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The study of biological functions of proteins and their possible roles in the 
pathogenesis of human diseases requires more and more relevant animal mod-
els. Although mice including genetically modified mice offer many possibilities, 
other non-murine species are absolutely required in some circumstances. Rabbit 
is one of these species, which has been widely used in biomedical studies. This 
animal is genetically and physiologically closer to humans including cardiovas-
cular system and metabolism characteristics. Rabbit is thus more appropriate 
than mice to study some diseases such as atherosclerosis and lipid metabolism. 
Because of its larger size, surgery manipulation, bleeding, and turn-over studies 
are much easier performed in rabbits than in mice. Furthermore, transgenic rabbits 
can be produced using microinjection and other methods such as lentiviral vec-
tors. Cloning in rabbits has been proved possible, even though still laborious and 
time-consuming. Hopefully, functional rabbit ES cell lines will be available in the 
coming years. Gene deletion or knock-out in rabbits will then become possible. 
In the mean time, gene knock down using siRNA or micro RNA is an attractive 
alternative. The accomplishment of the whole rabbit genome sequencing is about 
to be achieved. Moreover, rabbit is being used to produce pharmaceutical proteins, 
including human polyclonal antibodies. Rabbit is also a significant source of meat 
in some countries. These biotechnology projects, although very different, are using 
essentially similar technical approaches. An optimal application of rabbits requires 
improvement of these different techniques. To exchange the information and 
update the advanced technology in rabbits, the first international meeting on rabbit 
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biotechnology was held in Tsukuba, Japan, in 2005 and followed by the second 
 meeting in Jouy en Josas (near Paris) on June 14 and 15, 2007. The next meeting 
has been scheduled on June 4 and 5, 2009 in Xi’an, China. A specific biotechnology 
of the rabbit is therefore emerging. We strongly feel that the time has come to com-
pile a con temporary professional book (tentatively named as Rabbit Biotechnology). 
This book aims at confronting the different sophisticated approaches developed 
independently in different academic and industrial laboratories as well as in some 
companies in the world.



Abstract In this chapter, I will introduce some of the techniques for efficient 
colony management and production of rabbits. The artificial insemination (AI) can 
be a useful technique which shows a better performance rather than natural mating.  
The pregnancy rate and mean litter size after AI are not different from those found 
after natural mating. Moreover, judging from our result, one ejaculate from one 
male rabbit can be sufficient to fertilize about 25 female rabbits with AI. In addi-
tion to AI, sperm freezing is also an important technique for a stable maintenance 
of rabbit strains for long time at low cost. These techniques can contribute to an 
enhancement of productivity and stability of maintenance of rabbit colonies.

Keywords Artifi cial insemination, Cryopreservation, Rabbit breeding, Sperm 
freezing

2.1 Introduction

Inbred rabbits are not commonly used, therefore, an appropriate colony management 
is certainly necessary for the maintenance of rabbit breeds to avoid inbreeding 
deleterious effects. Colony management implies a lot of rabbits and a large space 
for breeding and maintenance. However, it is difficult for most laboratories to find 
enough space for rabbit breeding and maintenance because of the relatively large 
scale of animal facilities and for financial reasons. Moreover it is necessary to save 
space and money in many cases.

Currently, in domestic animals, especially in cattle, artificial insemination (AI) using 
frozen sperm is widely implemented in the world. It is generally considered that this 
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technique contributes very significantly to an enhancement of productivity. In rabbits, 
many studies on AI have been reported. This method is very simple and applicable for 
systematic colony management rather than the natural mating. There are lots advan-
tages in AI for rabbit reproduction. For instance, we can use diluted semen for AI, 
usually semen from one male is sufficient to fertilize more than ten female rabbits at 
one time. It enables rapid expansion of rabbit colony from even small number of rabbits 
at a start. In the research field, we sometimes need a lot of rabbits in same age at one 
time for experiments. By reproduction with AI, we can prepare them easily at a given 
time. Moreover, recent advances of reproductive science have brought us a number of 
advantages such as cryopreservation of sperm and embryos in liquid nitrogen, which 
allows us to maintain stably them for long time at low cost. The combination of AI 
and cryopreservation of rabbit semen can be useful techniques for the maintenance 
of rabbit breeds. For efficient production of rabbits, AI is a useful technique, it can 
contribute to an enhancement of productivity and reduction of the number of rabbits 
for colony maintenance. In this chapter, I introduce a technique of AI and cryopreser-
vation of rabbit semen which are used routinely in our laboratory.

2.2 Artificial Insemination (AI)

2.2.1 Rabbit Semen Collection

Semen collection can be performed using artificial vagina (AV) (Morrell 1995). 
We can purchase AV from company, but we can made it easily (Morrell 1995; 
Naughton et al. 2003). The basic structure of the AV is assembled by the appropriate 
size of outer case and inner rubber which lines over the top and bottom edges of 
inner case. The test tube is connected to the top hole of the case, and the space 
between inner case and lined rubber is filled with hot water (Fig. 2.1). The most 
important point is to control temperature of hot water (It is better within 40–45°C at 
time of use) placed in the AV since rabbit ejaculates by heat stimulation. If tempera-
ture of hot water is too hot, it often induces contamination of urine into ejaculate. 
A decoy animal used for semen collection is enough to be a male, it is not necessary 
to be female. When two male rabbits are placed in same box (enough size for adult 
two rabbits) or decoy male rabbit is introduced in a cage of candidate rabbit for 

Fig. 2.1 Basic structure of artificial vagina (AV). The AV 
is assembled by the appropriate size of outer case (a) and 
inner rubber (b) which lines over the top and bottom 
edges of inner case. The test tube (c) is connected to the 
top hole of the case, and the space between inner case and 
lined rubber is filled with hot water (d)

a

b

c

d
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semen collection, well trained rabbit will give mounting action in a few minutes. 
When male rabbit does the action, lead its penis into the AV immediately to collect 
the ejaculate (Fig. 2.2). After semen collection, volume of ejaculate should be 
measured. Sperm concentration and motility should also be counted immediately under 
microscope. The semen showing contamination by urine, extremely low sperm 

Fig. 2.2 Collection of rabbit 
semen. Top: When two male 
rabbits are placed in same 
box, well trained rabbit will 
give mounting action in a few 
minutes. Middle: When male 
rabbit does the action, lead 
the penis into the AV 
immediately to collect the 
ejaculate. Bottom: Photograph 
shows the collected semen by 
our handmade AV
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concentration, a large proportion of abnormal sperm or a low motility should not 
be used for AI. It is generally considered that semen collection from a given rabbit 
should better not be performed more than twice in a week. In our laboratory, mean 
semen volume, sperm concentration and motility in over 5 months old Japanese 
White (JW) rabbits (from 5 to 24 months old, n = 202) was 0.53 ml, 600.4 × 106 
spermatozoa/ml and 82.7%, respectively.

2.2.2 Insemination

When AI is performed immediately after semen collection, dilution of semen can 
be appropriate with saline. If there are several hours after semen collection until it 
is used for AI, semen should be diluted in an appropriate buffer such as tris citrate 
glucose (TCG) buffer and kept under appropriate temperature (El-Gaafary 1994; 
Roca et al. 2000). The sperm can maintain a normal fertility for several hours and 
up to a few days if it is stored in appropriate buffer and temperature (Lopez-Gatius 
et al. 2005; Roca et al. 2000). (Please see Section 2.5.)

For insemination, the pipettes with a 5 mm diameter of polyethylene, plastic 
and glass tubes can be used and it needs to be at least 10–15 cm in length. Vagina 
of rabbits is long and there is distance to the orifice of uterus. Therefore, the 
pipette should be inserted 10–15 cm into vagina to ensure appropriate delivery 
of sperm to female rabbits (Fig. 2.3). The glass tube bent slightly at the portion 
from tip 4–5 cm is easily inserted into the depth of vagina. When insemination 
is done by two  persons, one retains rabbit by holding her back and the other 
should operate the glass tube. If rabbit is anesthetized by such as thiamylal 
sodium, which is an ultra-short acting anesthetic, it can be performed safely and 
surely by one person without any accident. At the time of insemination, ovula-
tion of rabbits must have been induced by injection of 50 U of human chorionic 
gonadotropin (hCG).

A study on the relationship between the number of spermatozoa for AI and the 
pregnancy rate has been done by Viudes de Castro and Vicente (1997) who reported 
that the reproductive performance after inseminating 4 or 10 × 106  total sperm was 
not different as judged by fertility (74%) and litter size at birth (9.0 pups). On the 
contrary, female rabbits inseminated with 2 or 1 × 106 sperm had a significantly 
lower pregnancy rate: 66% and 23%, respectively (Viudes-De-Castro and Vicente 
1997). Castellini and Lattaioli (1999) also reported similar results showing that the 
reproductive performance is independent of sperm number within a certain range. 
The low sperm motility in samples containing less than 4 × 106, and particularly 
less than 2 × 106 have a negative effect on the reproduction rate. In our data, the 
number of 10 × 106 spermatozoa/0.5 ml/doe was mostly efficient in JW rabbit, the 
pregnancy rate and mean litter size were 80% and 7.6 pups, respectively. These data 
are not different from those found after natural mating. It can even be considered 
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Fig. 2.3 Artificial 
 insemination (AI). Top: In the 
photograph, rabbit is 
 anesthetized by thiamylal 
sodium which is an ultra-
short acting anesthetic. When 
insemination is done by two 
persons, one retains rabbit by 
holding her back and the 
other should operate the glass 
tube. Middle: The glass tube 
connected with 1 ml-syringe 
is inserted into the vagina. 
Low: The pipette should be 
inserted 10–15 cm into the 
vagina to ensure the delivery 
of sperm to female rabbits, 
because the vagina of rabbit 
is long and there is distance 
to orifice of uterus. At the 
time of insemination, 
 ovulation of the rabbits must 
be induced by injection of 
50 U of hCG

that a better performance is generally observed with AI than with natural mating. 
Judging from our result in JW rabbits, such as mean value of sperm volume, sperm 
concentration and motility, one ejaculate form one male rabbit can be sufficient to 
fertilize about 25 female rabbits using AI.
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2.3 Induction of Parturition by Oxytocin

Induction of parturition by oxytocin can be helpful to decrease the accidental death 
of newborn pups at birth. Primiparous and poorly nursing rabbits often show poor 
results at birth. In these cases, it is better to inject oxytocin to induce parturition 
under our control. We usually inject subcutaneously 5 U of oxytocin to the rabbit 
30 days after AI.

2.4 Nursing of Suckling Pups

JW rabbits are very obedient and easy to be managed and they have shown good 
performance in reproduction efficiency in our facilities. But we can increase the 
weaning rate of newborn pups and rescue important ones if we make in due in time 
specific effort to care them rather than leaving rabbits alone nursing their progeny. 
In general, death of newborn pups occurs within 1 week. The most likely reasons 
of the death are thought to be on one hand an insufficient suckling and on the other 
hand crashing to death by the mother when it enters the nest box. Therefore, the 
status of suckling by the pups should be watched carefully for the first week after 
birth (Fig. 2.4). It is known that mother rabbits give milk to pups only one time per 
day, so they can be separated from the pups for the major part of the day. This is 
effective for preventing the accidental death due to crashing by parents. In this case, 
you can transfer nest box into the parental cage once per day and let mother rabbit 
give milk to suckling pups. If the lactation is not enough, you can inject oxytocin 
to mother rabbit. These methods for nursing of newborn pups may however induce 
neglect and cannibalism in the mother as adverse effects, especially in nervous 
 rabbit strains, may take place due to the increase of human intervention.

Fig. 2.4 Nest box and 
newborn pups. In our 
laboratory, to increase 
weaning rate of newborn 
pups, we usually watch the 
status of suckling by the pups 
for the first week after birth
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2.5 Storage of Rabbit Semen

For temporally storage, if spermatozoa is kept in appropriate buffer and tempera-
ture, we can maintain it for several hours to a few days with normal fertility (Lopez-
Gatius et al. 2005; Roca et al. 2000). Roca et al. (2000) reported the viability and 
fertility of rabbit sperm diluted in TCG buffer and stored at 15°C. They showed the 
TCG buffer is effective for retaining the fertilizing capacity of rabbit spermatozoa 
stored at 15°C up to 48 h (Roca et al. 2000). Moreover, Lopez-Gatius et al. (2005) 
reported that rabbit spermatozoa were effectively stored in the solid state by add-
ing gelatin to the buffer, at 15°C with fertility preserved for up to 5 days. On the 
other hand, the method for the storage of rabbit semen is cryopreservation in liquid 
nitrogen. Cryopreserved spermatozoa can be maintained stably for a long time. 
This allows to decrease the number of living rabbits to reduce the cost and space in 
comparison with the maintenance of living individuals. Until now, several studies 
on cryoprotectants and protocols for cryopreservation of rabbit spermatozoa have 
been reported (Chen et al. 1989; Dalimata and Graham 1997; Fox and Burdick 
1963; Kashiwazaki et al. 2006; O’shea and Wales 1969; Stranzinger et al. 1971).

2.6 Rabbit Semen Freezing

2.6.1 Cryoprotectants for Rabbit Semen

Until now, several cryoprotectants for rabbit sperm such as glycerol (Stranzinger et al. 
1971), ethylene glycol (Fox and Burdick 1963), dimethylsulfoxide (DMSO) (Vicente 
and Viudes-De-Castro 1996) and acetamide (Chen et al. 1989; Dalimata and Graham 
1997) have been reported and motile sperm having fertility was obtained after freeze-
thawed using these cryoprotectants. Glycerol is the most frequently cryoprotectant 
used for domestic animals such as cattle, but it was reported that glycerol was not a 
suitable cryoprotectant for rabbits because it leads to a low fertility in AI after thaw-
ing (Curry 2000). Recently, Kashiwazaki et al. (2006) reported that lactamide and 
acetamide are suitable cryoprotectants for rabbit sperm comparing with glycerol and 
DMSO in JW rabbits. In our laboratory, we use egg-yolk acetamide (EYA) solution 
as a cryoprotective solution for rabbit sperm freezing, referring to the composition 
reported by Chen et al. (1989) and Dalimata and Graham (1997).

2.6.2  Protocol of Rabbit Semen Freezing Using Egg-Yolk 
Acetamide Extender

A protocol for the freezing of rabbit sperm using EYA extender in our laboratory 
is referred below. At first, semen is collected using AV, and the sperm concen-
tration and motility is counted under microscope. The sperm concentration higher 
than 600 × 106/ml is adjusted to 600 × 106/ml with TCG buffer. Then, semen 
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is diluted to six times in EYA extender and cooled with programmed cooling machine 
from room temperature to 5°C at a rate of −0.2°C/min for nearly 2 h. After cooling, 
sperm is packed into straws in size of 0.5 ml and it is kept more 30 min in a refrig-
erator at 5°C. Freezing of sperm is performed by maintaining straws in the vapor 
of liquid nitrogen at 4–5 cm above surface of liquid level for 15 min, and straws are 
plunged into liquid nitrogen to finish it completely (Fig. 2.5). After freezing, the 
motility of sperm after thawing should be confirmed using at least one straw. In our 
laboratory, we keep sperm showing more than 30% in motility after thawing.

Fig. 2.5 Rabbit semen 
freezing. Top: After dilution of 
semen with EYH extender and 
cooling to 5°C, sperm is 
packed into straws in size of 
0.5 ml. Middle: For rabbit 
semen freezing, we use 
styrofoam box (a) and float 
(b). The sickness of the float 
is adjusted to appropriate size 
to keep at 4–5 cm above 
surface of liquid level when it 
is put on liquid nitrogen. 
Bottom: After freezing, straws 
are kept in liquid nitrogen tank

a

b
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2.6.3 AI Using Frozen and Thawed Rabbit Spermatozoa

For thawing, the frozen straws are dipped in water bath at 37°C for 30 s. The frozen-
thawed sperm may be used just for AI. By the combination of cryopreservation and 
AI, O’Shea and Wales reported (1969) high fertility (74%) but slightly low litter 
size (4.6 pups). On the other hands, Viudes-de-Castro et al. (1996) reported similar 
performance of litter size in comparison with frozen and fresh semen. In our 
hands, in fact, when the same number of motile spermatozoa was used for AI with 
both frozen and fresh semen, the pregnancy rate was not significantly different but 
litter size with the frozen material was significantly lower than that in fresh semen. 
With our protocol, the efficiency of AI using frozen-thawed sperm with 20–40 × 
106 spermatozoa/doe (n = 68), the pregnancy rate and mean litter size was 72.1% 
and 4.3 ± 2.8 pups, respectively. However, this technique of combination of semen 
freezing and AI can be sufficiently useful for preservation of rabbit strain such as 
important human disease model animal because of low cost and stability in the 
long term. Recently, its usefulness was demonstrated in a practical use such as 
re-establishment of transgenic rabbit lines (Blash et al. 2005) and transportation 
between the two counties beyond the ocean (Liu et al. 2007).
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Abstract To obtain reliable data from animal experiments, proper skills must be 
acquired. Experimental methods are different in accordance with animal species to 
treat. Restraining, compound administrating, sampling and anesthetizing methods 
specialized for experiment rabbits are described in this chapter.

Keywords Restraint, Compound administration, blood sampling, anesthesia

3.1 Introduction

Reliable and reproducible experimental results must be followed by proper  experi-
mental methods, which will additionally lower distress of the rabbits. To perform 
the proper experimental procedures, anatomical, physiological and behavioral 
characteristics of the rabbits are necessary to be learned. Some trainings with skills 
handling rabbits are needed.

3.2 Handling and Restraint

Rabbit is generally gentle animal and relatively easy to handle. However, it should 
be careful when handling rabbits during lactation period, since nursing mothers can 
be aggressive.
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3.2.1 Physical Methods

Rabbits should be handled gently but firmly. A rabbit should be picked up with a 
wide grab on the loose skin over its back at posterior of the shoulder with one hand 
(Fig. 3.1a) for transportation. The rabbit can be more stabilized when hind its hip 
is held with the other hand (Fig. 3.1b). Holding legs is not preferable because the 
rabbit try to kick and become unruly. The hip of the rabbit can be stuck between 
thighs of handler who is sitting on a chair, and forefeet are hold upward by his 
hand(s) (Fig. 3.2).

These methods to restrain the rabbit need the handler’s skill, and not adequate to 
restrain the rabbit for a long time period.

3.2.2 Mechanical Methods

Several types of rabbit-restraining devices are commercially available. Rabbit must 
be handled gently not to be excited when they are put into the restraining devices. 
Care must be taken to prevent injuring the rabbit by impacts or nipping with 
hard materials like metal frames of the restraining devices. The rabbit-restraining 
devices, formed box, tubular (Fig. 3.3) or board (Fig. 3.4) should be selected by the 
methodology of the experiment.

These methods are well adapted to restrain the rabbit convincingly for a long 
time. However, since it takes time to put the rabbits into the restraining devices, 
these methods are not adequate when you need to handle numbers of rabbits just for 
a brief procedure like single administration of compound or blood sampling.

Swathing the rabbit in a cloth is another option to restrain (Fig. 3.5). The  rabbit 
is hardly move wrapped with the cloth, however, it is needed to hold the cloth 
swathing the rabbit sometimes. Needed part of body, like the ears, is protruded out 
through intervals of the cloth.

a b

Fig. 3.1 Hand restraint for transporting



3 Basic Methods for Experimental Rabbits 15

Fig. 3.2 Physical restraint

Fig. 3.3 Restraint tube
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3.3 Compound Administration

3.3.1 Oral

Placing a compound directly into the stomach with a catheter is the most accurate 
method for oral compound administration. It is necessary to restrain the rabbit for 
the oral compound administration. The forefeet and roots of the ears of the rabbit 
should be hold tightly and put upward, the hip of the rabbit can be stuck between 

Fig. 3.5 Restraint with a cloth

Fig. 3.4 Restraint board
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thighs of handler. A rabbit-restraining device for oral compound administration 
is also available. Mouth movement is controlled with a mouth speculum, and the 
tongue of the rabbit is placed under the speculum.

3.3.2 Intravenous

The helicine branch of caudal auricular vein of the rabbit’s ear is choice of intravenous 
injections, since it is large enough, linear course and readily accessible. The ear should 
be wiped with ethanol-absorbed cotton for cleaning, sterilization and venous dilata-
tion. Picking coat around the vein makes the vein well dilated and easily viewable. Air 
bubbles must be cleared away from inside of the syringe to prevent air emboli in the 
rabbit’s vein. The needle is inserted in the vein in the direction of the ear root (afferent, 
Fig. 3.6). Before injection, assure that the needle was put in the vein, by confirming 
the blood flows in the syringe when the syringe plunger is withdrawn. After injection, 
apply firm pressure on the needle insertion site to treat bleeding.

3.3.3 Intramuscular

The injection site should be a body of a large muscle, like gluteal or thigh muscles. 
The needle is inserted vertically to the skin. Confirm that no blood can be aspirated 
when syringe plunger is withdrawn lightly before injection. The injected muscle 
should be massaged to diffuse the reagent.

Fig. 3.6 Compound administration via a vein
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3.3.4 Intraperitoneal

The rabbit should be restrained in posture with its hindquarter elevated to locate 
the intra-abdominal organs in near thoracic cavity, and prevent the organs injured 
with the needle. Insert the needle just lateral to the midline at the angle of approxi-
mately 30°, and then bring the needle forward subcutaneously. Thrust the needle at 
the angle of 45° cautiously to penetrate the abdominal wall, and inject the regent 
in the abdominal cavity.

3.3.5 Subcutaneous

Back of neck, lumbar portion of back, abdominal and inguinal regions are options 
of the site of the injection. Pickup the skin and insert the needle parallel to the body 
axis (Fig. 3.7). Confirm that the tip of the needle does not protrude outside the skin 
when it is swung, and inject the reagent. The injection site should be pinched to 
avoid outflow of the injected reagent.

3.3.6 Intradermal

The injection sites are commonly located in regions of back or flank that the rabbit 
cannot easily reach with his hind feet. The injection area should be clipped care-
fully, and a depilatory cream is applicable to remove hair. Tighten the skin of the 

Fig. 3.7 Subcutaneous compound administration



3 Basic Methods for Experimental Rabbits 19

Fig. 3.8 Blood sampling via an intermedial auricular artery

injection site, and insert the needle parallel to the skin. When injected into dermis, 
a small bleb is generated. To avoid the outflow of the injected reagent, hold the 
needle for a few second.

3.4 Sampling Techniques

3.4.1 Blood Sampling

Blood vessels of the ears are commonly used for usual blood sampling, since they 
are readily accessible and large enough. Both of veins and arteries are available, 
and the helicine branch of caudal auricular veins and intermedial branch of caudal 
auricular arteries can be the first choice for the blood sampling. However, it is 
hard to collect large amount of blood within the veins because they collapse  easily. 
Larger amount of blood can be collected from the arteries. Restrain the rabbit 
properly, and its ear should be wiped with ethanol for sterilization and dilatation. 
The dilatation can be induced by tapping or rubbing the ear or the site of the vessel. 
22- to 25-gauge hypodermic needle is inserted into the vessel efferently in the vein 
or afferently in the artery (Fig. 3.8). Puncture needles with a catheter for chronic 
cannulation are more convenient for larger volume or repeating blood sampling. 
In such cases, attention must be paid if the catheter gets clogged with clotted blood. 
Large (20-gauge) catheter should be chosen, and maintain the blood flow through 
it. When the catheter is clogged, clean up the clot with the needle or something 
thready. After removing the catheter, apply firm pressure on the needle puncture 
site with dry cotton.
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Whole blood collection and exsanguination are sometimes done by cardiac 
puncture or carotid artery cannulation. Lay deeply anesthetized rabbit on its back 
upon a rabbit-restraining board. In the cardiac puncture, confirm the position of the 
heart by feeling the heart beat with a hand, and insert the needle through left inter-
costal space or from posterior of the xiphoid process (Fig. 3.9). Once the needle 
penetrates the heart, the blood flows into the syringe. In carotid artery cannulation, 
cervical region of the rabbit should be shaved and sterilized. The skin of the cervi-
cal region is incised along the midline, and the carotid artery running parallel to a 
trachea is exposed. Isolate the artery form surrounding connective tissue without 
incisive instruments not to injure nerves or small arteries. The peripheral side of the 
artery is tightly ligated with a suture thread, and the central side is pinched with a 
clamp to stop blood flow. Make an incision on the arterial wall between the ligated 
thread and the clamp. Inset an appropriate catheter, in diameter and length, into the 
artery toward the heart. The catheter should be fixed by a suture thread ligated over 
the arterial wall, then remove the clamp.

3.4.2 Urine Collection

There are two methods for urine collection. One is forced urine collection which is 
using insertion of a catheter through the urethra. A male rabbit should be hold in a 
sitting position with clutching the rabbit’s front and hind legs of each side with each 
hand. Expose the penis, and lubricated flexible catheter should be inserted carefully 
into opening of the urethra (Fig. 3.10). When the tip of the catheter gets to the bladder 
after passing a few centimeters through the urethra, urine will flow.

Fig. 3.9 Blood sampling via a heart
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The other option is naturally collection method using a metabolic cage. This 
method should be better for female rabbit or the urine collection over long time 
period. However, some considerations should be necessary on urine parameter, 
because contaminations or alterations of components in the urine might occur 
before measuring.

3.5 Anesthesiology

Though the anesthesia is indispensable for experiments using the rabbit, a particular 
attention must be paid for application of it. The rabbit is susceptive to stresses, 
and sometimes this leads side-effects of the anesthetic agents. Administration of 
single anesthetic by a high dosage raises incidence of anesthetizing accidents by the 
side-effects. Thus, an application of a preanesthetic agent like xylazine (5 mg/kg) 
or medetomidine (0.1–0.5 mg/kg) and combined usage of multi agents to reduce 
the dosage of each ones are recommended. There are numbers of combinations 
of anesthetic agents which are suggested being applicable for rabbit, and some 
of them are listed in Table 3.1. Selection of the anesthetic should be done by the 
experimental procedure.

Since some anesthetic agents cause the rabbit a breathing trouble during its 
induction, such agents must be administrated slowly with special care. The depth of 
anesthesia is determined by pinching of the ear or flexion reflex of the leg. Airway 
should be controlled with a tracheal cannulation or an artificial respiratory mask for 
long term anesthesia. It is important to control the body temperature of the rabbit 
because it has relatively high average temperature (38.5–40.0°C).

Fig. 3.10 Urine collection
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3.6 Euthanasia

When the rabbits are put to death for rearing management or experimental design, 
the euthanasia must be accomplished appropriately. The procedure of the euthana-
sia consists mainly of rapid death with a minimum fear and pain for the rabbit.

The most common procedure is excess administration of anesthetic agents. 
Intravenous or intraperitoneal (for young small rabbits) administration is a usual 
route for the anesthetic agents for euthanasia. Inhalation of carbon dioxide is 
also preferred for the euthanasia. The rabbit is put in an airtight space which is 
 subsequently filled with carbon dioxide. Death of the rabbit must be confirmed by 
 stopping of the heart beat.

The euthanasia should be accomplished in a shade of obscurity, considering 
emotions of other people.

Reference

Manning PJ, Ringler DH, Newcomer CE (eds): The Biology of the Laboratory Rabbit (ed 2). 
Academic, San Diego, CA, 1994

Table 3.1 Typical anesthetic drugs used for rabbits (Extracted and modified 
from Manning et al. 1994)

Drug Dosage Route Duration

Ketamine 20–50 mg/kg IM/SC 30 min
 + xylazine 5–10 mg/kg  
Ketamine 25–35 mg/kg IM/SC 90–180 min
 + medetomidine ~0.5 mg/kg  
Ketamine 15–30 IM/SC 20 min
 + midazolam 2–5  
Thiamylal sodium 12–25 mg/kg IV 15 min
Isoflurane 3–5% (induction) Inhalation 
  1–3.5 (maintenance)  



Abstract In this chapter, we have collected useful website information on rabbit 
research. Readers can access and refer to this information on rabbit gene and protein 
sequences along with primary antibodies against rabbit.

Keywords Website, rabbit genome, antibodies, physiology

4.1 Introduction

For many experiments with rabbits, genetic information and research tools such as 
antibodies and ELISA kits are essential for analyzing gene and protein expression 
and performing immunohistochemical staining. For gene-targeting in rabbits, genome 
information is critical. In this chapter, we will introduce such information, many of 
which can be accessed by website searching. We will include the database of the 
rabbit gene and proteins, commercially available antibodies against rabbit proteins and 
ELISA kits for measurement of different rabbit plasma proteins. Finally, we introduce 
the websites for the physiological information of the rabbit so that researchers can 
compare their results derived from rabbits with humans. Comprehensive information 
on the rabbit genome has also been described in other chapter elsewhere.

4.2 Rabbit Genome, cDNA, and Protein Sequences

National Center for Biotechnology Information provides almost all information on 
rabbit genome (http://www.ncbi.nlm.nih.gov/projects/genome/guide/rabbit/). You 
can also find rabbit genome sequences from the Broad Institute, the Lund University 
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and Ensemble genome browser by Institut national de la researche agronomique. 
Furthermore, you can browse the rabbit scaffolds at UCSC Genome Bioinformatics 
website (http://genome.ucsc.edu). Furthermore, you can find the ENCODE Project, 
BAC library from the BACPAC Resource Center (BPRC, http://bacpac.chori.
org), rabbit mapping resources (Rabbitmap, http://locus.jouy.inra.fr/cgi-bin/lgbc/ 
mapping/common/intro2.pl?BASE = rabbit). The most important feature of this 
website is that you can link to many rabbit community resources such as NIAID 
rabbit immunology and infectious disease research, ImMunoGenetics information 
system, American Rabbit, Breeders Association, Recognized rabbit breeds, FAO 
Report on Rabbit Husbandry, Health, and Production, Online Mendelian Inheritance 
in Animals and many diverse information on rabbits on Animal Diversity Web.

Rabbit information (nucleotides, proteins, structure, genome sequences and 
so on) has been assembled together in the Taxonomy browser – rabbit (Oryctolagus 
cuniculus) (Table 4.1), but so far (until 2008, September), there is only 1,179 genes 
in Database name-Gene. There are about 34,918 EST, 7,630 proteins sequences 
exist in NCBI database. In the GSS division of GenBank in NCBI, you can find 
1,305 rabbit genome sequences, which is from Rabbit BAC Library. In addition, 
you can find 334 rabbit protein structure information from NCBI database. 
The rabbit cDNA libraries are commercially available from Stratagene company 
(www.stratagene.com). There are seven different libraries shown in their website, 
including heart, liver, kidney, muscle, etc.

4.3 Primary Antibodies Against Rabbit Proteins

The rabbit is one of the most used animals for the generation of both polyclonal 
and monoclonal antibodies against many species proteins; however, the primary 
antibodies specifically against rabbit proteins are still limited. To overcome this 
problem, we always use the antibodies against human proteins (e.g. α- and β-actin) 
to that can cross-react with rabbit proteins because many proteins between two spe-
cies are highly conserved. There are several companies that manufacture and sell 
the primary antibodies against rabbit for flow cytometry, Western blots, and immu-
nohistochemical staining. The most popular antibodies against rabbit are antibod-
ies against rabbit macrophages: RAM11 (by rabbit alveolar macrophage extracts, 
Dako) and RBM2 (by thioglycollate-elicited macrophages, Cosmos Bio) because 
rabbits are frequently used as a model for the study of atherosclerosis. Spring 
Valley Laboratories, Inc. provides a panel of monoclonal antibodies against rabbit 
proteins that include immunoglobulin isotypes and light chains (IgG, IgA, IgM, 
Kappa light chain), histocompatibility antigens (MHC class I, MHC class II, MHC 
class II DR, MHC class II DQ), integrins and cellular adhesion molecules (CD11a, 
CD11b, CD11c, CD18, CD43, CD58), cellular differentiation markers (CD3, CD4, 
CD5, CD8, CD9, CD25, CD44, CD45, CD79a) and lymphocyte proteins (Thy-1, 
GALT lymphocytes, and T lymphocytes). In addition, a panel of monoclonal anti-
bodies against rabbit lymphocyte antigens including T cells, B cells, macrophages, 



4 Useful Information for Rabbit Genes, Proteins, and Antibodies  25

Ta
bl

e 
4.

1 
U

se
fu

l w
eb

si
te

s 
fo

r 
ra

bb
it 

re
se

ar
ch

W
eb

si
te

 n
am

e
A

dd
re

ss
D

es
cr

ip
tio

n

G
E

N
E

T
IC

 D
A

TA
B

A
SE

1.
 N

C
B

I,
 T

ax
on

om
y 

br
ow

se
r, 

O
ry

ct
ol

ag
us

 
cu

ni
cu

lu
s

ht
tp

://
w

w
w

.n
cb

i.n
lm

.n
ih

.g
ov

/
Ta

xo
no

m
y/

B
ro

w
se

r/
w

w
w

ta
x.

cg
i?

m
od

e=
In

fo
&

id
=

99
86

&
lv

l=
3&

lin
=

f&
ke

ep
=

1&
sr

ch
m

od
e=

1&
un

lo
ck

Y
ou

 c
an

 f
in

d 
th

e 
ta

bl
e,

 n
am

ed
 ‘

E
nt

re
z 

re
co

rd
s’

 w
hi

ch
 s

ho
w

s 
th

e 
nu

m
be

r 
of

 a
ll 

nu
cr

eo
tid

es
, p

ro
te

in
s 

an
d 

ge
no

m
e 

se
qu

en
ce

s 
of

 r
ab

bi
t i

n 
N

C
B

I.
 I

n 
‘E

xt
er

na
l 

In
fo

rm
at

io
n 

R
es

ou
rc

es
 (

N
C

B
I 

L
in

kO
ut

)’
, i

t l
in

ks
 to

 th
e 

fa
m

ou
s 

si
te

s 
ab

ou
t 

ra
bb

it 
ta

xn
om

y 
an

d 
ph

yl
og

en
et

ic
 in

fo
rm

at
io

n.

2.
 R

ab
bi

tm
ap

 d
at

ab
as

e 
(I

N
ST

IT
U

T
 N

A
T

IO
N

A
L

 
D

E
 L

A
 R

E
C

H
E

R
C

H
E

 
A

G
R

O
N

O
M

IQ
U

E
)

ht
tp

://
lo

cu
s.

jo
uy

.in
ra

.f
r/

cg
ib

in
/

lg
bc

/m
ap

pi
ng

/c
om

m
on

/in
tr

o2
.

pl
?B

A
SE

=
ra

bb
it

T
hi

s 
is

 th
e 

da
ta

ba
se

 s
ite

 o
f 

lo
ci

 a
nd

 s
eq

ue
nc

es
 o

f 
ra

bb
it 

ge
ne

s.
 Y

ou
 c

an
 f

in
d 

pa
rt

ia
l g

en
om

e 
se

qu
en

ce
s 

in
 s

om
e 

ge
ne

s.

3.
 N

C
B

I,
 R

ab
bi

t g
en

om
e 

re
so

ur
ce

s
ht

tp
://

w
w

w
.n

cb
i.n

lm
.n

ih
.g

ov
/

pr
oj

ec
ts

/g
en

om
e/

gu
id

e/
ra

bb
it/

N
ew

es
t i

nf
or

m
at

io
ns

 o
f 

ge
ne

s,
 p

ro
te

in
s 

an
d 

pa
pa

rs
 a

bo
ut

 r
ab

bi
ts

 a
re

 u
pd

at
ed

 in
 

‘N
ew

 T
hi

s 
M

on
th

 I
n’

. I
n 

‘S
eq

ue
nc

e 
R

es
ou

rc
es

’, 
it 

lin
ks

 to
 th

e 
si

te
s 

of
 th

e 
in

st
itu

te
s 

of
 g

en
om

e 
pr

oj
ec

t. 
‘C

om
m

un
ity

 r
es

ou
rc

es
’ 

sh
ow

s 
th

e 
si

te
s 

of
 r

ab
bi

t 
im

m
un

ol
og

y,
 b

re
ed

in
g 

an
d 

in
he

ri
ta

nc
es

.

A
N

T
IB

O
D

IE
S 

/ 
E

L
IS

A
 K

IT
S

4.
 S

pr
in

g 
V

al
le

y 
la

bo
ra

to
ri

es
, I

nc
.

ht
tp

://
w

w
w

.s
vl

ab
.c

om
/

an
tib

od
y.

ph
p

T
he

y 
pr

od
uc

e 
an

d 
se

ll 
th

e 
m

ou
se

-m
on

oc
lo

na
l a

nt
ib

od
ie

s 
an

ti-
ra

bb
its

’ 
im

m
un

o-
lo

gi
ca

l p
ro

te
in

s,
 e

.g
., 

im
m

un
og

lo
bu

lin
s.

 M
H

C
s,

 C
D

s.
5.

 R
es

ea
rc

h 
di

ag
no

st
ic

s,
 I

nc
.

ht
tp

://
w

w
w

.r
es

ea
rc

hd
.c

om
/r

bc
ds

/
rb

cd
m

on
o.

ht
m

T
he

y 
se

ll 
th

e 
m

ou
se

-m
on

oc
lo

na
l a

nt
ib

od
ie

s 
an

ti-
ly

m
ph

oc
yt

e 
an

tig
en

s 
of

 r
ab

bi
ts

 
(C

D
4,

 C
D

8,
 B

 c
el

l, 
et

c.
).

6.
 D

aL
ia

ng
 F

an
ba

ng
ht

tp
://

zd
sj

.c
om

/r
ab

bi
t.h

tm
T

he
re

 is
 a

 li
st

 o
f 

>
80

 k
in

ds
 o

f 
E

L
IS

A
 k

its
 f

or
 r

ab
bi

t p
ro

te
in

s.
7.

 B
io

co
m

pa
re

 B
uy

er
’s

 G
ui

de
ht

tp
://

w
w

w
.b

io
co

m
pa

re
.c

om
/

ju
m

p/
20

45
/A

nt
ib

od
ie

s.
ht

m
l

T
hi

s 
is

 a
 u

se
fu

l w
eb

 s
ite

 f
or

 s
ea

rc
hi

ng
 a

nt
ib

od
ie

s.
 Y

ou
 c

an
 s

el
ec

t r
ab

bi
t i

n 
‘R

ea
ct

iv
ity

’ 
an

d 
fi

nd
 a

nt
ib

od
ie

s 
fo

r 
ra

bb
it.

P
H

Y
SI

O
L

O
G

Y
8.

 T
es

tD
ie

t®
ht

tp
://

w
w

w
.te

st
di

et
.c

om
/

Te
st

D
ie

t®
 is

 th
e 

co
m

pa
ny

 s
el

lin
g 

di
et

s 
fo

r 
la

bo
ra

to
ry

 a
ni

m
al

s.
 Y

ou
 c

an
 f

in
d 

th
e 

ba
si

c 
da

ta
 o

f 
ra

bb
it 

ph
ys

io
lo

gy
 r

ef
er

re
d 

to
 th

e 
“G

ui
de

 f
or

 th
e 

C
ar

e 
an

d 
us

e 
of

 L
ab

or
at

or
y 

A
ni

m
al

s”
 –

 N
IH

 P
ub

lic
at

io
n 

N
o.

 8
5-

23
, R

ev
is

ed
 1

98
5.



26 T. Koike et al.

neutrophils, CD4, CD5, CD8, CD9, CD11a, CD11B, CD11C, CD18, CD25, CD28, 
CD43, CD44, CD51/61. CD58 can be obtained from Research Diagnostics and 
Acris Antibodies GmbH.

Rabbit is a good model for inflammation research, so rabbit CRP and active PAI-1 
ELISA kits are produced by several companies. Dalian Fanbang Company in China 
sells more than 80 rabbit ELISA kits for measuring inflammatory cytokines, growth 
factors, MMPs, and soluble adhesion molecules. Biocompare Buyer’s Guide is a 
useful website by which you can find any commercially available  antibodies you 
want. When you click ‘rabbit’ from ‘the reactivity’, you can find first  anti-rabbit 
antibodies and/or any antibodies cross-reacted with rabbit proteins.

4.4 Other Useful Websites for Rabbit Physiology

Information about “Care and Feeding & Physiology” and special diets for experi-
ments (such as high fat diets and cholesterol-rich diets for producing diabetes and 
atherosclerosis) can be found in Test Diet (http://www.testdiet.com/). Information 
on rabbit health, diseases, care, feeding and shopping can be found in Animal 
Hospitals (http://www.animalhospitals-usa.com/small_pets/rabbits.html) and com-
mon diseases of rabbits have been introduced (https://secure.lifelearn.co.uk/store/
product_samples/pdfs/ch007.pdf).
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Abstract In this chapter, I summarize the basic and general physiology of experi-
mental rabbits. The information should be helpful for researchers who use rabbits 
as an experimental tool. The emphasis will be given to the comparison between 
rabbits and humans.

Keywords Comparative medicine, normal rabbit values, physiology

5.1 Delivering and Nursing Physiology (Tables 5.1–5.3)

Rabbits do not show regular estrous cycles (Altman and Dittmer 1964, Harkness 
and Wagner 1983). Therefore, the ovulation can be induced either by copulation or 
by hormone injection. Fertilization will take place after 8–10 h. Gestation is about 
28–36 days (Batchelor 1999; Bell 1999). The average litter size is about 4–10. 
The pups need to wean at about 1 month. If the pups are removed immediately 
after delivery, the mother rabbit will be sexually receptive at about a month. The 
new-born pups have little hair and they are deaf and blind. The fat content of the 
neonatal rabbits is much higher than that of the neonatal rats. The body weight at 
birth is around 65 g. After delivery, the mother rabbit returns to the nest once a 
day and nurses her pups. The nursing took place in the early morning and lasted 
for 2.7–4.5 min (Zarrow et al. 1965). The young rabbits start to take a solid food 
at about 20 days after birth. They are very mobile at 4 weeks of age and leave their 
nest. At that time (35 ~ 40 days after delivery), they start weaning, but they continue 
to suckle for some more weeks. The mother rabbits have maximum milk production 2 
weeks after delivery. After weaning, lactation continues for an additional 2–4 weeks. 
At 8 weeks of age the young consume a solid food. For laboratory rabbits, weaning 
and separation from the mother can be achieved at 6–7 weeks of age (Hagen 1974).
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Table 5.1 Body weight of NZW

Sex/age Weigth (kg)

♂♀0day 0.065
♂♀28 day 0.584
♂♀42 day 1.25
♂8 week 1.95 (1.60~2.30)
♀8 week 2.04 (1.50~2.50)
♂12 week 2.67 (2.30~3.00)
♀12 week 2.72 (2.10~3.00)
♂16 week 3.13 (2.60~3.50)
♀16 week 3.26 (2.60~3.70)
♂20 week 3.45 (2.80~3.90)
♀20 week 3.70 (3.00~4.30)
♂24 week 3.61 (3.00~4.30)
♀24 week 4.00 (3.40~4.80)

(Altman and Dittmer 1964)

Table 5.2 Biologic parameter of rabbits

Life span 5~7 years (up to 15 years)
Body Weight 2~5 kg (NZW)
Temperature 38°C~40°C
Mammary gland 8 or 10
Gestation 28~36 days
Litter size 4~10
Body weight at birth 30~100 g

Table 5.3 Milk composition

Water (%) 70~73
Protein (%) 10~15
Fat (%) 10~16
Carbohydrate 

(lactose) (%) 1.8~2
Ash (%) 2~2.5

(Harkness and Wagner 1983)

The eyes open at 10–11 days (Kersten et al. 1989). Hearing may develop at the same 
time. In laboratory rabbits, sexual maturity occurs at the age of 5–7 months in male 
and 9–12 months in female (Myers et al. 1994). Suckow et al. (2002) has described 
that smaller breeds typically reach puberty earlier, and larger breeds a bit later.

The normal rectal temperature of adult rabbit is 38–40°C. Rabbits can adapt 
to different ambient temperatures, but are susceptible to high temperature. When 
transportation of rabbits is made, we have to be careful with temperature. The ears 
represent a relatively large percentage of the body surface area (12%). The 
ears are important heat-sensing organs in the rabbit (Gonzalez et al. 1974). The 
metabolic rate varies widely between different species, being roughly related to the 
surface area of the mammal. The fasting metabolic rate of rabbit is 44 ~ 55 kcal/kg/
day, or 26 ~ 38 kcal/m2/h (Gillett 1994).
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Water should always be available to rabbits. The daily water consumed by each 
rabbit is 200 ~ 500 ml. Rabbits consume approximately pellets by 50g/kg body 
weight. More water is needed for growing animals as well as pregnant and lactating 
females (Meredith 2000).

5.2 Behavioral and Sensory Physiology

It may be considered that the sight of a rabbit is not good. In visual field of a rabbit, 
horizontal one is very good, but vertical one is not. They have 180° field of vision, 
but cannot see area beneath their mouth. A range of stereoscopic vision is very 
small, so rabbits crash to an obstacle in their front. A rabbit is a nocturnal animal. 
A sight in a dark place is good, but it is generally considered that color sense is very 
bad. Hearing and sense of smell of a rabbit are very good. They use their whisk-
ers and sensitivity of the lips as well as smell and taste during foraging (Meredith 
2000). The whiskers are also used during orientation in the nests. Smell and taste 
is more important in identifying members of the own breeding group than vision. 
They have good hearing by reason of their big ears.

Rabbits have three specialized scent glands, i.e. in the anal region, in the groin 
and under the chin (Mykytowycz 1968). The territory of rabbits is marked by plac-
ing feces. The rabbit also marks its territory by pressing the under-chin against 
structures in its environment. The more dominant animals of a group have the larger 
anal glands. Males sprayed urine on females and young rabbits of their group for 
marking. Females had marking their young. They attack other young within the 
same group. Females may attack even their own young if they have been smeared 
with foreign urine (Mykytowycz 1968).

5.3 Urinary Physiology (Table 5.4)

The urine of adult rabbits is typically cloudy due to a relatively high concentration 
of ammonium magnesium phosphate and calcium carbonate monohydrate precipi-
tates (Flatt and Carpenter 1971; Kaplan and Timmons 1979; Mitruka and Rawnsley 
1977) ). Rabbits fed a 10% calcium carbonate diet excrete about 60% of the calcium 
carbonate in their urine (Cheeke and Amber 1973). The urinary calcium level gener-
ally varies as the serum calcium level. A high calcium diet causes the urine to have 
a thick creamy appearance; however, the urine is viscous and pale even on diets not 
high in calcium (Hennemann 1959). The urine may also take on hues ranging from 
yellow or reddish to brown. In contrast, the urine of young rabbits is typically 
clear, although healthy young rabbits may have albuminuria. The urine is normally 
yellow but can also take on reddish or brown hues once they begin to eat green feed 
and cereal grains. Normal rabbits have few cells, bacteria, or casts in their urine 
(Suckow et al., 2002). The pH of the urine is typically alkaline at 7.6 ~ 8.8 (Gillett 
1994). A normal adult rabbit produces approximately 20 ~ 350 ml of urine daily. 
Female rabbits have to urinate more copiously than male rabbits.
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5.4 Digestive Physiology (Table 5.5)

The rabbits chew their food with jaw movement up to 120 times/min. Because the 
cardiac sphincter is well developed in rabbits, rabbits cannot vomit (Gillett 1994; 
Harkness and Wagner 1983) ).

The colon is divided into two portions (proximal and distal) by the fusus coli. Hard 
pellets comprise about two thirds of the fecal output. Cecotrophs (soft feces) was 
formed in the proximal colon and cecum. Cecotrophs are rich in nitrogen-containing 
compounds and vitamins, minerals as well as nitrogen. They are coated in a tough 
gelatin. Rabbits eat cecotrophs directly from the anus to obtain significant nourish-
ment. Soft pellets are sometimes termed “night feces” (Suckow et al. 2002).

5.5 Respiratory Physiology

Rabbits have a well-developed sense of smell. Nasal breathing in rabbits is char-
acterized by twitching of the nostrils at rates varying from 20 to 120 times per 
minute ( (Table 5.6) (Harkness and Wagner 1983; Kaplan and Timmons 1979) ). 
The twitching may be absent in the relaxed rabbit.

The pharynx of the rabbit is long and narrow. A position of vocal fold is deep. 
The tongue is relatively large. These features make endotracheal intubation difficult 
to perform in the rabbit.

Flow volume of air to the left lung is higher than to the right due to the lower 
resistance of the proximal airways per unit volume (Yokoyama 1979). In rabbits, 
lung volume increases with age in contrast to that of humans in which it decreases.

Because digestive organs are very large, a thorax cavity is very small. Therefore 
there is very little lung capacity of a rabbit and size of a heart is small in the ratio 
with the weight.

Table 5.4 Values of urine biochemical and enzyme 
parameters of NZW

Volume (ml/day) 20.0~350
Gravity 1.003~1.036
pH  7.60~8.80
Total protein (ml/day) 0.74~1.86
Urea nitrogen (g/day) 1.20~1.50
Uric acid (mg/day) 4.00~6.00
Creatinin (mg/day) 20.0~80.0
Ca (mg/day) 12.1~19.0
Cl (mg/day) 190~300
Mg (mg/day) 0.65~4.20
P (mg/day) 10.0~60.0
K (mg/day) 40.0~55.0
Na (mg/day) 50.0~70.0
Glomerular filtration 

rate (ml/min/kg) 7
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Table 5.5 Digestional parameter of rabbits

Fecal production (g/day) 15~60
Food consumption (g/day) 100~200
Water consumption (ml/day) 200~500
Gastrointestinal transit time (h) 4~5
Metabolic rate 26~38 cal/m2/h
  44~55 kcal/kg/day

Table 5.6 Circulatory and respiratory parameter of rabbits

Heart rate 200–300 beats/min
Respiratory rate 32–60 breaths/min
Arterial blood pressure 90–130 mmHg systolic
  80–90 mmHg diastolic
Arterial blood pH 7.2~7.5
pO

2
 85~102 mmHg

pCO
2
 20~46 Torr

HCO
3
 12~24 mmol/l

Arterial oxygen 12.6%~15.8% volume
Total lung capacity 111 ± 14.7 ml
Minute volume 0.6 l/min
Tidal volume 4–6 ml/kg

5.6 Cardiac Physiology (Table 5.6)

In rabbits, electric potential of electrocardiogram is low. During surgery operation, 
we observed arrhythmia, down of blood and pulse pressure in rabbits (Harkness and 
Wagner 1983; Kaplan and Timmons 1979) ). The rabbit heart is relatively resistant to 
oxidative damage (Matsuki et al. 1990). The carotid artery of the rabbit is more com-
pliant than that of the dog and has a greater ratio of elastin to collagen (Cox 1978). 
The blood pressure in the central ear artery of the Japanese white rabbit (about 3.0 kg) 
after neurectomy is 124 mm/Hg (systolic) and 83 mm/Hg (diastolic). The blood pres-
sure increases with the growth of the body weight. Xylazine and ketamine modulate 
blood pressure as well as heart and respiratory rate (Sanford and Colby 1980).

5.7 Hematologic Values

Values for hematologic parameters are shown in Table 5.7 (Mitruka and Rawnsley 
1977).

5.8 Serum Biochemical and Enzyme Values

Values of serum biochemical and enzyme parameters are shown in Table 5.8 
(Mitruka and Rawnsley 1977; Wolford et al. 1986). These values can be used for 
reference since each colony may have different values dependent upon age, sex, and 
raising conditions. Each laboratory should establish its own normal values.
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5.9  Bleeding System for Obtaining More Correct 
Physiological Data and Animal Welfare

Laboratory rabbits are traditionally kept individually in small cages with restricted 
or free (ad libitium) commercial diets. This has led to several physiological prob-
lems related to the fact that they move too little, as well as behavioral disorders. Over 
the past 20 years many laboratories have improved the cages for rabbits (sizes and 
materials), but also by introducing floor pens and group keeping. However, there are 
still some problems because they can be very aggressive when kept in groups.

Laboratory rabbits are housed singly in small cages during the research. The 
cages for laboratory rabbits have changed from wood to metal and now plastic 
caging. Keeping in small cages can lead to several abnormal behaviors and to 
reduced welfare of rabbits.

Group keeping of rabbits in floor pens has been introduced in many laboratories 
and countries during the last 20 years. This is beneficial for the rabbits because 

Table 5.7 Hematologic values of NZW

  ♂ ♀
RBC ×106/ml 6.70 ± 0.62 6.31 ± 0.60
Hb  g/dl 13.9 ± 1.75 12.8 ± 1.50
Ht  % 41.5 ± 4025 39.8 ± 4.40
MCV fl 62.5 ± 2.00 63.1 ± 1.92
MCH pg 20.7 ± 1.00 20.3 ± 1.60
MCHC % 33.5 ± 1.85 32.2 ± 1.74
Blood volume ml/kg 55.6
Plasma volume ml/kg 38.8
RBC volume ml/kg 16.8
Reticulocyte (4–6 months) % 3.6 ± 1.8
WBC ×102/ml 90.0 ± 17.5 79.0 ± 13.5
Neutrophils % 46.0 ± 4.00 43.4 ± 3.50
Eosinophils % 2.00 ± 0.75 2.00 ± 0.60
Basophils % 5.00 ± 1.25 4.30 ± 0.95
Monocytes % 8.00 ± 2.00 9.00 ± 2.00
Lymphocytes % 39.0 ± 5.50 41.8 ± 5.18
Platelets (4–6 mon.) ×104/ml 32.6 ± 9.6
Abbreviation
Hb: hemoglobin
Ht: hematocrit
MCH: mean corpuscular hemoglobin
MCHC: mean corpuscular hemoglobin concentration
MCV: mean corpuscular volume
RBC: red blood cell
WBC: white blood cell
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they can express social behaviors and exercise (Batchelor 1991; Heath and Stott 
1990). Abnormal behaviors and physiological conditions caused by small environ-
ments are reduced. But the risk of fighting between rabbits is increased (Morton 
et al. 1993). When we make a group keeping of rabbits, we have to consider the 
following points: the compatibility of individual animals, the size of pens, the 
keeping density, the husbandry technique and environmental enrichment (Morton 
et al. 1993).

Table 5.8 Values of serum biochemical and enzyme parameters of NZW

  ♂ ♀
Total protein g/dl 6.90 ± 0.36 6.70 ± 0.41
Albumin g/dl 3.39 ± 0.29 3.04 ± 0.26
α1-gobulin g/dl 0.60 ± 0.12 0.37 ± 0.08
α2-gobulin g/dl 0.43 ± 0.09 0.21 ± 0.05
β-gobulin g/dl 1.0 ± 10.20 1.46 ± 0.24
γ-gobulin g/dl 1.46 ± 0.21 1.69 ± 0.22
A/G ratio  0.97 ± 0.16 0.8 ± 30.15
Glucose mg/dl 135 ± 12.0 128 ± 14.0
Urea nitrogen mg/dl 19.2 ± 4.93 17.6 ± 4.36
Uric acid mg/dl 2.65 ± 0.88 2.62 ± 0.87
Amylase Somogy IU/l 132 ± 16.0 127 ± 12.0
Bililbin mg/dl 0.32 ± 0.04 0.30 ± 0.04
Cholesterol mg/dl 26.7 ± 12.9 24.5 ± 11.2
Triglyceridesa mg/dl 74 ± 38.0 80 ± 40.8
Creatinin mg/dl 1.59 ± 0.34 1.67 ± 0.38
GPT IU/l 65.7 ± 6.54 62.5 ± 5.85
GOT IU/l 72.3 ± 12.0 68.1 ± 10.5
LDH IU/l 84.4 ± 20.5 78.5 ± 22.0
CK  IU/l 1.35 ± 0.56 1.30 ± 0.45
ALP IU/l 10.4 ± 2.28 9.96 ± 3.10
AcP IU/l 1.56 ± 0.53 1.40 ± 0.38
Na  mEq/l 146 ± 1.15 141 ± 1.40
K  mEq/l 5.75 ± 0.20 6.40 ± 0.16
Cl  mEq/l 101 ± 1.45 105 ± 1.22
Ca  mg/dl 10.0 ± 1.11 9.50 ± 1.10
P  mg/dl 4.82 ± 1.05 5.06 ± 0.93
Mg  mg/dl 2.52 ± 0.24 3.20 ± 0.22
a[24]   
Abbreviation
AcP: acid phoshatase
ALP: alkaline phoshatase
CK: creatinin kinase
GOT: glutamate oxaloacetate transaminase
GPT: glutamate pyrurate transaminase
LDH: lactate dehaydrogenase
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Abstract In this chapter, we will introduce the methods for the generation of 
transgenic rabbits. These methods are those used for transgenic mice but with some 
modifications and refinements. We will review all possible methods for rabbit 
transgenesis with emphasis on microinjection method because it is the most popu-
lar method so far.

Keywords Embryo transfer, Pronuclear microinjection, Superovulation, 
Transgenic rabbits

6.1 Introduction

After the first report of transgenic mice introduced a foreign gene in their 
 chromosome by Gordon et al. (1980) in 1980, transgenic animals including rabbits 
have been widely generated in the world. Recently, the value of transgenic animals 
such as human disease models and bioreactors for producing therapeutic proteins 
in the milk has been increasing more and more in the field of medical science and 
drug industry. In general, genetically modified animals can be classified in trans-
genic and knockout animals. Transgenic animals refer to animals with integrated 
foreign gene into their chromosome and show “gain of function”. On the other 
hand, knockout animals are those with their endogenous gene disrupted by homolo-
gous recombination using embryonic stem (ES) cell and show “loss of function”. 
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Until now, it has been reported several methods for generating transgenic animals 
such as pronuclear microinjection, gene targeting using ES cells, retroviral vector, 
sperm vector and somatic cell nuclear transfer (SCNT) technique. For generation 
of transgenic rabbits, the most successful commonly used method is pronuclear 
microinjection, while use of the other methods is still restricted to mice and not 
been fully established for practical use. In this chapter, we introduce the protocol 
of microinjection method currently used in our laboratory. Readers are also encour-
aged to refer to the original review articles published Bosze et al. (2003), Fan et al. 
(1999), Fan and Watanabe (2003) and Kitajima et al. (2003).

6.2  Pronuclear Microinjection Methods 
for Rabbit Transgenesis

The first transgenic rabbit was reported by Hammer et al. (1985) using micro-
injection method in 1985. By microinjection method, foreign gene (called DNA 
construct) is directly injected into the pronucleus of fertilized egg using fine glass 
pipette under microscope (Fig. 6.1). Then, embryos are transplanted to synchro-
nized-induced ovulated foster mothers to make them develop to individuals. We 
can expect a part of pups born after embryo transfer to bear the foreign gene (called 
transgene) integrated into their chromosome, but the gene-transfer rate is low which 
can be usually less than 5% of total pups.

The production efficiency of transgenic rabbit is thought to be influenced by 
several factors such as quality of DNA quality (concentration, purity and size etc.) 
used for microinjection along with skills of technicians. Common problems are 
low pregnancy rate, small size of pups after embryo transfer, and low gene-transfer 
rate. In general, the pregnancy rate after embryo transfer was nearly 50% and the 
number of newborn pups was 10% or lower for transferred embryos. The gene-
transfer rate was 5% or lower for the pups obtained by embryo transfer.

6.3 Basic Technique for Microinjection

6.3.1 Superovulation

In order to collect as many embryos as possible from one donor rabbit, super-
ovulation is generally induced by several hormone treatments. In rabbits, pregnant 
mare’s serum gonadotropin (PMSG) (Fan et al. 1999; Keefer et al. 1985; Zheng 
et al. 2004) or follicular stimulating hormone (FSH) (Al-Hasani et al. 1986; Cheng 
et al. 1999; Hashimoto et al. 2004; Hashimoto et al. 2007; Kauffman et al. 1998) 
have been commonly used for superovulation. Superovulation protocol used in our 
laboratory is shown in Fig. 6.2. In the case of PMSG, on the first day donor rabbits 
are intramuscularly single injected with 150 U of PMSG. In the case of FSH, 0.5 
AU of hormone is subcutaneously administered in 12-h intervals for 3 days, totally 



6 Rabbit Transgenesis 39

Fig. 6.1 Basic equipments for pronuclear microinjection, Top: Invented microscope (a) with a 
differential interference device is equipped with micromanipulators (b), microinjector (c) and its 
controller (d). Middle: The left photograph is a magnified composition of the microscope stage 
and the right picture is a scheme viewed from the side. The dish is placed on stage of microscope, 
which is warmed by a thermo plate at 37°C during microinjection. The drop of medium containing 
embryos (e) is covered by mineral oil in the dish. For microinjection, a fertilized egg at the pro-
nuclear stage is hold with a “holding pipette” (f) by operating micromanipulator (b in upper 
photograph). “Injection pipette” (g) is located right side of the stage and it is connected to the 
microinjector (FemtoJet, Eppendorf, Germany). Bottom: Phographs from left to right shows the 
process of pronuclear microinjection. After microinjection, the enlargement of the male pronucleus 
(right photograph) can be observed

b

c

b

a
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f g
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six times. On the fourth day (both of PMSG and FSH), donor rabbits are mated 
with two different males to ensure the eggs are fertilized in our laboratory. After 
mating, 100 U of human chorionic gonadotrophin (hCG) is intravenously injected 
to induce ovulation.

When comparing the performance of egg collection induced by FSH and PMSG, 
we are able to obtain a more stable number of eggs by FSH than by PMSG. Based 
on our data in the past 5 years, the average of number of embryos obtained from 
FSH- and PMSG-induced Japanese White (JW) donor rabbit is 41.1 and 28.6, 
respectively. The PMSG treatment is not consistent because we sometimes observe 
that rabbits showed either no response (no eggs) or an excessive response (more 
than 100 fertilized eggs per rabbit) to PMSG injection. At any rate, fertilized eggs 
obtained from both hormone treatments are usable for microinjection. In our expe-
rience, it seems that there is no apparent difference between these two methods in 
terms of in vitro embryo development, the number of pups obtained after embryo 
transfer, or transgenesis efficiency.

The age of donor rabbits and the season also influence the number of eggs irre-
spectively of the hormone treatment. We have used the JW rabbits older than 16 
weeks old for superovulation. Animals of 16 weeks of age are old enough to be used 
as a donors with both FSH and PMSG treatments. We also used 16–40 weeks old 
females for superovualtion, and we observed that younger animals are as sensitive to 
both of FSH and PMSG than older ones. As far as seasonal variations are concerned, 
in our facilities, rabbits were kept under constant temperature, humidity (23°C ± 
2°C, 55% ± 15%) and light cycle with 12-h interval throughout the year. Under these 
conditions, we did not find any seasonal variation in embryo collection.

6.3.2 Embryo Collection

Fertilized eggs are recovered by flushing through the oviducts by appropriate 
medium such as 10% FBS-PB1 and M2 medium. For microinjection, we collect 
the embryos 17–19 h after mating (injection of hCG). In our laboratory, we remove 

Fig. 6.2 Time schedule of FSH 
and PMSG treatment for 
superovulation

0 1 2 3 4 5 days

0 1 2 3 4 5 days

FSH

Mating
hCG

Mating
hCG

Embryo collection

Embryo collection

PMSG



6 Rabbit Transgenesis 41

the oviduct tube and a part of uterus from donor rabbit after sacrifice by an overdose 
of appropriate anesthetic. The fertilized eggs are in ampulla 17–19 h after injection 
of hCG. After removing the oviduct, we insert 18 gage needle connected to 10 ml 
syringe from uterus side. Then oviduct is flushed with each 5–10 ml of medium for 
one side and flushing medium is collected into a test tube or a dish (Fig. 6.3).

6.3.3 Pronuclear Microinjection

In our laboratory, pronuclear microinjection is done with embryos 19–21 h after 
mating. DNA solution is injected into a pronucleus using micromanipulators and 
a microinjector under the inverted microscope equipped with a differential inter-
ference device (Fig. 6.1). We use DNA solution at the concentration of 3–5 ng/ml 
for microinjection. In general, the male pronuclei are larger than female ones, so 
DNA solution is usually injected into the male pronucleus. When the tip of injec-
tion pipette has reached the pronucleus, the position of the injection pipette is 
kept and DNA solution is injected until the swelling of the pronucleus (Fig. 6.1). 
For the microinjection, purity and concentration of DNA solution are important. 

Fig. 6.3 Embryo collection. Top: For microinjection, we collect embryos 17–19 h after mating 
(injection of hCG). In our laboratory, we remove the oviduct tube and a part of uterus from donor 
rabbit after the sacrifice by overdose of an appropriate anesthetic. Bottom: Oviduct is flushed by 
medium from uterus to fimbriae (left photo) and collect flushing medium containing feritilized 
eggs (right photo) into dish. Egg in right photograph is at the pronuclear stage and it was collected 
17 h after mating (injection of hCG). We can see two pronuclei, male and female pronuclei meet-
ing at the center of the egg cytoplasm

Ovary

Oviduct

Utrus
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When purity of DNA solution is low and contains many contaminants, injection 
pipette will be clogged up immediately and microinjection cannot be pursued. 
In addition, when concentration of DNA solution is too high, the in vitro development 
rate of embryos after microinjection is lower.

6.3.4 Embryo Transfer

One specific characteristic of a rabbit embryo is a thick mucin layer that forms around 
the zona pellucida in the oviduct. The presence of this mucin layer greatly influences 
pregnancy. If there is no mucin layer, the pregnant rate will drop dramatically (Moore 
et al. 1968). Thus, it is desirable to quickly transfer the embryo into the recipient 
rabbits after microinjection in order to allow the mucin layer formation around the 
zona pellucida. Recipient rabbits can be prepared by injection with 50 U of hCG at 
same time when donor was mated and injected with hCG. In our laboratory, embryos 
are cultured for 2–3 h in a CO

2
 incubator (5% CO

2
, 38.5°C) after microinjection, and 

20–30 of survived embryos are transferred to each recipient. The survival rate of 
embryos after cultivation for 2–3 h is between 80–90%. It can be strongly influenced 
by technician’s skill if there is no problem with quality of DNA solution.

For embryo transfer, recipient rabbits should be kept under appropriate anesthe-
sia. We inject intravenously the mixture of ketamine and medetomidine (ketamine 
25 mg and medetomidine 5 mg in 1 ml) to a recipient weighted about 3 kg. This 
anesthesia will be effective for 30–45 min a time sufficient for the embryo  transfer. 
Under anesthesia, the adipose tissue surrounding the ampulla is pulled out of 
the body cavity by flank incision (Fig. 6.4). Then, embryos are transferred from 
 fimbriae into oviduct with a small amount of medium (about 10–20 ml) using 
indwelling needle (18G) connected to microsyringe filled with saline (Fig. 6.4). 
By this method, the pregnancy rate over a 5 years period was 57.1–77.8% (an 
average was 66.2%), the ratio of pups for the number of transferred embryos was 
5.6–15.8% (an average was 9.0%).

To increase the yield of transgenic rabbits, it is recommended to use multiparous 
does which had shown good nursing before being used as recipients. In addition, it 
can be preferable to prepare another foster mother mated with a fertile male 1 or 2 
days before the mating of donor rabbits. Indeed, when the number of fetuses of the 
recipient female is only 1 or 2, it often does not give birth and Caesarean section is 
thus sometimes needed. The pups born by Caesarean section can then be added to 
those of the foster mother with a higher chance to develop normally.

6.3.5 Detection of Transgene in Newborns

We can do the screening of transgenic pups born after embryo transfer by  polymerase 
chain reaction (PCR) or Southern blotting analysis. In generally, genomic DNA can 
be collected from ear biopsy or blood sample when pups are 4 weeks old. If the 
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proteins derived from expression of transgene are secreted in blood or milk, they can 
directly detected by Western blotting analysis or enzyme-linked  immunosorbent assay 
(ELISA) using specific antibodies. In our data over 5 years, the efficiency of transgen-
esis was 1.5–16.7% of pups (average 6.4%) obtained after embryo transfer. Generation 
of F1 animals obtained after mating F0 with wild rabbits is needed to know whether 
the F0 transmit the transgene to progeny and express it in specific organs.

6.4  Other Possible Future Methods 
for Rabbit Transgenesis

Pronuclear microinjection is the most popular method for the production of a 
number of transgenic animals although it is not efficient at all in some species and 
it is used routinely in the world. However, it cannot control the copy number and the 
integrating sites of transgenes into the host chromosome. This problem results in the 
so-called position-effects leading to the failure of specific expression of the trans-
gene. Moreover, the foreign gene may inactivate an endogenous gene into which it 
randomly integrated. Currently, some research groups are developing new methods 
instead of the pronuclear microinjection. For example, retroviral vector, sperm 

Fig. 6.4 Embryo transfer. Top: Recipient rabbit should be placed under appropriate anesthesia 
(left photograph). Under anesthesia, the adipose tissue surrounding the ampulla is pulled out of 
the body cavity by flank incision (right photograph). Bottom: For embryo transfer, we use a 
microsyringe connected indwelling needle (18G) and filled it with saline (left photograph). Then, 
embryos are transferred from fimbriae into oviduct with small amount of medium (about 
10–20 ml) (right photograph)
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vector, establishment of rabbit ES cells for gene targeting and SCNT technology are 
expected to become efficient alternative methods to produce genetically modified 
rabbits, but it still needs further studies to adapt these methods to rabbits.

6.4.1 Retroviral Vectors

Retroviral genomes are known to integrate into host chromosomes after infection 
and this natural mechanism makes it possible the generation of viral vectors able to 
introduce exogenous genes into host chromosome for the production of transgenic 
animals. Recently, Dull et al. (1998) developed a packaging system making it avail-
able very efficient lentiviral vectors for transgenesis. In this system, a recombinant 
lentiviral genome in virus particles produced by packaging cells contains backbone 
DNA sequences derived from human immunodeficiency virus type I, promoters, 
enhancers and foreign genes but none of the deleterious viral genes. The envelope 
protein is the G protein of a vesicular stomatitis virus which has the capacity to 
target the recombinant particles in all cell types. Moreover, the promoter and a part 
of the enhancer region of long terminal repeat U3 are deleted generating a safe 
self-inactivating recombinant virus able to infect only once targeted cells but not to 
disseminate. Until now, several transgenic animals have been produced using recom-
binant lentiviral vectors (Hofmann et al. 2004; Hofmann et al. 2003; Lois et al. 2002; 
Mcgrew et al. 2004; Pfeifer et al. 2002; Van Den Brandt et al. 2004). But, successful 
production of transgenic rabbits using retroviral vector has not been reported yet.

6.4.2 Sperm Vector

In 1971, Brackett et al. (1971) reported that rabbit sperm could bring a foreign gene 
to egg at fertilization. In 1989, Lavitrano et al. (1989) produced transgenic mice 
by adding exogenous foreign gene to the medium in which sperm was incubated 
before in vitro fertilization (IVF) was achieved. As the result, they found the occur-
rence of transgenesis in 30% of offspring after embryo transfer. More recently, 
the production of transgenic rabbit using sperm-mediated gene transfer (SMGT) 
method was reported (Li et al. 2006; Shen et al. 2006). Shen et al. (Shen et al. 2006) 
generated transgenic rabbit by mating with a male  rabbit in which an exogenous 
gene had been injected into their testis. This method is known as testis-mediated 
gene transfer (TMGT). The authors reported that 48.4% of pups were transgenic 
and found the expression of the transgene in 14 of 17 pups. However, unfortu-
nately the detail of the protocol was not clearly described and the authors could not 
observe any transmission of the transgene into offspring after mating founder trans-
genic rabbits (Li et al. 2006; Shen et al. 2006). SMGT method may be very simple, 
highly efficient and of a low cost in comparison with the conventional microin-
jection (Smith and Spadafora 2005). The SMGT method must be dramatically 
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improved before its efficiency makes it possible the production of transgenic rab-
bits. Further development of this method is expected.

6.4.3 Gene Targeting Using ES Cells

No rabbit ES cell lines capable of transmitting a genetic modification through germ 
line to progeny have been fully established yet. If rabbit ES cell lines were estab-
lished, they would be very useful to produce genetically modified rabbit, not only 
transgenics but also knockout rabbits by the gene targeting method. The methods 
to establish rabbit ES cells are described in another chapter of this book elsewhere. 
Development of rabbit ES cells is expected in the future.

6.4.4 Somatic Cell Nuclear Transfer (SCNT)

Success of cloning in mammals by SCNT began with the birth of “Dolly” the 
sheep, and the method was extended to bovine, laboratory mice, goats, pigs and a 
few other species (Baguisi et al. 1999; Cibelli et al. 1998; Wakayama et al. 1998; 
Wilmut et al. 1997). First cloned rabbit was reported by Chesne et al. (2002) in 
2002. These authors obtained six rabbit clones by transplanting reconstituted 
embryos using cumulus cells as nuclear donors. Cloning efficiency reported to the 
number of the reconstituted embryos was 1.6%. The current efficiency to gener-
ate rabbit clones for transgenesis is not high in comparison to the microinjection 
method. But SNCT could become helpful for the production of the genetically 
modified rabbits if the cells used as nuclear donors have been previously geneti-
cally modified in vitro. This includes random gene addition and gene knockout 
using targeted gene replacement by homologous recombination. In fact, transgenic 
clones were produced by SNCT technique in cow, sheep and swine (Cibelli et al. 
1998; Lai et al. 2002; Mccreath et al. 2000). This method may be adapted for 
producing transgenic rabbit clones. However, the techniques for producing animal 
clones by SCNT remains difficult and it is not generally spread over the world.
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Abstract Although genetically modified mice are playing an essential role in the study 
of the expression and functions of individual genes, rabbits are useful animal models to 
extrapolate animal studies to humans. It is necessary that key gene expression and function 
are equivalent and close to human rather than the outward features or phenotype. For 
example, to study human hypercholesterolemia, the only hypercholesterolemia is 
insufficient, the lipoprotein profiles and enzymes in the lipoprotein metabolism of animal 
models are important for translational medicine. Lipoprotein metabolism of rabbits 
resembles humans closely. In addition, histopathological and/or immunohistochemical 
fea tures of the tissues of disease similar to humans are important. In this field, spontaneous 
hypercholesterolemic rabbits (WHHL and WHHLMI rabbits) have contributed to the 
elucidation of lipoprotein metabolism, atherogenesis, and to the development of 
therapeutic compounds, such as statins. Recently, a number of transgenic rabbits have 
been developed and they also contribute to the study of cardiac function and infectious 
diseases. Furthermore, rabbits are useful for studies of orthopedic surgery, cardiovascular 
surgery, and neoplastic diseases. Rabbit models have contributed not only to the 
mechanistic studies of human diseases but also to the development of therapeutic 
compounds, devices, or techniques for therapeutics. Applying these animal models in 
translational researches promotes the elucidations of human diseases.

Keywords animal models for human diseases, translational research, transgenic 
rabbits, WHHL/WHHLMI rabbits

7.1 Introduction

After the genomes of human and mouse were fully deciphered, it has been  recognized 
that the analyses of gene expression and functions are important to understand the 
pathogenesis and the mechanisms of diseases. It is critical for researchers to choose 

Chapter 7
Rabbit as a Model for the Study 
of Human Diseases

Masashi Shiomi

M. Shiomi (*)
Institute for Experimental Animals, Kobe University School of Medicine, 7-5-1, 
Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan
e-mail: ieakusm@med.kone-u.ac.jp

L.-M. Houdebine and J. Fan (eds.), Rabbit Biotechnology:  49
Rabbit Genomics, Transgenesis, Cloning and Models,
© Springer Science + Business Media B.V. 2009



50 M. Shiomi

appropriate animal species or animal models to mimic human physiology so that the 
results derived from experimental animals can be translated from “bench to bed” for 
the development of diagnostic and therapeutic strategies. In this chapter, I introduce 
rabbit models for their use in human disease research.

7.2 Studies Using Rabbit Models

As shown in Table 7.1, rabbit models have been widely used for various purposes. 
Rabbits were initially used for the production of antibodies and non-clinical safety 
studies for testing compounds (ocular tolerance test, dermal tolerance test, pyrogen 

Table 7.1 Rabbit models for human diseases

Human diseases Rabbit models

Lipid metabolism disorder
 Hypercholesterolemia WHHL rabbit, WHHLMI rabbit, cholesterol/western 

 diet-fed rabbit
 Hyperlipidemia SMHL rabbit
 Postprandial hypertriglyceridemia PHT rabbit
Metabolic syndrome WHHLMI rabbit, SMHL rabbit, PHT rabbit
Cardiovascular diseases
 Atherosclerosis WHHL rabbit, WHHLMI rabbit, cholesterol/western 

 diet-fed ordinary rabbit
 Coronary atherosclerosis WHHL rabbit, WHHLMI rabbit, cholesterol/western 

 diet-fed ordinary rabbits
 Cerebral atherosclerosis WHHL rabbit, WHHLMI rabbit
 Myocardial infarction WHHLMI rabbit
 Cardiac function WHHLMI rabbit, ordinary normal rabbits
 Prolonged QT syndrome Transgenic rabbits
Other diseases
 Xanthoma WHHL rabbit, WHHLMI rabbit
 Infectious diseases New Zealand white rabbits, transgenic  rabbits 

(Tuberculosis, Papillomavirous, Prion  diseases)
Inflammatory response Transgenic rabbits
Orthopedic surgery Ordinary normal rabbits

(Osteonecrosis, meniscal repair, autologous 
 osteochondral transplantation, osteochondral defects)

Cardiovascular surgery Ordinary normal rabbits
(Spinal cord ischemia due to back-bleeding,  dysfunction 

of aortic valve)
Transplantable Neoplasms Ordinary normal rabbits

(VX2 lung cancer, Kato sarcoma, Kondrateva  osteogenic 
sarcoma, Brown-Pearce Carcinoma)

Keratopathy WHHL rabbit, WHHLMI rabbit
Overactive bladder WHHLMI rabbit
Hypacusia WHHL rabbit
Chronic pancreatitis WHHL rabbit
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test, and reproduction toxicity study) and so on. From 1980, rabbit models for 
human diseases have been developed either from naturally mutant animals, or by 
selective breeding or genetic manipulations. These rabbit models have been used 
for studies of human diseases as described below.

7.3  Rabbit Models for Lipid Metabolism 
and Atherosclerosis

About a century ago, Anitschkow performed the first atherosclerosis experiment 
using cholesterol-fed rabbits (Anitschkow 1983/1913). Now, rabbits are widely 
used for the studies of human hypercholesterolemia and atherosclerosis. This is 
because unlike mice and rats which have different lipoprotein metabolism system 
from humans, the lipid metabolism and lipoprotein features of rabbits resemble 
humans (Fan and Watanabe 2003). Rabbits are sensitive to cholesterol-rich diet and 
develop hypercholesterolemia rapidly and aortic atherosclerotic lesions which are 
pathologically similar to those of humans. In this respect, rabbits have been used for 
the study of the expression of leucocytes-adhesion molecules on arterial endothelial 
cell surface (Cybulsky and Gimbrone 1991), the transformation of macrophages 
into foam cells in vivo (Rosenfeld et al. 1987), and the expression of cytokines and 
enzymes such as matrix metalloproteinases in atherosclerotic lesions (Galis et al. 
1995; Ylä-Herrttuala et al. 1991; Fleet et al. 1992; Rosenfeld et al. 1992). In addi-
tion to cholesterol-fed rabbits, several rabbit models derived from naturally mutant 
rabbits were reported for the study of human hypercholesterolemia, including 
Watanabe heritable hyperlipidemic (WHHL) rabbits (Watanabe 1980), myocardial 
infarction-prone WHHL (WHHLMI) rabbits (Shiomi et al. 2003), St. Thomas’ 
mixed hyperlipidemic (SMHL) rabbits (Ardern et al. 1999) and postprandial hyper-
triglyceridemic (PHT) rabbits (Kawai et al. 2006). One of the striking features of 
WHHLMI rabbits is that they developed severe coronary atherosclerosis and myo-
cardial infarction (Shiomi et al. 2003). WHHL and WHHLMI rabbits have been 
used for the development of hypolipidemic compounds and anti-atherosclerotic 
drugs as well as for studies of lipoprotein metabolism and atherogenesis.

7.3.1 WHHL Rabbits

In 1973, Dr. Watanabe found a male JW rabbit showing hypercholesterolemia and 
later established a WHHL colony by his name, Watanabe heritable hyperlipidemic 
rabbits, in 1979 (Watanabe 1980). On chow diet, plasma levels of total cholesterol 
of WHHL rabbits were up to 500–900 mg/dl, which are about 20 fold-higher than 
normal JW rabbits. HPLC and ultracentrifugation analysis revealed that there is a 
marked accumulation of LDL fractions accompanied by reduced HDL fractions 
in WHHL rabbits. Later, Yamamoto et al. demonstrated that WHHL rabbits have 
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defect in LDL receptors which is characterized by the deletion of 12 base pairs of 
nucleotide in the LDL receptor gene (Yamamoto et al. 1986), which explained why 
there was marked accumulation of LDL in the plasma of WHHL rabbits (Tanzawa 
et al. 1980; Kita et al. 1981). In addition, WHHL rabbits, had tenfold higher 
 levels of plasma triglycerides than normal rabbits. The CETP activity was high 
in the plasma (Son and Zilversmit 1986) and expression of apoB-editing enzyme 
was not detected in liver (Kozarsky et al. 1996). Therefore, lipoprotein metabo-
lism of WHHL rabbits resembles that of human familial hypercholesterolemia 
patients. Because of these features, WHHL rabbits contributed to studies aiming at 
 elucidating human lipoprotein metabolism, especially the LDL receptor pathway 
(Goldstein et al. 1983). In addition, WHHL rabbits have been used to screen the 
lipid-lowering effects of many compounds (Table 7.2). The best example of these 
studies examined in WHHL rabbits is statin (Watanabe et al. 1981; Tsujita 1986; 
Watanabe et al. 1988; Shiomi et al. 1995, 2005; Shiomi and Ito 1999a), which is 
one of the most effective hypocholesterolemic drugs prescribed right now for more 
than 30 million patients in the world each year.

WHHL rabbits have also contributed to studies of atherosclerosis and examina-
tion of anti-atherosclerotic effects of several compounds (Table 7.2). Due to the LDL 
receptor deficiency and hypercholesterolemia, atherosclerotic lesions developed 
spontaneously in WHHL rabbits under a normal standard chow. Therefore, WHHL 
rabbits can be used for the study of atherosclerosis initiation and the characteriza-
tion of atherosclerotic pathology (Shiomi 2008). Atherosclerotic lesions of the aorta 
of WHHL rabbits were fatty streak at weaning, became macrophage-rich lesions 
at young age, established lesion (fibro-atheroma) at mature age, and complicated 
lesions (accumulation extracellular lipids, thin fibrous cap, calcification, and intra-

Table 7.2 Hypolipidemic and anti-atherosclerotic studies using WHHL or WHHLMI rabbits

Compounds Hyperlipidemia Aortic lesion Coronary lesion

Statin � ×, � �

Resin � � n.d.
Statin + Resin � � �

Squalene synthase inhibitor � � �

MTP inhibitor � n.d. n.d.
ACAT inhibitor ×, � ×, � ×, �
Probucol � � n.d.
M-CSF or GM-CSF � � n.d.
ApoE � � n.d.
Fibrate × n.d. n.d.
Fish oil ×, � ×, � n.d.
Thiazolidinedione × Δ Δ
Ca2+ antagonist × × ×
β-blocker × × ×
ACE inhibitor × � n.d.
A-II receptor antagonist × � n.d.
Gene therapy � n.d. n.d.

�, effective; ×, not effective; n.d., not determined
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plaque hemorrhage) at old age. These histological features resemble many respects 
of human atherosclerotic lesions. Using WHHL rabbits, Watanabe et al. demon-
strated that plasma cholesterol reduction by pravastatin, an inhibitor of cholesterol 
synthesis, can delay development of atherosclerosis (Watanabe et al. 1988).

7.3.2 WHHLMI Rabbits

Although atherosclerotic lesions developed in aorta of every WHHL rabbit, the 
incidence of coronary atherosclerosis was very low and myocardial infarction did 
not occur. To develop coronary atherosclerosis in WHHL rabbits, Watanabe et al. 
(Watanabe et al. 1985) started to develop coronary atherosclerosis-prone WHHL 
rabbits by selective breeding in 1995. Studies using the coronary atherosclerosis-
prone WHHL rabbits demonstrated that reduction of plasma cholesterol levels by 
statins improved composition of coronary plaques from unstable lesions to stable 
lesions (Shiomi et al. 1995, 2005; Shiomi and Ito 1999a). However, the incidence of 
myocardial infarction was still very low due to macrophage-poor lesions. In quan-
titative analyses of atherosclerotic lesions using imaging techniques (Shiomi et al. 
1994), the composition of coronary atherosclerosis differed from the aortic ones. 
Thereafter, Shiomi et al. (Shiomi et al. 2003) started selective breeding from 1993 
using indices of macrophage-rich coronary lesions, severe coronary stenosis, higher 
plasma cholesterol levels, and development of myocardial infarction. Seven years 
after, the incidence and severity of coronary lesions increased. The cumulated inci-
dence of myocardial infarction in 30 months old animals was increased from 23% 
of the original WHHL rabbits to 97% in WHHLMI rabbits by the selective breeding 
(Shiomi et al. 2003). The degree of coronary stenosis (cross-sectional  narrowing) at 
the age of 10–14 months also increased from 38% in the original WHHL rabbits to 
82% in the WHHLMI rabbits (Ito et al. 2004). Myocardial infarction of WHHLMI 
rabbits is classified into four types: subendocardial infarction, intramural infarc-
tion, transmural infarction, and subepicardial infarction. In WHHLMI rabbits, 
fresh myocardial lesions consisted of hyperemia, eosinophilic degeneration of 
myocardial cells and infiltration of inflammatory cells was observed in the vicinity 
of old myocardial lesions consisting of myocardial fibrosis, scar, and dissolution 
of myocardial cells. The electrocardiograms from a WHHLMI rabbit monitored 
immediately before sudden decease showed an elevation of ST-segment and deep 
Q-wave which are the typical changes of acute myocardial infarction in humans. 
The coronary lesions of WHHLMI rabbits show various types, vulnerable plaque 
(large lipid core covered with thin fibrous cap), macrophage-rich plaque, compli-
cated plaque and fibrous plaque, all similar to human coronary plaques. However, 
rupture of coronary plaque and/or formation of thrombosis were not observed. The 
next theme is the development of acute coronary syndrome in WHHLMI rabbits, 
with the coronary plaque rupture and the generation of thrombosis.

Figure 7.1 summarizes the characteristics of WHHLMI rabbits and their imple-
mentation in translational researches. LDL accumulates in the plasma due to LDL 
receptor deficiency, the low HDL-cholesterol and the metabolic syndrome-like 
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feature (accumulation of visceral fats and hyperinsulinemia) which cause the 
development of atherosclerotic lesions in aorta, coronary arteries, pulmonary 
arteries, carotid arteries, cerebral arteries and other arteries. Myocardial infarction 
occurs due to coronary occlusion by atherosclerotic lesions. In addition, xanthoma, 
overactive bladder and other diseases appeared related to hypercholesterolemia and 
atherosclerosis.

Ideally, it is essential that animal models should contribute not only to the 
mechanistic study of human diseases but also to the development of new drugs, 
devices, or techniques for therapeutics. As mentioned above, several hypocholeste-
rolemic drugs have been developed and the anti-atherosclerotic effects of some of 
them could be proved. Statin is an inhibitor of HMG-CoA reductase, a rate-limiting 
enzyme in the cholesterol biosynthesis pathway. Lipid-lowering effect of statin was 
initially detected in WHHL rabbits and it is the most potent drugs to prevent acute 
coronary syndromes (Naghavi et al. 2003). Studies using WHHL rabbits contrib-
uted to understand how the reduction of the serum cholesterol levels stabilized 
atherosclerotic lesions (Shiomi et al. 1995). Recently, WHHLMI rabbits have been 

Fig. 7.1 Characteristics of WHHLMI rabbits and the application
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used in studies based on imaging of atherosclerotic lesions by MRI (Meding et al. 
2007; Steen et al. 2007), PET (Ogawa et al. 2006; Ishino et al. 2007) and intra-
vascular ultrasound (IVUS) (Iwata et al. 2007). These techniques are  promising 
for the identification of patients with coronary atherosclerosis to prevent acute 
coronary syndromes. In addition, WHHL (Kobe colony) and WHHLMI rabbits also 
showed metabolic syndrome-like metabolic disorders, including the accumulation 
of visceral fats (Shiomi et al. 1999b), insulin resistance (Zhang et al. 1991; Shiomi 
et al. 1999b) and mildly hyperglycedemia. Some WHHLMI rabbits also showed 
overactive bladder and keratopathy (Garibaldi and Goad 1988).

7.3.3 Other Rabbit Models for Human Lipid Disorders

In 1987, La Ville et al. (La Ville et al. 1987) developed a rabbit strain characterized 
by hypercholesterolemia (394 ± 100 mg/dl) with moderately increased or normal 
triglyceride levels. This rabbit strain showed elevated endogenous lipoproteins 
(very low-density lipoprotein (VLDL), intermediate density lipoprotein (IDL), 
and low-density lipoprotein (LDL) ) cholesterol and LDL triglyceride levels due to 
over-secretion of VLDL from the liver. The LDL receptors functioned normally. 
Atherosclerosis developed in the aorta of these animals. These rabbits resemble 
human familial combined hyperlipidemia, which is one of the most common 
discrete hyperlipidemic disorders. Later on, this rabbit strain was bred into a 
new colony, the St. Thomas’ mixed hyperlipidemic (SMHL) rabbit (Ardern et al. 
1999). In SMHL rabbits, the serum cholesterol levels were 264 ± 68 mg/dl, and the 
 triglyceride levels were 290 ± 55 mg/dl in feeding of very low cholesterol contain-
ing diet (0.08% cholesterol enriched diet) (De Roos et al. 2005). SMHL rabbits also 
showed insulin resistance (De Roos et al. 2001).

Ito and coworkers developed postprandial hypertriglyceridemic (PHT) rabbits 
(Kawai et al. 2006), which showed postprandial hypertriglyceridemia and meta-
bolic syndrome-like feature. In PHT rabbits, the preprandial plasma triglyceride 
levels (4.55 ± 1.32 mmol/l) were about tenfold higher than in normal JW rabbits. 
After 15 h of continuously available feed of normal standard chow, the plasma 
triglyceride levels were markedly increased (15.9 ± 2.7 mmol/l) compared with 
the normal Japanese white rabbits (0.71 ± 0.01 mmol/l). In PHT rabbits, accumu-
lation of visceral fat was prominent and insulin resistance was observed. These 
rabbits may also be important for the study of hyperlipidemia and metabolic 
syndrome.

7.4 Rabbit Models for Other Human Diseases

Rabbits also contributed to studies of cardiac function, infectious diseases, ortho-
pedic surgery, cardiovascular surgery, and neoplastic diseases.
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7.4.1  Transgenic Rabbit Models for Prolonged QT 
and Sudden Cardiac Death in Human

Recently, Brunner et al. (Brunner et al. 2008) reported that the expression of 
pore mutants of the human genes KCNQ1 and KCNH2 in rabbit hearts led to 
the generation of transgenic rabbits (LQT1 and LQT2) with a long QT pheno-
type. KCNQ1 and KCNH2 are genes encoding repolarizing K+ channels. The 
human long-QT syndrome is characterized by delayed ventricular repolariza-
tion, prolonged QT-interval, ventricular arrhythmia and sudden cardiac death. 
Current murine transgenic animal models of long-QT syndrome are limited 
by substantial differences in cardiac electrophysiology. LQT2 rabbits showed 
a high incidence of spontaneous sudden cardiac death (>50% at 1 year) due 
to polymorphic ventricular tachycardia. Optical mapping revealed increased 
spatial dispersion of repolarization underlying arrhythmia. These transgenic 
rabbits have been used as a model to detect the channel-blocking properties of 
some anesthetic agents (Odening et al. 2008). The transgenic LQT1 and LQT2 
rabbits are thus suitable animal models for studying the human prolonged QT 
syndrome.

7.4.2 Rabbit Models for Thrombogenesis

An important event after plaque rupture is thrombogenesis. Development of 
 thrombus under physiological conditions is rare in animal models. Recently, 
Yamashita et al (Yamashita et al. 2004) reported that a blood flow reduction after 
thrombus propagation related to arterial thrombogenecity in rabbit model after 
single and repeated balloon injuries. In their study, after balloon injury of the 
normal femoral artery of normal rabbits, the blood flow was reduced. As a result, 
increased  vascular wall thrombogenicity together with a substantial blood flow 
reduction are crucial for occlusive thrombus formation and the von Willebrand 
factor plays an important role in thrombus propagation. Finally, they speculated 
that reduced blood flow at plaque disruption sites might contribute to thrombus 
propagation leading to acute coronary syndromes. In coronary thrombi obtained 
by an aspiration device from patients with acute myocardial infarction, Hoshiba 
et al. (2006) observed  co- localization of the von Willebrand factor with platelet 
thrombi, the tissue  factor, platelets with fibrin and the consistent presence of 
inflammatory cells (CD16-positive neutrophils, CD45-positive mononuclear 
cells and CD34-positive blood progenitor cells). These studies suggest that, to 
propagate an arterial thrombus after a plaque rupture, a reduction of blood flow 
is important as well as the growing of the thrombus with inflammatory cells and 
erythrocytes. Therefore, rabbits are  useful models for studies of thrombogenesis. 
Development of transgenic rabbits for factors of thrombogenesis may also play 
an important role.
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7.4.3  Rabbit Models for Infectious Diseases and Deficiency 
of Immunological System

Manabe et al. (Manabe et al. 2008) showed that New Zealand white rabbits are 
useful animal for human latent tuberculosis. The global epidemic of tuberculosis 
claims more than two million lives yearly. Mycobacterium tuberculosis latently 
infects one third of the world population. They examined aerosol-infected  rabbits 
with Mycobacterium tuberculosis and showed the formation of caseous lung 
granulomas which are strikingly similar to tuberculous lung lesions in humans. 
The lung burden of infection peaked at 5 weeks after aerosol infection followed 
by a host containment of infection that occurred in all  rabbits. Corticosteroid-
induced immunosuppression initiated after the disease containment resulted 
in a reactivation of disease. They also characterized the lung cellular immune 
response to inhaled Mycobacterium tuberculosis in the susceptible inbred 
Thorbecke rabbit (the genomically sequenced strain) and compared it to outbred, 
Mycobacterium tuberculosis-resistant, New Zealand white rabbits (Mendez et al. 
2008). The development and severity of the immune reconstitution inflammatory 
syndrome was dependent on the antigen load at the time of immunosuppression 
and the subsequent bacillary  replication during the corticosteroid-induced immu-
nosuppression. This corticosteroid model is the only animal model to study the 
immune reconstitution inflammatory syndrome. The lung granulomas of inbred 
rabbits had a significantly higher number of cells expressing MHC Class II and 
CD11b, and a lower number of CD8 + T cells than the outbred controls. Effective 
utilization of this rabbit model could lead to a new tuberculosis diagnostic as well 
as to the elucidation of important correlates of protective immunity.

Human papillomavirus infections result in more than 250,000 deaths from 
 cervical cancer in women worldwide. Hu et al. (2007) established a rabbit trans-
genic model expressing the human major histocompatibility complex (MHC-I) 
gene (HLA-A2.1). These transgenic rabbits expressed the HLA protein at a high 
level and HLA-A2.1 restricted rabbit CD8 cells were induced in these animals. 
Southern blot analysis demonstrated that the HLA-A2.1 gene was integrated into 
the rabbit genome and similar expression patterns of HLA-A2.1 and rabbit MHC 
class-I was observed in the three lines of transgenic rabbits. They demonstrated 
that HLA-A2.1 transgenic rabbits showed a susceptibility to cottontail rabbit papil-
lomavirus infection akin to that of normal domestic rabbits. They also reported that 
a human papillomavirus type 16 E7 epitope can be engineered to be introduced into 
the cottontail rabbit papillomavirus E7 gene of the rabbit papillomavirus genome. 
This hybrid genome retained the ability to initiate paplillomas. The cottontail  rabbit 
papillomavirus/HLA-A2.1 rabbit model has the potential to be used to screen 
HLA-A2.1-restricted immunogenic epitopes from human papillomaviruses in the 
context of in vivo papillomavirus infection. These studies suggested that rabbit is 
an  excellent model to assess both natural and induced immunity to papillomavirus 
infections and that the transgenic rabbits may have utility for assessment of immu-
nity to other human pathogens that are permissive in rabbits.
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Rother reported the existence of a mutant rabbit which was deficient in the sixth 
component of complement (Rother et al. 1966). Current studies based on the use 
of the 6 complement-deficient rabbits suggested that this component is involved in 
the activity of the immune system, the activation of the inflammatory response and 
the hemolytic activity. Chartrand et al. (1979) demonstrated that delayed rejection 
was observed in the puppy hearts engrafted to C6-deficient rabbits. Schmiedt et al. 
(1998) suggested that C6-deficient rabbits delayed the development of atheroscle-
rosis by cholesterol feeding due to the weak inflammatory responses of arterial 
cells. Therefore, C6-deficient rabbits may contribute to study human diseases 
related to the immune system and the inflammatory responses.

7.4.4  Rabbit Models for Human Articular Lesions 
and Therapeutics

Patients with articular cartilage lesions caused by injury or degenerative joint 
diseases become increased recently and these defects do not repair spontaneously. 
Studies using rabbits have been contributed to tentatively develop therapeutics 
against the diseases. Ikeda et al. (2009) showed that rabbits are useful to examine 
the effect on porosity and of the mechanical properties of a synthetic polymer 
(DL-lactide-coglycolide) scaffold on repair of osteochondral defects. They treated 
rabbits suffering from osteochondral defects in the femoral condyle with three 
types of scaffolds. Their study suggested that higher porosity allowing bone 
marrow cells to migrate to the scaffold is important in repairing osteochondral 
defects. Nakayama et al. (2009) performed a mechanical analysis of the effects of 
fibroblast growth factor-2 (FGF-2) on autologous osteochondral  transplantation 
in an artificial rabbit model. They induced a full-thickness cartilage defect in the 
right femoral condyle and treated with osteochondral transplantation using an 
osteochondral plug taken from the left femoral condyle. Autologous osteochondral 
grafts transplanted with gelatin hydrogel containing FGF-2 acquired adequate stiff-
ness at early postoperative phase. In addition, Ishida et al. (2007) demonstrated 
that platelet-rich plasma enhances the healing of meniscal defects in rabbits. These 
studies demonstrate that rabbits are useful for studies to develop therapeutics about 
human articular lesions.

7.4.5 Rabbit Models for Vascular Surgery

Rabbits are also useful for studies to develop technique for vascular and respiratory 
surgery. Kawanishi et al. (2007) showed that the prevention of back-bleeding from 
intercostal arteries and lumbar arteries during thoracoabdominal aortic  surgery 
was considered to reduce spinal ischemic injury. They examined the effects of 
back-bleeding in spinal cord by comparing rabbits without back-bleeding from 
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the lumbar arteries by draining from the aorta during aortic clamping with rabbits 
in which back-bleeding was not drained. Forty-eight hours later, the number of 
TUNEL-positive cells in rabbits draining back-bleeding was significantly smaller 
than those in rabbits with back-bleeding. Hasegawa et al. (2007) implanted auto-
logous fibrin-coated vascular prostheses and/or xenologous fibrin-coated vascular 
prostheses in the bilateral carotid arteries of JW rabbits. As a result, auto logous 
fibrin coating in thrombin-free fibrin-coated vascular prostheses improved 
antithrombogenecity. Their study suggested that autologous fibrin coating in 
thrombin-free fibrin-coated vascular prostheses have a potential for clinical use in 
hybrid small-caliber vascular grafts.

7.4.6 Rabbit Models for Tumor Study

Several transplantable rabbit tumors have been reported and VX2 tumor has been 
used in some studies. The VX2 carcinoma arose as the result of spontaneous trans-
formation of a virus-induced skin papilloma in a domestic rabbit (Kidd and Rous 
1940) and is a type of dermatological squamous cancer induced by the Shope virus. 
In general, the VX-2 tumor had a high malignant potential, with capacity for rapid 
reproduction, infiltration and metastasis. VX2 tumors have been transplanted into 
lung, liver, and other organs in rabbits. These rabbit VX2 tumors have been studied 
for establishing therapeutics and diagnostics. Virmani et al. (2008) demonstrated 
that hypoxia caused by transcatheter arterial embolization of VX2 liver tumors 
activates the hypoxia-inducible factor-1 alpha, a transcription factor that in turn 
regulates other pro-angiogenic factors. Jiang et al. (2008) reported that the hemo-
dynamic changes in the liver caused by rabbit VX2 liver tumor can be  detectable 
after tumor inoculation and that functional CT can evaluate the physiological char-
acteristics of early angiogenesis. In addition, Ohira et al. (2008) demonstrated that 
FDG-PET was useful for monitoring the early effects of radiofrequency ablation 
in VX2 rabbit tumors implanted into the back muscles. These studies have demon-
strated that rabbits are also useful for studies of tumor.

7.5 Conclusions

Genetically modified mice is playing an essential role in the clarification of the 
expression and functions of individual gene. However, to translate or extrapolate 
the results of animal studies to humans, it is necessary that key gene expression and 
function are equivalent to human rather than the outward features or phenotype. For 
example, to study human hypercholesterolemia, not only the hyperlipidemia itself, 
the characteristics of the lipoprotein profiles and enzymes in the lipoprotein meta-
bolism of animal models is vitally important for translational researches. In addi-
tion, histopathological and/or immunohistochemical features similar to humans are 
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also important. Several rabbit models for some human diseases described in this 
chapter are useful in translational researches. Applying these animal models in 
translational researches will contribute to elucidation of the mechanism of human 
diseases and development of novel compounds, therapeutics, or diagnostic instru-
ments containing lesion imaging techniques.
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Abstract The preparation of recombinant pharmaceutical proteins is one of the 
major challenges of biotechnology. Mammalian cells are required for a number of 
proteins which must be modified posttranscriptionally. Animal cell lines cultured 
in fermentors are presently the major source of complex proteins. The milk of 
transgenic animals proved to be a possible source of pharmaceutical proteins and 
one of them, human antithrombin III, has been approved by the EU (EMEA) and US 
(FDA) medicament agencies. Several species are being implemented for this purpose. 
Rabbits are one of these species. It offers several advantages: low cost to produce 
transgenic founders, rapid reproduction, easy and cheap scaling up, easy breeding 
in pathogen-free conditions and insensitivity to prion diseases. Rabbits are thus an 
efficient tool to prepare several kilograms of a recombinant protein per year.

Keywords Pharmaceutical proteins, transgenic, blood, milk, antibodies

8.1 Introduction

The production of recombinant pharmaceutical proteins is one of the successes 
of biotechnology. Most of these proteins are presently prepared in bacteria or in 
mammalian cells such as CHO or BHK. Other systems may produce recombinant 
proteins (Houdebine 2009). Among these systems are yeast, insect cells infected 
by recombinant baculovirus, transgenic plants and transgenic animals. Transgenic 
animals or plants are particularly attractive as they contain a very high number 
of different cell types maintained in ideal physiological conditions. Animals of 
different size may be used. Different transgenic species and organs are thus being 
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exploited or under study. The most promising systems are transgenic mammals as 
they are expected to be the most appropriate to proceed to the posttranslational 
modifications of proteins, such as glycosylations. The most likely mammalian 
source of recombinant proteins are milk and to a much lower degree blood. Recent 
studies have shown that egg white from transgenic chicken may be a good source of 
recombinant proteins (Van de Lavoir et al. 2006; Lillico et al. 2007; Han 2008).

The first time transgenic animals were considered as a potential source of recom-
binant proteins was in 1982 (Palmiter et al. 1982) after the generation of giant trans-
genic mice over expressing rat or human growth hormone genes. The hormone was 
found in the blood of some mice at relatively high concentration, up to 50 μg/ml. 
This suggested that blood of transgenic animals could be a very abundant source of 
pharmaceutical proteins.

The first transgenic rabbits were obtained in 1985 (Hammer et al. 1985) as larger 
animals, sheep and pigs. This data revealed that the DNA microinjection method 
could be used to generate various transgenic mammals and not only mice. This rein-
forced the idea that transgenic animals, namely of farm animals, could be the source 
of pharmaceutical proteins. The hypothesis that milk could be a better system than 
blood to obtain large amounts of recombinant proteins became particularly attractive 
and the proof of concept was given in 1987 with the demonstration that biologically 
active human plasminogen activator (tPA) could be produced in the milk of transgenic 
mice (Gordon et al. 1987). The different transgenic mammals considered as able to 
produce large amounts of recombinant proteins in their milk are cows, sheep, goats, 
pigs and rabbits. Indeed, the success of the method is dependent on several factors: the 
efficiency of transgenesis and the capacity to secrete high amounts of well-matured 
recombinant proteins. (Van de Lavior et al. 2006; Lillico et al. 2007; Han 2008).

This chapter reports the different projects which have undertaken for using 
transgenic rabbits to produce pharmaceutical proteins.

8.2 Techniques to Generate Transgenic Rabbits

DNA microinjection was the first technique used to generate transgenic rabbits 
(Hammer et al. 1985). It remains the only being used in practice. This is due to the 
fact that rabbit embryos are abundant, as easily microinjected and transferred to 
foster mothers as mouse embryos. The yield of transgenesis is significantly lower 
than in mice but it corresponds to 1% of the microinjected embryos. Microinjection 
is thus not too laborious and this allowed a few groups to generate transgenic 
rabbits to create models for studying human diseases and to prepare recombinant 
proteins (Bösze and Houdebine 2006).

This relatively high efficiency to generate transgenic rabbits even with long 
genomic DNA fragments dissuaded researchers to use other techniques available 
for other species (Houdebine 2008). Transposons which are well-appreciated tools 
to enhance gene integration rate have not been used so far in rabbits. Lentiviral 
vectors which proved highly efficient in various vertebrates are currently being 
tested in several laboratories.
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More than a decade ago, it was shown that sperm incubated in the presence of 
DNA before being used for fertilization was able to transfer the foreign gene into 
the oocyte and generate transgenic mice. This method appeared difficult to use 
due to a frequent degradation of DNA (Smith and Spadafora 2005). Transgenic 
mice and rabbits were obtained by incubating sperm with DNA in the presence 
of DMSO (dimethylsuphoxide) and by using conventional in vitro fertilization 
(Shen et al. 2006). The method has been greatly improved, mainly by using ICSI 
(Intracytoplasmic Sperm Injection). This technique which consists of injecting 
sperm into the cytoplasm of oocytes is currently used for in vitro fertilization in 
humans. In order to transfer genes, sperm in which plasma membrane has been 
damaged by freezing and thawing were incubated in the presence of the gene of 
interest and further used for fertilization by ICSI. This method proved efficient 
in mice (Moreira et al. 2007; Shinohara et al. 2007) and pigs (Yong et al. 2006). 
Transposon use and ICSI may be combined to increase the yield of transgenesis 
(Shinohara et al. 2007). ICSI is therefore an excellent method to generate trans-
genic animals, on condition ICSI is possible in the considered species. One advan-
tage of ICSI is that long fragments of DNA may be used to transfer the gene of 
interest. Another advantage is that foreign DNA is integrated at the fist cell stage 
of embryos. This reduces the number of animals being mosaic for the transgene. 
The use of ICSI to generate transgenic rabbits is currently under study.

Pluripotent cells known as ES (embryonic stem) cells have not yet been fully 
characterized and controlled to be currently used for gene transfer and particularly 
gene replacement by homologous recombination in rabbits (this issue).

Cloning by nuclear transfer proved to be possible in rabbits (Chesné et al. 2002). 
This method remains laborious (this issue) and it is not currently used for gene 
addition or replacement.

The recent obtention of mouse and human pluripotent cells (iPS) from somatic 
cells by transferring only three of the genes involved in the maintenance of natural 
pluripotent cells offers unprecedented possibility to establish and use pluripotent 
cell lines in rabbits (Pera and Hasegawa 2008).

8.3 Production in Blood

Serum, which collects secretion from many tissues, may be the source of recom-
binant proteins. Human α1-antitrypsin synthesized essentially in liver was thus 
obtained at a level as high as 1 mg/ml from the serum of transgenic rabbits. This 
protein seemed matured in an appropriate manner (Massoud et al. 1991). One limi-
tation in this case was the difficulty to separate the recombinant from the endog-
enous protein. The replacement of the endogenous gene by the human genes using 
homologous recombination would solve this problem. The success obtained with 
α1-antitrypsin cannot be easily extended to all the proteins. Indeed, α1-antitrypsin 
is highly glycosylated and thus stable in blood at a high level. The same is not true 
for growth hormone. On the other hand, a human protein secreted in the blood is 
likely to act on a number of tissues and alter health of the transgenic animals.
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Recombinant antibodies were also found in the blood of transgenic rabbits 
(Weidle et al. 1991; Limonta et al. 1995). However, the antibodies were present at 
a relatively low concentration and they were hybrid molecules containing chains 
from the endogenous antibodies.

Replacement of loci harbouring the antibody genes by human loci may allow 
animals to synthesize human antibodies. This has been achieved in mice to gen-
erate human monoclonal antibodies. In practice, the genes coding for a human 
monoclonal antibody can be isolated from the lymphocytes of immunized mice, 
engineered and used to produce the antibody at an industrial scale, using one of 
the available production systems. Another possibility is to replace immunoglobulin 
loci of an animal by the corresponding human loci. These animals can be immu-
nized and used as an abundant source of polyclonal antibodies directed against the 
antigens. These polyclonal antibodies are expected to be potent tools to neutralize 
pathogens or induce tumour regression in patients. This ambitious project is being 
developed in cows, pigs and rabbits (Buelow and Schooten 2006).

8.4 Production in Milk

The first recombinant protein prepared in rabbit milk was human interleukin-2 
(Buhler et al. 1990). This was achieved with αs1-casein promoter and the inter-
leukin cDNA. The production level was low. A number of studies made it pos-
sible the improvement of the expression vectors. The promoters used in rabbits to 
produce recombinant proteins in milk are essentially those from ruminant αs1-and 
β-casein genes as well as from mouse and rabbit WAP (whey acidic protein) genes 
and sheep β-lactoglobulin. These promoters are strong and they proved to direct 
the expression of foreign cDNAs with variable efficiency. The casein promot-
ers are greatly stimulated by enhancers present in the first intron of these genes. 
The rabbit WAP promoter used contained 6.3 kb and appeared more efficient than 
the mouse WAP promoter which contained only 2.6 kb. It was shown later that the 
 rabbit 6.3 kb contained a potent enhancer 5.5 kb upstream of the cap site (Millot 
et al. 2001). A similar enhancer was found later in the 4.3 kb preceding the cap site 
of the mouse WAP gene.

The level of the proteins produced in milk using WAP promoters proved to be 
poorly predictable and dependent on the associated genes, as though the genes in 
question brought enhancers on a case by case basis. The addition of two copies in 
tandem of the 5'HS4 insulator from the chicken β-globin locus reduced markedly 
the intensity of the position effect on the transgene (Rival-Gervier et al. 2003; 
Giraldo et al. 2003). Yet, the expression of the transgenes driven by the rabbit WAP 
promoter remained too low and not constant.

Addition of various enhancers and of appropriate introns, mRNA stabilizers 
and transcription terminators in the vectors containing the rabbit WAP promoters 
(Houdebine 2007) and the 5'HS4 insulator improved greatly the expression of 
cDNAs in rabbit milk (Soler et al. 2005; Ripoll PJ et al. 2008). Up to several 
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milligrams per millilitres of foreign proteins could be found in the different trans-
genic rabbit lines.

A study of the genomic DNA surrounding the WAP gene revealed that the 
fragment of 30 kb containing the WAP gene was very poorly capable of directing 
expression of the gene. On the contrary, longer fragments, up to 150 kb, were much 
more active and several regions of this genomic fragment containing potent enhanc-
ers were identified (Rival et al. 2001; Rival-Gervier et al. 2002; Saidi et al. 2007). 
Interestingly, expression of the reporter firefly luciferase cDNA was increased
five- to tenfold when it was integrated into the 150 kb DNA fragment (Soler E et al.).
A new family of efficient vectors can thus be derived from the BACs (bacterial 
artificial chromosome) containing the WAP gene.

The different promoters used to prepare pharmaceutical proteins in milk show 
a weak expression of the transgenes in tissues other than mammary gland and at 
variable levels according to the rabbit lines. This leaky expression has sometimes 
been observed also in males. This may be the source of deleterious effect for the 
animals. Human EPO (erythropoietin) is known to exert its biological effect at low 
concentration. The leaky expression of the EPO gene under the action of rabbit 
WAP promoter induced severe health problems in the rabbits (Massoud et al. 1996). 
In this particular case, the project was compromised by this side effect of the trans-
gene. It is expected that the vectors containing long genomic DNA regions around 
the WAP gene will be able to reduce position effects leading to leaky expression 
of the transgenes.

Data of Table 8.1 show the list of the genes which have directed the secretion of 
pharmaceutical proteins in rabbit milk. This list is not complete as a certain number 
of the projects in course are kept confidential.

8.5 Quality of the Proteins Secreted in Milk

A large proportion of the proteins to be used as medicaments have a complex 
structure. They must be folded as the native corresponding proteins. This implies 
the formation of appropriate disulphide bridges. The mature proteins may be 
formed by the association of several subunits. They may be N- or O-glycosylated, 
γ-carboxylated, sulphated or phosphorylated. They may also be cleaved at specific 
sites to eliminate signal peptides or propeptides but also to generate subunits.

The carbohydrate chain must contain a terminal sialic acid, preferably under the 
NANA (N-acetylneuraminic acid) form to be stable in blood. In a few cases only, 
the carbohydrate content of recombinant proteins secreted in milk has been 
described in detail. This was the case for human α-glucosidase (Bijvoet et al. 1999) 
and inhibitor C1 (Koles et al. 2004a,b) which was produced at a very high concen-
tration (up to 12 mg/ml). This protein was not completely glycosylated, possibly due 
to the saturation of the cellular machinery involved in glycosylation. This reduced 
very significantly the half life of the protein injected into patients. Interestingly, 
this protein contained only traces of the NGNA (N-glycosylneuraminic acid) which 
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is never present in native human protein as the gene involved in the formation 
of NGNA is mutated and no more functional in higher primates. This is a clear 
advantage over proteins produced in goat milk such as human anti-thrombin III 
which contained almost as many NGNA as NANA (Edmunds et al. 1998). This 
might modify the bioactivity of the protein and potentially induce the formation of 
anti-NGNA antibodies in patients. Interestingly also, the human inhibitor C1 was 
poorly fucosylated. This may be important for antibodies which have a much higher 
ADCC reaction when they are not fucosylated (Jeffris 2006). The recombinant 
antibodies secreted in milk may thus have a better anti-tumour activity than those 
secreted by CHO cells and which are fucosylated.

The same conclusions were drawn with a human coagulation blood factor 
which was however better glycosylated. Moreover, this factor was cleaved and 
γ-carboxylated as the native protein (Chtourou et al. patent WO2008015339).

8.6  The Specific Properties of Rabbits as Living 
Fermentor

Rabbit is a relatively small animal and it cannot produce as much protein as a goat 
or a cow. Yet, between 10 and 15 l of milk can be obtained from a female per year 
using a milking machine. This means that a herd of a few hundreds rabbits can 
produce several kilograms of a recombinant protein per year.

Transgenic rabbits can be obtained with no particular difficulty and this species 
is very prolific. No more than seven months are required between the beginning 
of DNA microinjection and the first collection of milk from a founder transgenic 
female. Rabbits can be bred easily and at a relatively low cost in specific pathogen-
free conditions. Moreover, rabbits are not sensitive to prion diseases and they do 
not transfer pathogens dangerous for humans.

Breeding a SPF production herd is very well known and easy task as it is done 
for husbandry containing thousands of rabbit every day to produce polyclonal 
antibodies (Thymoglobulin®). A milk production herd of 500 rabbits with a mid-
dle range production rate (4 g/l) will be enough to produce around 10 kg of final 
product.

Rabbit milking may seem laborious but it is facilitated by the use of well-
adapted milking machine and trained husbandry technicians.

8.7 Conclusion and Perspectives

Various types of proteins have been prepared in rabbit milk successfully. These 
proteins are either enzymes, vaccines, hormones, growth factors or blood factors. 
About 550 monoclonal antibodies are under study and a proportion of them will 
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have to be prepared for patients. In addition, several hundreds of other proteins 
could be validated for being used as medicaments. Some experts postulated that 
in the coming years, all the systems for the preparation of recombinant proteins 
might be insufficient to meet the demand of patients (Houdebine 2002). Rabbits 
appear the most appropriate for preparing a few kilograms of a protein per year. 
This represents the needed amount for most pharmaceutical proteins. Rabbits offer 
a relatively low investment cost even if milk collection may be more costly than in 
cows or goats. In case the production of a protein from rabbit milk becomes insuf-
ficient to meet the demand of the market, larger animals harbouring the same gene 
construct can be generated.

Although the tools to generate transgenic rabbits and to obtain a reliable high 
level of recombinant proteins in milk have become efficient, they may be and they 
will be improved in the coming years. This will make rabbits still more attractive 
to prepare pharmaceutical proteins.
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Abstract In the first part of this chapter the different types of pluripotent stem cells 
are described in general: embryonal carcinoma cells, mouse and human embryonic 
stem cells, germ cells, epiblast stem cells and induced pluripotent cells. The methods 
used for isolation of rabbit embryonic stem like cells and rabbit primordial germ cells 
are detailed in the second part, including the species specific factors playing role in 
the maintenance of pluripotency. Detection of pluripotency markers both at mRNA 
and protein levels is an important tool in embryonic stem cell characterization. 
In vitro differentiation, teratoma formation and chimera forming ability are all 
inevitable tools to characterize embryonic stem cells. Finally the future potential of a 
truly validated widely available rabbit embryonic stem cell line is highlighted.

Keywords Embryonic stem cells, pluripotency, chimera, in vitro differentiation

9.1 Introduction

Embryonic stem cells (ESC) are derived from the inner cell mass (ICM) of  blastocyst 
stage embryos, can be maintained indefinitely in vitro, while retaining the ability to 
form all cell types of the body following normal embryogenesis. Embryonic stem 
cells serve as source material for the production of genetically modified animals and 
they can potentially used in tissue and cell therapy. Although ESC lines derived from 
mice, monkeys and humans, and are used extensively, the development of such lines 
from other mammals, like rabbit would be still valuable. The derivation of human 
embryonic stem cells (hESC) 10 years ago was based on decades of research on 
mouse embryonic carcinoma cells (ECC) and embryonic stem cells. Similarly, the 
recent derivation of mouse and human induced pluripotent stem cells (iPS) depended 
on prior studies on mouse and human embryonic stem cells (Yu and Thomson 2008). 
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Due to the efforts which were made earlier (Cole et al. 1966; Graves and Moreadith 
1993; Schoonjans et al. 1996) and recently (Fang et al. 2006; Wang et al. 2007) to 
derive rabbit ESC lines a bulk of information was already collected. Here we decribe 
the history of rabbit embryonic stem cells line (rabESC) establishment, compare the 
methods used in the light of recent developments in other species and highlight the 
future potential hiden in an improved, widely available rabbit ESC line.

9.2 Pluripotent Stem Cells of Different Origins

9.2.1 Embryonic Carcinoma Cells (ECC)

Historically the pluripotent stem cell research began with establishment of tera-
tocarcinomas in the 1950s. Teratocarcinomas are malignant germ cell tumors that 
comprise an undifferentiated EC component and a differentiated component that 
can include all three germ layers. Kleinsmith and Pierce (1964) demonstrated that a 
single EC cell is capable of both unlimited self-renewal and multilineage differenti-
ation, which was defined as pluripotent stem cell. Mouse EC cell lines that could be 
stably propagated in vitro were established in the early 1970s (Kahan and Ephrussi 
1970). Indeed, some EC cell lines are able to contribute to various somatic cell 
types upon injection into mouse blastocysts (Brinster 1974). Human EC cells were 
subsequently derived (Hogan et al. 1977). Human EC cells are highly aneuploid, 
which likely accounts for their inability to differentiate into a wide range of somatic 
cell types, and limits their utility as an in vitro model of human development.

9.2.2 Mouse Embryonic Stem Cells (mESC)

The first mouse ES cell lines were derived from the ICM of mouse blastocysts using cul-
ture conditions previously used for mouse EC cells (Evans and Kaufman 1981; Martin 
1981). ES cells were differentiated into a wide variety of cell types in vitro and formed 
teratocarcinomas when injected into mice. ES cells can contribute at a high frequency 
to a variety of tissues in chimeras, including germ cells, thus providing a practical way 
to introduce modifications to the mouse germline (Bradley et al. 1984). Notably, the sci-
entists, who derived these cells for the first time and used them to identify the function 
of genes have been celebrated with the Nobel price in 2007 (Doetschman et al. 1987; 
Evans and Kaufman 1981; Thomas and Capecchi 1987).

9.2.3 Human Embryonic Stem Cells (hESC)

In the mid-1990s, ES cell lines were derived from two nonhuman primates: the  rhesus 
monkey and the common marmoset (Thomson et al. 1995, 1996). Experience with 
those primate ES cell lines permitted the subsequent derivation of human ES cell 
lines (Thomson et al. 1998). Human ES cells are karyotypically normal and, even 
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after prolonged undifferentiated proliferation, maintain the developmental potential 
to contribute to advanced derivatives of all three germ layers. Mitotically inactivated 
mouse fibroblast feeder layers and serum-containing medium were used in the initial 
derivation of human ES cells. Mouse embryonic fibroblast feeder layer support both 
mouse and human ES cells, but LIF and its related cytokines fail to support human or 
nonhuman primate ES cells in serum-containing media that  supports mouse ES cells 
(Daheron et al. 2004; Humphrey et al. 2004; Thomson et al. 1998). Consistent with 
this observation, human ES cells do not express or only at very low level the critical 
components of the LIF pathway (Brandenberger et al. 2004). In contrast to mouse ES 
cells, FGF and TGF/Activin/Nodal signaling are of central importance to the self-
renewal of human ES cells, making human ES cells similar to the recently described 
mouse epiblast-derived stem cells (Brons et al. 2007; Tesar et al. 2007). Basic FGF 
(bFGF) allows the clonal growth of human ES cells on fibroblasts in the presence of 
serum replacement (Amit et al. 2000). At higher concentrations, bFGF allows feeder 
independent growth of human ES cells cultured in the same serum replacement 
(Levenstein et al. 2006; Li et al. 2005; Xu et al. 2005).

9.2.4  Pluripotent Cell Lines Derived from 
Germ Cells (EG cells)

It was 15 years ago, when pluripotent stem cells (embryonic germ cells or EG cells) 
were successfully derived from primordial germ cells (PGCs) (Matsui et al. 1992; 
Resnick et al. 1992). Derivation of mouse EG cells requires a combination of stem cell 
factor (SCF), LIF and FGF in the presence of feeder layer. EG cells are morphologically 
indistinguishable from mouse ES cells, express typical ES cell  markers and upon blas-
tocyst injection, contribute extensively to chimeric mice including germ cells (Labosky 
et al. 1994; Stewart 1994). Recently multipotent germline stem cells (mGSCs) have 
been derived from both neonatal and adult mouse testis (Guan et al. 2006; Kanatsu-
Shinohara et al. 2004). mGSCs express typical mouse ES cell-specific markers, differ-
entiate into multiple lineages in vitro, form teratomas, and contribute to chimeras upon 
injection into blastocysts. Nevertheless, mGSCs have an epigenetic status distinct from 
both ES cells and germline stem cells (Kanatsu-Shinohara et al. 2004).

Derivation of human EG cells was first reported in 1998 (Shamblott et al. 1998), 
but their long-term proliferative potential appears to be limited (Turnpenny et al. 
2003). Early passage human EG cells have been reported to differentiate into multi-
ple lineages in vitro, but to date no human EG cell lines have been reported to form 
teratomas (Shamblott et al. 1998).

In avian embryos, PGCs are first identified in an extra-embryonic region, the 
germinal crescent, after approximately 18 h of incubation. After 50–55 h of devel-
opment, PGCs migrate to the gonad and subsequently produce functional sperm 
and oocytes. Chicken PGCs can be isolated, cultured and genetically modified, 
while maintaining their commitment to the germ line. Furthermore chicken PGCs 
can be induced in vitro to differentiate into embryonic germ cells that contribute to 
somatic tissues (van de Lavoir et al. 2006).
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9.2.5 Epiblast Stem Cells (EpiSCs)

A novel type of pluripotent stem cell lines, called epiblast stem cells (EpiSCs) have 
been established from epiblasts isolated from E5.5 to E6.5 post-implantation mouse 
embryos. EpiSCs differ significantly from mouse ES cells but share some features 
with human ES cells (Brons et al. 2007; Tesar et al. 2007). EpiSCs derivation failed in 
the presence of LIF and/or BMP4, but similarly to human ES cells FGF and Activin/
Nodal signalling appeared critical for EpiSC derivation. Comparison of those epiblast 
cell lines to human ES cells suggest, that human ES cells are more equivalent to the 
early postimplantation epiblasts, than to the ICM progenitors (Rossant 2008).

9.2.6 Induced Pluripotent Stem Cells

It was a real breakthrough, when the Yamanaka group (Takahashi and Yamanaka 
2006) identified Oct4, Sox2, c-Myc, and Klf4 as sufficient to reprogram mouse 
fibroblasts to cells closely resembling mouse ES cells. These results were rapidly 
confirmed and extended in mouse material (Maherali et al. 2007; Okita et al. 2007; 
Wernig et al. 2007) and eventually successfully applied to human material (Lowry 
et al. 2008; Park et al. 2008; Takahashi and Yamanaka 2006; Yu et al. 2006). It is 
generally accepted by now, that Oct4, Sox2 and Nanog are essential factors, which 
influence the efficiency of reprogramming (Yu et al. 2007).

9.2.7 Embryo Derived Stem Cell Lines in Domestic Species

Many reports described cell lines derived in domestic species, which presented 
several important features typical of embryonic stem cells (ESCs). Putative ESCs 
in sheep, pig and cow were published in 1990–1991 (Notarianni et al. 1991; 
Piedrahita et al. 1990a, b).

Those first generation pig and rabbit ESC lines were able to form chimeras 
(Schoonjans et al. 1996; Wheeler 1994), however the integration of embryo derived 
cells into the germline of any domestic species was not demonstrated (Brevini et al. 
2008; Keefer et al. 2007).

9.3 Rabbit Embryonic Stem Cells

Laboratory rabbits have long been used in biomedical research. Transgenic rabbit 
models created through “traditional” microinjection method widely used as expe-
rimental models of human diseases such as atherosclerosis, myocardial infarction, 
hypercholesterolemia, hypertension, bone and cartilage disorders (Bosze and Houdebine 
2006; Shiomi and Fan 2008). Rabbit ES cells would be invaluable both for creating 
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second generation transgenic models of human diseases using  gene-targeted tech-
nology and for testing stem cell therapies for human applications. Although many 
attempts have been made to derive ES cell lines from rabbits, to date germ line 
competent rabbit ESC lines are not available (Cole et al. 1966; Fang et al. 2006; 
Graves and Moreadith 1993; Honda et al. 2008; Schoonjans et al. 1996; Wang 
et al. 2007).

9.3.1  Methods Used for Derivation of Rabbit 
ES Like Cell Lines

Several reports on rabbit ES like cell lines derivation have been published since the 
first attempt in 1966 (Cole et al.). The pioneering work by Graves and Moreadith 
(1993) described the derivation and initial characterisation of putative embryonic stem 
cell lines from preimplantation rabbit embryos. Two principal cell types emerged fol-
lowing serial passage of explanted embryos, and each had subsequently gave rise to 
immortalised cell lines. One cell type had identical morphology to primary outgrowths 
of trophectoderm, it was strictly feeder-cell dependent and spontaneously formed tro-
phectodermal vesicles at high cell density. Pluripotent ES cells, the second cell type, 
derived from the inner cell mass maintained of a predominantly normal karyotype 
through serial passage and could form embryoid bodies. These ES cell lines were fur-
ther characterised and their capacity to contribute to formation of adult, fertile animals 
upon injection into recipient blastocysts was demonstrated. The efficiency of chimera 
formation was low (5% of live born), but the degree of chimerism, as assessed by coat 
colour contribution was 10–50%, relatively high (Schoonjans et al. 1996).

The special feature of rabbit blastocysts, that a strong zona pellucida and a very 
thick outer mucin coat surround them. In vivo, the hatching blastocysts escape both 
from zona pellucida and the mucin coat through a hole made by trophoblastic knobs 
(Steer 1970). Therefore, in the in vitro experiments, before placing blastocysts 
into the culture medium, the zona pellucida should be removed. It can be reached 
either by treating the embryos with 0.5% pronase (Sigma, USA) in PBS (Catunda 
et al. 2008), or with 0.5% protease (Sigma-Aldrich) followed by incubation of the 
zona-free blastocysts with 0.05% trypsin (Sigma-Aldrich) 0.008% EDTA (Sigma-
Aldrich) for 3–5 min. Thereafter, the inner cell mass (ICM) could be mechanically 
separated from the trophectoderm (Wang et al. 2007). The main steps of ES cell line 
establisment are described in Fig. 9.1. However, those exogenous, enzymatic treat-
ments may damage blastocysts. Honda and his colleagues (2008) mimicked natural 
blastocyst hatching: a hole was made in the zona near the space between two blas-
tomeres using a Piezo micromanipulator (Fig. 9.2). Blastocysts escaped from the 
zona pellucida through the hole, when medium was introduced into the perivitelline 
space (Yamagata et al. 2002). With this method, the zona pellucida-free blastocysts 
were collected less harmfully and used immediately for ES cell derivation.

Feeder cell layers are extensively used for derivation and maintenance of ES 
cells or ES-like cells in many species. Feeder cells, mostly of murine origin are 
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thought to support ES cells by supplying nutrients and growth factors in a  paracrine 
fashion and by providing scaffolds for ES cell colonisation (Choo et al. 2006; 
Stacey et al. 2006). As feeder layer mouse embryonic fibroblast (MEF) cell layer 
derived from 13.5-day-old foetuses of CD1 (Catunda et al. 2008; Honda et al. 2008) 
or 129SV origin (Wang et al. 2007) are used. Honda et al. (2008) found that high 
density MEFs repressed the proliferation of ES cells and the optimal efficiency for 
ES cell establishment was observed at 6 × 103cells/cm2. Nevertheless, feeder cells 
are apparently indispensable for the maintenance of the pluripotency of rabbit ES 
cells as they transform into fibroblast like cells in the absence of feeder cells.

The rabbit ESC cultivation medium was developed with slight modification 
of the medium adapted by Vassilieva et al. (2000) for long-term cultivation of rat 
embryonic stem-like cell lines. She used a modified mouse ES cell culture medium 
which contained DMEM: IMDM (1:1, 4.5 g/l glucose; GIBCO) supplemented 
with 15% of fetal calf serum (ES cells qualified; GIBCO) and basic additives 
containing 1% nonessential amino acids (stock solution 1:100, NEAA, GIBCO), 
2 mM L-glutamine (stock solution 1:100, GIBCO), 1% nucleosides (stock solution 
1:100 Sigma), 15 mg/ml human transferrin (Boehringer Mannheim), 30 nM sodium 
selenite (Sigma), 450 mM α-monothioglycerol (MTG, Sigma), penicillin/strepto-
mycin (50 IU/50 mg, GIBCO), 20 ng/ml human LIF and 20 ng/ml basic fibroblast 
growth factor (bFGF; Strathmann Biotech, Germany). Catunda et al. (2008) used 
rat LIF in cell culture medium instead of human LIF. Fang and his collages (2006) 
used 78% DMEM/F12, 20% knockout serum replacement (Invitrogen, Carlsbad, 
CA) with 4–8 ng/ml human recombinant bFGF (basic fibroblast growth factor). 
Wang and his group (2007) used a Dulbecco’s modified Eagle’s medium (high 
glucose, without sodium pyruvate; Invitrogen Corporation) with standard supple-
ments and 15% defined fetal bovine serum (HyClone, Logan, UT) but without LIF. 
The culture medium used by Honda et al. (2008) consisted of 78% DMEM/F-12 
(Invitrogen, Carlsbad, CA, USA), 20% knockout serum replacement (KSR; 
Invitrogen), 2 mM GlutaMax (Invitrogen), 1% nonessential amino acids, 0.1 mM 
β-mercaptoethanol, 103 U/ml ESGRO LIF and 8 ng/ml human bFGF (Wako, 
Osaka, Japan). Reduced expression of Oct4 in rabbit ES cells were observed, 
when rabbit ES cells were cultured in the presence of serum (FBS), and reduced 
and uneven distribution of alkaline-phosphatase (AP) positive cells were noted by 
Honda et al. (Fig. 9.3).

Fig. 9.1 Rabbit eight-cell stage embryos were collected at 1.5 days postcoitum and were cultured 
in vitro for 2 days. From the 3.5-day-old blastocysts, the zona pellucida was removed by treating with 
0.5% pronase (Sigma) in PBS and after washing the blastocysts in culture medium they were placed 
onto mitomycin C (10 mg/ml, Sigma) inactivated mouse primary embryonic fibroblasts in 0.1% 
gelatin (Sigma) coated wells of tissue-culture plates (Nunc). Hatched embryos were allowed to attach 
onto the feeder layer and formed embryonic outgrowths. Undifferentiated cells of embryonic out-
growths were placed into accutase (Sigma) drops and were mechanically disaggregated. Aggregates 
of 20–50 cells were seeded onto fresh feeder cells. Colonies presenting a typical morphology of 
compacted ES cells were selected and subcultured every week using accutase to disaggregate cells 
(Adapted from Catunda et al. (2008) with the permission from Mary Ann Liebert Inc.)



Fig. 9.2 Derivation of primary outgrowth from rabbit blastocyst. (a) Artificial zona shedding of a 
blastocyst using a Piezo micromanipulator. The blastocyst was smoothly flushed through a slit by 
introducing medium into the perivitelline space from the opposite side. (b) The appearance of cell 
colonies at different stages, from the outgrowth of ICM cells to the emergence of stable ES colo-
nies. P0: A primary rabbit ES cell colony grown on feeder cells 7 days after plating. P3: Mixed 
populations of stem-cell-like (black arrowheads) and differentiating (white arrowheads) colonies 
at passage 3. P8: Only stem-cell-like colonies remained after the eighth passage (black arrow). 
Scale bar: 50 μm (Adapted from Honda et al. (2008) with the permission of Ingenta Connect)

Fig. 9.3 (a) Relative expression levels of rabbit Oct4 in the presence of KSR or FBS. Reduced 
expression was observed when rabbit ES cells were cultured in the presence of serum. (b–c) 
Alkaline phosphatase activity of rabbit ES cell colonies cultured in the presence of KSR or FBS. 
The reduced and uneven distribution of alkaline-phosphatase-positive cells is noted in the FBS 
group (Adapted from Honda et al.(2008) with the permission of Ingenta Connect)
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Rabbit ICMs and ESC-like cells are very sensitive to enzyme digestion and 
mechanical damages, because they would rapidly differentiate or die if exposed to 
higher concentrations of enzyme, longer time, or mechanical damage, especially 
during the first five passages. Therefore great varieties were published in this step 
of establishment. The ESC-like cell colonies were mechanically divided into small 
clumps by micropipetting, followed by treatment of 5 mg/ml dispase for several 
minutes and further propagated in clumps of five to approximately 50 cells on 
fresh MEFs in Wang’s publication (2007). Catunda and her co-workers (2008) used 
accutase (Sigma) to pass the rabbit ES like cell colonies. 0.05% trypsin for 1 min 
at room temperature and mechanical disaggregating of small clumps into single 
cells was used by Honda et al. (2008). In most cases rabbit ESC lines were frozen 
in liquid nitrogen using freezing solution consisting of 10% dimethyl sulfoxide 
(Sigma) and 90% FCS.

9.3.2  Isolation and Culture of Rabbit 
Primordial Germ Cells

To investigate the characteristics of PGCs and establish rabbit EG (rEG) cells, 
PGCs were cultured in vitro with various combinations of LIF, bFGF and for-
skolin on inactivated MEF feeder layers. Kakegawa and colleges (2008) found 
PGC proliferation in early cultures and induction of EG-like colonies. These cells 
expressed pluripotent markers, such as alkaline phosphatase activity, Oct-4, Sox-2 
and SSEA-1, in the undifferentiated state; however, did not develop into teratoma, 
when injected into the kidney capsules of SCID mice. The restricted differentiation 
potential to neural cells were determined via embryoid body formation. Based on 
those results and the appearance of the germ stem cell markers Vasa, SCP-1 and 
SCP-3, they suggested that these were hybrid cells with characteristics somewhere 
between PGC and EG cells.

9.3.3  Differential Expression of Factors Affecting 
the Maintenance of Pluripotency of ESCs

It is generally accepted, that LIF and Oct-4 play important roles in maintaining 
mouse ES cell self-renewal (Niwa et al. 2000). Oct-4 is a POU-family transcription 
factor that is present in the mouse zygote, the inner cell mass, the epiblast and the 
primordial germ cell (Pesce and Scholer 2001). Oct-4 is also expressed in ES cells, 
and has an important role in the maintenance of their pluripotency. LIF triggers 
the activation of Jak tyrosine kinases, results the activation of STAT3 and main-
tains the pluripotent phenotypes of ES cells (Raz et al. 1999). In murine ES cells, 
activation of the LIF/gp130/STAT3 signalling pathway efficiently supports ES-cell 
self-renewal, whereas in primates, including humans and monkeys, ES cells do not 
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respond to LIF signalling in a similar fashion and require feeder cells to maintain 
their undifferentiated state. Cynomolgus monkey ES cells, like those from mice, 
do use LIF/gp130/STAT3 signalling, however, as it has been shown, even though 
activation of STAT3 is induced by LIF, STAT3 signalling is not necessary for ES 
self-renewal. It was suggested that pathways other than LIF/STAT3 exist that main-
tain self-renewal of primate ES cells (Sumi et al. 2004).

The comparison between the transcriptomes of mESC and hESC resulted 
the conclusion that mESCs are substantially different from human ES cell lines. 
Those recent data underline the morphological and functional differences between 
the ES cell lines of the two species (Ginis et al. 2004; Laslett et al. 2003; Rao and 
Zandstra 2005). For instance, hESCs typically grow in tightly adherent, flattened 
groups rather than in rounded clumps and tolerate physical separation very poorly. 
Both types of ESCs grow well in presence of MEF. ESCs of both species can be 
maintained in culture without a feeder layer, but in this condition hESCs require 
the presence of fibroblast growth factor-2 and activin, whereas mESCs need LIF 
and BMP4. In contrast, BMP4 induces trophoblast differentiation in hESCs (Brons 
et al. 2007; Ludwig et al. 2006; Tesar et al. 2007).

In rat ES-like cells, 629 rat transcripts were analysed by Li et al. (2008). 
The existence of both Bmp and Activin transcripts suggests a unique signal trans-
duction mechanism, several transcripts of the mTOR signalling pathway (Igf1, 
Figf, Ddit4 and Fyb) were enriched in the undifferentiated rat ES-like cells. On the 
other hand, the analysis did not detect the upregulation of the JAK/STAT signalling 
pathway in rat ES-like cells and LIFR, but not LIF was detected in the rat ES-like 
cells. It is possible that LIF produced by the feeder layer or provided by the culture 
media activates LIFR in rat ES-like cells to help maintain them in an undifferen-
tiated state.

The currently available data on ESC characteristics established from different 
ungulate’s species, their morphology and properties are definitively more limited 
than those available for mESC or hESC. Classical hESC and mESC markers such as 
Oct4, SSEA1, SSEA4 and alkaline phosphatase are indeed expressed by ungulates 
ICM and embryo-derived cell lines; however, the same genes are also expressed in 
the trophectoderm and endoderm of their embryos (He et al. 2006; Kirchhof et al. 
2000; Talbot et al. 2002; van Eijk et al. 1999). Nanog, another well-characterized 
ESC marker in human and mouse looks more reliable since it has been shown to 
be expressed in porcine ESC-like cell lines (Brevini et al. 2007a, b). Moreover 
nanog was strongly downregulated in caprine trophectoderm, while being strongly 
expressed in the ICM (He et al. 2006; Keefer et al. 2007). Addition of cytokines 
and growth factors, such as EGF, LIF, SCF and FGF, that inhibit spontaneous 
differentiation of hESC and mESC have been reported to be ineffective porcine 
and bovine epiblast and ICM derived cells (Moore and Piedrahita 1997; Talbot 
et al. 1995, 1993). The presence of LIF in culture medium seems to inhibit the 
differentiation process of porcine ESCs because it prevents embryoid body forma-
tion (Brevini et al. 2007a). Preliminary information suggests that LIF receptor and 
gp130 are both expressed in bovine ICM and in its preliminary outgrowth (Pant 
and Keefer 2006).
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To reveal the role of LIF in rabbit ES cell establishment Catunda et al. (2008) 
isolated and sequenced a partial LIFR cDNA clone. By aligning it with mouse, 
human and rat sequences a high degree of homology was found, which was under-
lined by the conservation of several functionally important aminoacid motifs. 
Rabbit LIFR appears first in 6 dpc rabbit embryos (Fig. 9.4). The rabbit ES like 
cells were dependent on the presence of LIF in the culture medium and showed 
marked improvement in their morphology in its presence (Catunda et al. 2008). 
However contradictory observations were published by Fang et al. (2006): the 
growth of their rabbit ES cells was dependent on mouse feeder cells, they survived 
and growed independently of exogenous bFGF and maintained an undifferenti-
ated state in the absence of added LIF. On the other hand, Honda et al. (2008) 
used 103 U/ml ESGRO LIF (Invitrogen) for cultivation of their rabbit ESC lines. 
Since the expression of CD9 was proved to be associated with LIF-mediated main-
tenance of undifferentiated murine ES cells (Oka et al. 2002), its detection in rabbit 
ES cell lines (Fig. 9.4) support that the LIF-LIFR pathway has significant role of in 
the self-renewal mechanism of rabbit ES cells.

9.3.4  mRNA Expression Pattern of Pluripotency Marker 
Genes in Rabbit, Human and Mouse ESCs

Wang et al. (2007) analyzed a large set of genes related to pluripotency, including 
many genes of FGF, TGF-/BMP, and WNT signalling by RT-PCR. The expres-
sion pattern in the ESCs of rabbit (rabESC)(RF, RP01, RP2) human (hESC)
(BG02) and mouse m(ESC)(R1) were compared (Fig. 9.5). PCR conditions and 
primers used by them are listed in Table 9.1A. Expression pattern of some genes 
of the WNT and TGF-/BMP signalling pathways was different in these three spe-
cies. Inhibitors Dkk2 and Gsk3-ß were not expressed in rabbit ESCs (RF and RP 
cell lines) but were expressed in human and mouse ESCs, and ligands WNT1, 
WNT2, WNT4, and WNT5A were expressed in rabbit ESC lines, but only WNT4 
was detected in human and mouse ESCs. Nodal, a TGF signalling ligand gene was 
not detected in rabbit ESCs, but did express in human and mouse ESCs. Primers 
used to examine LIFR expression are described under Table 9.1B.

9.3.5  Detection of Pluripotency Marker Proteins in Rabbit 
ES Like Cells with Immunohistochemistry

One of the criteria for pluripotent stem cells is their expression a characteristic 
set of pluripotency marker genes. Due to the limited availability of antibodies 
reactive to rabbit antigens, mainly human and mouse specific antibodies were 
used at immunostaining. In rabbit ES cell lines the classical pluripotency mark-
ers were detected independently and partially complementary to each other by 
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three research groups (Catunda et al. 2008; Honda et al. 2008; Wang et al. 2007). 
In most cases rabbit ES cells were fixed in 4% paraformaldehyde for 10–20 min 
at room temperature. SSEA-1, SSEA-3, SSEA-4, tumor-related antigen (TRA)-
1–60, TRA-1–81, and Oct-4 (Chemicon International, Temecula, CA, USA) were 
used by Wang et al. (2007). Honda et al. (2008) used anti-SSEA1, anti-SSEA3, 
and anti-SSEA4 (Developmental Studies Hybridoma Bank, Iowa, USA), anti-
Oct4 from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and anti-Nanog 
(Cosmobio, Tokyo, Japan). All antibodies were diluted in blocking solution 
(SSEA1 and Oct4, 1:500; SSEA3, SSEA4, and Nanog, 1:100) and incubated with 
samples overnight at 4°C. Catunda et al. (2008) analysed the expression patterns 
of CD9, Nanog, Oct-3/4 and SSEA-1 (Fig. 9.6). The primary antibodies (Human 
Embryonic Stem Cell Marker Antibody Panel Plus, R&D Systems, USA) were 
used at a concentration of 1 mg/100 ml. FITC-conjugated anti-mouse IgM and Cy3 
conjugated anti-goat IgG and Cy3-conjugated anti-mouse IgG (both from Jackson 
ImmunoResearch, USA) 1:400 dilution, were used as secondary antibodies.

9.3.6 Genetic Transformation of Rabbit ES Like Cells

Aiming to produce gene-targeted transgenic rabbits as a first step, creation of 
genetically modified rabbit ESCs were published recently by Fang et al. (2006) and 
Honda et al. (2008). Fang et al. (2006) used for transformation the pCX-mRFP-
neo plasmid, which contains the CMV enhancer, the chicken β-actin promoter, 
the monomeric red fluorescent protein coding DNA sequences, the rabbit β-globin 
polyA site and the neo expression cassette. The purified DNA was resuspended in 
sterile PBS at a concentration of 1 μg/μl. 1.0–1.5 × 107 rabbit ES cells were dis-
sociated with 0.05% trypsin/1 mM EDTA resuspended in 800 μl PBS with 100 μg 
linearized DNA, placed in a 4 mm gap Biorad gene pulser cuvette and set at RT 
for 20 min. Electroporation was performed at 250 V and 500 μF using the Biorad 

Fig. 9.4 1: LIFR, gp130, and LIF expression in the differentiating rabbit embryo: (a) 3.5 dpc 
embryo; (b) 6 dpc embryo; (c) 9 dpc embryo; 2: (d) LIFR expression; (e) gp130; (f) LIF expres-
sion; (g) GAPDH expression: L – ladder, 1 – 3.5 dpc blastocyst, 2 – 4.5 dpc blastocyst, 3 – 6 dpc 
embryo, 4 – 9 dpc rabbit embryo, 5 – 13.5 dpc fetus, 6[mg] negative control (without DNA), 
7 – negative control (without transcriptase). Size of bars: A, 125 μm, B, 250 μm, C, 1 mm. 
3: Morphology of rabbit ES-like colonies during rabbit ES cell line derivation. a, c, e: rabbit 
ES-like cell line derivation without LIF; b, d, f: rabbit ES like cell line derivation with LIF; a, b: 
attached ICM; c, d: ES-like cell colonies after first passage; E,F: ES-like cell colonies after second 
passage Gp: 4: Relative expression of LIFR in rabbit ES cell colonies, cultured with or without 
LIF, as determined by quantitative RT-PCR. a – rabbit ICM without LIF, b – rabbit ICM with 
LIF, c – first passage of rabbit ES cells without rLIF, d – first passage of rabbit ES cells with LIF, 
e – second passage of rabbit ES cells without LIF, f – second passage of rabbit ES cells with 
LIF, PGC –  rabbit 13.5 dpc primordial germ cell. Results are presented as the mean SEM. 
Significant with P 0.05 when comparing samples in medium without and with LIF. Size of bars: 
250 μm (Adapted from Catunda et al. (2008) with the permission from Mary Ann Liebert Inc.)
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GenePulse II Electroporation System. Cells were then resuspended in the culture 
medium and plated on new feeders at a density of 1 × 106 cells per 6 cm culture dish. 
Forty-eight hours post-transfection, 350 μg/ml of G418 was added to the medium. 
Surviving colonies were selected, mechanically divided into small clumps (about 
50 cells) with a glass capillary, and transferred to new feeders in a 3.5 cm culture 
dish.

Honda et al. (2008) used the self-inactivating lentiviral vector construct pCS 
CDF-UbC-GFP-PRE, which contains the green fluorescent protein gene under 
the control of the human ubiquitin C (UbC) promoter. Rabbit ES cells were 
cultured with lentiviruses at a multiplicity of infection (MOI) of 5, 50, or 200 in 
flat-bottomed 48-well plates overnight at 37°C, in 6% CO

2
 in air. Two days after 

transduction, ES cells were harvested by trypsinization and were replated onto 
12-well plates. Five days after transduction, GFP positive colonies were removed, 
mechanically dissociated into small clumps, and then cultured in flat-bottomed 
six-well plates. GFP-positive cells were subsequently propagated under standard 
conditions (Fig. 9.7).

Fig. 9.5 Genes related to pluripotency, including many genes of FGF, TGF-β/BMP, and WNT 
signaling, were detected in ESCs of rabbit (rabESC), human (hESC (BG02) ), and mouse (mESC 
(R1) ). Some gene expression of WNT and TGF-β/BMP signaling was different in these three 
species. Inhibitors Dkk2 and Gsk3-β were not expressed in rabbit ESCs (RF and RP cell lines) but 
were expressed in human and mouse ESCs and ligands WNT1, WNT2, WNT4, and WNT5A were 
expressed in rabbit ESC lines, but only WNT4 was detected in human and mouse ESCs. Nodal, 
a TGF signaling ligand gene, was not detected in rabbit ESCs but did express in human and mouse 
ESCs. Abbreviations: +, detected; −, not detected; BMP, bone morphogenetic protein; ESC, 
embryonic stem cell; FGF, fibroblast growth factor; TGF-β transforming growth factor-β (Adapted 
from Wang et al. (2007) and Catunda et al. (2008) modified by Gócza and Bősze)
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Fig. 9.6 Rabbit ES-like colony morphology showing undifferentiated markers detected by immu-
nohistochemistry. ES-like colonies were labeled with primary antibodies against specific markers 
and secondary antibodies conjugated with Cy3 (red) or FITC (green) fluorochrome and costained 
with DAPI (blue). A, B, D, E, G, H: rabbit ES-like cell colonies at third C, F, I: rabbit ES-like cell 
colonies at fifth passages. Oct4 (E, F), SSEA-1(H, I), Nanog (A, B, C) and CD9 (D, G) expression 
were detected in the ES-like cell colonies. Size of bars: A, C, D, E, F, I: 251 μm, B, G: 502 μm, 
H: 125 μm (Adapted from Catunda et al. (2008) with the permission from Mary Ann Liebert Inc.)
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Fig. 9.7 Clonal expansion of rabbit ES cells. Time course of colony formation from a single rab-
bit ES cell that was transfected with the EGFP gene by a lentiviral vector (at passage 12). The ES 
cell was seeded onto feeder cells and cell proliferation was scored at 2, 12, 24, 48, and 120 h. 
(scale bar: 20 μm) (Adapted from Honda et al. (2008) with the permission of Ingenta Connect)
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9.3.7 In Vitro Differentiation of Rabbit ES Cells

By in vitro cultivation of ES cells as three dimensions aggregates – which are 
called embryoid bodies (EB) – ES cells can differentiate into derivatives of all three 
primary germ layers. Upon removing LIF and adding appropriate differentiation 
agents, ES cells can further differentiate into a variety of cell lineages, including 
cardiac cells, skeletal-muscle cells, neurons or adipocytes. ES cells can be forced 
into contact by suspending them in hanging drops of medium. The hanging drop 
differentiation method has several advantages, including low variation in size of 
the EBs due to a defined number of ES cells in the starting aggregates, as well 
as greater reproducibility of differentiation (Wobus and Boheler 2005). The main 
steps of EB formation in rabbit are presented in Fig. 9.8.

Wang et al. (2007) maintained the rabbit ES cells at high densities for 2–4 weeks 
without feeder layer replacement. For EB formation, ES cells were digested with 
10 mg/ml dispase, resuspended in ESC culture medium, and cultured in hang-
ing drops (30 μl/drop, 40 cells per μl). Two days later, aggregated simple EBs 
were transferred to bacterial culture dishes (Becton, Dickinson and Company) 
coated with agar (Sigma-Aldrich) to maintain continuous suspension cultures. 

Fig. 9.8 From the rabbit embryonic stem cell colonies growing in ES medium for two passages 
hanging drops were prepared. In the embryoid bodies placed onto the surface of 0.1% gelatin 
coated culture dishes fibroblast-like structures were grown out. Contracting cardiac bodies can be 
identified from the third day until the 12th day (Adapted from Catunda et al. (2008) with permis-
sion from Mary Ann Liebert Inc.)
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After another 2 days, the resultant cystic EBs were plated into gelatin-coated 
six-well plates and  continuously cultured in ESC culture medium. Cell  markers 
were assessed by immunhistochemistry or RT-PCR. Primary antibodies CK7 
(DakoCytomation, Glostrup, Denmark), vimentin (DakoCytomation), α-fetoprotein 
(AFP) (Sigma-Aldrich), albumin (Sigma-Aldrich), smooth muscle marker actin 
(DakoCytomation), nestin (Chemicon International), and glial fibrillary acidic 
protein (GFAP) (Chemicon International) were used as described. After ESCs had 
differentiated for 3 weeks, specialized cell types representing all three germ cell 
layers were detected.

For EB formation Honda et al. (2008) digested the rabbit ES cells with 0.05% 
trypsin, resuspended in a solution containing 78% DMEM/F-12, 20% fetal 
bovine serum (FBS), 2 mM GlutaMax, 1% nonessential amino acids, and 0.1 mM 
β-mercaptoethanol and cultured in hanging drops. EBs were collected after 4–7 
days in suspension culture and transferred to plastic dishes coated with gelatin to 
promote adherence. Plating of EBs onto a gelatin-coated culture dish resulted in 
outgrowths of cells of various types, including multiple cystic structures. In a neural 
differentiation medium, ES cells differentiated into β-tubulin III-positive neurons 
and GFAP-positive astrocytes. In the epithelial differentiation medium, they differ-
entiated into MUC1-positive or collagen IV-positive epithelial cells.

Catunda and her coworkers (2008) prepared hanging drops using ES cell culture 
medium without LIF, containing 500 rabbit ES-like cells in 30 μl (day 0). They kept 
the embryoid bodies (EBs) in hanging-drop culture for 2 days. On the second day EBs 
were placed onto the surface of 0.1% gelatin coated culture dishes into ES cell culture 
medium. Contracting cardiac bodies were observed from the third day until the 12th day, 
however from the 5th day fibroblast like structure grow out from the attached EBs.

9.3.8  Teratoma Formation as a Marker of the In Vivo 
Differentiation Potential of Rabbit ESCs

For teratoma formation, either 2–5 × 106 rabbit ES cells were injected under the 
kidney capsule of 5–8 week-old (Honda et al. 2008), or intramuscularly into 
6–8-week-old SCID mice (Wang et al. 2007). After 8–14 weeks, teratomas were 
observed in both cases, dissected and fixed in 4% paraformaldehyde. Paraffin 
 sections were stained with hematoxylin and eosin. Rabbit embryonic stem cells 
differentiated into tissues representative of all three germ cell layers: hair follicules 
(ectoderm), skeletal muscle fibers (mesoderm) and glands (endoderm).

9.3.9 Chimera Production with Rabbit ESCs

Chimeric rabbits created earlier were poorly characterized and were produced 
at low efficiency (Schoonjans et al. 1996). Recently, Bodo et al. (2004) created 
chimeric rabbits and followed the fate of the microinjected blastomere using the 
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human factor VIII transgene (Hiripi et al. 2003) as marker (Fig. 9.9). To estimate 
the level of chimerism of different tissues real-time PCR was used. Eight cell 
embryos were obtained 44 h after insemination. From the flushed precompacted 
transgenic embryos the mucin coat and zona pellucida were removed by incuba-
tion in 0.5% pronase (Sigma) solution for 10 min. The blastomeres were separated 
individually by pipetting the zona free embryos up and down in a glass capillary 
tube several times. The recipient 16-cell stage embryos were obtained from wild 
type fertilized does. Only one blastomere was injected into the recipient embryo 
by a microcontroller regulated syringe. Following micromanipulation, the chimeric 
construct embryos were cultured in vitro until compaction in RDH medium (Jin 
et al. 2000). Four to twelve compacted morula stage embryos were transferred 
to each oviduct of the recipient does by laparoscopy (Besenfelder 1998). In their 
experiments chimeric construct embryos gave rise to chimeric rabbits at 13% effi-
ciency. To estimate the level of chimerism of different tissues real-time PCR was 
used. The single microinjected blastomere was able to populate all examined tissue 
types, including the germ line (Bodo et al. 2004).

Honda et al. (2008) stepped forward and tried to produce ES chimeric rabbits 
with an in vitro transformed transgenic rabbit ES cell line, which is expressing 

Fig. 9.9 The recipient 16-cell stage embryos were obtained from wild type fertilized does. Five to 
20 ES cells derived from transgenic rabbit embryo were injected into the perivitelline spaces of the 
16-cell stage embryos by a micro-controller regulated syringe. Following micromanipulation, 
the chimeric construct embryos were cultured in vitro until compaction in RDH medium. The 
compacted morula stage embryos were transferred to each oviduct of the recipient does by laparoscopy 
or cultured in vitro until hatching (Method based on the publication by Bodo et al. (2004) )
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GFP as marker. Recipient embryos were recovered at the eight-cell or blastocyst 
stage from females following natural mating. Five to twenty ES cells were injected 
into the cavities of the blastocysts or into the perivitelline spaces of the eight-cell 
embryos using a Piezo-driven micromanipulator. The chimerism of the newborn 
pups was determined by the presence of GFP fluorescence. After the transfer of 
47 embryos into recipient females, 17 pups were born in four different experiments 
using three ES cell lines, however, based on the GFP fluorescence detection the ES 
cells did not contributed to any kind of tissues.

Lining up with the observations by Honda et al. (2008), it was published 
recently, that rat ES-like cells expressing a panel of pluripotent cell markers – 
 similar to those described in rabbit ES cells – were able to contribute to the devel-
oping extraembryonic, but not to embryonic tissues (Demers et al. 2007). It remains 
to be answered, whether the currently available rabbit ES cells would be able to 
contribute to the extraembryonic lineages too.

9.3.10 Nuclear Transplantation Using Rabbit ES Like Cells

Nuclear transplantation has been envisaged as a mean to produce cells or tissues 
for human autologous transplantation. Understanding the factors affecting the 
efficiency of rabbit ES like cell nuclear transplantation, could be a good model for 
human nuclear transplantation. There are reports about successful nuclear trans-
plantation using rabbit ES like cells. Rabbit embryonic stem-like cells, character-
ized by embryoid body formation and differentiation into cell types representative 
of all three germ layers, were studied for their ability to promote early embryonic 
development after nuclear transfer (Du et al. 1995). The cloned embryos from the 
embryonic stem-like cells appeared normal, with an average of 26% inner cell mass 
cells, similar to that of control non-manipulated embryos (25%) or cloned embryos 
from blastomeres (25%).

Chen and collegues (2003) reported about embryonic stem cell line derivation 
by the transfer of human somatic nuclei into rabbit oocytes. Those results suggest, 
that human somatic nuclei can form ntES cells, independent of the age of the donor. 
The ntES cells maintain the capability of sustained growth in an undifferentiated 
state, and form embryoid bodies, which give rise to cell types such as neuron and 
muscle, as well as mixed cell populations that express markers representative of all 
three germ layers.

Embryonic stem cells were isolated from rabbit blastocysts derived from fertili-
zation, parthenogenesis and nuclear transfer and propagated in a serum-free culture 
system (Fang et al. 2006). The rabbit ES cells derived from nuclear transfer 
proliferated for a prolonged time in an undifferentiated state and maintained a normal 
karyotype, formed embryoid bodies and generated teratoma that contained tissue 
types of all three germ layers. Notably, those ES cells exhibited a high cloning 
efficiency, were genetically modified readily and were used as nuclear donors to 
generate a viable rabbit through somatic cell nuclear transfer.
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9.4 Discussion

Stable animal ES cell lines have only been generated from mice and  monkeys 
(Thomson et al. 1995). Extrapolation of results obtained using mice to humans is 
limited due to fundamental differences between murine and human ES 
cells (Koestenbauer et al. 2006). The use of monkey cell lines may hinder progress 
because of the limitations of transplantation trials. Human ES cells are potentially 
useful for regenerative medicine, developmental biology, tissue regeneration, 
disease pathology, and drug discovery (Thomson et al. 1998). The use of human 
ES cell lines is also limited, because destruction of developing human embryos is 
required for their establishment (Lerou et al. 2008). Recently, Wang et al. (2007) 
and Honda and coworkers (2008) described novel methods for the establishment of 
rabbit ES cell lines with indefinite proliferative ability. Derivation of those ES cell 
lines were achieved primarily by optimization of feeder cell conditions and second-
arily by an improved zona-shedding method for blastocysts. Further experiments 
are necessary, to prove the usefullness of this technology. Potentially, an efficient 
way of rabbit ES cell isolation could be a viable alternative as a small animal model 
of human ES cells.

In addition to their usefulness as a regeneration therapy model, ES cells have 
great potential for the production of genetically modified animals, especially gene 
targeted animals which so far restricted to mouse. Potentially, the rabbit have mutli-
ple advantages over mice in size and physiology, therefore transgenic rabbit models 
based on targeted genetic alterations could be the appropriate models of human 
diseases in preclinical trials. Since germline transmission of rabbit ESCs so far was 
unsuccessful, the combination of rabbit ESCs with genetic alteration and animal 
cloning technologies could be a viable alternative.
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Abstract Rabbit somatic cell nuclear transfer (SCNT) offers new opportunities for 
basic research, biomedical and agricultural applications and genome preservation. 
However, the technology is still in a very early development stage and it is rela-
tively inefficient proving many early expectations premature. The technical steps 
of SCNT are extremely complex. They are also very sensitive to small changes and 
fluctuations in technical parameters. Furthermore, the biological background of the 
reprogramming process is not fully understood. It makes it virtually impossible to 
optimize a protocol providing “ideal” recipient oocytes and donor cells for the proc-
ess. In this chapter we will intend to summarize the current status of nuclear transfer 
technology in rabbits and to give the readers a brief insight of its future use.

Keywords nuclear transfer, cloning, micromanipulation, epigenetics, parthenogenetic 
activation

10.1 Historical Background of Rabbit Biotechnology

The first successful rabbit embryo transfer was reported in 1890 by Heape. Over 
the years, rabbit continued to be an important model species for research in 
reproductive biology. Its oviduct and uterus provided an easy access and low cost 
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environment for embryo culture until in vitro culture technologies were  sufficiently 
advanced (Chang et al. 1971; Ellington et al. 1990; Totey et al. 1992; Petters 
and Wells 1993). Rabbits have also been good models for the development and 
improvement of many micromanipulation techniques. These protocols include 
the production of transgenic rabbits applying pronuclear microinjection (Hammer 
et al. 1985), identical twin rabbits by embryo splitting (Yang and Foote 1987), 
live young from intracytoplasmic sperm injection (Deng and Yang 2001), chimera 
production by injection of inner cell mass (ICM) cells into morulae or blastocysts 
(Giles et al. 1993), nuclear transfer with embryonic blastomeres (Stice and Robl 
1988) with cumulus (Chesné et al. 2002) and fibroblast (Li et al. 2006) cells and 
embryonic stem cell line establishment from SCNT embryos (Fang et al. 2006).

10.2 Special Aspects of Rabbit Reproduction

Rabbit embryonal and fetal development provides an important model for other 
species and has been studied extensively. The main events of the preimplanta-
tion development of rabbit embryos are described in Table 10.1. Reference work 
of embryonic and fetal development and further details of the laboratory rabbits 
biology can be found in the work of Adams et al. (1961), Edwards (1968), Hagen 
(1974), Anderson and Henck (1994), and Harkness and Wagner (1995).

Rabbits are classified as induced ovulators because mature preovulatory follicles 
are present constantly on the surface of their ovaries. A surge in the concentration 

Table 10.1 Pre-implantation in vivo and in vitro embryo development in rabbit (Modified from 
Dinnyes et al., 2002)

Time  post-mating (h)
Embryo-stage 
(cell number 
in vivo)

Doubling 
time 
in vivo (h)

Location 
of Embryos 
in vivo Major eventsIn vivo In vitro

12–14 – Oocyte – Oviduct Fertilization
18–20 – Zygote – Oviduct Pronuclear 

 formation (6 h)
24–26  25–27 2-cell 6 Oviduct –
30–32  32–36 4-cell 6 Oviduct –
38–40  41–47 8-cell 8 Oviduct Maternal-zygotic 

transition
46–48  48–50 16-cell 8 Oviduct
54–56  62–64 Morula (32-cell) 8 Oviduct Compaction and 

 transport to 
uterus

64–66  72–78 Compact morula 
(64-cell)

10 Oviduct/
uterus

Morula-blastocyst 
transition

76–78  80–91 Early blastocyst 
(128-cell)

12 Oviduct/
uterus

84–86  96–98 Expanded blastocyst 
(256-cell)

8 Uterus Blastocoele 
 expansion

94–96 100–110 Hatched blastocyst 
(512-cell)

8 Uterus Hatching
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of luteinizing hormone (LH) in the blood plasma can induce ovulation, resulting 
either from the administration of LH or human chorionic gonadotropin (hCG), 
stimulated by gonadotropin-releasing hormone (GnRH).

Copulation initiates a sequence of neuronal, neuroendocrine and endocrine events 
that culminate in the LH surge. Initially, the mating provides sensory inputs that 
are relayed by neuronal pathways to the brain. Neurotransmitter  norepinephrine, 
(NE) is stimulated into the hypothalamus of the brain by neurons whose cell bodies 
are located in the brainstem. Genome studies indicate that genes involved in NE 
synthesis exhibit increased expression in the brainstem neurons within 20–40 min 
after mating. Neurosecretary cells in the hypothalamus initiate a surge in secretion 
of gonadotropin-releasing hormone, (GnRH), into the blood in the hypothalamo-
hypophysial portal system within an hour after copulation.

Mating is the natural mechanism for inducing ovulation. It stimulates  mechani-
cally the central nervous system to induce both, the GnRH and LH surges, making 
the timing of ovulation and, also making the age of the oocytes highly predictable 
and controllable (Yang 1991). Ovulation normally occurs 10–12 h after the onset 
of hormonal administration or mechanical stimulus, although superovulation can 
cause slightly prolonged ovulation periods (Varian et al. 1967).

The mucin coat, a unique glycoprotein covering the rabbit embryos is a charac-
teristic feature of rabbit embryology. It is accumulated during oviductal transport 
to reach a thickness up to 110 μm 72 h after ovulation (Adams 1958; Denker and 
Gerdes 1979; Leiser and Denker 1988; Fischer et al. 1991).

Fertilization occurs shortly after ovulation in the ampullar region of the oviducts 
by sperm that have already been present for 10–12 h and capacitated in the female 
genital tract (Chang 1951). The resulting zygote progresses through the next stage 
of development rather quickly. Pronuclear formation takes about 6 h. The cell-
doubling time is about 6 h for the first two divisions, all occurring under maternal 
control. Overlap of cell stages among different embryos is commonly observed, 
especially following superovulation (Varian et al. 1967).

The switch from maternal to zygotic control of development occurring between 
the 8–16 cell stages is similar to this in cattle and sheep (Barnes and Eyestone 1990; 
Telford et al. 1990). It is characterized by the loss or decay of mRNA of maternal 
origin, activation of transcription of the embryonic genome, developmental arrest 
of the embryo in the presence of transcription inhibitors, also by the marked quali-
tative changes in protein synthetic patterns in the embryos (Telford et al. 1990). 
Cell-doubling time is about 8 h after the transition until compaction is initiated at 
32–64 cell stages (Ziomek et al. 1990).

Embryos reach the uterus between 60 and 72 h after ovulation. However, in 
superovulated rabbits this process can be delayed (Yang 1991). Blastocoele forma-
tion starts around the 128-cell stage with an increased cell doubling time of 12 h 
(Stice and Robl 1988; Ziomek et al. 1990). By this time, the mucin layer and the 
zona pellucida are less resistant to enzymatic removal (Ziomek et al. 1990) and to 
mechanical penetration by using a micro-pipette (Yang and Foote 1987). Blastocyst 
expansion and zona pellucida dissolution start around 84 h post-ovulation. 
In in vivo environment, the blastocysts do not undergo a real hatching process due 
to the presence of the mucin coat. The disappearance of zona pellucida and mucin 
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coat occurs approximately 96 and 140 h post ovulation, respectively (Adams 1958; 
Fischer et al. 1991).

The secreted proteins by blastocysts form a new layer of coating prior to 
implantation under the mucin coat. This new layer is called neo-zona. Its forma-
tion does not take place under the non-physiological in vitro developmental culture 
conditions (Fischer et al. 1991). Implantation of rabbit embryos takes place around 
7 days following artificial insemination (Orsini 1962).

The average gestation lengths are 30–31 days. They vary slightly depending 
on the breed, and on litter size. Minimal number of corpora lutea is required for 
successful pregnancy maintenance and it varies depending on the breed (Beatty 
1958, Feussner et al. 1992). Most of the post-implantation losses occur dur-
ing the two critical periods in rabbit pregnancy. Adams (1960) observed that 
among the  approximate 18% post-implantation losses, 7% happened immediately 
 post-implantation, 66% between days 8 and 17, and 27% between days 17 and 23. 
The first critical period, around day 13, is related to the placentation changes from 
the yolk sac to the hemochorial type. The second critical period falls between days 
22–23. The tense, rounded fetal structures are susceptible to dislodgment during 
this time interval. The placenta becomes hemoendothelial around day 23, separat-
ing the maternal and fetal circulation with only one layer.

10.3 State of Nuclear Transfer

The procedure of rabbit nuclear transfer is similar to this used in other species 
regarding to oocyte and somatic cell donors (Fig. 10.1). Detailed discussion explains 
the important steps of the procedure emphasizing the special aspects unique to 
 rabbits in the following section.

10.3.1 The Recipient Oocytes and Their Enucleation

In other species in vitro matured oocytes are commonly used for cloning (Lonergan 
et al. 2000; Kasinathan et al. 2001). However, it is rare in the case of rabbit (Yin et al. 
2002a). Most rabbit nuclear transfer experiments are using in vivo matured and ovu-
lated oocytes. They are usually collected by flushing the oviducts (Maurer 1978). 
Variety of superovulation protocols can be used to increase oocyte production, 
and approximately 30–40 eggs per doe can be produced (Kennelly and Foote 1965; 
Maurer et al. 1968; Carney and Foote 1990; Yang et al. 1990a, b; Kauffman et al. 
1998). The response to the superovulation treatment with regard to the number and 
quality of the oocytes is varied among different breeds. Superovulation protocols 
can also affect the quality of the resulting embryos, including their cell numbers, 
their sensitivity to cryopreservation and the subsequent pregnancy rates (Carney 
and Foote 1990; Kauffman et al. 1998). The age of the oocytes has also an impor-
tant role in the subsequent progress. The highest efficiency was achieved while the 
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Fig. 10.1 Procedure of the rabbit somatic cell nuclear transfer

16 h post hCG oocytes were collected and manipulated (Collas and Robl 1990). 
Recently ovulated oocytes have been found to have higher fusion and development 
rate than the older oocytes, although the older ones activate better (Cervera and 
Garcia-Ximénez 2003). Furthermore, the conditions of the aging are also important 
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for the capacity of oocyte to support development of the donor nucleus, besides the 
post ovulatory age. The in vitro aged oocyte cytoplasm approaches an interphasic 
stage and reduces asynchrony between the donor cell and the recipient environment 
(Adenot et al. 1997).

The breed of the oocyte donors may also have a major effect on the outcome of 
nuclear transfer, as previously demonstrated in mouse (Wakayama and Yanagimachi 
2001) and in sheep (Dinnyes et al. 2001b). Only a few rabbit breeds were tested in 
nuclear transfer experiments (Mitalipov et al. 1999; Chesné et al. 2001; Dinnyes 
et al. 2001a). Furthermore, interactions between the genetic origin of the recipient 
oocytes and the donor cells are yet to be investigated. Studying these variables may 
shed lights on the contributing factors to the lack of success in the development of 
cloned embryos in several studies.

Cryopreserved oocytes represent another resource to produce cytoplasts for 
nuclear transfer as described for cattle (Dinnyes et al. 2000). Rabbit oocytes are 
not particularly sensitive to low temperature. Cryopreserved oocytes were success-
fully used to produce progenies following in vitro fertilization (Vincent et al. 1989). 
However, cryopreserved rabbit oocytes had not been tested in nuclear transfer 
experiments.

The efficiency of nuclear transfer is influenced by other circumstances besides 
the oocyte. The enucleation is a complicated step of this technology. The 
enucleation of oocytes in rabbit is similar to those of other species. The original 
procedure is to remove the nucleus with a sharp glass pipette. The zona pellucida 
and the cell membrane are neither too hard nor too flexible to cause difficult 
conditions during micromanipulations. Depending on the breed of oocyte donors, 
Nomarski optics usually allows the visualization of the metaphase chromosomes 
in most of the oocytes, and their removal can be performed under visual control. 
Morphology and quality of rabbit oocytes, due to variability, often reduce the 
efficiency of the micromanipulation. The coloration and granulation of the cyto-
plasm can prevent one to see the chromosomes using standard light microscopy, 
and may necessitate the use of epifluorescent staining and UV exposure of the 
oocytes (Dinnyes et al. 2001a). Similarly, Mitalipov et al. (1999) also reported 
that Dutch Belted’s oocytes were more difficult to manipulate than those of New 
Zealand Whites’, due to the darkness and opacity. In some oocytes, the metaphase 
plate and the polar body are often not in proximity, therefore, in many cases blind 
enucleation is not efficient to remove the nuclear material, and epifluorescent 
staining was necessary to complete the enucleation. Furthermore, fragmentation 
of oocytes of some donors can reach as high as 100% shortly after micromanipu-
lation, but others from the same treatment groups showed no fragmentation or 
just low levels (Dinnyes and Yang, 1997). The enucleation conditions, especially 
the composition of the media, have been shown to have a major effect on further 
development as described by Collas and Robl (1990).

The enucleation can be completed using a chemically-assisted method. In 
this case ionomycin and demecolcine induce membrane protrusion that contains 
all the maternal chromosomes which could be easily removed. The time of the 
enucleation usually occurs before donor cell insertion and fusion. However, a few 
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years ago delayed enucleation was described when the enucleation occurred 1 or 
2 h after fusion. Although, this method was more efficient and it caused slightly 
higher implantation rate, following the publication it was not commonly applied 
(Yin et al. 2002b).

10.3.2 The Donor Cell

The donor cell type (embryonic or adult somatic cell), cell cycle (G0/G1 or S), 
culture condition (fresh or cultured) and the introduction to the recipient oocyte 
(perivitellinar space or into the cytoplasm) are also very important parts of the 
nuclear transfer procedure.

10.3.2.1 Origin (cell type)

In the beginning of the rabbit cloning history, early stage embryo blastomers were 
used as donor cells (eight cell blastomers: Stice and Robl 1988, 8-16-32 cell blas-
tomers: Yang et al., 1990, 8-16 cell blastomers: Collas and Robl 1990, morula: 
Yang et al. 1992). The efficiency of producing cloned live offspring was from 3% 
to 10%. Adult rabbit fibroblast (Mitalipov et al. 1999) and cumulus cells (Yin et al. 
2000) were used from the end of 1990s, but no live pups were obtained till 2002 
(Fig. 10.2). Live cloned rabbit offspring were produced from somatic cells using 
cumulus cells in 2002 (Chesné et al. 2002) and then from adult fibroblasts (Li et al. 
2006). These results are in agreement with observations on in vitro development 
of blastocyst with nuclear donor cells such as cumulus cells (27%) vs. fibrob-
lasts (3%) (Cervera and Garcia-Ximénez 2003). Development to term of SCNT 
rabbits from cumulus cells confirms the difference between cell types in recent 
reports (Meng et al. 2008).

Fig. 10.2 Cultured somatic cells of rabbit
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10.3.2.2 Cell Cycle

The influence of the donor cell cycle on nuclear transfer embryos is also well stud-
ied in various species, including rabbits (Stice et al. 1993). Collas and colleagues 
(1992a) studied the effect of the donor cell cycle stage on the nuclear transferred 
embryo development. Reconstructed embryos from G1 (59%) and early S (32%) 
stage donor cells could develop better to blastocyst stage than embryos from late 
S (3%). These results were explained with the abnormalities of the metaphase 
chromosomes, incomplete or absent spindle formation and incomplete chromatin 
condensation when late S stage donor cells were used (Collas et al. 1992b).

The effects of somatic cell cycle synchronization on the success of nuclear trans-
fer were described with special emphasis on the usage of G0-stage cells, which 
was found to be beneficial in the first successful somatic cell cloning experiments 
(Wilmut et al. 1997). The cell cycle could be affected by chemicals (nocodazol, 
Piotrowska et al. 2000) and also by culture conditions: treatments of serum starvation 
or contact inhibition (confluency) arresting the majority of cells in either G0 or G1 
stage, respectively (Boquest et al. 1999; Dinnyes et al. 2001a). However, the accurate 
evaluation of the cell-cycle effect on the development of individual embryos is dif-
ficult, because a given donor cell cannot be analyzed. Due to the low efficiency of 
nuclear transfer at the current state, rare events may possibly lead to the production of 
the 2–5% cloned progeny. Therefore statistical probabilities may not provide the best 
estimates of the analysis of donor cells for somatic cell nuclear transfer.

In rabbits, cloned blastocysts have been obtained from serum-starved G0-stage 
adult fibroblasts (Mitalipov et al. 1999), and serum-starved G0/G1-stage cultured 
cumulus cells (Yin et al. 2000). In vitro development to the blastocysts stage was 
not different in embryos cloned from fibroblast cells serum-starved vs. contact 
inhibited (Dinnyes et al. 2001a; Li et al. 2006). Galat et al. (1999) compared quies-
cent and cycling fetal fibroblast cells as nuclear donors and observed similar cleav-
age development. However, increased blastocysts rates were obtained using cells 
subjected to serum-starvation treatment. Cloned progeny were obtained with fresh 
cumulus cells, naturally in a resting stage (Chesné et al. 2002; Meng et al. 2008).

10.3.2.3 Epigenetic Status (histone acetylation, methylation)

The methylation and histone acetylation status of the cells are in focus of recent 
investigations, besides the donor cell cycle. During early mammalian development, 
dramatic chromatin structure changes and nuclear reorganization are occurring. 
During preimplantation development in most of the mammalian species embryos 
undergo early stage active demethylation and remethylation events. In contrast 
with mouse, rat, pig and cattle, the rabbit embryo exhibits equally high methylation 
levels genome-wide from the zygote to the 16-cell stage and the passive demethyla-
tion occurs in 16- to 32-cell stages (Shi et al. 2004). The absence of demethylation 
mechanism could explain the low number of successes in rabbit NT. Additionally, 
aberrant methylation patterns were observed in NT rabbit embryos, which could 
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disturb zygotic gene activation and might lead to subsequent developmental failures 
and embryo death (Chen et al. 2004).

The epigenetic status of the donor cell could be described by the level of histone 
acetylation. Recently, the histone acetylation levels of cumulus and fibroblast donor 
cells, and their effects on the cloning procedure (Yang et al. 2007) were  evaluated. 
The study revealed that the cultured cumulus cells have had higher acetylation 
level than that of the fetal fibroblast cells. Although this had no influence on the 
in vitro development rate, it might have contributed to the higher implantation 
rate and full term development. The donor cells were treated with sodium butyrate 
(NaBu), a histone deacetylase (HDAC) inhibitor, to increase the acetylation level. 
Although the treatment was successful and increased the blastocyst rates, still lower 
 pregnancy rates and no birth of offspring were detected.

Similarly, the treatment with TSA, another HDAC inhibitor, improved the clon-
ing efficiency in cattle (Enright et al. 2003) and in mice (Kishigami et al. 2006; 
Rybouchkin et al. 2006; Wang et al. 2007). Moreover, recent reports indicated 
that TSA treatment could increase the cell number of rabbit SCNT blastocysts 
(Xu et al. 2007) or the blastocyst development rate (Shi et al. 2008a) and the his-
tone acetylation pattern of TSA-treated rabbit SCNT embryos appeared to be more 
similar to that of normal embryos (Shi et al. 2008b). Recently, term development of 
TSA-treated cloned embryos has been achieved by our group (Meng et al. 2008), 
with no difference in the pregnancy or birth rate between TSA-treated and untreated 
SCNT embryos as both could develop to term. The postnatal growth rates of these 
two groups did not differ, but only the TSA untreated pups survived to adulthood. 
These surviving SCNT rabbits were bred further successfully.

10.3.3 Fusion of Donor Cells and Activation

The activation is one of the most important steps of SCNT. In normal fertilization 
the sperm penetration induces repeated rises of calcium ion levels in the cytoplasm, 
which results in the decrease of the level of maturation promoting factor (MPF). In 
NT, this sperm-generated effect is replaced by artificial activation. The usual trig-
gers of activation are electric pulse(s) and/or a short exposure to chemical agents. 
Collas and Robl (1990) showed the advantages of multiple electric pulses instead of 
a single stimulus. To mimic the calcium oscillation, high concentration of inositol 
1, 4, 5-triphosphate (IP3) was reported in several publications leading to a better 
development rate and a post-implantation development (Mitalipov et al. 1999; 
Inoue et al. 2002). After fusion and electrical activation, the exposure to cytochala-
sin B improved the efficiency of NT. This inhibitor helps to decrease the deficiency 
of microfilament-dependent cytoskeletal mechanism under activation (Yang et al. 
1992; Li et al. 2002). 6-dimethylaminopurine (DMAP), a kinase phosphorylation 
inhibitor, was applied in rabbit cloning successfully inducing pronuclear formation 
(Mitalipov et al. 1999; Dinnyés et al. 2001a). To improve developmental capacities, 
various electrical pulses and chemical treatments were combined. The addition of 
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cycloheximide (CHX), a protein synthesis inhibitor, could increase the NT embryo 
development resulting live pups (Chesné et al. 2002; Liu et al. 2004).

10.3.4 Embryo Culture and Cryopreservation

Significant progress has been made during recent years in in vitro culture of  rabbit 
zygotes (Kane and Foote 1971; Maurer 1978). Using either co-culture (Carney 
and Foote 1990; Carney et al. 1990), media containing peritoneal fluid (Collas 
et al. 1991), vitreous humor of the eyes of female rabbits (Collas and Robl 1991) 
or even completely defined protein-free systems (Carney and Foote 1991; Li et al. 
1993; Farrell and Foote 1995; Li and Foote 1996; Giles and Foote 1997), high 
rates of blastocyst development have been obtained. In the case of SCNT rabbits, 
the embryos can develop in a number of different culture media (M199, PBS, 
EBSS, VH, RD, B2) at 37–39°C, under 5% CO2 in air with 95% humidity follow-
ing reconstruction and activation. Menezo B2 medium was successfully used to 
culture parthenogenetically activated oocytes to the blastocyst stage (Ozil 1990), 
and SCNT embryos prior to transfer into recipients (Chesné et al. 2002). Both, 
TCM 199 and KSOM media were successfully used to culture rabbit embryos from 
SCNT (Dinnyés et al. 2001a; Chesné et al. 2001). Although both media support 
high rates of in vitro blastocyst development, a short culture in KSOM resulted 
in superior in vivo embryo survivals (B. Wang and X. Yang 1994). Our experi-
ence shows that only a short period of in vitro culture is advisable to increase the 
chance of obtaining progeny prior to embryo transfer. Mitalipov et al. (1999) found 
that Earle’s balanced salt solution (EBSS) supplemented with MEM nonessential 
amino acids, basal medium Eagle amino acids, L-glutamine, sodium pyruvate and 
fetal bovine serum (FBS) was able to support blastocyst development of activated 
oocytes better than with Dulbecco’s modified Eagle’s medium (DMEM/RPMI), 
FBS, CR1aa or FBS. They also obtained a good blastocyst development rate (30%) 
with embryos from somatic cell nuclear transfer using the same medium. Similar 
results were also obtained with the EBSS system by Yin et al. (2000) (Fig. 10.3).

Fig. 10.3 In vitro cultured SCNT rabbit preimplantation stage embryos in EBSS
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Embryo cryopreservation, another important technique for practical embryology 
research, is fairly successful in rabbits (Tsunoda et al. 1982; Renard et al. 1984; 
al-Hasani et al. 1989; Vincent et al. 1989; Kasai et al. 1992). Blastomeres from frozen 
rabbit morulae were successfully used as nuclear donors, resulting in the birth of 
young (Heyman et al. 1990). Furthermore, cloned embryos from blastomer nuclear 
transfer were cryopreserved/thawed before being used as donors in a second round 
of nuclear transfers (Rao et al. 1998).

10.3.5  Embryo Transfer, Pregnancy Monitoring 
and Progeny Production

Rabbit embryos accumulate a mucin coat during their passage through the oviduct, 
and without this mucin layer, their viability is limited (Murakami and Imai 1996). 
Although successful progeny development was recently reported (Jin et al. 2000) 
following prolonged in vitro culture and blastocyst-stage embryo transfer, rabbit 
embryos need to be transferred shortly after micromanipulation to obtain high 
number of progeny. Embryos are usually surgically transferred into the oviduct, 
by midventral laparotomy (Yang and Foote 1990). Laparoscopic transfer to the 
Fallopian tubes also offers an efficient and faster alternative for early and late cleav-
age stage embryos (Besenfelder and Brem 1993; Besenfelder et al. 1998). Recently, 
successful non-surgical transfer of later stage embryos through the cervix into the 
uterus was also reported (Kidder et al. 1999).

The synchrony between the recipient oviduct or uterus and the transferred embryos 
is an important issue in rabbits (Chang 1951) and it was studied extensively with 
in vitro produced embryos. Asynchronous transfer can result in various abnormalities 
and death of the embryos. Rabbit blastocysts are more sensitive to asynchrony than 
earlier cleavage stage embryos (Fischer 1989). Depending on the age of the embryo, 
synchronous or +/− 1 day asynchronous transfers gave the highest fetal develop-
ment (Tsunoda et al. 1982; Fischer 1989; Yang and Foote 1990). A minimum of two 
implanted embryos seems to be necessary to carry a pregnancy to term (Adams 1970). 
Conversely, overcrowding of the uterus by transfer of too many embryos can reduce 
embryonic and fetal survival (Hafez 1964). This was demonstrated in a report by 
Besenfelder and Brem (1993) who obtained a higher rate of progeny survival following 
transfer of 10–20 embryos as compared to 30–65 embryos. Most interestingly, 
synchronous embryo transfer with cloned embryos failed to establish pregnancy. 
However, a relatively large asynchrony (22-h) was one of the major factors for the 
success in the first production of somatic cell cloned rabbits (Chesné et al. 2002).

Rabbit pregnancy can be detected by palpation around day 10–14 after artificial 
insemination (Harkness and Wagner 1995). During certain periods of pregnancy 
(around day 23, as discussed earlier), the fetuses are very sensitive to handling, and 
palpation itself can cause abortion.

Embryos from blastomere nuclear transfer have resulted pregnancies and 
healthy progeny (Stice and Robl 1988; Collas and Robl 1990; Heyman et al. 1990; 
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Yang et al. 1992). Full term development, however, is low due to the high incidence 
of post-implantation losses (Heyman et al. 1990; Heyman and Renard 1996). Birth 
of abnormal young has also been reported (Park et al. 1998).

Somatic cell nuclear transfer can often result in high pregnancy losses and a 
variety of fetal and perinatal abnormalities as shown in cattle and in sheep (Dinnyés 
et al. 2008). The frequency of the abnormalities depends on many factors. Species 
differences are likely among them, as reports on progeny from goat and pig somatic 
cell nuclear transfer showed that the majority of them are healthy during late preg-
nancy and after birth (Polejaeva et al. 2000; Betthauser et al. 2000; Baguisi et al. 
1999). The first litters of somatic cell cloned rabbits were normal in their morpho-
logical appearance and the loss of two of six young can be contributed to the failure 
in the adoptive process from lactating mother. The four others developed normally 
and two of them proved to be fertile (Chesné et al. 2002).

Our recent results demonstrated that among cumulus cell derived clones, only 
4 out of the 13 live born progeny reached adulthood and all of them were fertile 
(Meng et al. 2008) (Fig. 10.4). However, fibroblast cell derived live born have not 
been reported to reach fertile adulthood (Li et al. 2006).

10.4 Possible Applications of Rabbit Cloning

The somatic cell nuclear transfer (SCNT) is a powerful tool for research, although, 
the efficiency of SCNT animal production is still low in most species. Considerable 
possibilities of cloning exist for research, biomedical and agriculture applications 
(Vajta and Gjerris 2006).

Most of the current interest is in the biomedical field. The SCNT combined with 
transgenic and/or embryonic stem (ES) cells technology could offer new biomedi-
cal animal models for some human diseases. Since the 1980s it has been possible 
to genetically modify mammals by microinjection of designed DNA into the pro-
nuclear stage zygotes. Unfortunately, this method is of limited efficiency because 
of the poor development of injected embryos, the random transgene integration and 

Fig. 10.4 Post-natal development of the first Hungarian SCNT rabbit (Tapsilla)
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the variable numbers of the transgene copies. Transgenic animal can be created 
with genetically modified ES cells. However germ line transition only occurred in 
mouse. Several transgenic animals are designed to mimic human  diseases which can 
be used to further understand the diseases and to experiment possible treatments. 
Numerous human disease models have been developed in mice. Unfortunately not 
all of the human diseases can be modeled with mice due to the limitations of the 
physiological differences between mouse and human. SCNT is an efficient way 
to produce genetically modified animals and it may thus avoid these problems. 
Specific gene targeted somatic cells (ES or other somatic cells) can be introduce 
into enucleated oocyte by nuclear transfer and produce viable transgenic animals. 
The cloning efficiency is also low but the created transgenic animals may have 
high added value. Non-rodent laboratory (for example rabbits) or farm animals 
(for example sheep and pigs) can be more appropriate models due to some physi-
ological similarities to human, size of their organs and lifetime. The advantage of 
rabbit is its dual status of small laboratory and farm animal, being large enough to 
evaluate a number of diseases. Its vascular system is similar to human. Moreover, 
it is easy to keep rabbits in larger numbers in well defined laboratory conditions, to 
breed them as they have a relatively short reproduction cycle. The rabbit can also be 
used as a bioreactor. Bioreactors are transgenic animals which have human genes 
integrated into their genome to produce humanized proteins. Usually, these proteins 
are expressed in the milk. Although there are several farm animals producing milk, 
rabbits have a particularly high level of proteins in their milk. Transgenic rabbits 
have been extensively used for production of therapeutic  proteins in their mammary 
gland. Milking of the does is relatively simple (Lebas 1970; Marcus et al. 1990). 
Milk production varies significantly according to breeds, and as much as 200 ml per 
day can be obtained in New Zealand Whites.

In agriculture there are two options to use cloning in farm animals. One is to 
use reproductive cloning to create copies of animals with high value traits, like a 
dairy cow with high milk production or bulls with high quality meat. The other 
option consists of introducing genetic modifications for beneficial traits, including 
disease resistance, adaptation to harsher environments, reduced waste production 
or products with novel valuable phenotypes. Several resistances (Wall et al. 2005) 
and valuable genes such as specific casein genes in cattle (Brophy et al. 2003) could 
improve the value of the animals. However it is not clear yet whether in rabbits 
which have a low individual value compared to bovine and to pig, this technology 
would be viable economically.

Finally, an important use of SCNT is for basic research. Cloning of farm animals 
could help to understand the basic biological mechanisms, including gene expres-
sion involved in early embryo development and differentiation (Santos and Dean 
2004). Numerous interesting questions are still open in the field of epigenetics and 
the nuclear transfer is one of the most suitable techniques to answer them. Rabbits 
could also be the subject of this research and several studies were already published 
focusing on the process of nuclear reprogramming (Pinto-Correia et al. 1995; Shi 
et al. 2004).
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10.5  Appendix: Protocol for Rabbit Somatic-Cell 
Nuclear Transfer

The protocol of rabbit somatic-cell nuclear transfer is provided below. Many 
other alternatives exist for almost every step, including those which are more 
efficient. In the light of recent successes, the activation procedure and other 
supplemented t reatments including TSA treatment, embryo transfer, co-transfer 
with PGA embryos and the synchronization steps need special attention in this 
species. This protocol resulted in 13 live pups (four reached the adulthood and 
produced healthy progeny) from cumulus cells, and it resulted also in 46.6% 
development of blastocysts from fibroblast. However there were no offspring. 
All chemicals used were purchased from Sigma Chemical Co., Invitrogen and 
Gibco.

10.5.1  Superovulation of Oocyte Donors 
and Oocyte Collection

Mature (20–22 weeks old) Hycole hybrid female rabbits were superovulated 
by injection of 120 IU pregnant mare serum gonadotrophin (PMSG, Folligon, 
International B.V., Boxmeer, Holland) intramuscularly and 180 IU human cho-
rionic gonadotrophin (hCG Choragon, Ferring GmbH, Kiel, Germany) intra-
venously 72 h later. Mature oocytes were flushed from the oviducts 13–14 h 
post-hCG injection with Medium 199 supplemented with 10% Fetal Calf Serum 
(FCS, Gibco 10108-165) and 20 mM Hepes (Sigma H4034). Cumulus cells 
were removed from oocytes by gentle pipetting into M199 containing 5 mg ml−1 
hyaluronidase (Sigma H3506) at 37°C, and incubated in Earles Balanced Salt 
Solution (Sigma E2888)-complete (EBSS-complete) (Mitalipov et al. 1999) with 
5% CO

2
 in air at 38.5°C until use.

10.5.2 Enucleation of the Oocytes

The somatic cell nuclear transfer procedure is carried out essentially as described 
previously (Challah-Jacques et al. 2003) with minor modifications. Briefly, the 
denuded oocytes were enucleated by micromanipulation. The oocytes were stained 
with 5 μg ml−1 Hoechst 33342 in EBSS-complete media for 20 min. After pre-
treatment with 7.5 μg ml−1 cytochalasin B (Sigma C6762) in M199 for 10 min, the 
metaphase plate and the first polar body were located applying UV illumination for 
1–2 s and were removed by a 18–20 μm outer diameter micropipette. The enucle-
ated oocytes were allowed to recover in EBSS-complete media for 2 h prior to cell 
insertion.
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10.5.3 Donor Cell Preparation

When the cumulus cells were used as nuclear donors, they were collected as above 
from the cumulus-oocyte-complexes of one donor female, and centrifuged at 
3,000 rpm for 1 min and then kept in M199 supplemented with FCS and Hepes at 
4°C prior to cell insertion.

When fibroblast cells were used as nuclear donors, they were collected from an 
ear skin biopsy of an adult transgenic rabbit. The biopsy area was shaved and the sur-
face was cleaned with 70% ethanol. A small piece of tissue was cut from the ear and 
washed several times in PBS with antibiotic solution (Pen/Strep, Invitrogen 15140-
122), then cut into 1 mm cubes, and placed into a Petri dish to culture as explants 
with DMEM (Invitrogen, 31966-021) medium with 10% FCS. After approximately 
14 days, the fibroblast cells, growing out of these explants, were washed twice with 
Ca2+ and Mg2+ free PBS then harvested by 0,05% trypsin EDTA (Invitrogen, 25300-
054). These cells were washed by centrifugation, resuspended, then used for nuclear 
transfer (referred to as non-passaged or passaged cells) or cultured further for up to 
15 passages in DMEM with 10% FCS. Nuclear donor cells were isolated from non 
serum-starved culture drops supporting a fully confluent cell monolayer for 2–5 days 
prior to the experiment. Alternatively, serum starved cells were obtained by exposing 
fully confluent cell cultures to 0.5% FCS in DMEM for 3–5 days. Cell monolayers 
were trypsinized, and cells were washed by centrifugation in DMEM + 10% or 0.5% 
FCS, respectively, then incubated at 38.5°C in drops and used within 1 h.

10.5.4 Nuclear Transfer

A cumulus or fibroblast cell was inserted in the perivitelline space of the enucleated 
oocyte with the micropipette. The cytoplast-cell construct was induced to fuse by 
three 20 μs 3.2 kVcm−1 DC pulses in activation medium (0.25 M sorbitol (Sigma, 
S3889) in water supplemented with 0.5 mM Hepes, 0.1 mM Ca(CH

3
COO)

2
, 

0.5 mM Mg(CH
3
COO)

2
 and 1 mg ml−1 bovine serum albumin (Sigma, A3311). 

Fused embryos were activated by the same parameter electrical pulses 1 h later 
and treated with 2 mM 6-dimethylaminopurine (6-DMAP), (Sigma, D2629) and 
5 μg ml−1 cycloheximide (CHX) (Sigma, C1988) in EBSS-complete media for 1 h. 
The cloned embryos were then subsequently cultured in EBSS-complete media 
with or without 5 nM Trichostatin A (TSA) (Sigma, T8552) for 10 h as described 
before (Kishigami et al. 2006; Xu et al. 2007).

10.5.5 Embryo Culture

The nuclear transfer embryos were cultured for 4.5 days in 20 μl drops of EBSS-
complete media under oil in a humidified atmosphere of 5% CO

2
 in air at 38.5°C 
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either overnight until 2- to 4-cell or for 4.5 days until expanded blastocyst stage. 
Blastocyst development was recorded and blastocyst cell numbers were counted 
following Hoechst 33,342 fluorescein staining.

10.5.6 Embryo Transfer

Embryos were transferred at 2- to 4-cell stage after overnight culture in EBSS 
complete media as described above. The 10–15 embryos were transferred through 
the infundibulum into each oviduct of recipients using a laparoscopic technique as 
described before (Besenfelder and Brem 1993). All recipient does were administered 
with 0.2 ml GnRH analogue (Receptal®, Intervet) at 22 h after injecting the oocyte 
donor females (22 h asynchrony with SCNT embryos) to induce ovulation. Recipients 
were operated by caesarean sections on day 30 post-ET. The birth and placental 
weights of progeny were measured, and the live pups were fostered to a female with 
similar age pups. Some recipients were allowed to give birth naturally 32 days post-
embryo transfer; the live pups were then raised by their recipient mothers.
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The rabbit genome was chosen to be sequenced to low coverage (twofold) in an effort 
to annotate the human genome using 24 low coverage mammalian genomes. The 
European rabbit was among a first group of eight mammals selected for this sequenc-
ing effort for identification of conserved and functional elements in the human 
genome. The individual chosen to be sequenced was a female inbred Thorbecke 
New Zealand White rabbit. The rabbit’s twofold assembly was completed in 2005, 
 yielding an N50 contig size of 3.3 kb and an N50 scaffold size of 55 kb.

While a low coverage assembly is a good resource for the rabbit research 
 community, it cannot provide the same level of information as a high coverage 
assembly. And so in 2006, the rabbit was chosen to be sequenced to full (sevenfold) 
coverage at the Broad Institute based on its importance to biomedical research and 
to aid in the reconstruction of the ancestral placental mammal genome. This new 
high coverage rabbit assembly will provide better information about orthologous 
genes, to help those studying disease models and holding pre-clinical drug trials. 
The full sequence of the rabbit’s MHC region will aid immunological research. 
This genome will also enable rabbit transgenics, gene expression and gene therapy 
experiments. And it will serve as a basis for the study of rabbit population diver-
sity, speciation and domestication. The Broad Institute expects the sevenfold rabbit 
genome assembly to be completed by the end of 2008.

Further information on the rabbit genome project at the Broad Institute can be 
found at: http://www.broad.mit.edu/node/709.

The entire twofold rabbit genome assembly can be found at: http://www.broad.
mit.edu/ftp/pub/assemblies/mammals/rabbit/.

To further explore the rabbit genome, we recommend that you visit the rabbit 
webpages at NCBI and Ensembl:

http://www.ncbi.nlm.nih.gov/projects/genome/guide/rabbit/
http://www.ensembl.org/Oryctolagus_cuniculus/index.html
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