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Introduction

The use of human pluripotent stem cells (hPSCs - embryonic stem cells
(hESCs) and induced pluripotent stem cells (iPSCs) — has opened up new
possibilities for cell-based therapies in the central nervous system. Neuro-
nal replacement using progenitors derived from hESCs or iPSCs is being
explored for a range of neurodegenerative conditions, and clinical trials
are currently under way in patients with Parkinson s disease, epilepsy, and
retinal degeneration (see Parmar et al., 2020). The experimental work un-
derpinning these trials, and the pre-clinical validation of the safety, func-
tional maturation, and potency of the clinical product have to be carried
out in xenograft models, i.e., the transplantation of human cells into the
brains of rodents or non-human primates. The most common method to
circumvent the problem of xenograft rejection is the daily administration
of immunosuppressive drugs, such as ciclosporin A or FK 506. Howev-
er, since neurons derived from human iPSCs mature slowly there is often
a need to study the cells for longer time periods than is possible in im-
munosuppressed animals. For this reason, the immune-incompetent hosts,
such as athymic nude rats, that allow for up to 12-month graft survival,
are increasingly used for experimental work and pre-clinical safety and
and efficacy studies.

One strain, the Envigo athymic nude rat, has emerged as particularly
useful for human-to-rat xenograft studies. In our own research we have
made use of this strain of rats in experiments where human neurons or
glia have been implanted into the brain using stereotaxic surgery. Early
on in this work, however, we came to realize that the brain of the Envigo
rat is smaller, and also somewhat different in shape, than the brain of the
same-size/weight Sprague-Dawley (SD) rats that we normally use. As a result,
the coordinates that we derived from the standard Paxinos and Watson
atlas (Paxinos and Watson, 2005, 2014) did not define the same site in the
Envigo rat brain. The Envigo rat is also smaller in size than SD rats of the
same age. This size difference starts to appear at about 7-8 weeks of age and
becomes larger over time. In our work we use 4-5 months old female
rats, at which time they weigh about 220 g.

This size and shape difference poses a problem when calculating co-
ordinates to target specific structures for toxin, virus, or cell delivery using
stereotaxic surgery. To overcome this, we collected brains from female SD
(Envigo) and Envigo nude rats of the same weight (220 g) and processed them
in parallel. Brains from each strain were cut into 30-um sections and every
fourth section, stained with cresyl violet, was scanned and placed in 3D
using the Maxon Cinema 4D R26 software, allowing each major brain
structure to be illustrated as a volume object. Comparison between the two
strains showed that the Envigo brain differed in thickness and shape of the
neocortex, and the volume of deeper brain structures, such as thalamus,
caudate-putamen, and external globus pallidus, differed by as much as
20-30%.

As we went on to generate our own list of modified coordinates for the
implantation sites used in our surgeries, we came to realize the need of
a full-scale stereotaxic atlas of the Envigo nude rat brain to assist in the
selection of coordinates of surgical targets. Drawing on his expertise in
working with tissue clearing and rendering of 3D images of the brain, one
of us (BM) took hold of this idea, but instead of using histological sections
cut in the three planes (coronal, sagittal, and horizontal) derived from three
different brains, he decided to use the 3D image of a single brain (in fact, a
single hemi-brain) as the template for mapping, thus allowing maps in all
three planes to be rendered from the same brain. Two series of coronal sec-
tions, stained with cresyl violet and tyrosine hydroxylase antibodies, were
generated from a second brain and inserted into the 3D image using the
well-visible white matter structures as a template. To assist in the identifi-
cation and delineation of the anatomical structures, the stained sections
were superimposed on the corresponding sections from the Paxinos and
Watson atlas (5th edition; 2005), as described in METHODS below. Finally,
and as a reflection of our interest in the dopaminergic system, we added a
representation of the cell bodies and projections of the A8-A14 dopamine
cell groups. This information was taken from the Bjoérklund and Lindvall
atlas published in the 2nd volume of Handbook of Chemical Neuroanatomy
(Bjorklund and Lindvall, 1984) and transferred onto the left side of the
atlas coronal maps. The representation of the dopaminergic innervation of
the septal nuclei is taken from the map published by Lindvall (1975).



To adjust for the inevitable shrinkage occurring in the iDISCO clearing
protocol we used a large number of reference points located in substantia
nigra, the medial forebrain bundle, the striatum (head of caudate-putamen
and accumbens shell), the dorsal and ventral hippocampus, and the pre-
limbic frontal cortex. The coordinates derived from the coordinate grid
were applied to female Envigo nude rats of the determined size (220 g), and
the deviation from the correct position was used to guide the adjustment
of the grid so as to make sure that the positions in the maps matched the
positions in the living rat. Based on the experience we have acquired, so far,
the error in defining any point in the brain should be less than the brain
should be less than 0.5 mm, i.e., within the stated limits of the Paxinos
and Watson atlas.

The Paxinos and Watson atlas, now in its 7th edition (2014), has become
the standard tool for stereotaxic surgery in the rat brain. At the outset,
therefore, it was important that the Envigo nude rat brain atlas was fully
compatible with this atlas with respect to orientation of the section planes,
the delineation of the anatomical structures, and the nomenclature and ab-
breviations used. In this way, we foresee that the Envigo nude rat brain atlas
can be used as a companion to the Paxinos and Watson atlas.

Animals

For the preparation of the atlas we made use of brains from two 220-g
female nude athymic rats (Hsd:RHFoxn1™; Envigo). One rat was perfused
transcardially with 2% ice-cold paraformaldehyde for 1 h. The brain was
divided by a midline sagittal cut and the two hemi-brains were processed
individually for light-sheet microscopy using the iDISCO clearing method
(Renier et al., 2014) and one of the hemi-brains was selected for use. Due
to the limitations set by the size of the sample holder in the light-sheet
microscope, the olfactory bulb and the caudal part of the brainstem had
to be cut off and are thus not included in the atlas. The second rat was
perfused transcardially with physiological saline solution followed by ice-
cold 4% paraformaldehyde. The brain was post-fixed for 24 h in the same
solution, transferred to 25% sucrose for 48 h. Serial coronal sections were
cut at 35-um thickness on a freezing microtome in a plane perpendicular
to the bregma-lambda axis. Alternate sections were stained with cresyl vi-
olet or processed for tyrosine hydroxylase immunostaining, using a rabbit
anti-TH antibody (1:2000, Merck Millipore ab152), as described (Adler et
al. 2019).

The stereotaxic surgeries used to validate the reference points were per-
formed in accordance with the European Union Directive (2010/63/EU)
and approved by the local ethical committee at Lund University, as well as
the Swedish Department of Agriculture (Jordbruksverket). These surgeries
were carried out under general anesthesia using a solution of fentanyl (0.36
mg/kg) and medetomidine hydrochloride (domitor; 0.36 mg/kg). Animals
were placed into a stereotaxic frame and the tooth bar was adjusted
to the flat-head position with bregma and lambda at the same level plane.

Generation of the maps

(Numbers refer to the 6 steps illustrated in Figure 1)

1. The cleared hemi-brain was scanned in the sagittal plane using
a LaVision UltraMicroscope II equipped with a 1.3x objective
(LVMI-Fluor 1.3x/00.8 MI Plan) and a sCMOS camera (Andor Neo
model 5.5-CL3). Images were acquired in 5-pm steps under illumina-
tion with a 488-nm laser (used to visualize white matter tracts) using
the ImspectorPro64 software (LaVision).
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Figure 1

A 3D image of the hemi-brain was generated using Arivis Vision 4D
3.5 software. From this 3D image complete series of sections were
rendered with a distance of 0.2 mm in the coronal plane, and with a
distance of 0.25 mm in the sagittal and horizontal planes.

The outline of anatomical structures was added to the coronal sec-
tions, using the Maxon Cinema 4D R26 software, as illustrated in
Figure 2. Prominent white matter structures (such as corpus callo-
sum, internal capsule, and the anterior and posterior commissures),
which are well visible in the cleared 3D image under 488 nm laser
illumination, were used as anatomical landmarks. For each individ-
ual section these structures were used as a template onto which the
corresponding cresyl violet and/or tyrosine hydroxylase-stained sec-
tions were superimposed, and the corresponding sections from the
Paxinos and Watson atlas (5th edition; 2005) were used to assist in the
definition of anatomical structures.

Complete bilateral coronal maps were generated by fusing the in-
dividual hemi-brain images with their mirror images, using Adobe
lustrator 2022. The mirror images (i.e., the left half of the maps)
were used to illustrate the distribution of the A8-A14 dopamine cell
groups and their projections. This information was transferred from
scanned images taken from the dopamine atlas of Bjorklund and
Lindvall (1984) (shown in three shades of brown).

Using the Maxon Cinema 4D software (see point 3) the anatomical
structures were finally transferred onto the sagittal and horizontal
sections, as illustrated schematically in Figure 3. Again, the well vis-
ible white matter structures were used as landmarks and each struc-
ture delineated on the coronal sections was mapped onto the sagittal
and horizontal sections. Faint coloring was used to facilitate de-
lineation and to identify structures belonging to four major an-
atomical regions- thalamus, hypothalamus, septum, and amygdala.
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Validation of the stereotactic coordinates

The maps are superimposed onto a stereotactic reference grid with a
scale divided in 0.2-mm intervals. To facilitate comparison with the Pax-
inos and Watson atlas the zero planes are in the same position, i.e., in the
coronal series at the level of the bregma, in the sagittal series at the mid-
line, and in the horizontal series at the level of the bregma-lambda axis.
The accuracy of the coordinate grid has been validated in tests where the
coordinates derived from the atlas have been applied in 220-g female nude
rats, with the selected points placed in prelimbic frontal cortex striatum,
nucleus accumbens shell, dorsal and ventral hippocampus, the nigrostriatal
bundle and substantia nigra, pars compacta. The results have been satisfac-
tory and suggest that the potential error at these points is less than 0.5 mm.
Although these tests have been performed in females, the data quoted by
Paxinos and Watson (2005) suggest that they will be valid also for use in
males provided that they are of similar size.

Section rendered from

the cleared hemi-brain Anatomical) structures|

transferred from the |
coronal mabs ‘

Figure 3

Nomenclature

The nomenclature and abbreviations follow closely those used in the
Paxinos and Watson atlas (5th edition, 2005). Since our atlas is intended to
be used primarily as a guide for stereotaxic surgery performed in nude rats,
and not as a source of anatomical information, we have chosen to reduce
the number of labeled structures and, in some cases, lump them together in
order to simplify the nomenclature. As emphasized in Introduction, our
intension is that our atlas is used as a companion to the Paxinos and Watson
atlas.



Labeling and colors

Nuclei and fiber bundles are outlined using dashed and solid lines, re-
spectively, and illustrated on the right side of the coronal maps.

Color coding is used for the following structures: thalamus (light green),
hypothalamus (light violet), amygdala (light red), septum (yellow), dopa-
mine neuron cell groups (greenish gray), and ventricular spaces (dark blue).

Dopamine projections are illustrated in brown on the left side in the cor-
onal maps. The innervation density is represented in three shades: dark
brown for high density innervation (such as in striatum and olfactory tu-
bercle), medium dark brown for medium terminal density (such as in pre-
frontal and cingulate cortex and amygdala), and light brown (such as in
intervening areas of the cortex).
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Athymic Nude Rat Brain Atlas will provide the first stereotaxic brain atlas of the athymic nude rat (Crl:NIH-Foxnlrnu), a T-cell

deficient rat model commonly used in experimental studies and pre-clinical safety and efficacy studies. This 2D vector-based atlas

contains coronal, sagittal, and horizontal brain sections of an athymic rat brain rendered from a single cleared specimen, placed in a

computerized 3D environment. The maps enable readers to better calculate co-ordinates to target specific structures for toxin, virus,

or cell delivery using stereotaxic surgery. This atlas will be a valuable resource for any neuroscientist who wishes to work with nude

rats in experimental and pre-clinical studies.

Key Features

Contains coronal, sagittal, and horizontal maps of young adult athymic nude rat brain, spaced with a distance of 0.2 or 0.25 mm
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