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Abstract

Background: Monocular visual deprivation as a result of cataracts occurring in children who previously had
normal vision may result in permanent visual deficits. However, if correction is done before the age of ten years,
vision is usually restored to normal levels in the affected eye. This has been attributed to plastic changes that
occur in the visual cortex, with no mention of the contribution of the retina to this plasticity. Objective: To
describe the effect of monocular deprivation on the thickness of neural retina. Study design: Quasi-experimental
study using a rabbit model. Materials and methods: 30 rabbits (18 experimental, 12 controls) were examined.
Monocular deprivation was achieved through unilateral lid suture in the experimental animals. The rabbits
were observed for three weeks. Each week, 6 experimental and 3 control animals were euthanized, their retina
harvested and processed for light microscopy. In experimental animals, retina of both deprived (closed) and
non-deprived (open) eyes were studied. Haematoxylin & Eosin stain was used to demonstrate the layers of
the retina. Photomicrographs of the retina were taken using a digital camera then entered into FIJT software
for analysis. Results: In the deprived eyes, the neural retina thickness reduced by 40.5% from the baseline
(p = 0.001). Compared to controls, statistically significant reduction in thickness was noted in the ganglion
(p < 0.001), inner nuclear (p < 0.001), rod and cones (p = 0.001), outer plexiform (p = 0.008), nerve fiber
(p=0.010), and inner plexiform (p = 0.024) layers. Among the non-deprived eyes, the neural retina thickness
increased by 9.8% from baseline (p = 0.075). Compared to controls, statistically significant increase in thickness
was seen in the inner plexiform (p < 0.001), inner nuclear (p = 0.002), and rods and cones (p = 0.007) layers.
Conclusion: Monocular deprivation results in atrophy of the retina in the deprived eye. Thus, pre-retinal
causes of blindness such as cataracts affects the retina and should be corrected early so as to minimize damage

to the retina of the deprived eye.
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1 Introduction

The retina plays a critical role in visual perception as it contains
the initial components of the visual pathway (MASLAND,
2011). The retina develops from out-pouchings of the
neural tube known as optic vesicles (MOORE, PERSAUD
and TORCHIA, 2013), and is morphologically made up of
an outer retinal pigment epithelium and inner neural retina.
The neural retina is the photosensitive layer, and contains several
cell types namely photoreceptors (rods and cones), conducting
neurons (bipolar and retinal ganglion cells), interneurons
(horizontal, and amacrine cells), and glial cells MASLAND,
2012). These cells are arranged in three histologically distinct
“nuclear” layers that contain cell bodies but no synapses,
separated by two “plexiform” layers that contain synapses
but no cell bodies (MASLAND, 2012). Axons of ganglion
neurons form the optic nerve that synapses with third order
neurons at the lateral geniculate body of the thalamus (KOLB,
FERNANDEZ, NELSON, 1995). The third order neurons
mainly project to the primary visual cortex where processing
of the visual information takes place (MASLAND, 2012).

Visual deprivation by lid suture has been used as a reliable
laboratory model for studying anatomical and electrophysiological
changes in the visual cortex resulting from visual impairments
such as cataracts (DEWS and WIESEL, 1970). According
to World Health Organization report, cataract is the leading
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cause of visual impairment, accounting for 50% of blindness
in Sub Saharan Africa (WORLD..., 2012). Monocular visual
deprivation as a result of cataracts occurring in children who
previously had normal vision results in permanent visual deficits
if the cataracts are not corrected early (LEWIS and MAURER,
2005). However if correction is done early, before the age of
ten years, visual acuity is usually restored to normal levels in the
affected eye (VAEGAN and TAYLOR, 1979; ELLEMBERG,
LEWIS, MAURER et al., 2000; LEWIS and MAURER, 2005).
These observations have been attributed to the plastic changes
in the visual cortex (ELLEMBERG, LEWIS, MAURER etal.,
2000; LEWIS and MAURER, 2005). Studies on monocularly
deprived animals have demonstrated the visual cortex undergoes
anatomical changes in favor of the non-deprived eye such as
increase in cortical thickness, neuronal cell density, and synaptic
contacts (HOFER, MRSIC-FLOGEL, BONHOEFFER etal.,
2006; LEHMANN and LOWEL, 2008). Although the
retina is considered as part of the nervous system based on
its embryonic development and its cellular content, there is
scarcity of information on the structural changes occurring in
the retina as a result of monocular deprivation.

Several animal models such as the mice, monkeys, rabbits,
tree shrews, and cats have been used in vision research (DEWS
and WIESEL, 1970; AMTHOR, TAKAHASHI and OYSTER,
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1989; BARO, LEHMKUHLE and KRATZ, 1990; MACNEIL,
HEUSSY, DACHEUX etal., 2004; LEHMANN and LOWEL,
2008; ABBOTT, GRUNERT, PIANTA etal.,2011). Rabbits
offer a good model for vision research because they are readily
available, easier to handle, and their visual capabilities as well
as the cell types of its retina have been studied in detail and
characterized in a fashion similar to those in humans (AMTHOR,
TAKAHASHI and OYSTER, 1989; STRETTOI, DACHEUX
and RAVIOLA, 1994; MCGILLEM and DACHEUX, 2001;
MACNEIL, HEUSSY, DACHEUX et al., 2004; MURAOKA,
IKEDA, NAKANO et al., 2012). This study therefore aimed
at describing the structural changes in the retina following
monocular deprivation using a rabbit model.

2 Materials and methods

Study design: Non-randomized trial (Quasi experiment).

2.1 Materials

Thirty Californian White (oryctolagus cuniculus) rabbits
were used. These rabbits were obtained from a local private
commercial farm. The sample size was obtained using
the following formula (SAKPAL, 2010; SURESH and
CHANDRASHEKARA, 2012);

2
(r +1)(Z(a/2) + Z(H;)) o?

} €
ré

n=

Where: n = sample size, Z, ; = desired power (typically 0.84
for 80% power), Z , , = desired level of statistical significance
(typically 1.96 for a significance of 0.05), o = standard deviation,
& = smallest meaningful difference, r = n1/n2 is the ratio of
sample size required for 2 groups (typically 1 for equal sample
size for 2 groups. If r = 0.5 gives the sample size distribution
as 1:2 for 2 groups). A previous study by Muraoka, Ikeda,
Nakano etal. (2012) had revealed that the total retinal thickness
of'a rabbit was 194.3 + 7.7 um. Using a statistical significance
of 0.05, power of 80%, and of 7.7 pm (one standard deviation),
and r = 0.5 (ratio of controls to experimental animals of 1:2),
the sample size was calculated as follows:

o _(05+1)[1.96+ 0.84]*7.7%
- 0.5*7.7° B @
1.5%7.84

0.5

=23.52 = 24 animals

The sample size was increased to 30 animals to cater for
a 25% drop out rate.

2.2 Inclusion criteria

Since the peak period for development of ocular dominance
plasticity is between the 2nd and 4th postnatal week, the rabbits
were recruited into the study on their 14th postnatal day.

Exclusion criteria

Rabbits with obvious congenital or acquired eye disorders
were excluded from this study.

2.3 Ethical considerations

The approval to carry out the study was granted by the
Biosafety, Animal Care and Use Committee of the Faculty of
Veterinary Medicine, University of Nairobi-Kenya.

2.4 Handling of study animals

The rabbits were kept in wire cages measuring 4 feet by
4 feet, floored with saw dust. Each cage housed one doe and
its litter, and contained a nest box where the litter stayed. Since
a nursing female and its litter require a minimum floor space
of 7.5 square feet (for a doe more than 5 kg body weight),
and one doe would have 6-12 kits per litter (average 8), then
a 16 square foot cage would be spacious enough for each
doe and its kits. The rabbits were fed on commercial rabbit
pellets, half'a cup of pellets per 5 kilogram body weight daily,
and were offered water ad libitum through sipper bottles with
nozzles. The rabbit cages were also cleaned daily.

2.5 Monocular deprivation

Eighteen rabbits (experimental animals) were recruited on
their 14th post natal day. These rabbits were then clustered
into two groups each containing eight rabbits. One group had
their right eye lids sutured together while the other group had
their left eye lids stitched up. These animals were restrained
for body weight estimation and administration of medications
using a restrain box, then anesthetized with intramuscular
ketamine (50 mg/kg) and also given intramuscular analgesic
(Flunixin meglumine 1.1 mg/kg). Two drops of gentamycin
(antibiotic) eye drops were applied on the eye to be deprived.
The margins of the upper and lower lids of one eye were
trimmed and sutured together using Nylon 5.0 single vertical
mattress stitch in aseptic technique.

Following tarsorrhaphy, the rabbits were returned to their
home cages and observed daily for suture breakdown or
infection. Post-operative pain was managed by intramuscular
Flunixin meglumine (1.1 mg/kg) every 24 hours for 4 days.
In addition, the animals were clinically assessed for signs and
symptoms of pain such as poor feeding, facing the back of
the cage (hiding posture), vocalization by means of a piercing
squeal, kicking and scratching, and teeth grinding. Rabbits
that continued experiencing pain despite being on the regular
analgesic received a further dose of Butorphanol 0.5 mg/kg
IM 12 hourly until they were pain free.

Animals that developed suture dehiscence or infection
were isolated from the study animals and treated accordingly.
Those with suture infection received topical antibiotic eye
drops (gentamycin) for five days while those with suture
dehiscence were examined for any eye infection and treated
with topical antibiotics.

2.6 Tissue harvesting

Three control animals were sacrificed at the start of the
study (14th postnatal day). This was on the same day the
experimental animals had their eyelids sutured together.
Thereafter nine rabbits, 3 controls and 6 experimental,
were sacrificed each successive week, as shown in Table 1
below. Following weight determination, the rabbits were
cuthanized using intravenous Euthasol® (Sodium pentobarbital
390 mg/ml + sodium phenytoin 50 mg/ml) at a dose of
1 mL per 4.5 Kg body weight (86.7 mg/kg pentobarbital and
11.1 mg/kg phenytoin). Once death was confirmed by loss
of pupillary light reflex and corneal reflex, the thoracic cavity
was opened then intra cardiac perfusion with normal saline
commenced. Following perfusion, both eyes were enucleated
then bisected along the vertical meridian. This was followed
by removal of the vitreous humor from the eyecup so as to
facilitate penetration of the fixing medium. The carcasses were
incinerated after the tissues were harvested.
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2.7 Tissue processing

The retinae harvested were processed for light microscopic
examination. Haematoxylin & Eosin stain was used to
demonstrate the different layers of the retina.

2.8 Movphometric analysis

Photomicrographs of the sections were taken using Canon®
digital camera (12 megapixels). These photographs were
transferred to a computer installed with Image]J-Fiji software
(SCHINDELIN, ARGANDA-CARRERAS, FRISE et al.,
2012) for morphometric and stereological analysis. Image]
is open source software developed by United States National
Institute of Health for processing and analyzing images. It has
inbuilt morphometric and stereological tools. The vertical
thickness of each neural retinal layer were taken. So as to
minimize intra-observer error, these measurements were
taken from three different locations on the retina, and then
averaged. Each measurement was expressed in micrometers.

2.9 Statistical analysis

Data collected were entered into the Statistical Package for
Social Sciences software (Version 17.0, Chicago, Illinois) for
coding, tabulation and statistical analysis. After confirming
that the data was normally distributed using histograms and
box plots, parametric tests were used to compare the means
of the variables measured. Analysis of Variance (ANOVA) test

Table 1. Study schedule.

was used to compare the means of each variable studied from
baseline to the end of third week of study. The Student’s t-test
was used to compare the differences in means between the
non-deprived and deprived eyes, non-deprived and control
eyes, and deprived and control eyes. A p value <0.05 was
considered significant at 95% confidence interval.

3 Results

Of the thirty rabbits recruited into the study, one was excluded
from the study as it developed suture dehiscence (dropout
rate 3.3%). Thus, fifty eight retina (from 29 rabbits) were
studied. Retinae from all the study animals (experimental and
control) had the classic layers of the neural retinae (Figure 1).
The ganglion cell layer in all the retinae studied was one cell
thick. All variables measured did not reveal any statistically
significant differences between the right and left eyes.

3.1 Deprived eyes

The total thickness of the neural retina reduced with
increasing duration of deprivation (Figure 2). The thickness of
the neural retina at the start of the study, after week one, week
two and week three of deprivation was 118.66 + 12.28 um,
105.84 + 13.04 um, 94.37 + 25.06 um, and 70.66 = 18.07um
respectively (p = 0.001). There was generalized reduction
in the thicknesses of all individual layers of the retina with
increasing duration of deprivation (Table 2). The ANOVA test

No. of experimental animals

Right eye sutured Left eye sutured

Study week No. of control animals
Week 0 (postnatal day 14) 3 rabbits (baseline)
Week 1 (postnatal day 21) 3
Week 2 (postnatal day 28) 3
Week 3 (postnatal day 35) 3

3 3
3 3
3 3

Figure 1. Photomicrograph displaying layers of neural retina in five week old rabbits.
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(a) Non deprived eye,

(b) Control eye,
(c¢) Deprived eye. Note the layers are numbered from the innermost to the outermost. 1- Nerve fiber layer, 2- ganglion cell layer,
3- inner plexiform layer, 4- inner nuclear layer, 5- outer plexiform layer, 6- outer nuclear layer, 7- outer limiting membrane, 8- rods
and cones layer (Haematoxylin and Eosin stain, x92).
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revealed statistically significant reduction in the thickness of
the inner plexiform (58.4%, p < 0.001), inner nuclear (50.3%,
p < 0.001), rods and cones (51.4%, p = 0.005) and ganglion
cell (39.7%, p = 0.008) layers only (Table 2).

3.2 Non-deprived eyes

Figure 3 displays the retinae of non-sutured (non-deprived)
eyes of the experimental rabbits after 1, 2, and 3 weeks of
monocular deprivation. There was generalized increase in
the thickness of the neural retina with increasing duration of
deprivation but these changes were not statistically significant.
The total neural retinal thickness in the non-deprived eye at
the start of the study, after week one, week two and week three
of deprivation was 119.36 = 12.75 ym, 120.26 + 14.18 um,

125.96 +13.38 um, 132.4 + 5.11 pm respectively (p = 0.075).
Although the thickness of the layers of the retina in the
non-deprived eyes increased with increasing period of
monocular deprivation, ANOVA test revealed statistically
significant differences in the inner plexiform and nerve fibre
layers only (Table 2).

3.3 Control eyes

There were no marked changes in the thickness of the
neural retina among the control eyes (Figure 4). The neural
retina thickness at the start of the study, after week one,
week two and week three of study were 119.36 + 12.75 um,
114.85 £ 15.82 pm, 108.11 + 27.01 um, 109.10 + 9.48 pm
respectively (p = 0.722). ANOVA test did not reveal any

Figure 2. Photomicrograph of the neural retinal layer thickness in the deprived eyes. (a) After 1 week, (b) after 2 weeks, and (c) after
3 week of deprivation. Note that the neural retinal thickness (RT) decreases with increasing duration of deprivation (Haematoxylin

and Eosin stain, x92).

Figure 3. Photomicrograph of the neural retinal layer thickness in non-deprived eyes. (a) After 1 week of deprivation, (b) after
2 weeks of deprivation, (c) after 3 week of deprivation. Note that there is no marked difference in the neural retinal thickness (RT)
with increasing duration of deprivation (Haematoxylin and Eosin stain, x92).
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Table 2. Changes in the retinal layer thicknesses in the deprived, non-deprived, and control eyes.

. .. Deprived eyes Non deprived eyes Controls
Retinal ~ Deprivation
layer time (weeks) Mean Standard p-value Mean Standard p-value Mean Standard p-value
(um) Deviation (um) Deviation (um) Deviation
0 23,53 7.66 23.53 7.66 23.53 7.66
Rod and 1 1899 4.35 L, 2381 212 20.57 3.39
cones layer 2 16.30 5.99 0.005 24.10 3.00 0.977 18.41 4.28 0-162
3 11.44 3.69 2445 5.47 17.83 1.41
Out 0 451 052 451 0.52 4,51 0.52
uter
. 1 451 097 483 1.86 4.66 0.95
limiting 2 449 1.66 0-941 =507 128 0676 =473 121 092
Membrane
3 4.37 1.95 5.37 1.24 4.81 0.59
0 36.43 5.26 36.43 5.26 36.43 5.26
Outer 1 33.06 9.07 35.15 6.56 36.45 5.77
nuclear layer 2 3153 11.12 0.460 3499 9.18 0.938 3651 13.34 0.978
3 26.58 14.62 3416 371 36.60 7.86
Out 0 7.07 2.03 7.07 1.58 7.07 1.58
uter
. 1 7.05 3.70 7.18 3.12 7.07 0.09
plel’;f:rrm 2 573 238 0245 77750 0.69 0828 =730 380 097
Y 3 441 170 790 183 734 107
0 1649 3.16 1649 3.16 16.49 3.16
Inner 1 15.09 3.24 L, 1695 261 17.39 3.20
nuclear layer 2 12.66 1.95 <0.001 18.12  2.19 0.109 16.07 4.87 0.413
3 8.29 2.07 19.81 4.15 13.89 1.32
I 0 20.51 5.24 20.51 5.24 20.51 5.24
nner
. 1 17.67 5.39 . 2041 435 . 20.18 3.86
pli’:f;’:m 2 1420 382 <000V 5573 438 0012" 71470 786 0198
Y 3 8.53 2.45 26.53 4.41 14.17 5.21
0 5.84 0.83 5.84 0.83 5.84 0.83
Ganglion 1 5.88 1.18 . 6.93 1.80 7.06 0.88
cell layer 2 549 1.80 0.008 713  1.29 0.285 7.44 2.46 0425
3 3,59 0.65 7.19  0.84 7.50 1.81
0 4.98 2.17 4.98 2.17 4.98 2.17
Nerve fibre 1 4.46 1.21 4.99 1.39 . 472 2.23
layer 2 3.97 1.69 0-200 6.55 2.21 0.033 4.97 0.73 0.214
3 346 0.59 699 1.69 6.96 2.97

* p-value < 0.05.

Figure 4. Photomicrograph of the neural retinal layer thickness among control eyes. (a) at the start of study (week 0), (b) at the end
of first week of study, (c) at the end of second week of study, (d) at the end of third week of study. For orientation, the cell body
layers are marked 1-3. 1-Ganglion cell layer, 2- Inner nuclear layer, 3- outer nuclear layer. Note that there is no marked difference in
the overall neural retinal thickness (RT) with increasing age (Haematoxylin and Eosin stain, x92).
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statistically significant differences in the thickness of the
individual layers of the retina among the control eyes (Table 2).

3.4 Comparison between deprived and non-deprived
eyes

The deprived eyes retinal layers were thinner than the
non-deprived counterparts, with the differences in thickness being
marked with increasing duration of deprivation. Comparison
of the differences in means in the retinal layer measurements
between the non-deprived and deprived eyes, using Student’s
t-test, revealed statistically significant differences in all layers
of the retina apart from the outer nuclear layer and outer
limiting membrane (Table 3).

3.5 Comparison between deprived and control eyes

The deprived eyes retinac had thinner retinac compared
to the control eyes, with the differences being more marked
with increasing duration of deprivation. Comparison of the
differences in means in the retinal layer measurements after
three weeks of deprivation, using Student’s ztest, revealed
statistically significant differences in all layers apart from the
outer limiting membrane and outer nuclear layer (Table 4).

3.6 Comparison between non-deprived and control
eyes

The non-deprived eyes had thicker retina compared to the
controls. Comparison of the means between the non-deprived
and control eyes using Student’s z-test revealed statistically
significant differences in the rod and cones, inner nuclear,
and inner plexiform layers at the end of the third week of
deprivation (Table 5).

4 Discussion

The present study has revealed that monocular deprivation
leads to significant reduction in the neural retinal thickness of
the deprived eyes compared to controls and non-deprived eyes.

This is in agreement with previous studies on monocularly
deprived mice (ZHOU, AN, WU et al., 2010) and tree
shrews (ABBOTT, GRUNERT, PIANTA et al., 2011).
Similar findings have been reported in other stimulus deprived
receptor organs such as the olfactory mucosa after unilateral
naris occlusion (COPPOLA, 2012; HUART, ROMBAUX
and HUMMEL, 2013), and the organ of Corti after unilateral
hearing loss (TERAYAMA, KANEKO, KAWAMOTO et al.,
1977; SYKA, 2002). For instance, in the olfactory mucosa,
the occluded side becomes significantly thinner compared to
the open side (COPPOLA, 2012; HUART, ROMBAUX and
HUMMEL, 2013). These findings have been attributed to
under-expression of pro-mitotic genes and increased expression
of apoptotic genes in the deprived side leading to reduced
cellular proliferation (FIRSZT, REEDER, HOLDEN et al.,
2013; ZHAO, TIAN, MA et al., 2013). In the retina, growth
factors such as Brain Derived Neurotrophic Factor (BDNF)
have been shown to influence its cellular proliferation (SEKI,
NAWA, FUKUCHI et al., 2003; MANDOLESI, MENNA,
HARAUZOV et al., 2005). In monocularly deprived eyes,
BDNF expression is reduced in the deprived eyes and increased
in the non-deprived eyes (SEKI, NAWA, FUKUCHI et al.,
2003). Consequently, the reduction in the retinal thickness
in the deprived eyes in the current study could be as a result
of reduced proliferation of the retinal cells due to reduced
expression of promitotic factors such as BDNF or increased
expression of apoptotic factors.

The deprived eyes in the present study had statistically
significant thinner rods and cones layer compared to controls.
The non-deprived eyes on the other hand had thicker rods and
cones layer compared to controls. These findings are hitherto
undescribed. The rods and cones layer is made up of the outer
segments of the photoreceptors which contain visual pigments
such as rhodopsin (MESCHER, 2005). Biosynthesis of visual
pigments especially rhodopsin is a light dependent process
(SCHWEMER, 1984). It is therefore plausible that lack of

Table 3. Comparison of retinal layer thicknesses between deprived and non-deprived eyes.

Week 1 Week 2 Week 3
Retinal layer Eye Mean Mean Mean

(um) p value (um) p value (um) p value
Retinal thickness Nicgifi‘je S 123; 0.034* % 0.002* #:Z(S) <0.001*
Rod and cones lnyer — ODn ngﬁjﬁ 5 ;2:3? 0.002* #ﬁg 0.001* % <0.001*
R S v e p—
Outer nuclear lnyer N(])?leg;:rciicd gg?g 0.536 gig; 0.436 §+§2 0.116
Outer plexiform lnyer — (i Cg?;’:i‘jc S ;?Z 0.930 ggg 0.058 % 0.003*
Inner nuclear layer Niegiig:ijcd iggz 0.151 izig 0.003* # <0.001*
Inner plexiform layer Niegzi[‘),:ijcd ;ZZZ 0.203 ;jig <0.001* +§2 <0.001*
Ganglion cell lnyer (1; eg?g:i‘je S 2:2? 0.139 ;:‘i 0.023* %‘;’3 <0.001*
Nerve fibre lnyer Ngfg?g;ie S :gg 0.360 22; 0.006* % <0.001*
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Table 4. Comparison of retinal layer thicknesses between deprived and control eyes.

Week 1 Week 2 Week 3
Retinal layer Eye Mean Mean Mean
(um) p value (um) p value (um) p value
Total Retinal thickness %?sng 1(1)2:;13 0.348 13::‘3 0.279 1387:?(5) <0.001*
Rod and cones lnyer %?sgz? ;g:zg 0.537 Ejg 0.387 % 0.001*
i T T
Outer nuclear layer DC?;:E? 2222 0.510 gégi 0.373 gggg 0.136
Outer plexiform layer %Zp;gz? ;85 0.992 ;gg 0.296 % 0.008*
Inner nuclear layer Dce(fnri:(e)? 1;22 0.260 12(5); 0.213 % <0.001*
Inner plexiform layer Dce(ii:zii ;g?; 0.423 1:?8 0.830 % 0.024*
Ganglion cell layer ?}?Iingl ;32 0.103 ;iz 0.055 572(9) <0.001*
Nerve fiber lnyer léecifng :‘;g 0.781 iz; 0.116 % 0.010*
Table 5. Comparison of retinal layer thicknesses between non-deprived and control eyes.
Week 1 Week 2 Week 3
Retinal layer Eye Mean Mean Mean
(um) p value (um) p value (um) p value
o S i o My B0
Rod and cones lnyer Nog(;inegf)i;fed 3(3);;; 0.033* i:i(l) 0.003* ?;‘812 0.007*
Ctonirane. Comolwe6 . apa 0% ——yg— 0w
Outer nuclear layer Nog(fl;gt(’)i;fcd iiig 0.727 gig? 0.765 géég 0.384
i i T T
Inner nuclear layer No?::netpri)ired igzg 0.781 iéi 0.225 gg; 0.002*
e o e BTt ST
Ganglion cell lnyer Nog:;,gz)ired gzg 0.895 ;ii 0.718 ;éz 0.623
Nerve fiber layer Nog:lfglircd igz 0.771 Zgg 0.056 gzz 0.977
*p < 0.05.

light as in the case with the deprived eyes in the current study
may have resulted into reduced synthesis of the visual pigments
leading to reduction in the thickness of the rods and cones
layer. On the other hand, presence of light may have caused
increased synthesis of the photo pigments leading to increase
in the thickness of this layer among the non-deprived eyes.
The outer nuclear layer contains the cell bodies of
photoreceptors (MASLAND, 2012). In the present study, this
layer was relatively not affected by visual deprivation. There
were no statistically significant differences in the thickness of this

J. Morphol. Sci., 2015, vol. 32, no. 3, p. 111-120

layer between the deprived and control eyes. ABBOTT et al.
2011, who studied three tree shrews that had been monocularly
deprived of light for 19 months, reported that the deprived
eyes had significantly thinner outer nuclear layer compared
to the non-deprived eye. The differences noted between our
study and this previous study could be due to the differences
in duration of deprivation, species of animal, or the sample size
used. In the same study however the authors noted that the
outer nuclear layer contributed least in the total thinning of
the retina among the deprived eyes (ABBOTT, GRUNERT,
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PIANTA etal., 2011). Thus, visual deprivation has little effect
on the thickness of the outer nuclear layer.

In the present study, the non-deprived eyes had thinner outer
nuclear layer compared to controls, with the differences being
more marked with increasing period of deprivation. This concurs
with the findings by FIFKOVA, 1972, who reported that
increasing duration of deprivation resulted to greater decrease
in the thickness of outer nuclear layer of non-deprived eyes
compared to the controls. This author postulated that the
animal with one eye keeps it more open compared to the one
with both eyes open, leading to damage to the photoreceptors
as a result of over stimulation (FIFKOVA, 1972). Subsequent
studies have demonstrated that prolonged exposure to light
leads to damage to the photoreceptors (ORGANISCIAK
and VAUGHAN, 2010; MARCHIAFAVA, 2012; OKANO,
MAEDA, CHEN et al., 2012). It is therefore plausible that
the experimental animals kept open their non-deprived eyes
for alonger duration leading to damage to the photoreceptors
which in turn lead reduction in the thickness of the outer
nuclear layer compared to the controls.

Compared to controls, the deprived eyes had statistically
significant reduction in the thickness of the inner nuclear layer
with increasing duration of deprivation. On the other hand,
the non-deprived eyes had generally thicker inner nuclear layer
compared with the controls. Our findings are in accord with
those of a study by Abbott, Griinert, Pianta et al. (2011),
who demonstrated that monocular deprivation resulted into
statistically significant thinning of the inner nuclear layer in
the deprived eyes compared to non-deprived eyes. The inner
nuclear layer contains the somata of the bipolar, amacrine and
horizontal cells (KOLB, FERNANDEZ, NELSON, 1995;
MASLAND, 2012). Proliferation of these cells is dependent
on the interplay between extrinsic factors such as presence
of light stimulus, and intrinsic factors such as growth factors
(TROPEPE, COLES, CHIASSON et al., 2000; FISCHER,
DIERKS and REH, 2002; LI, PERISSI, LIU et al., 2002).
For instance, Brain-Derived Neurotrophic Factor (BDNF)
which is a nerve growth factor, has been localized in the inner
nuclear cells (PEREZ and CAMINOS, 1995; VECINO,
CAMINOS, UGARTE et al., 1998), and has been shown
to influence retinal cell proliferation. Monocular deprivation
has been shown to result in reduced expression of BDNF in
deprived eyes compared to the non-deprived counterparts (SEKI,
NAWA, FUKUCHI et al., 2003). Consequently, absence of
light stimulus could have caused reduced expression of BDNF
in the deprived eyes leading to reduced cellular proliferation
and subsequent thinning of the inner nuclear layer.

The ganglion cell layer contains the cell bodies of the
ganglion neurons while the nerve fibre layer contains the
axons of these neurons (MASLAND, 2012). In the current
study, the ganglion cell and nerve fibre layers in the deprived
eyes were significantly thinner compared the controls and the
non-deprived eyes. Thinning of the ganglion cell as well as the
nerve fibre layers resulting from deprivation has been reported
in previous studies (ABBOTT, GRUNERT, PIANTA et al.,
2011; SZUMINSKI and BAKUNOWICZ-EAZARCZYK,
2012; ZHAO and JIANG, 2013). Proliferation of the ganglion
cells has also been shown to be influenced by growth factors
such as retinal BDNF (SEKI, NAWA, FUKUCHI et al., 2003;
MANDOLESI, MENNA, HARAUZOV etal., 2005). BDNF
has also been localized in the retinal ganglion cells (PEREZ and
CAMINOS, 1995; VECINO, CAMINOS, UGARTE et al.,

1998), and monocular deprivation has been shown to result in
reduced expression of BDNF in deprived eyes compared to the
non-deprived counterparts (SEKI, NAWA, FUKUCHI et al.,
2003). Thus, the reduction in the thickness of the ganglion
cell and nerve fibre layers seen in the deprived eyes could have
resulted from reduced proliferation of the ganglion cells as a
result of reduced expression of growth factors such as BDNF
as a result of light deprivation.

In the present study, the thickness of the inner plexiform layer
among the deprived eyes significantly reduced with increasing
time of deprivation. Abbott, Griinert, Pianta (2011), also
reported that the inner plexiform layer of monocularly deprived
eyes of tree shrews was significantly thinner compared to control
eyes. The inner plexiform layer contains synapses between the
bipolar and ganglion cells, as well as between the amacrine
and ganglion cells (KOLB, FERNANDEZ, NELSON, 1995;
MASLAND, 2012). Synaptic plasticity involves strengthening
or weakening of synapses over time in response to increase or
decrease in the synaptic activity (ANTONINI, FAGIOLINT and
STRYKER, 1999; TRACHTENBERG and STRYKER, 2001;
HO, LEE and MARTIN, 2011). Monocular deprivation has
been shown to lead to shrinkage of the primary visual cortex
and the lateral geniculate nucleus of the deprived eye as a result
of reduction in the synaptic activity in these areas (DAW, 2006;
HOFER, MRSIC-FLOGEL, BONHOEFFER et al., 2006,
HAYANO and YAMAMOTO, 2008; LINDEN, HEYNEN,
HASLINGER et al., 2009). Consequently, the reduction in
the thickness of the inner plexiform layer observed among
deprived eyes could be as a result of reduced synaptic activity
in this layer due to visual deprivation.

5 Conclusion

The present study has demonstrated that monocular
deprivation results in activity-dependent changes in the neural
retina. These changes include retinal atrophy, reduction in all
cell densities and reduction in the dendrites of ganglion neurons
in the deprived eyes. On the other hand, the non-deprived eyes
experience compensatory increase in neural retinal thickness,
cell densities and the dendrites of the ganglion cells. In both
the deprived and non-deprived eyes, most changes were seen
in the layers associated with the neurons namely, nerve fibre
layer, ganglion cell layer, inner plexiform, and inner nuclear
layer. These changes in the retina may contribute to the changes
seen in the visual cortex in monocularly deprived animals.
Thus, pre-retinal causes of blindness such as cataracts affects
the retina in a similar way as the visual cortex. However, there
is need for further studies to determine whether these changes
in the retina are reversible, and if they are, then the maximum
period of deprivation beyond which these changes cannot occur
should be ascertained. This would inform eye specialists on
the timing of the corrective surgery for pre-retinal causes of
blindness such as cataracts.
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