 309–310
serological reactions in, 308–309
serologic prevalence, 261
sources of infection and transmission of N. caninum 

for, 261
therapy, 310
treatment of neosporosis in congenitally infected 

pups, 313
in USA, 3
viable N. caninum, 293

Dolichos biflorus agglutinin (DBA), 23
Domestic pigs (Sus scrofa), 343
Drinking water, 238–239
Dunnarts, 381
Dusicyon culpaeus, see Culpeo fox
Dusicyon griseus, see South American gray fox
Dusicyon vetulus, see Hoary fox

E

East African antelope (Tragelaphus imberbis), 377
Economic considerations for neosporosis, 253–254
EGF, see Epidermal growth factor
18S rDNA, 91, 95
Eimeria, 7–8
ELISA, see Enzyme-linked immunosorbent assays
Embryo transfer, 258
Encephalitic raccoon, 391
Encephalitis, 324

reports in animals, 3
in sheep and cattle, 5

Encephalomyelitis, 296, 306, 308, 407
Endemic abortions, 253
Endemic N. caninum-associated abortion, 229–230
Endogenous transplacental transmission, 30–31, 226, 229, 

258–259
Endoplasmic reticulum (ER), 19
Environmental samples, 131–132
Enzyme-linked immunosorbent assays (ELISA), 125–127, 

309, 410
test, 85–87, 409
titers, 409

Epidemic abortions, 253
Epidemic N. caninum-associated abortion, 229–230
Epidermal growth factor (EGF), 50
Equids, N. hughesi in, 407, 409

clinical neosporosis, 408

serologic prevalence of N. Caninum antibodies, 404
ER, see Endoplasmic reticulum
EST libraries, see Expressed sequence tag libraries
EuPathDB, 38
Exogenous transplacental transmission, 30–31, 226, 

229, 243
Expressed sequence tag libraries (EST libraries), 40

F

152 kDa tachyzoite antigen, 309
FA, see Fluorescence assay
Farm animals, 337
Farm dogs, 237
Farm-raised replacement heifers, 249–250
Fast technology for analysis of nucleic acids cards (FTA® 

cards), 132
FCS, see Fetal calf serum
Fecal samples, 131–132
Felids, neosporosis in

clinical infections, 351
experimental infections, 351
experimental neosporosis in domestic cats, 355
natural infections, 351
serologic prevalence, 351
serologic prevalence of N. caninum antibodies, 

352–354
Fennec (Vulpes zerda), 386
Ferrets (Mustela putorius), 391
Fetal calf serum (FCS), 117
Fetuses, 363
Fixed samples, 130–131
Flagella, 16
Fluorescence assay (FA), 125
Fodder, 238–239, 249
Formaldehyde-fixed tissues, 130
Formalin-fixed paraffin-embedded tissues, 75–76
14–3-3 gene, 96
Fresh samples, 130–131
FTA® cards, see Fast technology for analysis of nucleic 

acids cards

G

GAGs, see Glycosaminoglycans
GBPs, see Guanylate-binding proteins
Gel electrophoresis, 87
Gene ontology, 40
Genetic diversity among neospora isolates, 99, 101
Genetic manipulation, 41–42
Genotyping of N. caninum strains, 303
Geographic clustering, 242
Gerbillus dasyurus, see Wagner gerbil
Gerbils (Meriones unguiculatus), 70, 398; see also Mice

experimental neosporosis, 71–72
Tristram’s jird, 73
Wagner gerbil, 73

GFP, see Green fluorescent protein
Giant Panda (Ailuropoda Melanoleuca), 393
Glycosaminoglycans (GAGs), 44
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Goats, 329; see also Cattle; Pigs
clinical disease, 329
detection of neospora DNA, 333
diagnostic marker, 333–336
DNA serologic prevalence, 329
experimental infections, 333
fatal neosporosis in goats, 332
lesions in neonatal goats, 334
pregnant boer goats, 336
pregnant pygmy goats, 335
prevalence of antibodies to N. caninum, 330–331
protozoal-associated lesions, 333

Golden jackal (Canis aureus), 386
Gold standard tests, 84
Granule proteins (GRA proteins), 51
Granulomatous encephalitis, 405
GRA proteins, see Granule proteins
Gray fox (Urocyon cinereoargenteus), 386
Gray wolf (Canis lupus), 386
Grazing, 238–239
Green fluorescent protein (GFP), 101
Gross lesions, 172, 173
Gross pathology, 298
Guanylate-binding proteins (GBPs), 68

H

Hammondia heydorni (H. heydorni), 31, 121, 131, 329
HBMECs, see Human brain microvascular endothelial cells
Heart failure, 296
Heat shock protein 70 (HSP70), 95–96, 98
HeLa cells, see Uterine cervical cells
Hepatic lesions, 172
Hepatitis, 296
Herbivores, 377; see also Carnivores
Herd size, 240
HFF, see Human foreskin fibroblasts
86HG39, see Human astrocytoma cell line
Histology, 298–299
Histopathologic diagnosis, 295

antemortem findings, 296–298
foci of extreme pallor, 297
higher magnification of granulomatous mass, 296
lesions in dogs, 298–300
medulla oblongata, 297

Histopathologic procedures, 121–123
HIV-derived TAT PTD fused with GFP (TAT-GFP), 104
Hoary fox (Dusicyon vetulus), 386
Homogenized tissue, 115
Horses, N. hughesi in

abortion, 409
antemortem diagnosed cases, 407–409
biological differences, 398
clinical infections, 405
diagnosis, 409
differences between N. hughesi and N. caninum, 397 
experimental infections, 410
glossopharyngeal nerve, 399
histologically confirmed cases, 405–407 
morphological differences, 397–398

myocarditis in KO mouse, 400
polymerase chain reaction, 410
serological diagnosis, 409
serologic prevalence, 398, 401–403
transplacental infection, 405

Host cells
invasion, 50
tachyzoites separation from, 118

Host gene expression modulation upon infection, 40–41
Host–parasite relationship, 32–35
House mice (Mus musculus), 393
Housing, 250

type, 241
HSP70, see Heat shock protein 70
Human astrocytoma cell line (86HG39), 363
Human brain microvascular endothelial cells 

(HBMECs), 363
Human Caco-2 cell cultures, 117
Human epithelial lung cells, 363
Human foreskin fibroblasts (HFF), 24, 117, 363
Human population density, 242
Humans, neosporosis in, 363

neosporosis in rhesus monkeys, 363
seroprevalence of N. caninum in humans, 364

Human trophoblast (BeWo), 363
Humoral immune response, 351

I

iELISAs, see Indirect ELISAs
IFATs, see Indirect fluorescent antibody test
IFN-γ, 201
IFN-γ-KO mice, 70
IG challenge, see Intragastric challenge
IgG

antibodies, 210–211
response in dogs, 308

IgM antibodies, 210–211
IHC, see Immunohistochemical staining
IL-10, see Interleukin 10
IMC, see Inner membrane complex
Immune mediation, 62

immunity in nonpregnant mice, 62, 68
immunity in pregnant mice, 68, 70

Immune response, 202
in bulls, 203
of dams, 202–203
in fetus, 203

Immune system, 200–201
Immunity, 324, 326–327

in nonpregnant mice, 62, 68
in pregnant mice, 68, 70

Immunity-related GTPases (IRGs), 52
Immunoblots, 87, 90, 127–129

buffers for, 128
Immunodominant bands, 88–89
Immunofluorescence, 24, 118
Immunohistochemical staining (IHC), 75–76, 363

procedures, 121–123
Immunosuppression, 293–294
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Inbred mice, 57
congenital model, 57, 62
immune mediation, 62, 68, 70
pathogenesis, 57

Indirect ELISAs (iELISAs), 87
Indirect fluorescent antibody test (IFATs), 84, 124–125

titers, 307, 381, 409
Infection risk, factors relating to, 244, 245–247

abortion risk, 248
age effect on abortion risk, 244–248
climatic season, stress, and body condition, 249
factors related to antibodies, 250
farm-raised replacement heifers, 249–250
fodder, 249
housing, 250
intermediate hosts, 248–249

Inflammatory cytokines, 201
Innate immune response, 62, 68
Inner membrane complex (IMC), 9
Interferon regulatory factors (Irfs), 40
Interleukin 10 (IL-10), 68
Interleukin 12 (IL-12), 52
Intermediate hosts, 237–238

dogs as, 314–315
Internal transcribed spacer 1 (ITS1), 95, 410

sequencing, 98
Intracellular host cell modulation and parasite–host cell 

crosstalk, 52–53
Intragastric challenge (IG challenge), 111
In vitro cultivation

bradyzoite inoculums, 118
oocyst inoculums, 118
separation of tachyzoites from host cells, 118
tachyzoite inoculum, 116–118

In vitro culture in canine intestinal cells, 118
Irfs, see Interferon regulatory factors
IRGs, see Immunity-related GTPases
ISCOM ELISA, 221–222
Isospora, 7–8
ITS1, see Internal transcribed spacer 1

K

KO mice, 70, 119, 386, 398
Korean raccoon dog (Nyctereutes procyonoides 

koreensis), 386

L

Lagomorphs, 393
seroprevalence of N. caninum antibodies in, 395

Lama glama, see Llamas
Latex agglutination tests (LATs), 84, 87
LATs, see Latex agglutination tests
Lectins, 118
Lesser kudu, see East African antelope (Tragelaphus 

imberbis)
lincRNAs, see Long intergenic noncoding RNAs
Lipopolysaccharides (LPS), 111
Liquid nitrogen (LN), 120

Live-attenuated vaccines, 254–256
Live vaccines, 104, 111
Llamas (Lama glama), 347
LN, see Liquid nitrogen
Long intergenic noncoding RNAs (lincRNAs), 38
LPS, see Lipopolysaccharides
Lycalopex gymnocercus, see Azara’s fox
Lycaon pictus, see African wild dog

M

mAbCC2, see Monoclonal antibody CC2
Macaca mulatta (M. mulatta), 363
Macrophages, 62
Macropus parma, see Parma Wallaby
MAF1 paralog, 52
Magnetic resonance imaging (MRI), 295
MALDI-TOF, 41
Mammalian cell lines, 116
Maned wolf (Chrysocyon brachyurus), 386
Marine mammals, 393

seroprevalence of N. caninum antibodies in, 394
Mass spectrometry, 41
Mastomys natalensis, see Multimammate Rat
MAT, see Modified agglutination test
Meningoencephalomyelitis, 298–299
Meriones tristrami, see Tristram’s jird
Meriones unguiculatus, see Gerbils
Methylprednisolone acetate (MPA), 53, 74, 119
Mice, 53; see also Gerbils (Meriones unguiculatus)

experimental congenital neosporosis in, 58–61
inbred mice, 57–70
nude mice and IFN-γ-KO mice, 70
outbred mice, 53, 57
selected vaccine studies on neosporosis, 105–110
studies on immunity against N. caninum infection, 

63–67, 69
Microarray analysis, 40
Microneme proteins (MICs), 50
Microsatellite assays, 303
Microsatellite markers, 99

chromosomal location, 100
Microscopic lesions, 172, 174, 365

encephalitis, 175, 176
encephalomyelitis, 179
epicardial myocarditis, 177
focal placental necrosis, 178
necrosis and inflammation in the myocardium, 180

MICs, see Microneme proteins
Minisatellite markers, 99

chromosomal location, 100
Miscellaneous animals, neosporosis in

giant panda, 393
marine mammals, 393
Parma wallaby, 393
rodents and lagomorphs, 393
seroprevalence of N. caninum antibodies, 394–395
small mammals, 393

Modified agglutination test (MAT), 84
Monensin, 238
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Monoclonal antibodies, 53
Monoclonal antibody CC2 (mAbCC2), 23
Mononuclear cell infiltrations, 393
Morphological differences between N. Hughesi and 

N. Caninum, 397–398
MPA, see Methylprednisolone acetate
MRA, see Mycoplasma removal agent
MRI, see Magnetic resonance imaging
Multimammate Rat (Mastomys natalensis), 73
Muscle atrophy, 298
Mus musculus, see House mice
Mustela erminea, see Short-tailed weasels
Mustela putorius, see Ferrets
Mustelids, 391

seroprevalence of N. caninum antibodies, 388
Mycoplasma removal agent (MRA), 117
Myocardial necrosis, 379
Myositis, 172, 204, 306, 308

N

NAT, see Neospora agglutination test
Natural infections

in Avian species, 357
in cervids, 365
in felids, 351
in horses, 398–410

Natural Killer cells (NK cells), 202–203
N. caninum antibodies, 133, 196–200, 343, 396

in cattle, 134–152
commercial ELISA tests kits, 85–87
epidemic and endemic N. caninum-associated 

abortion, 229–230
N. caninum-associated abortion in cattle, 153–162
persistent N. caninum infection and fertility, 230
serological assays for detection, 78–83

N. caninum cyclophilin (Nc CyP), 203
N. caninum DNA, 317, 363, 381, 396

in aborted fetuses, detection of, 323
in canine feces, 303
in canine neosporosis, 302

N. caninum Gene Index (NCGI), 40
N. caninum Liverpool strain (Nc-Liv), 91

Nc-Liv-induced infections, 57
N. caninum macrophage migration inhibitory factor 

(NcMIF), 53
Nc-6 Argentina antigen, 257
Nc-6 Argentina tachyzoites, 257
Nc CyP, see N. caninum cyclophilin
NcDHFR-TS, see Dihydrofolate reductase-thymidylate 

synthase
NCGI, see N. caninum Gene Index
NcGRA7, 111
Nc-Illinois strain, 119
Nc-Liv, see N. caninum Liverpool strain
NcMIC1, 111
NcMIF, see N. caninum macrophage migration inhibitory 

factor
Nc-Nowra, 254–256
NcNTPase, 51

NcROP16, 52
NcSAG4 bradyzoite antigen, 42
NcSRS2, 309–310
NC1 tachyzoites, 351
NDVI, see Normalized difference vegetation index
Necropsy examinations, 283
Necrosis, 393
Neonatal mortality, 203–204
Neonatal neosporosis, 261
Neospora, 8, 35, 38, 40, 74, 191, 201, 203, 207, 329, 397, 405

bioassay of tissues for isolation, 115
bradyzoites, 120
discovery of organism in dogs, 1–2
DNA, 90–91, 377
dogs in Norway, 3–4
dogs in USA, 3
linking N. caninum to abortions in cattle, 2
monoclonal antibodies against, 54–56
NcGRA3, 51
oocysts, 120
parasites, 2, 133
rhoptry proteome, 50
sporozoites, 120
tachyzoites, 75, 120, 407
tissue cysts, 119
tissues of acutely infected animals, 115
tissues of chronically infected animals, 115–116
in vitro cultivation of viable N. caninum, 2

Neospora agglutination test (NAT), 84, 124, 410
Neospora antibodies, 262, 405
Neospora caninum (N. caninum), 1–2, 7, 115, 206, 317, 

329, 351, 357, 363, 365, 381, 386, 391, 393, 410
abortion risk with, 244
antibodies against N. caninum tachyzoites in, 304
antibodies and vertical transmission in dogs, 305–306
antibodies in dogs, 263–272, 306–308
antibody development and antibody types, 305
apical complex, 19
bradyzoites and tissue cysts, 20–26, 30, 31
from clinically normal adult ewe, 323
definitive hosts, 8
demonstration of viable N. caninum in dogs, 300–302
detection of N. caninum DNA, 10–12, 302–303
DNA detection, 207–208
for dogs, 261
genetic manipulation, 41–42
genome and transcriptome analysis, 35–40
history, 4
host–parasite relationship, 32–35
infection, 337, 339
intermediate hosts, 8
isolate, 57
isolation of viable N. caninum, 275, 276–282, 324
life cycle stages, 8, 14
linking N. caninum to abortions in cattle, 2
modulation of host gene expression upon infection, 

40–41
natural host range, 9
N. caninum-associated dermatitis, 299–300
N. caninum-like oocysts, 381, 386
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Neospora caninum (Continued)
N. caninum-specific antibodies in dogs, 303
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