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ABSTRACT

Squirrels are diurnal rodents with high visual acuity
including unique properties well-suited for their natural
environment. This study was conducted to explore some
ocular microscopic features of tree-harbouring squir-
rels in the University of Ibadan, Ibadan, Nigeria. Two
male squirrels were cage-trapped within the Universi-
ty premises. Light microscopic analysis was carried on
paraffin-embedded eye samples harvested from the ani-
mals. The densely compacted stromal fibres, 351 + 52.5
pm thick, formed the thickest part of the cornea, and
the basement membrane of the corneal epithelium, 63.8
%+ 13.0 pm thick, was notably positive with Periodic Acid
Schiff (PAS) stain. Strong pigmentation was present at the
choroid as well as the iridal and ciliary epithelia. The mul-
tiple layering of the retinal structure exhibited densely
packed ganglion cells at the ganglion cell layer which to-
gether with the nerve fibre layer was observed to be thin-
nest at the more peripheral portion but becomes thicker
towards the optic disc. Strongly positive glia fibrillary
acidic protein (GFAP+) cells with their abundant fibrous
processes were demonstrated immunohistochemically at
the retinal nerve fibre layer and the optic nerve. Histolog-

ical features of the retinal cellular components of the tree
squirrels investigated has thus highlighted the structural
adaptation of these animal species to their environmental
arboreal habitat and diurnal lifestyle. Findings from this
study, while further noted to be similar to that in human,
showed that African tree squirrels represent promising

rodent model for human retinal/ocular research.
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INTRODUCTION

Survival of an animal in a given habitat is a function of
how well such animal can adapt its lifestyle to the environ-
ment which in turn facilitates structural adjustments [27].
In this vein, research works have shown that the eye struc-
tural make-up is influenced by the natural environment as
well as mode of life. This structural adaptation is observed
as morphological variations, particularly in the retina, the
photosensitive aspect of the eye [15, 54].

Squirrels are mostly diurnal mammals [51, 88] be-

longing to the Sciuridae rodent family [77]. These animal



species are beneficial in the food chain as seed dispersal/
pollination agents [45] and protein sources [16, 31]. They
are also of public health importance as pests and disease
vectors as well as models for research in the scientific field
[82]. Over 270 species and 60 genera of flying, ground and
tree squirrels are found in a wide range of habitat across
the globe. Among the 11 squirrel species reportedly dis-
tributed throughout Nigeria are Thomas’s Rope (Funisci-
urus anerythrus Thomas, 1890) and Gambian Sun (Helio-
sciurus Gambianus Ogilby, 1835) tree squirrels [45] main-
ly sourced for meat consumption as well as for therapeutic
use [72].

The feeding strategy of squirrels having high visual
acuity [41, 48, 51, 81] is herbivorous primarily [52]. The
tree living squirrels also scout for what to eat on the ground
and their reliance for sharp vision is critical for them to
explore their habitat as they search for food while steering
clear of predators [28, 30, 78]. Moreover, arboreal rodents
like the Gambian Sun and Thomas’s Rope squirrels stay-
ing mostly in trees, indicates their need for accurate vision
to navigate the trees as they jump from branches to branch-
es[52,78]. Campi and Krubitzer [12] reported
that the greater reliance on vision in the arboreal squirrels
compared with the terrestrial squirrels is reflected in the
larger proportion of two of the cortical sheets in the brain.
Vision scientists have further established that the retinal
ganglion cells of these rodents project to highly organized
visual brain areas which have been adequately investigat-
ed in ground squirrels but less researched into in the tree
squirrels [84].

Additionally, these mammalian species are not among
the extensively-studied rodents within the sub-Saharan Af-
rican region as documented data are preliminary findings
in most cases [39, 65]. In this respect, in Nigeria, squirrel
research works are limited to parasitic worm [66] as well
as organ morphology investigations [4, 19, 20, 38] while
data regarding squirrel’s eyes are to the best of our knowl-
edge yet to be documented.

Hence, this study is aimed at presenting preliminary
histomorphometrics and histomorphology eye structures
in tree squirrels (Thomas’s Rope and Gambian Sun tree
squirrels) within the University of Ibadan, Ibadan, Nigeria
which could serve as a baseline data useful in biomedical
research and enrich an understanding regarding the struc-
tural adaptation of the eyes of the African tree squirrel to
its habitat.

MATERIALS AND METHODS

Experimental animals

Two male squirrels were used for this study and the
eyeballs of the animals (2 each) were analysed. The an-
imals (1 Thomas’s Rope squirrel (TRS) (166.6 g) and 1
Gambian Sun squirrel (GSS) (244.9 g) were cage-trapped
at the University of Ibadan located at longitude 7°23°47”N
and latitude 3°55°0”E south-west of Nigeria in Ibadan
city. The two tree squirrels investigated in this work were
among the animal species originally ratified by the insti-
tution’s Animal Care and Use Research Ethics Committee
(Assigned Number: UI-ACUREC/099-0921/22) regarding
an ongoing arbovirus surveillance project of Humboldt
Research Hub for Zoonotic Arbovirus Diseases (HRH-
ZAD) being executed at the University of Ibadan, Ibadan,
Nigeria.

Euthanasia was carried out using an overdose of a
combination of xylazine (10 mg.kg! b.w.) and ketamine
(100 mg.kg!' b.w.) administered intramuscularly, death
being confirmed by absence of heart rate, and following
careful eye enucleation [35], the eyes were fixed in David-
son’s fluid [2] for 24 hours and then 10 % neutral buffered
formalin (NBF). Orientation of the eyeball was achieved
with the superior rectus muscle as point of reference for
dorsal positioning (Fig. 1A), in addition to making an eas-
ily-recognizable cut within dorsal cornea region, midway
between the two canthi [79]. A small incision was then
made on both the lateral (temporal canthus) and medial
(nasal canthus) sides to ensure proper fixation. Each eye-
ball was thereafter trimmed dorso-ventrally (sagittaly) for

processing to paraffin blocks.

Light microscopy

Five um slide sections were produced from 4 eyeballs
in total for routine haematoxylin and eosin (H&E) [5], Pe-
riodic Acid Schiff (PAS) [49] staining as well as immuno-
histochemistry [40] using anti Glial Fibrillary Acidic Pro-
tein (GFAP) (2AS5) mouse monoclonal primary antibody
1:2000 (Abcam, Boston, USA). Briefly, antigen retrieval
was done by microwave heating in 10 mM citrate buff-
er for 25 minutes, with subsequent peroxidase quenching
in 3 % H,O,/methanol. All the sections were blocked in
2 % skimmed milk overnight and probed with anti-GFAP
mouse monoclonal antibody for 16 hours at 4 °C. Detection

of bound antibody was done using appropriate HRP-con-
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Fig. 1. TRS/GSS eyeball.
(A) Orientation of the eyeball using the superior rectus muscle (short-tailed arrow) as landmark for dorsal positioning, optic nerve (long-tailed
arrow); (B) Schematic diagram of the eye structures; ¢ — cornea; s — sclera; | — limbus; ac — anterior chamber; pc — posterior chamber; p — pupil; i —
iris; cb — ciliary body; ch — choroid; r— retina; od — optic disc; on — optic nerve (diagram not drawn to scale).

jugated secondary antibodies in VECTASTAIN kit (Vector
Labs) according to the manufacturer’s protocol. The reac-
tion product was enhanced with DAB for 6-10 minutes,
with subsequent dehydration in ethanol and mounting on
slides. Photomicrographs were obtained with the help of a
light microscope (Leica DM500) fitted with digital camera
(Leica ICC50 E) (Leica Microsystems, Wetzlar, Germa-
ny). Images were captured at x10 and x40 objective lens
and histomorphometry performed using Motic Images
Plus 2.0 software (Motic China Group Co. Ltd., Kowloon,
Hong Kong). The measurements were taken especially
for retina at five sites about midway from the peripheral
region of retina (beginning of pars ciliaris retinae) to the
optic nerve head [90], as a result of non-uniform thickness
of the retinal layers. A total of fifteen measurements per
eye was recorded (Table 1).

Statistical analysis

The data curation was done using GraphPad prism ver-
sion 8 (GraphPad Software, San Diego, California, USA).
Relative thicknesses of the corneal and retinal layers were
recorded and the measurements documented as the Mean
+ Standard Error of the Means (SEM).

The two squirrel strains were analysed together be-
cause i) no gross differences were observed between both
strains, ii) in order to find similarities that differentiate di-

urnal squirrels from other nocturnal rodents.

Ethical approval
The four tree squirrels investigated in this work were

among the animal species originally ratified by the insti-

tution’s Animal Care and Use Research Ethics Committee
(Assigned Number: UI-FACUREC/099-0921/22) regarding
an ongoing arbovirus surveillance project of Humboldt
Research Hub for Zoonotic Arbovirus Diseases (HRH-
ZAD) being executed at the University of Ibadan, Ibadan,
Nigeria.

RESULTS

Histology

The eye generally is bounded by a wall of three layers:
outer fibrous tunic; middle vascular tunic; inner retinal/
photosensitive layer. The outer tunic is pierced by the optic
nerve connecting the eye to the brain (Fig. 1).

Some structures of the eyes of TRS and GSS tree squir-
rels, as illustrated in Fig. 1B, were examined histologically
and the findings include:

Sclera

The sclera was composed of (from outermost layer to
innermost layer): (1) episclera lamina — dense fibrous con-
nective tissue; (2) proper substance of sclera — consisting
collagen fibres, network of elastic fibres, and blood vessels
(Fig. 2).



Fig. 2. Photomicrograph of the sclera of tree squirrel.
Fibrous connective tissue of sclera (a) with dense episclera (*), net-
work of elastic fibres (short-tailed arrow), blood vessels (long-tailed

arrow) and underlying choroid (b) and retina (c). Haematoxylin-Eosin
stain.

Fig. 3. Photomicrograph of the cornea of tree squirrel.

(A) Nonkeratinized stratified squamous epithelium (a) separated by
basement membrane (*) from parallel arranged collagenous fibres
(white arrows). (B) Basement membrane (*), strongly positive for Peri-
odic Acid Schiff stain, of basal columnar epithelial cell layer. (C) Cor-
neal stroma separated by slightly more eosinophilic Descemet’s mem-
brane (short-tailed arrow) from single layered posterior epithelium
(long-tailed arrow), iris (white star). (D) Iris divides eye cavity filled
with aqueous humour into the anterior (e) and posterior (f) chambers,
processing artefacts (double red arrows). Haematoxylin-Eosin stain,
A, C; Periodic Acid Schiff, B.

The outer or anterior covering (corneal epithelium)
of the avascular cornea was nonkeratinized and compris-
es stratified squamous epithelium of about 6-10 layers of
cells. The corneal epithelial cells became more flattened
towards the apical border (Fig. 3A) while at the basal
border, more prominent basement membrane borders the
corneal epithelium and the proper substance of the cor-

nea (stroma) (Fig. 3B). Tightly layered collagenous fibrils
made up bulk of the stroma, the thickest part of cornea.
These fibrils were arranged in a parallel fashion. The stro-
ma was separated from the posterior corneal epithelium
by the Descemet’s membrane. The Descemet’s membrane
was a thin layer of slightly more eosinophilic membrane
while the posterior epithelium, made up of squamous cells,
lining the posterior boundary of cornea was single layered
(Fig. 3B, C). The aqueous-filled cavity bounded between
the cornea and lens was demarcated into the anterior and

posterior chambers by the iris (Fig. 3D).

Limbus

Fig. 4. Photomicrograph of the limbus of tree squirrel.
Pigmented cuboidal to columnar basal epithelium: (a) with pigmented
stromal cells (arrow) at meeting point of sclera (b); and cornea (c).
Haematoxylin-Eosin stain.

The cornea and sclera met at where the sheets of col-
lagen fibres of the two structures combine together. The
meeting point was the limbus. The limbus was particularly
marked by pigmented cuboidal to columnar epithelia cells
at the basal border. Connective tissue cells within this re-
gion were pigmented as well. The basal cells of the bulbar
conjunctival epithelium continuing from the limbus were
more heavily pigmented, more densely populated, smaller
and had more irregular arrangement (Fig. 4).



Choroid

Fig. 5. Photomicrograph of the choroid of tree squirrel.
Melanocyte-rich choroid (star) enmeshed between sclera (a) and pho-
tosensitive retina (b) comprises fine network of connective tissue (*)

possibly laden with a lot of blood vessel. Hematoxylin-Eosin stain.

The structural component that somewhat sandwiched
the photosensitive retina and the sclera was the choroid.
It had loose connective tissue that embedded lots of blood
vessels and laden with many melanocytes. The choroid
vascular bed was linked with sclera via intricate intercon-

nections of suprachoroid connective tissue (Fig. 5).

Ciliary body/Iris

Extension of the choroid anteriorly was the ciliary
body comprising smooth muscle fibres in loose connective
tissue (Fig. 6A). Pars ciliaris retinae was the non-photo-
receptor aspect of retina continuing as a bilayer epitheli-
al covering of the ciliary body. Non-pigmented columnar
cells formed the outer part of this bilayer while the inner
part was formed by pigmented cuboidal cells (Fig. 6A).
Folds emerged posteriorly to form the ciliary processes,
presenting large surface areas by the tortuous nature (Fig.
6B, C).

The ciliary body was connected to the base of the iris
extending between the lens and cornea thus dividing the

space into the anterior and posterior chambers (Fig. 6B).

Iris

The connective tissue stroma of the iris was well vas-
cularized with lots of pigmented cells (melanocytes) and
sphincter/constrictor muscle fibres. While non-epithelial
cells (stromal cells) cover iris anteriorly, the posterior side
was composed of two layers of epithelial cells which ex-

Fig. 6. Photomicrograph of the ciliary body (A-C) and iris (D) of
tree squirrel.

Smooth muscle fibres (short-tailed white arrow) in loose connective
tissue of ciliary body (star) extending choroid (*) anteriorly and
covered by a double layered non-photosensitive retina, Pars ciliaris
retinae (a) with pigmented cuboidal inner (long-tailed white arrow)
and 2-3 rows of non-pigmented columnar outer cells (black arrow).
(B) Folds of non-photosensitive retinae forming tortuous ciliary pro-

cesses (black arrows) while base (white arrow) of iris (b) is joined
with ciliary body. Elongated iris divides space between lens (c) and
cornea (d) into anterior (e) and posterior (f) chambers. (C) Ciliary pro-
cess at higher magnification. Note the non-pigmented superficial but
strongly pigmented basal cells (**) of the epithelium. (D) Anteriorly,
vascularized stroma (a") of iris is rich in melanocytes and constrictor
muscle fibre (short-tailed arrows) while posteriorly, non-photosensitive
retina is continued by the Pars iridica retinae (b") composed of highly
pigmented outer (*) but less pigmented inner myoepithelial cells (long-
tailed white arrow).
Hematoxylin-Eosin stain, A-D.

tended the non-photoreceptor retina otherwise known as
the pars iridica retinae. Outer aspect of the non-photore-
ceptor retina was loaded with melanin-pigment copiously
but the inner aspect comprised less pigmented contractile

myoepithelial cells (dilator muscle) (Fig. 6D).
Lens

This epithelial structure was covered entirely by a pale
homogenous capsule. The epithelial lining of the lens (lens
epithelium) anteriorly was simple cuboidal whereas the
structure was devoid of epithelial cells posteriorly (Fig.
7A). The germinal zone near the lens equator comprised
freshly laid lens fibres with cells known to have the po-
tential of self-proliferation. More matured fibres became
anucleated towards the central part of the lens (Fig. 7B).



Fig. 7. Photomicrograph of the lens of tree squirrel.
(A) Simple cuboidal epithelium (white arrow) of anterior portion of lens overlayed superficially with homogenous capsule (*), no epithelial cells in
the more posterior portion. (B) Proliferative cells (black arrow) of the germinal zone (a). Cells at more central part (b) of lens are anucleated, pro-
cessing artefacts (double red arrows). Haematoxylin-Eosin stain, A-B.

Retina

Fig. 8. Retinal cross sections of tree squirrels.

(A) The retina (a) is the photosensitive structure on the inner aspect
of choroid (b) organized in multiple layers. The rows of nuclei in the
ganglion cell layer and the nerve fibres/limiting membrane increase in
thickness (c < d) towards the optic disc. (B) Boxed area in A, the retina
multiple layers include, from the outermost, the pigmented epithelium
(1), photoreceptor cell layer (rods and cones) (2), outer nuclear layer
(3), outer plexiform layer (4), inner nuclear layer (5), inner plexiform
layer (6), ganglion cell layer (7), nerve fibre layer (8) and inner limit-
ing membrane (9). While the inner nuclear/plexiform layer is thicker
than the outer, the ganglion cells are densely populated with occasion-
al blood vessels (10) traversing the layer. (C) Increased thicknesses of
ganglion cell (7), nerve fibre (8) and inner limiting membrane (9) lay-
ers of retina towards the optic disc relative to more peripheral aspect
(B), displaced retinal ganglion cells (arrows). (D) Nerve fibre layer (8)
is thickest at the optic disc (11) region. (E) Dense astrocytic dendritic
fibres (short-tailed arrows) of GFAP* cellular immunoreaction (soma,
long-tailed arrow) at the nerve fibre layer. Haematoxylin-Eosin stain,
A-D; immunohistochemistry, E.

The retina was the photosensitive structure on the in-
ner aspect of choroid organized in multiple layers corre-
sponding to the typical eye structure of mammals. These
layers include, from the outermost, the pigmented cuboi-
dal epithelium, photoreceptor cell layer (outer and inner
segments of rods and cones), outer nuclear layer, outer
plexiform layer, inner nuclear layer, inner plexiform lay-

er, ganglion cell layer, nerve fibre layer and inner limiting

membrane (Fig. 8A-C). While the inner nuclear/plexiform
layer is thicker than the outer, a dense ganglion cell layer
(GCL) that suggested a higher retina ganglion cell (RGC)
density was characterized by occasional relatively large
blood vessels traversing the layer and the nerve fibres/lim-
iting membrane increasing in thickness towards the optic
disc (Fig 8D). While cells in the ganglion cell layer formed
two or more layers, especially at the more central portion,
few cells were observed to spill over to the inner plexi-
form layer (Fig. 8A-C). Astrocytes appeared to wrap thick
bundles of their dendrites around the neuronal axons at the
nerve fibre layer (Fig. 8E).

Optic nerve

The optic nerve fibre was formed by the convergence
of the ganglion cell axonal processes at the optic disc.
These axonal processes exited through the lamina cribosa
of sclera and they appeared to be myelinated at this level
seemingly enlarging the axonal diameter (Fig. 9A). Pro-
cesses of astrocytes forming rich latticework around the
head of the optic nerve constituted the glial lamina (Fig.
9B).



Fig. 9. Photomicrograph of the optic nerve of tree squirrel.

(A) Processes of axons (*) of ganglion cells converging at optic disc (a) forming the optic nerve fibres (long-tailed arrows) piercing through the
lamina cribosa of sclera/glial lamina (short-tailed arrows). (B) Latticework of astrocytic processes, glial lamina, of GFAP+ cells (arrows) at the
optic nerve. Haematoxylin-Eosin stain, A; immunohistochemistry, B.

Table 1. Corneal, scleral and retinal thicknesses of the Thomas’s Rope and Gambian Sun squirrel

Cornea Meazlz:; il‘élgs(llm) R::gfi::l ) Percentage contribution to overall thickness (%)
Corneal endothelium 4.44+0.76 3.68-5.2 1
Corneal stroma 351+52.5 299-404 83
Corneal epithelium 63.8+13 50.8-76.8 15
Sclera 134 +£7.88 126-142 -
Retina 122+2.98 119-125 -
Retinal pigmented epithelium 6.55+0.73 5.83-7.28 5
Photoreceptor cell layer 15.510.66 14.8-16.2 13
Outer nuclear layer 5.59+0.29 5.3-5.88 5
Outer plexiform layer 4910.2 4.7-5.1 4
Inner nuclear layer 22.8+1.96 20.9-24.8 19
Inner plexiform layer 23.1+0.25 22.8-23.3 19
Ganglion cell layer 27 +4.68 22.3-31.6 22
Nerve fibre layer 12.8+0.78 12-13.5 10
Inner limiting membrane 1.48+0.23 1.25-1.7 1

DISCUSSION

Thomas Rope and Gambian Sun squirrels are diurnal
rodents found across West Africa, Nigeria inclusive. These
arboreal rodents have some peculiar eye structures bear-
ing some similarities with mammalian visual system and
which apparently support their high visual acuity [52, 78].

Cornea/Sclera

Fibres of collagen densely arranged within the cornea
and sclera possibly make the eyes pliant and strong enough
to withstand pressure changes especially involved in aque-

ous humour homeostasis that is capable of compromising

the eyeball structural makeup [23]. The eyeball is possibly
further protected from external insults by the multi-layered
(stratified) epithelium of the cornea.

In comparison to the cornea, the sclera is notably more
opaque and rigid. It exhibits regional vascularity but lacks
epithelial or endothelial surfaces. The sclera is character-
ized by a moderately rich nerve supply, particularly around
episcleral blood vessels, and it lacks lymphatic channels.
Scleral fibroblasts demonstrate a complex arrangement
within the fibroblast network, often displaying a three-di-
mensional organization. Additionally, the cellular density
of scleral fibroblasts surpasses that of corneal keratocytes,

suggesting a more active role in scleral metabolism.



Cornea

Corneal morphology of the tree squirrels investigated
in this study has close similarities to those of other do-
mestic mammals [64]. The distinct corneal layers observed
in these rodents were: squamous epithelium, collagenous
stroma, and endothelium. This particular structural ar-
rangement is known for the majority of vertebrates, human
inclusive [6, 17, 21].

The bulk of the corneal thickness (83 %) made up of
compact connective tissue constituting the stroma is in line
with what is reportedly obtainable in the majority of ani-
mals (90 %) [18] even though observed to be higher than
that reported for African grasscutter (78 %) [69]. Also, the
squirrel cornea overall thickness in the current study (~422
pum) (Table 1) is noticeably thicker relative to grasscutter
(~257 pm) [69] and mouse (~80 pum) [76]. It was inter-
esting to note this thickness value the in squirrel is more
comparable to that in humans (~550 pm) [29] than in the
grasscutter, a rodent of relatively bigger body size. This
observation suggests the adaptability of the squirrel cornea
to its diurnal lifestyle just like in humans but in contrast
to the nocturnal nature of mouse and grasscutter. The tree
squirrels understudied in this work could therefore repre-
sent a good model for cornea research in humans [7, 63,
731.

In spite of the strongly PAS-stained corneal epitheli-
al basement membrane, Bowman’s membrane appears
not demonstrable in the squirrel species examined in this
study. While early reports have indicated that rodent spe-
cies lack Bowman’s membrane [42, 86], its presence in
rats and mice has been documented by an electron micro-
scopic investigation [36]. Peter-Ajuzie, Nwaogu
and ITgwe buike [69]also reported the lack of Bow-
man’s membrane in other rodents like grasscutter while in
some domestic animals, PAS reactivity indicated that this
membrane is absent [64]. However, Peter-Ajuzie et
al. [68] showed that the African straw-coloured fruit bat
possess a thin layer of Bowman’s membrane in its cornea.
The exact functionality of the Bowman’s membrane is yet
to be proven and although present in avian and primate’s
eyes [58], other domestic mammals having this membrane
has also not been clarified yet [64].

Glycogen, a reservoir for energy supply, as well as
glycoproteins have been demonstrated in cornea of cattle
[87], rabbit [53] and humans [32]. The strong PAS positiv-

ity of corneal epithelial layer noted in this study indicates

that this superficial layer has a possible high glycogen
content which could further translates to elevated aerobic
glycolysis with accentuated metabolic activity [1]. This
biological requirement is essential to achieve accommoda-
tion of objects in the eyes of this rodent species necessary
for survival in their arboreal habitat. Similar observations
have been documented in certain avians [3]. This nonethe-
less calls for additional investigation using more specific
staining techniques, immunohistochemistry for instance,
to elucidate further on the structural compositions of the

African tree squirrel cornea [64].

Ciliary body/Iris

The current work describes a fairly developed ciliary
body unlike those in grasscutter [69] as well as rabbit and
some rodents [22, 89]. High visual acuity of squirrels also
entails sharp lenticular accommodation required for their
diurnal behavioural nature. The structural arrangement of
the non-photosensitive part of retina (Pars ciliaris retinae)
is similar to those described in mammals generally. Ho-
wever, Peter-Ajuzie etal [69] reported melanin
content of the superficial layer of the Pars ciliaris retinae
of grasscutter which possibly represents a changeover of
the ciliary body histoarchitecture to that of iris.

The aqueous humour is presumably generated from the
ciliary epithelial cells. Therefore, the broad surface area
provided by the tortuous ciliary processes noticeable in
the tree squirrel eyes likely serves the function of gener-
ating sufficient humour. This anatomical feature has been
detailed also in a diurnal desert rodent [74] and in some
experimental rodent species as well [14].

Previous investigation on mammals that are diurnal
in nature and arrhythmic have documented copious mel-
anin pigmentation with high vascularity and well-formed
sphincter muscle fibres characterizing the ciliary body/iris
[50, 74] which are in conformity to those reported in this
study. The high iridal melanin content observed in the tree
squirrel species studied here could possibly serve to lim-
it light rays entry only via the pupil [55] while pupillary
contraction has a protective effect on the retina in situation
where light intensity is increased instantly [86].

In addition, regarding the strong pigmentation of the
profusely vascular choroid including the retinal pigment-
ed epithelium, we speculate that the tree squirrel eye has
higher capacity to endure extreme solar emissions [46] in

comparison to their counterpart nocturnal rodents.



Retina

The retina of the tree squirrels examined in the current
study has a mammal’s typical structural organization.

The mean thickness of the retina (~122 pm) (Table 1)
is thinner in comparison to some murines: rat (~220 um),
possum (~170 um) and guinea pig (~140 pm ) [11]. This
apparently reflects the nocturnal lifestyle adaptation of
these other rodent species. In other for those murines to be
more receptive to light, they possess more populations of
rod photoreceptors, long and slender, contributing to the
relatively thicker retinas [50] when compared to the diur-
nal squirrel species. This finding concurs with a previous
report concerning diurnal desert rodents [74].

Pigmented epithelium occurring in the entire structure
of squirrel as also reported for grasscutter [69] unlike other
mammals is indicative of the absence of tapetum lucidum.
This eye anatomic component being reflective in nature
facilitates sight capacity in dim light circumstances par-
ticularly in crepuscular, cathemeral and nocturnal subjects
[69]. Squirrels as diurnal rodents do not need this structure
as majority of rodents reportedly lack tapetum lucidum
[71]. Thus in conformity with their diurnal lifestyle, the
highly pigmented epithelium in the squirrel retina stops
too much ultraviolet rays reaching the transparent scleral
tunic as it absorbs light, thus minimizing scatter inside the
eye structure [47, 86].

High visual acuity of squirrels is further supported
by the presence of elevated retinal ganglion cell density
which compares to that in human and other phototopic
subjects [83]. This observed feature contrasted the report
on grasscutter [69] with scanty ganglion cells in line with
the nocturnal characteristics and inferior visual acuity of
this rodent species [35].

Relatively large blood vessels occasionally feature in
the ganglion cell layer possibly to facilitate supply of ox-
ygen and nutrients to meet the metabolic demands of the
densely populated retinal final-output neuronal cells which
project to the visual regions of the brain such as the lateral
geniculate nucleus and superior colliculi. Projections from
these regions then ultimately reach the primary visual cor-
tex.

The dense cellular population and multiple layering
observed at the retinal ganglion cell layer in these tree-har-
bouring rodent species suggest cone-dominated photore-
ceptor neurons in the retina [48] concurring with those re-

ported in the ground squirrels [90]. These findings further

highlight the closer semblance of the retina of these diur-
nal animals to those of primates/humans when compared
with other rodents that are nocturnal [33, 60, 61, 75].

Neuronal cells, RGCs in particular, within retinal lay-
er of ganglion cells project their axonal processes to link
visual brain regions with the eye via the optic nerve fibres
[70]. The current work demonstrated astrocytic dendritic
bundles densely wrapping the neuronal axons as shown by
the GFAP immunohistochemistry in the retina and optic
nerve. These findings have been similarly documented in a
previous study on thirteen lined ground squirrel [90]. The
rich latticework of astrocytic processes of the well-devel-
oped glial lamina noted in these tree squirrel species is
close to what is found in the arrangement of human optic
nerve/lamina cribosa ultimately reflecting the rodents’ di-
urnal nature [37, 43].

Such structural interconnection observed to be present
in the retina of primates modulates ganglion cell axonal
injury [34] and by extension on pathology of optic nerve as
well [37] particularly via astrocytic response [57]. More-
over, optic nerve impairment resulting in alterations in
axons of retinal ganglion cells facilitates the neurons’ pro-
gressive death [33, 56, 59, 60, 62, 67, 85,] and the impair-
ment is a potential cause of irreparable blindness [13]. The
findings thus documented in this study further show that
squirrels are better models for human eye research than
rats and mice [7, 63, 73, 84, 90].

The few population of cells noted outside the ganglion
cell layer of the animals investigated in the current work,
towards the inner plexiform layer, are otherwise called dis-
placed retinal ganglion cells [24, 25, 26, 61] and could pos-
sibly represent amacrine cells [90]. These observed nuclei,
within the inner plexiform layer, representing endothelial
cells are not ruled out though. Further investigations such
as cell quantifications [44, 51] and immunohistochemical
characterization [8, 9, 10, 80] are thus needed to under-
study these densely populated ganglion cells including as-
trocytic population of the optic nerve of the African tree
squirrels to establish comparative analysis, with ground

squirrels [90] for instance.

CONCLUSIONS

Conclusively, Thomas’s rope and Gambian Sun squir-

rels possess arboreal-habitat-fitted visual structural make-



up supported mainly by elaborate ganglion cells in the
retina and much thickness of the corneal stroma. These
species’ apparent lack of tapetum lucidum has further giv-
en credence to their diurnal nature while the retinal his-
to-morphometric data presented is also useful for prospec-
tive investigations of rodent visual system. Additionally,
findings documented in this study share some similarities
with the human visual system suggesting that these tree
squirrels are great models to understudy retinal/ocular sys-

tem in humans.
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