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Abstract
Purpose To characterise longitudinal structural and functional changes in albino Sprague-Dawley rats following circumlimbal
suture ocular hypertension (OHT) induction.
Methods Ten-week-old rats (n = 24) underwent suture implantation around the limbal region in both eyes. On the next day, the
suture was removed from one eye (control eyes) and left intact in the other eye (OHT eyes) of each animal. Intraocular pressure
(IOP) was monitored weekly twice for the next 15 weeks. Optical coherence tomography (OCT) and electroretinogram (ERG)
were measured at baseline and weeks 4, 8, 12, and 15, and eyes were then collected for histological assessment.
Results Sutured eyes (n = 12) developed IOP elevation of ~ 50% in the first 2 weeks that was sustained at ~ 25% above the
control eye up to week 15 (p = 0.001). Animals with insufficient IOP elevation (n = 6), corneal changes (n = 3), and attrition (n =
3) were excluded from the analysis. OHT eyes developed significant retinal nerve fibre layer (RNFL) thinning (week 4: − 19 ±
14%, p = 0.10; week 8: − 17 ± 12%, p = 0.04; week 12: − 16 ± 10%, p = 0.04, relative to baseline) and reduction in retinal
ganglion cell (RGC) density (− 32 ± 26%, p = 0.02). At week 15, both inner (9 ± 7%, p = 0.01) and outer retinal layer thicknesses
(6.0 ± 5%, p = 0.001) showed a mild increase in thicknesses. The positive scotopic threshold response (− 28 ± 25%, p = 0.04) and
a-wave were significantly reduced at week 12 (− 35 ± 21%; p = 0.04), whereas b-wave was not significantly affected (week 12: −
18 ± 27%, p = 0.24).
Conclusion The circumlimbal suture model produced a chronic, moderate IOP elevation in an albino strain that led to RNFL
thinning and reduced RGC density along with the reductions in ganglion and photoreceptoral cell functions. There was a small
thickening in both outer and inner retinal layers.
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Introduction

Glaucoma is a blinding disease which is predicted to affect 76
million people worldwide by 2020 [1], with 11.2 million

people presenting with bilateral blindness [2]. Increased intra-
ocular pressure (IOP) is the major risk factor and the only
modifiable factor in the current management of glaucoma [3,
4]. While IOP lowering delays disease progression, some pa-
tients continue to show vision loss despite well-controlled IOP
[3–5]. Thus, there remains a need to better understanding the
pathogenesis of glaucoma. In this respect, animal models of
glaucoma provide a means to study the disease mechanisms as
well as to test novel treatment approaches.

Various animal models have been developed for studying
glaucoma, including those in non-human primates, dogs, ro-
dents, zebra fish, rabbits, sheep, cows, and birds [6]. Rodents
are currently in wide-spread use due to their low cost, effort-
less handling, ease of IOP measurement in awake animals,
and availability of various approaches to induce ocular hyper-
tension (OHT) [7]. To simulate closed- and open-angle glau-
coma types, OHT models aim to obstruct aqueous outflow
either at, before, or after the trabecular meshwork [8]. This
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can be achieved via intracameral injection of materials (e.g.
microbeads) into the anterior chamber [9–11], laser photoco-
agulation of the trabecular meshwork [12–14] and/or limbal
episcleral veins [15, 16], injection of hypertonic saline into
episcleral vein [17], and cauterisation of episcleral veins
[18]. Such models mimic certain aspects of glaucoma and
are generally reproducible in rodents; however, each has its
own limitations. Thus, factors to consider when choosing a
model of glaucoma include the invasiveness of the procedure,
the need for repeated interventions, the presence of excessive
secondary inflammation and anterior segment changes that
impact imaging, and whether there is a need for specialised
instruments or training.

Recently, a circumlimbal suture model was developed to
induce chronic OHT in rodents [19]. It is a simple and inex-
pensive approach that can be applied as a single intervention
and facilitates longitudinal structural and functional assess-
ments. In addition, the model allows lowering of IOP possible
by simply removing the suture at different time points, which
assists in studying the recovery of neuronal dysfunction or
structural preservation [20, 21]. While this model was well
characterised in pigmented strains [19, 22, 23], the effect of
suture-induced chronic IOP elevation in albino rat strains re-
mains unknown. Albino rats are often used for OHT model
induction to study the effect of IOP elevation on neuronal
degeneration [9, 12, 14, 16, 18, 24–26] and to test the efficacy
of IOP lowering or neuroprotective therapies on retinal gan-
glion cell (RGC) survival [15, 27–31]. Previously, two inde-
pendent studies from the same laboratory revealed that suture
model induction in albino CD-1 mice [32] could develop only
moderate IOP elevation (~ 30%) sustaining for 2 weeks as
compared with C57-pigmented mice [22] that produced rela-
tively higher magnitude of IOP elevation (~ 70%) for
12 weeks. Despite moderate and brief period of IOP elevation,
CD-1 developed retinal nerve fibre layer (RNFL) thinning
earlier than C57 mice. Thus, we hypothesise that the
circumlimbal suture model induction in albino rat strain may
exhibit differential outcomes in terms of magnitude of IOP
elevation, onset of retinal structure-function changes, and its
rate of progression. In this study, we sought to use a Sprague-
Dawley albino rat strain to investigate the effect of
circumlimbal suture-induced chronic IOP elevation on longi-
tudinal retinal structure using in vivo optical coherence to-
mography (OCT) imaging and histology, and functional
changes by electroretinogram (ERG).

Materials and methods

Animals

Adult albino female Sprague-Dawley (SD) rats of 10 weeks
old (180–210 g) were housed in 12:12 light/dark cycle

lighting environment (200 lx maximum). Food (PicoLab®
diet 20 (5053), PMI Nutrition International, Richmond, IN,
USA) and water were available ad libitum. All experimental
procedures and care involving the animals adhered to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. The study was approved by The Animal
Ethics Sub-Committee of The Hong Kong Polytechnic
University.

Experimental design and OHT induction

Twenty-four 10-week-old SD rats underwent OHT induction.
Following baseline ERG and OCT measurements, all animals
were acclimatised for 3 days to awake IOP measurements
using a rebound tonometer (Tonolab, Icare, Vantaa,
Finland). Baseline IOP was determined by averaging IOP
measurements collected on two subsequent days. Each IOP
measurement was average of 5 reliable readings, and the mea-
surements were taken between 10:30 AM to 12:30 PM to
avoid diurnal variations. On the day of OHT induction, ani-
mals were anesthetised with a mixture of 60-mg/kg ketamine
and 5-mg/kg xylazine (Alfasan International B.V, Woerden,
Holland) via intraperitoneal injection. Following the applica-
tion of a drop of topical anaesthetic (Provain-POS 0.5% w/v
eye drop; URSAPHARM, Saarbrücken, Germany), both eyes
underwent suture application. A suture (8/0 nylon) was ap-
plied around the globe at approximately 1.5–2 mm behind
the limbus. The suture was secured using 6 to 7
subconjunctival anchor points as reported [19], with care tak-
en to avoid the compression of the major episcleral veins. The
suture was then tightened with a slipknot until IOP reached
60–70 mmHg. The leftover suture was trimmed to prevent it
from rubbing against the cornea. Eyes were then treated with a
topical antibiotic eye drops, gentamicin (Gibco, Thermo-
Fisher Scientific, Waltham, MA, USA). To prevent the corne-
al dehydration during recovery from anaesthesia, lacryvisc gel
(Alcon, Rueil-Malmaison, France) was applied.

At post-operative day one, the suture was removed
from one eye (control) and left intact in the other random-
ly chosen eye (suture). IOP was monitored on alternate
days for the first week and twice a week thereafter until
week 15. Sutured eyes that maintained an IOP elevation
of 25% above their fellow control eyes (suture removed)
during the first week were considered to be successful
(OHT eye) and were followed up till week 15. OCT im-
aging and ERG assessment were undertaken at 4, 8, 12,
and 15 weeks after OHT induction. The changes in the
retinal structure and function in the OHT eyes relative to
the control eyes were determined. To ascertain that the
changes in OHT eyes were mainly induced by chronic
IOP elevation instead of the initial IOP spike observed,
a similar duration of IOP spike was induced in the control
eyes by leaving the suture intact for a day. As animals
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required sedation for suture removal, the procedure was
scheduled on the next day to avoid repeated anaesthesia
within the same day.

Animals that had insufficient IOP elevation (n = 6; less
than 25% of fellow eye) in the first 2 weeks of OHT induction
were not further assessed. Moreover, animals that developed
corneal changes (n = 3; 12%) and attrition (n = 3, 12% of rats
failed to recover from general anaesthesia during ERG/OCT
measurements) were excluded from final analysis. Twelve rats
completed the study and were sacrificed to collect retinal sam-
ples for morphological examination at week 15.

Optical coherence tomography

Spectral domain OCT (SD-OCT) (Micron IV, Phoenix
Research Lab, Pleasanton, CA, USA) was used to image the
peripapillary retina. OCT imaging and analysis were conduct-
ed as described in our previous study [33]. Briefly, following
ketamine-xylazine anaesthesia, the pupils were dilated using
Mydriacyl 1% eye drops (Alcon-Couvreue, Puurs, Belgium).
Lubricating gel was applied on the corneal surface to improve
the contact between the eye and the objective lens. A circular
B-scan with a radius of 0.51 mm, consisting of 1024 A-scans,
was used to image the retinal layers. The axial and transverse
resolutions of these images were 1.8 μm and 3.0 μm respec-
tively. Semi-automated segmentation algorithm (Insight soft-
ware, Phoenix Research Lab) was applied to analyse the B-
scan images to provide total retinal thickness (TRT), retinal
nerve fibre layer thickness (RNFLT), inner retinal layer thick-
ness (IRLT), and outer retinal layer thickness (ORLT). The
TRTwasmeasured from the retinal pigment epithelium (RPE)
layer to the inner limiting membrane, the IRLT included the
thicknesses of the inner plexiform and inner nuclear layer, and
the ORLT was measured from the RPE to the outer plexiform
layer. The mean thickness of each layer was determined by
averaging 1024 data points that covered the circumference of
the circle.

Electroretinography

The full-field electroretinogram was recorded using a
white LED light (Ganzfeld, Q450; RETI Animal, Roland
Consult, Brandenburg an der Havel, Germany). ERG
measurements and analyses were conducted as described
in our earlier report [33]. Briefly, animals were dark
adapted overnight for 12 h and were anesthetised
(ketamine-xylazine mixture) prior to data acquisition.
Eyes were dilated and a drop of lubricating gel was ap-
plied to prevent corneal drying. Responses were obtained
using gold ring electrodes placed on the corneal surface of
both eyes; needle electrodes inserted into the lateral canthi
and base of the tail served as reference and ground elec-
trodes, respectively. As chronic IOP elevation largely

affects the RGCs, the positive scotopic threshold response
(pSTR) was recorded as a surrogate measure for RGC
functions [34] along with the traditional recording of
mixed scotopic responses (a- and b-waves). The pSTR
was recorded using a series of brief flash (pulse length
of 2 μs) stimulation intensities ranging from − 4.8 to −
4.05 log cd s/m2 in 0.15-log cd s/m2 steps. Each stimuli
response was the average of 30 responses with an inter-
stimulus interval of 2 s. Scotopic (mixed rod and cone)
responses were recorded using a single flash of 1.3 log
cd s/m2. All signals were recorded with a band pass filter
of 0.1–1000 Hz. The amplitudes and implicit time of
pSTR, scotopic a-wave, and b-wave responses were
quantified.

Retinal histology

After OCT and ERG measurements at week 15, animals
were euthanised by CO2 asphyxiation. The eye cups were
collected and fixed overnight using 4% paraformaldehyde
in PBS at room temperature. The tissues were dehydrated
using graded ethanol and paraffin embedded. Five-
micrometre sections parallel to the optic nerve were col-
lected, stained with haematoxylin and eosin (H&E), and
imaged using a light microscope at × 200 magnification
(Nikon, Tokyo, Japan). Regions of 500 μm × 500 μm of
the central (250 μm away from the scleral canal opening)
and peripheral retina (250 μm away from the ora serrata)
as well as the anterior angle and optic nerve head were
selected for morphological analysis. Cell density in gan-
glion cell layer (GCL) (cells/mm) was calculated by man-
ually counting the number of nuclei in the ganglion cell
layer and divided it by the corresponding retinal length
measured using ImageJ (National Institute of Health,
Bathesda, MA, USA) as reported previously [33].

Retina immunohistochemistry

The retinal sections were de-paraffinised, blocked with
serum, and incubated with primary mouse anti-β-III-
tubulin (1:1000, BioLegend, San Diego, CA, USA) at
4 °C overnight. To visualise the signal, the retinal sections
were then incubated with Alexa Fluor 488 goat anti-
mouse IgG (1:500; Molecular Probes, Invitrogen,
Carlsbad, CA, USA) and the cell nuclei were counter-
stained with 4′-6-diamidino-2-phenylindole (DAPI). A
light microscope (Nikon, Tokyo, Japan) was used to im-
age the stained sections at × 200 magnification. The β-III-
tubulin positive cells from central retinal region of
500 μm × 500 μm were manually counted and divided
by the corresponding retinal length using ImageJ
(National Institute of Health, Bathesda, MA, USA) to re-
turn the RGC density (cells/mm) [35].
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Statistical analysis

All analyses were performed using SPSS 23 (IBM Corp,
Armonk, NY, USA). Data were normally distributed and
thus presented as mean with standard deviation. Two-way
repeated measures (RM) ANOVA was used to compare
differences in IOP, OCT, and ERG parameters between
suture and fellow control eyes that were measured over
time (baseline, post-OHT induction weeks 4, 8, 12 and
15) with Bonferroni post hoc correction. For cell density
in GCL, a paired t test was used to compare the difference
between suture and fellow control eyes. Also, the rates of
change in structural and functional parameters upon OHT
induction in the suture eye were first expressed relative to
their fellow control eye ((suture-control)/control × 100)
and then as a difference (%) from baseline [35]. The level
of significance was set as p < 0.05.

Results

Circumlimbal suture model produced a moderate IOP
elevation in SD rats

Figure 1a shows an illustration of circumlimbal suture secured
around the rat eye. Figure 1b shows the position of suture from
one representative rat on the day of suture placement (day 0)
and at post-operative weeks 4, 8, and 15. Twelve animals met
the ≥ 25% criteria for IOP elevation throughout the 15 weeks
and were free of complications. Baseline IOP in sutured and
fellow control eyes was 11 ± 1 mmHg. Immediately after se-
curing the suture, IOP spiked to 64 ± 16 mmHg. This changed
the iris colour from red to pale red. After 5 min of suture

placement, IOP returned to 40 ± 15 mmHg and the iris
regained its red colour.

Figure 1c shows that IOP in sutured eyes was significantly
greater than fellow control eyes (two-way RM ANOVA: be-
tween eyes: p = 0.001; interaction effect: p = 0.003). Post hoc
analysis shows that this was significant for all weeks, except
for weeks 9 (p = 0.07) and 14 (p = 0.09). The sutured eyes
developed an IOP elevation of ~ 50% greater than the fellow
control eye during the first 2 weeks of the study period (con-
trol: 12 ± 1 mmHg; suture: 18 ± 4 mmHg, p < 0.001).
Subsequently, the IOP was maintained at ~ 25% increase till
the end of the study at week 15. Suture placement for 1 day in
the control eyes did not affect the IOP levels over the next
15 weeks, which remained similar to baseline.

Effect of IOP elevation on OCT-measured retinal
layers thicknesses

Figure 2 illustrates segmented SD-OCT B-scans along with
fundus photographs from a representative rat showing the lon-
gitudinal changes in sutured (Fig. 2a) and fellow control eyes
(Fig. 2b) from baseline to week 15. All layers including TRT,
RNFLT, IRLT, and ORLT showed a significant interaction
between eyes over time (two-way RM ANOVA: interaction:
p = 0.001). Baseline TRTwas similar between eyes (p = 0.90).
Following suture placement, TRT showed a slight thinning at
week 4 (− 1.6 ± 2.3%, p = 0.03) when compared with fellow
control eyes. At week 12 (2.0 ± 2.9%, p = 0.04) and week 15
(5.0 ± 4.7%, p = 0.001), TRT in sutured eyes was slightly
thicker than fellow control eyes (Fig. 3a).

The RNFL in sutured eyes (Fig. 3b) was significantly thin-
ner than that in fellow control eyes at weeks 4 (p = 0.03), 8
(p = 0.03), and 12 (p = 0.04). The rate of RNFLT loss (Fig. 6a)

Fig. 1 Chronic OHT induction
was achieved by securing a suture
firmly around the globe. a An
illustration of circumlimbal suture
secured at a distance of ~ 1.5 to
2 mm behind the limbus in the rat
eye. b Suture positions from one
representative rat at day 0 (10 min
after suture placement) and end of
weeks 4, 8, and 15 (white arrow).
c The circumlimbal suture
induced a moderate and chronic
IOP elevation in albino rats (n =
12) for at least 15 weeks, while
control eyes which had the suture
removed at day 1 showed stable
IOP. Error bars: standard
deviation. *p < 0.05
(*Bonferroni’s post hoc test of
two-way RM ANOVA)
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at week 4 was − 19 ± 14% of fellow control (p = 0.10).
Significant loss was detected at weeks 8 (− 17 ± 12%, p =
0.04) and 12 (− 16 ± 10%, p = 0.04). As for IRLT and
ORLT, both were similar in suture and control eyes at week
4, but were significantly thicker (p < 0.05) in sutured eyes
from week 8 to the end of the study (Fig. 3c and d). At week
15, the IRLT and ORLT in sutured eyes were 9 ± 7% (p =
0.01) and 6 ± 5% (p = 0.001) thicker than the fellow control
eyes, respectively.

Effect of IOP elevation on ERG-measured retinal
functions

Figure 4 shows averaged pSTR and scotopic ERG traces of
suture eyes compared with fellow control eyes. The pSTR
responses (Fig. 5a) of sutured eyes were significantly reduced
at week 12 (p = 0.04) with no further reduction at week 15
(two-way RM ANOVA: between eyes: p = 0.27; time effect:
p = 0.01; interaction: p = 0.07). Scotopic b-wave responses
(Fig. 5b) were not significantly different between sutured
and control eyes (two-way RM ANOVA: between eyes: p =
0.52; time effect: p = 0.65; interaction: p = 0.35). Similar to
the pSTR, scotopic a-wave responses (Fig. 5c) of the suture
eye dropped significantly at week 12 (p = 0.01) with no fur-
ther reduction at week 15 (two-way RM ANOVA: between
eyes: p = 0.06; time effect: p = 0.48; interaction: p = 0.05).
The inner retinal (pSTR), mid-retinal (b-wave), and outer ret-
inal (a-wave) functional loss at week 12 were − 28 ± 25%,

(p = 0.04), − 18 ± 27% (p = 0.24), and − 35 ± 21% (p = 0.04)
respectively.

Table 1 gives the implicit time of pSTR, b-wave, and a-
wave responses of sutured and fellow control eyes. There was
no difference in pSTR implicit time between suture and fellow
control eyes at all time points (two-way RM ANOVA: be-
tween eyes: p = 0.09; time effect: p = 0.38; interaction: p =
0.63). However, the scotopic b-wave (two-way RM
ANOVA: between eyes: p = 0.05; time effect: p = 0.10; inter-
action: p = 0.82) and a-wave (two-way RM ANOVA: be-
tween eyes: p = 0.03; time effect: p = 0.59; interaction: p =
0.03) in sutured eyes were delayed at weeks 8 (b-wave: con-
trol: 69.9 ms, suture: 74.1 ms, p = 0.03) and 12 (a-wave: con-
trol: 7.7 ms, suture: 8.2 ms, p = 0.01), respectively.

A summary of the effects of IOP elevation on retinal struc-
ture (thicknesses of RNFL, IRL, and ORL) and function
(pSTR, scotopic b-wave, and a-wave responses) is shown in
Fig. 6a and b, respectively.

Effect of IOP elevation on GCL density and axonal
arrangements

Figure 7 presents the H&E-stained retinal cross-section that
shows no obvious change in retinal layers at both peripheral
and central regions from a representative sutured (Fig. 7b and
d) and its fellow control eyes (Fig. 7a and c) at week 15.
Quantification revealed that the cell density in the GCL in
suture eyes was significantly reduced in both peripheral (−

Fig. 2 Peripapillary SD-OCT B-
scan images and fundus photo-
graphs of a sutured eye and b
fellow control of one representa-
tive rat taken at baseline, and after
4 and 15 weeks of IOP elevation.
OCT circle scan positions are in-
dicated in black circle on their
corresponding fundus photo-
graphs. OCT images were seg-
mented to determine RNFL, IRL,
and ORL thicknesses. RNFL,
retinal nerve fibre layer; IRL, in-
ner retinal layer (includes inner
plexiform and inner nuclear lay-
er); ORL, outer retinal layer (from
RPE to outer plexiform layer)
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18 ± 16%, p = 0.02) and central (− 16 ± 12%, p = 0.02) retina
as compared with fellow control eyes (Fig. 7e). Considering
the presence of both RGC and amacrine cells in the GCL, the

retinal sections were further stained with β-III-tubulin, a
RGC-specific marker. The RGC density determined from
the central retina showed a significant reduction in the suture

Fig. 3 The effect of chronic IOP on OCT-measured retinal thicknesses.
The thicknesses of a TRT, b RNFLT, c IRLT, and d ORLT were com-
pared between sutured and fellow control eyes (n = 12). *p < 0.05;
†p < 0.01; ǂp < 0.001 (*,†,ǂBonferroni’s post hoc test of two-way RM

ANOVA). Error bars: standard deviation. Each circle in the bar chart
represents individual data points of the animals. TRT, total retinal thick-
ness; RNFLT, retinal nerve fibre layer thickness; IRLT, inner retinal layer
thickness; ORLT, outer retinal layer thickness

Fig. 4 Changes in inner and outer retinal responses over the 15 weeks of IOP elevation. a pSTR and b scotopic ERG. Black and grey traces represent
averaged responses from suture and control eyes (n = 12) respectively

2720 Graefes Arch Clin Exp Ophthalmol (2020) 258:2715–2728



Fig. 5 The effect of chronic IOP
on ERG-measured retinal func-
tions. The responses of ganglion,
bipolar, and photoreceptor cell
responses were presented as a
pSTR, b b-wave, and c a-wave
respectively (n = 12). Error bars:
standard deviation. Each circle in
the bar chart represents individual
data points of the animals.
*p < 0.05; †p < 0.01;
(*,†Bonferroni’s post hoc test of
two-way RM ANOVA). pSTR,
positive scotopic threshold
responses
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eyes (− 32 ± 25%, p = 0.02) as compared with the fellow con-
trol eyes (Fig. 8b). Sutured eyes also showed evidence of
disruption of axonal bundle organisation with cellular infil-
trates in the optic nerve and posterior deformation of optic
nerve head surface as compared with fellow control eyes
(Fig. 9).

Discussion

This study demonstrated that a circumlimbal suture model
produced a moderate, sustained IOP elevation in albino SD
rats. The magnitude of IOP elevation in sutured eyes (~ 50%)
was milder than pigmented Long-Evans rat reported in a pre-
vious study [19] in which IOP elevation was ~ 100% above
control eyes in the first 4 weeks, gradually dropping to ~ 60%
at week 15. A similar procedure in albino CD-1 mice [32]
induced only a milder IOP elevation of (~ 30%) that sustained
for a maximum period of 2 weeks as compared with
pigmented C57 mice (~ 70%) lasting for a period of 12 weeks
[22]. The magnitude of IOP elevation following suture im-
plantation appears to be relatively lower in albino strains than

that in the pigmented ones. To ensure that IOP measurements
in the present study were not affected by any corneal changes
induced by circumlimbal suture, we showed that IOP readings
with the rebound tonometer were in good correlation with
manometric IOP measurements in sutured SD rat eyes (n =
5) (Online Resource 1). Consistent with the previous study
[19], no structural differences between the anterior chamber
angles of sutured and control eyes were detected in this study
(Online Resource 2). These findings suggested that the
circumlimbal suture model produced a moderate, chronic el-
evation of IOP in SD rats, without any observable structural
changes in the anterior chamber angles.

On longitudinal evaluation, IOP elevation in albino SD rats
produced a significant RNFL thinning as early as week 4 and a
corresponding decrease in pSTR response at week 12. As both
eyes received the initial IOP spike, the changes in the retinal
structure and function quantified in the experimental eyes with
respect to control eyes were mainly driven by cumulative IOP
over 15 weeks but not by the initial IOP spike. With regard to
structure-function relationship, SD rats developed an early
RNFL thinning (week 4) that did not progress beyond week
8, whereas pSTR amplitude continued to decline from week 8

Table 1 Implicit time of pSTR,
scotopic b-wave, and a-wave re-
sponses of the control and suture
eyes measured over 15 weeks

Implicit time (ms) Eye Baseline Week 4 Week 8 Week 12 Week 15

pSTR (SEM) Control 113.2 (2.7) 114.9 (3.4) 110.7 (1.8) 110.5 (2.7) 117.4 (2.4)

Suture 114.2 (2.7) 115.1 (3.0) 113.9 (3.2) 113.7 (2.6) 119.3 (2.0)

b-wave (SEM) Control 69.9 (2.0) 70.4 (1.9) 69.9 (2.4) 78.3 (4.5) 73.0 (1.9)

Suture 73.2 (2.2) 73.2 (2.6) 74.2 (2.1)* 79.5 (3.1) 73.0 (2.3)

a-wave (SEM) Control 8.0 (0.1) 7.8 (0.1) 7.7 (0.1) 7.8 (0.4) 7.7 (0.1)

Suture 7.9 (0.1) 8.1 (0.1) 7.8 (0.1) 8.2 (0.3)† 7.9 (0.1)

*p < 0.05
† p < 0.01 (*,†Bonferroni’s post hoc test of two-way RM ANOVA)

Fig. 6 The effect of chronic IOP on retinal structure and function was
summarised as percentage change from fellow control eyes. a
Thicknesses of RNFL (retinal nerve fibre layer), IRL (inner retinal
layer), and ORL (outer retinal layer) measured by OCT and b their

complementary functional measurements, pSTR (positive scotopic
threshold responses), scotopic b-wave, and a-wave responses determined
by ERG. Error bars: standard deviation. *p < 0.05 vs. baseline; †p < 0.05
vs. week 4 (*,†Bonferroni’s post hoc test of RM ANOVA)
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to 12. The RNFL thinning that appeared to precede pSTR
attenuation could be due to greater inter-animal variability
for the ERG results, which make significant changes harder
to detect. Alternatively, IOP-induced changes in membrane
stretch-sensitive channels (transient receptor potential
vanniloid 1 expression) may transiently increase the magni-
tude of responses from retinal ganglion cells [36, 37], thus
increasing the pSTR response [38]. Under similar OHT induc-
tion, albino CD-1mice [32] was also reported to show an early
onset of RNFL loss and a severe thinning as compared with
pigmented C57BL6/J [22]; however, functional assessment
was not undertaken in this strain [32]. On the other hand,

pigmented Long-Evans rats showed an earlier decline in the
ganglion cell function (around week 2 to 4) that produced no
further loss, but the RNFL exhibited a gradual and progressive
thinning (from week 8 to 15). Consistent with RNFL thinning,
the sutured eyes of SD rats showed a significant reduction in
cell density in the GCL that was comparable with the quanti-
fication using RGC-specific biomarker. While the retinal
whole mount quantification of RGC was not performed in
the present study, earlier studies reported that the RGC density
estimated from retinal cross-sections were comparable to the
whole mounted retina [39] or H&E-stained GCL cell density
[40] in models of optic nerve injury. Elevated IOP-induced
changes including altered arrangements of axon bundles and
clustered nuclei of cellular infiltrates, which are suggestive of
activated microglia [41–43] in the optic nerve and a posterior
tissue displacement of the optic nerve head, were observed.

As for TRT, while the sutured eyes showed a mild increase
over time, it was thinned in fellow control eyes (week 15: −
8.0 ± 1%) over 15 weeks of experimentation. We also ob-
served a similar trend of thinning in naïve animals
(Online Resource 3), thus possibly excluding the role of initial
IOP spike in control eye could have resulted in the gradual
decrease in TRT. These finding corroborated with our previ-
ous study, where there were no differences in OCT-measured
retinal thicknesses between eyes receiving 1 day of OHT and
the fellow control eyes [35]. Using histological measure-
ments, Chaychi et al. [44] reported a reduction in the thickness
of photoreceptoral layer, inner retinal layer (INL, IPL), and
RNFL in normal SD rats between P100 (age equivalent to
week 8 follow-up in the present study) and P300. Thus, the
reduction in thickness in control eyes could be attributed to
normal ageing. Using fellow eyes as controls should account
for changes due to ageing and biometric changes over time.

Distinct from other suture studies, both outer (from RPE to
OPL) and inner retinal layers (from IPL to INL) of OHT eyes
showed a mild increase in thickness from week 8 to week 15,
which was associated with a- and b-wave loss between weeks
8 and 12 (a-wave: − 35 ± 21%; b-wave: − 18 ± 27%). At week
15, a small rebound was noticed in the ERG components (a-
wave: − 21 ± 32%; b-wave: − 12 ± 34%). In pigmented
strains, a non-progressive a-wave reduction was observed
with no obvious change in ORL thickness [19, 22]. The de-
crease in a-wave in the present study may have arisen from
compromised choroidal blood flow to the outer retina, either
directly from IOP elevation or indirectly from suture
compressing the scleral and episcleral plexus. Such reductions
in a- and b-wave responses have been reported in other exper-
imental OHT models such as laser photocoagulation of
episcleral and limbal veins [16] (SD rats: a-wave: − 45%; b-
wave: − 35% at week 8) and cauterisation of episcleral veins
(Wistar rats: a-wave: − 30%; b-wave: − 25% at week 8) [24,
45]. Also, a gradual and progressive reduction in the a-wave
(7 months of age) followed by b-wave attenuation (8–

Fig. 7 Effect of chronic IOP on retinal histology and ganglion cell layer
density evaluated after 15weeks of IOP elevation. a–dHaematoxylin and
eosin-stained retinal sections of a representative a, c fellow control and b,
d suture eyes in the peripheral (a, b) and central retina (c, d). eCell density
in the GCL (cells/mm) in the peripheral retina, central retina, and com-
bined cell count (central and peripheral) of sutured and fellow control
eyes (n = 7). Error bars: standard deviation. Each circle in the bar chart
represents individual data points of the animals. *p < 0.05, paired t test.
Scale bar: 100 μm
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9 months of age) has been also reported in the DBA/2NNia
glaucoma model [46]. This outer retinal deficit is thought to
arise from reduction in choroidal blood flow, which was

detectable at 4 months of age in DBA/2J mice, whereas retinal
blood flow deficits were not noted until 6–9 months of age
[47]. Previous report showed that suture implantation in C57

Fig. 8 β-III-tubulin labelling of
RGC after 15 weeks of IOP
elevation. a Immunofluorescent
staining with anti-β-III-tubulin
and DAPI nuclear counterstained
retinal sections of a representative
control and suture eye at week 15.
b The RGC density (cells/mm) in
the central retina of the control
and sutured eyes (n = 6). Error
bars: standard deviation. Each
circle in the bar chart represents
individual data points of the ani-
mals. *p < 0.05, paired t test.
Scale bar: 100 μm

Fig. 9 Effect of chronic IOP on
the optic nerve morphology
evaluated after 15 weeks of IOP
elevation. The longitudinal
sections of ON were stained with
H&E to assess the structural
alterations in axonal bundles.
Suture eyes with chronic IOP
elevation (right column) resulted
in posterior deformation of the
optic nerve head surface (*).
While the cell nuclei are lined up
parallel to the axonal bundles in
the control optic nerve (left
column), such arrangements
appear altered in the sutured eyes
with clustered nuclei of cellular
infiltrates (arrows), which are
suggestive of activated microglia.
Scale bar: 100 μm
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mice for 12 weeks did not cause any change in retinal blood
flow (OCT Doppler) [23]. Considering the decrease in scoto-
pic response and the change in ORL thickness in the present
study, further investigations are warranted to investigate the
possible role of ischemia with circumlimbal suture placement
in SD rats. On the other hand, photoreceptoral swelling has
been reported previously in human glaucoma (post-mortem
donor eyes) and in non-human primate model [48].
Furthermore, Choi et al. [49] showed a loss in cone density
among glaucoma subjects of varying severity when imaged
using adaptive optics. While the outer retinal changes in glau-
coma remains largely equivocal, an underlying secondary vas-
cular cause could possibly be overlooked. Interestingly,
Wilsey et al. [50] also reported a thickening of the outer retinal
complex (~ 4 to 5%) in non-human primate experimental
glaucoma model (laser photocoagulation of TM) measured
by OCT. Consistent with these findings, the present study also
observed a relative increase in ORLT fromweek 8 (2 ± 1%) to
week 15 (6 ± 1%), possibly arising from changes in the pho-
toreceptor layer following IOP elevation. However, this inter-
pretation warrants thorough investigation.

It is worth noting that IOP elevation can alter axial length,
which in turn affects the OCT measurements of retinal thick-
nesses (scan position and lateral magnification) [51]. We es-
timated the eyeball length from a subset of animals (n = 6)
after collecting the sample for histology. Sutured eyes showed
an increase in eyeball length of 0.5 mm (7 ± 3%) as compared
with control eyes (Online Resource 4). An increase in axial
length should result in a thinner retinal layer. However, the
present study found TRT thickening (in particular ORL and
IRL) and RNFL thinning. We speculate that the thickening of
ORL may arise from compromised choroidal blood circula-
tion, whereas IRL thickening may be related to glial cell pro-
liferation [50, 52, 53].

The effect of suture-induced chronic IOP on retinal struc-
ture (RNFL thickness, RGC density) and function (pSTR)
reported in pigmented rodent strains [19, 22] was also ob-
served in the present study using SD rats. However, there
appears to be a difference in the magnitude of IOP elevation
and rate of structural and functional loss between strains.
While adherence to surgical protocols and surgeon skills
may likely affect the IOP induction, the present study adapted
nearly all the surgical recommendations of suture model and
was performed by a trained surgeon. In this study, the distance
of suture placement (2mm from limbus) adapted was different
from previous reports (1.5 mm from limbus) [19]. During our
initial trials of model induction, sutures secured at a distance
of 1.5 mm in SD rats were found to slip gradually towards the
limbus over time, which could be attributed to the normal age-
related increase in eyeball size in addition to the pressure
exerted by the suture. This led to sudden IOP spikes and/or
the development of corneal changes like steep cornea, cornea
vascularisation, and opacity. All these adverse effects were

subsequently reduced by securing the suture at a distance of
2 mm from the limbus. We further estimated the suture dis-
tance from limbus (SDL) posthumously for a subset of ani-
mals (n = 6). The SDL did not influence the cumulative IOP
(r = 0.32; p = 0.53); however, it was inversely correlating with
the ORLT (r = −0.84, p = 0.04) (Online Resource 5). As the
SDL increased, the ORLT showed less thickening when com-
pared with the control eyes, indicating that the choice of initial
suture fixing distance at 2 mm away from limbus was less
likely to induce outer retinal changes. However, the suture-
encircling procedure, irrespective of suture placement dis-
tance, might still have influenced the choroidal blood supply
as well as the outer retinal structure and function. The RNFL
was not showing progressive thinning in SD rats despite a
significant loss at week 4. This may be due to the activation
of glial cells, often detected during the process of neurodegen-
eration, masking the thinning of RNFL at later time points of
the disease course [52, 54]. Also, the magnitude of IOP ele-
vation in the earlier weeks (~ 50% elevation) was not subse-
quently maintained in the later period (~ 25% elevation from
week 4 to 12), which could possibly lower the rate of RNFL
thinning after week 4. Although the current study did not use
other strains, an earlier study reported a strain-specific differ-
ence in which albino mice (CD-1) manifested greater axonal
and RGC loss following intracameral microbead injection as
compared with other two pigmented mouse strains (C57,
DBA/2J), despite all groups developed similar magnitudes
of IOP elevation [10]. Moreover, Bakalash et al. [55] reported
a difference in susceptibility between two albino strains in
which Lewis rat developed relatively greater RGC loss than
SD rats when IOP was chronically elevated by laser photoco-
agulation of episcleral and limbal veins. The degree of IOP
elevation and neuronal vulnerability between strains may be
influenced by aqueous humour dynamics [56], scleral biome-
chanical properties [57], or immunological background [55,
58] of different rodent strains. Thus strain-specific neuronal
susceptibility to stress [10, 59–62] should be taken into ac-
count when comparing between studies. Besides, such differ-
ences between strains are in line with clinical scenario wherein
patient responds distinctly to IOP stress (while some show
resistance to IOP elevation, others are vulnerable to normal
IOP levels) or progress at different rates to IOP elevation
(while some progress at slower rate, others develop faster
disease progression). Therefore, strain-specific neuronal sus-
ceptibility can be advantageously utilised as models simulat-
ing various clinical conditions to study the disease pathogen-
esis and to test the efficacy of neuroprotective agents at the
level of preclinical research [35, 63].

In summary, following a single intervention, the
circumlimbal suture OHT model in albino SD rats produced
a moderate chronic IOP elevation that resulted in RNFL thin-
ning and RGC loss. Also, the retinal function declined gradu-
ally over time, thus providing a time window to test the effects
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of anti-glaucoma drugs, for example, the neuroprotective
agents. However, SD rats also developed a small increase in
both inner and outer retinal thicknesses. Over the course of the
15-week experimentation, it was important to take into ac-
count age-related thinning of retinal layers. As the onset and
the rate of structural and functional changes observed using
SD rats differed from earlier reports using pigmented strain,
comparisons with other studies should take into account for
strain-specific differences.
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