
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Wong, VHY;Zhao, D;Bui, BV;Millar, CJ;Nguyen, CTO

Title:
Increased episcleral venous pressure in a mouse model of circumlimbal suture induced
ocular hypertension

Date:
--

Citation:
Wong, V. H. Y., Zhao, D., Bui, B. V., Millar, C. J. & Nguyen, C. T. O. (). Increased
episcleral venous pressure in a mouse model of circumlimbal suture induced
ocular hypertension. Experimental Eye Research, , https://doi.org/./
j.exer...

Persistent Link:
https://hdl.handle.net//



Experimental Eye Research xxx (xxxx) xxx

Please cite this article as: Vickie H.Y. Wong, Experimental Eye Research, https://doi.org/10.1016/j.exer.2020.108348

Available online 6 November 2020
0014-4835/© 2020 Elsevier Ltd. All rights reserved.

Increased episcleral venous pressure in a mouse model of circumlimbal 
suture induced ocular hypertension☆ 
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A R T I C L E  I N F O   

Keywords: 
Mouse 
IOP 
Aqueous dynamics 

A B S T R A C T   

Purpose: To investigate changes in aqueous humor dynamics during intraocular pressure (IOP) elevation induced 
by circumlimbal suture in mice. 
Methods: Ocular hypertension (OHT) was induced by applying a circumlimbal suture behind the limbus in male 
adult C57BL6/J mice. In the OHT group, the suture was left in place for an average of 8 weeks (n = 10, OHT 
group). In the sham control group the suture was cut at 2 days (n = 9, sham group) and in the naïve control group 
(n = 5) no suture was implanted. IOP was measured at baseline across 3 days, 1 h post-suture implantation, and 
at the chronic endpoint. Anterior segments were assessed using optical coherence tomography (OCT). Episcleral 
venous pressure (EVP), total outflow facility (C), uveoscleral outflow (Fu) and aqueous humor flow rate (Fin) 
were determined using a constant-flow infusion model. 
Results: All aqueous dynamic and chronic IOP outcome measures showed no difference between sham and naïve 
controls (p > 0.05) and thus these groups were combined into a single control group. IOP was elevated in OHT 
group compared with controls (p < 0.01). Chronic suture implantation did not change pupil size, anterior 
chamber depth or iridocorneal angles (p > 0.05). EVP was significantly higher in OHT eyes compared to control 
eyes (p < 0.01). There was no statistical difference in C, Fu and Fin between groups (p > 0.05). A significant 
linear correlation was found between IOP and EVP (R2 = 0.35, p = 0.001). 
Conclusions: Circumlimbal suture implantation in mouse eyes results in chronic IOP elevation without angle 
closure. Chronic IOP elevation is likely to reflect higher EVP.   

1. Introduction 

Glaucoma is a multifaceted neurodegenerative condition charac
terised by progressive retinal ganglion cell loss and optic nerve degen
eration. Elevated intraocular pressure (IOP) is the most well-defined and 
only modifiable risk factor in glaucoma (Cook and Foster, 2012; Kass 
et al., 2002; Zhan et al., 2002). Glaucoma is characterised by retinal 
ganglion cell dysfunction and retinal nerve fibre layer thinning as has 
been documented in both laboratory and clinic studies (Fortune et al., 
2004; Pollet-Villard et al., 2014; Saleh et al., 2007; Viswanathan et al., 
2001). Rodent models are commonly used in glaucoma research as they 
are inexpensive and suitable for longitudinal assessment. Mice models 
also have distinct advantages in terms of the availability of genetic tools 
to probe our understanding of disease pathogenesis. Mice show IOP 
levels similar to those seen in humans (Johnson and Tomarev, 2010; 

Martinez-Aguila et al., 2016), and have similar aqueous humor dy
namics relative to human eyes (Johnson and Tomarev, 2010; Pang and 
Clark, 2007). Because of these similarities and advantages, mice are 
increasingly used by glaucoma researchers, notwithstanding differences 
in optic nerve structure (Fischer et al., 2009; Jeon et al., 1998). 

There are a variety of rodent glaucoma models, each with distinct 
advantages and disadvantages. The circumlimbal suture model (He 
et al., 2018; Lee et al., 2019; Liu et al., 2017a, 2017b; Zhao et al., 2017, 
2019) employed in this study produces sustained mild and stable IOP 
elevation, preferential loss of retinal ganglion cells, clear optics to 
facilitate in vivo imaging and ease of IOP normalization (suture 
removal) without potential confounds associated with pharmacological 
intervention (He et al., 2018; Liu et al., 2017a; Zhao et al., 2017, 2019). 
However, the mechanism of IOP elevation in the circumlimbal approach 
has not yet been examined. This knowledge would better inform the use 
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of this model for glaucoma research. 
The level of IOP in the eye is determined by a balance between a 

range of factors. Aqueous humor (AH) is produced by the ciliary body 
and drains out of the eye through the ‘conventional route’ (trabecular 
meshwork) or ‘unconventional’ route (uveoscleral and uveovortex 
pathways) (Johnson et al., 2017). The trabecular meshwork pathway 
(otherwise known as the pressure sensitive pathway) involves aqueous 
draining through the trabecular meshwork into the Schlemm’s canal 
which feeds into the episcleral venous network (Gong et al., 1996; 
Johnson et al., 2002; Tamm, 2009). The majority of aqueous outflow 
occurs through this pathway, but a certain proportion also flows out the 
uveoscleral pathway. The uveoscleral route (or pressure-insensitive 
pathway) involves AH drainage between the iris and ciliary muscle 
bundles which is then absorbed by orbital blood vessels surrounding 
these muscles. A fraction of this AH is taken up by the choroidal vessels 
via osmosis and drained into the vortex veins (uveovortex outflow). The 
pressure gradient that exists between the higher-pressure anterior 
chamber (IOP) to the lower pressure episcleral veins (EVP) facilitates 
aqueous outflow. The relationship between IOP and AH dynamic pa
rameters can be described by a modified Goldmann equation (Becker 
and Neufeld, 2002; Brubaker, 2004; Goldmann, 1951; Mermoud et al., 
1996; Millar et al., 2011) where Fin is the AH production rate, Fu is the 
uveoscleral outflow rate, C is the outflow facility and EVP is the epis
cleral venous pressure (Equation (1)). 

IOP=

[
(Fin⋅ − Fu)

C

]

+ EVP [1] 

The mechanism of IOP elevation varies depending on the type of 
glaucoma. In angle closure glaucoma, aqueous outflow is compromised 
through physical obstruction of the drainage pathways. In chronic pri
mary open angle glaucoma, it has been shown that increased outflow 
resistance in the trabecular pathway contributes to elevated IOP 
(Allingham et al., 1996; Alvarado and Murphy, 1992; Becker and Hahn, 
1964; Jackson et al., 2006; Tamm and Fuchshofer, 2007) and some 
studies indicate a role for elevated EVP (Greenfield, 2000; Greslechner 
and Oberacher-Velten, 2019; Jorgensen and Guthoff, 1988; Selbach 
et al., 2005), however the exact mechanisms still remain unclear. In 
terms of animal studies, current rodent glaucoma models target the 
trabecular meshwork or episcleral vein outflow routes to elevate eye 
pressure. For example, the microbead injection model (Chen et al., 2011; 
Smedowski et al., 2014) and laser photocoagulation model (Kwong 
et al., 2011; Levkovitch-Verbin et al., 2002) aim to clog and scar the 
trabecular meshwork which should lower outflow facility (C), and other 
models like the episcleral vein cauterization (Anders et al., 2017; Liu 
et al., 2017b; Ruiz-Ederra and Verkman, 2006; Shareef et al., 1995) and 
ligation models (Dey et al., 2018; Yu et al., 2006) scar and tie off epis
cleral veins, thus an elevation of EVP would be expected. The circum
limbal suture model involves attaching and tightening a thin thread 
behind the limbus to apply inward compression of the globe and sur
rounding episcleral veins (He et al., 2018). However, the exact mecha
nism by which this model induces chronic IOP elevation has not yet been 
examined. 

2. Materials and methods 

2.1. Animals 

In total 24 adult male C57BL/6J mice aged 3 months old (Animal 
Resource Centre, Caning Vale, WA, Australia) were used in this study. 
All procedures were conducted in accordance with the National Health 
and Medical Research Council of Australia guide for the use of animals in 
research and conformed with the ARVO Statement for the Use of Ani
mals in Ophthalmic and Vision Research. Animal ethics was approved by 
the Howard Florey Animal Ethics Committee (ethics number: 13-068- 
UM). Mice were housed in the Melbourne Brain Centre (Parkville, VIC, 

Australia) with free access to water and chow (Barastoc, Melbourne, 
VIC, Australia). Room temperature was kept at 21 ◦C, with animals 
exposed to a 12-h light/dark cycle (lights on at 7 am/off at 7pm, < 50 lux 
inside the cage). 

Animals were allocated into three groups: an ocular hypertension 
group (OHT, n = 10) and a control group which included a suture cut 
sub-cohort (sham, n = 9) and an age-matched naïve sub-cohort (naïve, n 
= 5). All animals were handled daily for one week prior to the experi
ment for acclimation. One eye of each mouse was randomly chosen as 
the IOP-treated eye, and end-point assessment was conducted during the 
chronic phase of IOP elevation (He et al., 2018; Liu et al., 2015; Zhao 
et al., 2017, 2019), between 6 and 10 weeks (average 8 weeks) after 
circumlimbal suture placement. 

For suture implantation, to achieve stable sedation, conscious mice 
were induced with a relatively higher isoflurane rate (IsoFlo®, 3.5% 
isoflurane with oxygen at a flow rate of 3 L/min), and then switched to a 
lower rate (1.5% isoflurane with oxygen at a flow rate of 1.5 L/min) to 
maintain sedation via the RotaFlush™ anesthetic system (Medical De
velopments International Ltd, Springvale, VIC, Australia). During end- 
point examinations, animals were anesthetized by intraperitoneal in
jection of a ketamine and xylazine mixture (80 and 10 mg/kg respec
tively, Troy Laboratory, Glendenning, NSW, Australia). Animals were 
given a top-up dose (half initial dose) every 45 min. A drop of local 
anesthetic (0.5% proxymetacaine, Alcaine, Alcon Laboratories, Frenchs 
Forest, NSW, Australia) and mydriatic (1% tropicamide, Mydriacyl, 
Alcon Laboratories) were given to obtain corneal anesthesia and pupil 
dilation, respectively. During anesthesia, body temperature (~37 ◦C) 
was maintained by using an electrical heat pad. A ketamine over-dose 
(>150 mg/kg intraperitoneal injection) was utilized to euthanatize the 
animal before repeating outflow measurements in deceased animals 
(Fig. 1B). 

2.2. Circumlimbal suture implantation and removal 

The circumlimbal suture model to induce ocular hypertension (OHT) 
in mice has been described previously (He et al., 2018; Zhao et al., 
2017). In brief, a 10/0 nylon micro-surgical suture with attached needle 
was weaved over and under the conjunctiva 1 mm posterior to the 
limbus. The suture was threaded about 4–5 times (anchor points) un
derneath the conjunctiva to secure the suture in place for each eye. Care 
was taken to avoid penetrating the sclera. A slip-knot was made which 
facilitated adjustment of the inward force of compression, after weaving 
the suture around the eyeball. Once the target IOP (~30–40 mmHg) was 
reached, a second normal knot was tied to maintain the tension (He 
et al., 2018). The knot was made in the superior quadrant (around 12 
o’clock) of the eyeball, and the end of the suture was trimmed to less 
than a 1 mm. In most of the animals in the OHT group, the knot and the 
tip of suture were embedded into the conjunctiva 1 week after the sur
gery. The knot was checked daily and if found to protrude it was trim
med using fine ophthalmological scissors to minimise any discomfort. 
Throughout the procedure corneal dehydration was avoided using a 
thick ophthalmic lubricating eye gel (GenTeal, 0.3% hypromellose, 
0.22% carbomer 980; Novartis Pharmaceuticals, Macquarie Park, NSW, 
Australia). In the sham group, circumlimbal suture implantation was 
also performed. Two days later, under isoflurane anesthesia, the suture 
was cut and carefully removed to normalize IOP. This sham group 
comprised the sham control, where an initial IOP spike was induced and 
surgical procedure was replicated but no chronic IOP elevation ensued 
(Fig. 3B and C). 

2.3. IOP measurement 

IOP was measured in both conscious and anesthetized animals, 
without topical anesthesia, utilizing a handheld rebound tonometer 
(TonoLab, Icare Finland Oy, Vantaa, Finland). To achieve reliable 
measurements, 10 repeated single readings were recorded for each eye. 
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A detailed time-course of IOP elevation following suture implantation 
has previously been reported from our group in mice (Zhao et al., 2017, 
2019) and rats (Liu et al., 2015). These studies indicate that the highest 
IOP spike occurs at ~1 h post-surgery which then settles to a chronic 
steady IOP elevation between 2 and 12 weeks post-suture implantation. 
As such in the current study IOP was measured at the key timepoints of 
baseline (day − 1, − 2, − 3 prior to suture implantation), 1 h post-suture 
implantation (IOP peak) and at the chronic end-point measurement 
directly before AH dynamic measurements (6–10 weeks post-surgery, 
average 8 weeks). 

2.4. Anterior segment assessment 

Potential changes in anterior segments induced by the circumlimbal 
suture were assessed using Bioptigen optical coherence tomography 
(Envisu R2200 VHR, Bioptigen Inc, Wetzlar, Germany) prior to AH dy
namics assessment. A telecentric lens designed for small rodent eyes (18 
mm, Bioptigen) was utilized to capture images of the gross structure of 

the anterior segment. The mouse was placed in a 3-way adjustable stage 
that allowed alignment of the central apex of the cornea with the 
objective lens. Anterior segment images were acquired by a 4 × 4 mm 
volume scan (100 evenly spaced horizontal B-scans, 1000 A-scan/B- 
scan). An extra en face image of the ocular surface of each eye was also 
obtained for pupil size measurement. All images were processed and 
analysed using an open source imaging analysis software (FIJI, https: 
//fiji.sc). Images were converted to their original size (1 pixel: 1 μm) 
in advance. One B-scan image through the corneal apex of each eye was 
used to measure the anterior chamber depth, and the iridocorneal angle. 
In a masked fashion, the anterior chamber depth was measured verti
cally from the inner surface of the cornea to the anterior surface of the 
lens. The iridocorneal angle was calculated as the average of both the 
temporal and nasal angles. Pupil size was quantified by the average of 
both horizontal (180◦) and vertical (90◦) widths from the en face image. 

Fig. 1. Schematic diagram of constant-flow infusion model in mice. (A) The anterior chamber was cannulated with a 30G needle and connected via polyethylene 
tubing to a pressure transducer and via a 3-way T junction to a fluid filled reservoir. To estimate EVP the height of the saline reservoir was slowly and systematically 
lowered (1 mmHg each minute) whilst the superior surface of the eye (and episcleral vessel dilation) was visualised through a surgical microscope. (B) Following EVP 
estimation, the constant-flow infusion method developed by Millar et al. (2011) was then employed. Briefly, fluid was delivered to the anterior chamber through a 
syringe pump. Pressure in response to infusion (0.1, 0.2, 0.3, 0.4, 0.5 μl/min) was monitored via the pressure transducer connected to Labchart software (acquired 
using a personal computer, PC). Once pressure plateaued to a particular infusion rate which took ~ 10 min the next infusion pressure was delivered. Following the 
maximum infusion rate of 0.5 μl/min, infusion was stopped, and the animal was culled. The same constant infusion method was then applied (0.1, 0.2, 0.3, 0.4, 0.5 
μl/min) and from these the parameters C, Fu, Fin could be derived. 
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2.5. Constant-flow infusion model for aqueous humor dynamics 
assessment 

To quantify AH dynamic parameters, a constant-flow infusion model 
in mice developed by Millar and colleagues was adapted for use in this 
study (Millar et al., 2011). This method returns an estimate of episcleral 
venous pressure (EVP), total outflow facility (C), uveoscleral outflow 
rate (Fu) and AH production rate (Fin). In brief, the anterior chamber 
was cannulated parallel to the iris with a 30G needle up to the bevel. 
This was connected via polyethylene tubing (0.40 × 0.80 mm, Micro
tube Extrusions, North Rocks, NSW, Australia) to a pressure transducer 
(Transpac, Abbott Critical Care Systems) which was connected to a 
pre-calibrated reservoir filled with Hanks Salt Balanced Solution (Cat# 
H6648, Sigma Aldrich Pty Ltd., Castle Hill, NSW, Australia) and a sy
ringe pump (Pump 11 Elite Infuse/Withdraw Programmable Syringe 
Pump, Harvard Apparatus, Holliston, MA, USA) with a 5 ml luer lock 

syringe (Terumo Europe, Leuven, Belgium) via a 3-way stop cock (SDR 
Scientific, Chatswood, NSW, Australia) and larger lumen tubing. The 
pressure transducer was connected to an amplifier system (Bridge Amp 
ML110, Powerlab Amplifier ML 785, LabChart software, ADInstruments 
Pty Ltd, Bella Vista, NSW, Australia). By opening the system to the 
reservoir, and artificially lowering intracameral pressure at the rate of 1 
mmHg every minute blood reflux into aqueous veins could be visualised 
(as described in EVP measurement). To determine total outflow facility, 
the system was opened to the syringe pump to control inflow rate (as 
described in Total outflow facility measurement) (Fig. 1). 

2.6. EVP measurement 

To obtain an estimate of episcleral venous pressure, the system was 
opened to the reservoir which set IOP at 17 mmHg. This reservoir was 
then gradually lowered (Fig. 1A) in 1 mmHg steps every minute until 

Fig. 2. Two methods determining episcleral venous pressure. (A, B) Representative images showing episcleral vessel dilation. Green arrow: baseline; red arrow: 
dilated vessel; dotted lines: ROI to measure vessel diameter. Scale bar: 50 μm. (C) Invisible Schlemm’s canal at baseline (red arrowheads)and (D) blood reflux in 
Schlemm’s canal (read arrowheads). Scale bar: 500 μm. (E) The change in vessel diameter is plotted against frame which corresponds to manometrically set eye 
pressure. Green arrow: baseline vessel diameter, red arrow: vessel dilation determined by EC 90 of the fitted sigmoidal function. 
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down to 2 mmHg. In addition to direct visualisation of blood reflux into 
Schlemm’s canal as described by Millar et al. (2011), a camera (colour 
CMOS 2.3 MP, 0.5x eyepiece adaptor, XiCamTool software; Münster, 
Germany) was connected to a surgical microscope (STORZ Urban US-1, 
Tuttlingen, Germany) to record a high-resolution video (30 fps, 480p) of 
Schlemm’s canal and one episcleral vein on the superior aspect of the 
eye throughout sequentially IOP (reservoir) lowering. 

The exported images were analysed with FIJI software (Schindelin 
et al., 2012). To correct for movement during recordings images were 
registered using a FIJI plugin (StackReg, Translation) which minimised 
the mean square difference of intensities between the reference image 
and other images using a sub-pixel algorithm (Thevenaz et al., 1998). 
These videos were then viewed by a masked observer to determine the 
time (and associated IOP) at which blood reflux into Schlemm’s canal 
could be observed (Fig. 2C and D). The advantage of this video approach 
over in situ assessment of blood reflux is that it can be reviewed multiple 
times to allow more confident and blinded assessment of EVP. In 

addition to visual observation of Schlemm’s canal quantitative assess
ment of episcleral venous diameter was undertaken using the vessel 
diameter plugin. This was applied by placing a line of interest (LOI) 
perpendicular to the episcleral vein and with the vessel diameter occu
pying ~ 1/3 of the LOI length (Fig. 2A and B: dotted lines). The plugin 
quantified vessel diameter by returning the full-width at half maximum 
for the intensity profile of the LOI (Fischer et al., 2010). Episcleral vessel 
diameter was then plotted against image frame number (Fig. 2E) which 
was time stamped to pressure transducer measurements measured in the 
LabChart software (ADInstruments Pty Ltd). Changes in diameter as a 
function of pressure was modelled with a sigmoidal function (Equation 
(2)), where a F-test comparison of three models indicated this was the 
best fit model (Supplementary Fig. S2). The EC90 (90% efficient con
centration) of this equation was then returned as an objective quantifi
cation of episcleral vessel dilation and thus measurement of EVP 
(Fig. 2E). 

Fig. 3. Group average IOP in awake and anesthetized mice. (A) Baseline measurement of IOP (mmHg) in awake animals (Days − 1, − 2 and − 3 prior to surgical 
procedure) and (B) at 1 h following suture implantation conducted in anesthetized mice. (C) IOP levels in the OHT group remain significantly higher at the chronic 
end-point in awake animals compared to naïve and sham groups, but not in anesthetized conditions, p = 0.08 (D). As naïve and SC groups were not significant 
different at end-point, IOP was combined in these groups, and (E) IOP was higher in OHT mice then control under awake and (F) anesthetized conditions. Averaged 
(±SEM) IOP in OHT (green), combined control (light grey), naïve (white) sham (dark grey) groups. Asterisks denotes significance: *: p < 0.05, ****: p < 0.0001. 
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diameter =min +

[
pressuren⋅(max − min)
(pressuren + EC50n)

]

[2]  

2.7. Total outflow facility measurement 

Following return of IOP to baseline anesthetized levels via the 
reservoir for a minimum of 10 min the system was opened to the syringe 
pump via the 3-way T-junction to determine total outflow facility 
(Fig. 1B). The infusion rate of the pump started at 0.1 μL/min and was 
gradually increased to 0.5 μL/min in 0.1 μL steps. The transition be
tween each infusion rate was initiated after IOP had plateaued as 
monitored using LabChart software. Typically, it took 10 min or more 
for IOP to plateau to each infusion rate. The IOP level at this plateau 
phase was plotted against infusion rate. A linear function (y = mx + c) 
was fit to this data, where the inverse of the slope returned total outflow 
facility (C; μL/min/mmHg). This protocol was repeated in the same 
animal 60 min following euthanasia via an overdose of ketamine in
jection. By doing so, the outflow facility in alive and dead animals could 
be determined which facilitates estimation of uveoscleral outflow (Fu) 
and aqueous production (Fin) as shown by Millar et al. (2011). 

2.8. Estimation of Fu and Fin 

In this study, the uveoscleral outflow (Fu) and AH production rate 
(Fin) is indirectly estimated by utilizing the modified Goldmann equation 
(Equation (1)) to estimate Fu and Fin (Millar et al., 2011). When the 
syringe pump was infusing, the equation could be adjusted to: 

IOPpump =

[(
Fpump + Fin − Fu

)

C

]

+ EVP [3]  

where the IOPpump refers to the IOP measured when the pump was on, 
and the Fpump is the infusion flow rate. Fin and EVP were considered 
negligible in dead animals; thus Equation (2) was modified and trans
formed as: 

Fu =Fpump − C⋅IOPpump [4]  

where the Fu and C indicate uveoscleral outflow and calculated total 
outflow facility, respectively. C is assumed as same as C in dead animals 
(C = Cdead, tested in Results). Fu was calculated by the average of five 
values generated from the five flow rates (Fpump). 

Finally, the last undetermined parameter Fin in Equation (1) can be 
estimated by transforming Equation (4) as follows: 

Fin = [(IOP − EVP)C] + Fu [5]  

where Fu is uveoscleral outflow calculated by Equation (3), and C is 
measured in alive mice. Therefore, all the other parameters were sub
mitted into Equation (4) to calculate Fin. 

2.9. Statistical analysis 

Group data are represented as mean ± SEM with individual data 
points overlaid, and significance was established with α = 0.05. Outliers 
were excluded via two means. Firstly, if bleeding occurred during can
nulation which would alter aqueous dynamics the animal was excluded. 
Secondly, Grubb’s test was used as a statistical comparator to exclude 
outliers from further analysis. All data were determined to be normally 
distributed using a Kolmogorov-Smirnov test. Statistical comparison 
was carried out using one-way or two-way ANOVA to determine treat
ment effects, with post-hoc multiple comparison performed using 
Tukey’s test and Dunnett’s test, respectively. Unpaired t-tests was per
formed in the sham and naïve groups. Data were displayed across the 
three groups (naïve, sham and OHT) for IOP measurements as the initial 
acute IOP spike is different between naïve and sham groups. For all other 
measures no statistical differences were found between sham and naïve 

groups (Supplementary Table 1). As such data for these two groups were 
combined and considered to be the combined “control group”. 

3. Results 

3.1. IOP elevation on sutured eyes 

Fig. 3 shows the IOP measured in awake and anesthetized mice in 
naïve, sham and OHT groups. In Fig. 3A–D groups are illustrated sepa
rately, in Fig. 3E and F naïve and sham groups are combined given at the 
chronic end-point no statistical differences were found between these 
groups. IOP levels were similar between all groups at baseline (Fig. 3A). 
An IOP spike after circumlimbal suture implantation was evident in both 
sham and OHT groups (Fig. 3B sham: 40.2 ± 2.1 mmHg, n = 9, vs. OHT: 
38.2 ± 2.5 mmHg, n = 10, p = 0.55; at 1 h after suturing). After suture 
removal (day 2), IOP in the sham group declined to levels similar to the 
naïve group and remained so until the end point (Fig. 3C and E). IOP in 
the OHT group remained higher than sham and naïve eyes throughout 
the experimental period. As shown in Fig. 3E, in conscious animals IOP 
was significantly increased in the OHT group (18.8 ± 1.6 mmHg, n = 10, 
p < 0.01) compared with the combined control group (13.6 ± 0.6 
mmHg, n = 14). Similarly, Fig. 3F shows that in anesthetized mice IOP in 
the OHT group was higher IOP than controls (+5.2 ± 2.2 mmHg; p <
0.05). 

3.2. Effects of circumlimbal suture on anterior segments 

To determine whether the suture implantation induced chronic angle 
closure, anterior segment OCT was conducted during the chronic phase 
of IOP elevation. Fig. 4A and B shows representative images en face 
images of the pupil in a sutured and a control eye after 8 weeks of IOP 
elevation, respectively. The pupil remained circular in shape and was 
similar in size between the sutured and control eye (Fig. 4E, OHT: 1912 
± 101 μm, n = 9 vs. control: 1972 ± 24 μm, n = 9; p = 0.52). Fig. 4C and 
D shows that the anterior eye configurations were similar between 
control and IOP-treated eyes. Specifically, anterior chamber (AC) depth 
(Fig. 4F OHT: 290.8 ± 3.9 μm vs. control: 291.1 ± 3.7 μm; p = 0.93) and 
iridocorneal angles were similar between groups (Fig. 4G OHT: 26 ± 1◦

vs. control: 25 ± 2◦; p = 0.98) indicating that suture implantation did 
not cause angle closure or narrow angles in these mice. 

3.3. Effects of circumlimbal suture on EVP 

In Fig. 5, EVP was estimated by both direct observation of blood 
reflux (Fig. 5A) into Schlemm’s canal and by objective quantification of 
vessel dilation (5B). EVP was significantly higher in the OHT group 
(13.0 ± 1.5 mmHg) compared with the control group (7.7 ± 0.6 mmHg) 
when determined by blood reflux (p < 0.01). Similarly, when EVP was 
assayed by objectively quantifying of episcleral vein dilation (Fig. 5B), 
OHT eyes (11.7 ± 0.9 mmHg) had significantly higher EVP compared to 
control eyes (8.0 ± 0.7 mmHg, p < 0.01). 

Episcleral venous pressure determined by blood reflux and vessel 
dilation (Fig. 5C) were significantly correlated (R2 = 0.48, Y = 0.91*X +
1.29; 95%CI: slope: 0.49–1.33, Y-intercept: − 2.9 - 5.5) suggesting the 
EVP determined by these two methods were comparable. 

3.4. Effects of circumlimbal suture on outflow facility, Fu and Fin 

Fig. 6A compares the trabecular meshwork outflow facility (C) in 
control and OHT groups in both alive and dead conditions. When the 
mouse was alive, the outflow facility in OHT eyes (0.016 ± 0.002 μL/ 
min/mmHg) was very to control eyes (0.014 ± 0.002 μL/min/mmHg). 
When the outflow facility measurement was repeated in dead animals, 
there was still no difference between the control and OHT groups 
(control: 0.017 ± 0.003 μL/min/mmHg vs. OHT: 0.021 ± 0.003 μL/ 
min/mmHg). Two-way ANOVA analysis suggests that outflow facility 
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remained unchanged in OHT eyes (p > 0.05), and also there was no 
difference between alive and dead mice in this model (p > 0.05). 
Therefore, outflow facility in dead animals was utilized as a substitution 
of C in alive animals to calculate uveoscleral venous flow as per Millar 
et al. (2011). 

Fig. 6B shows the uveoscleral venous flow (Fu) calculated when the 
animal was dead according to Equation (3). It is interesting to note that 
there was a trend for Fu to be smaller in the control group (0.01 ± 0.07 
μL/min), however this was not statistically different to OHT eyes (0.14 
± 0.05 μL/min, p = 0.17). Aqueous humor generation rate (Fin) can be 
calculated according to Equation (5) by substituting all other measured 
and calculated parameters (Fig. 6C). There was no statistical difference 
between OHT eyes and control eyes (0.21 ± 0.06 μL/min vs. 0.07 ± 0.07 
μL/min, p = 0.17). This indicates that outflow facility, uveoscleral 
outflow and AH production were not affected by the circumlimbal su
ture. Correlation between EVP and IOP. 

Awake IOP and EVP for individual eyes is plotted in Fig. 7. Linear 
regression analysis returns a strong a correlation between IOP and EVP 
(R2 = 0.35; Y = 0.47*X + 2.61; non-zero slope: p < 0.01). This suggests 
IOP elevation linearly correlated to increased EVP. 

4. Discussion 

4.1. Episcleral vein dilation is an objective method to estimate EVP 

We used two methods to estimate EVP in this study. Currently, direct 
observation of blood reflux into Schlemm’s canal during gradual intra
cameral pressure lowering is the most well-established method to esti
mate EVP in murine models (Aihara et al., 2003b; Millar et al., 2011; Sit 
and McLaren, 2011). In a normal eye, aqueous humor is constantly 
generated by the ciliary body and drained into Schlemm’s canal which 
feeds into the episcleral venous network. This outflow is driven by the 
pressure difference between the intracameral pressure (higher) and EVP. 
When the EVP is marginally greater than intracameral pressure, blood 
from the episcleral veins will flow back into Schlemm’s canal, and this 
blood reflux can be visualised through the thin sclera at the limbal re
gion (Fig. 2D). As IOP is lowered below EVP, an increase in blood reflux 
will be seen until it fills Schlemm’s canal. In contrast, when IOP is higher 
than EVP it is very difficult to visualise Schlemm’s canal given that 
aqueous humor is clear (Fig. 2C). By determining the IOP at which 
Schlemm’s canal becomes visible it is possible to estimate episcleral vein 
(EVP). This method is simple to perform but has its limitations. The time 
or IOP at which blood refluxes into Schlemm’s canal when determined 
by subjective observation depends on observer reliability and sensitivity 

Fig. 4. Comparison of anterior segments between OHT and control eyes. (A-B) Representative images showing similar pupil size between control and OHT eyes. 
Scale bar: 1 mm. (C) Anterior chamber OCT images in a control eye and (D) IOP-treated eye. Scale bars, vertical: 100 μm, horizontal: 500 μm. Averaged group data of 
(E) pupil size, (F) anterior chamber depth and (G) iridocorneal angle in OHT and control groups. OHT: ocular hypertension, OCT: optical coherence tomography, AC: 
anterior chamber. 
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and can thus be highly variable. Also, a clear view of Schlemm’s canal 
can sometimes be obstructed if the animal is heavily pigmented or has a 
relatively denser episcleral vasculature (Supplementary Fig. S1). 

When EVP is just marginally greater than intracameral pressure, 
blood reflux increases the pressure inside Schlemm’s canal with an 
associated increase in episcleral vein diameters, likely as a response to 
increased back pressure into these vessels. In this study, we used an 
automated blood vessel diameter algorithm in FIJI (Schindelin et al., 
2012) to quantify episcleral vein diameter throughout IOP lowering. 
This diameter-pressure profile was modelled with a sigmoidal function, 
and the EC90 was chosen as the cut off point for vessel dilation. Com
parison between this automated method and direct observation of blood 
reflux (Fig. 5) showed that they were significantly correlated (R2 = 0.48; 
Y = 0.91*X + 1.29; p < 0.001), suggesting episcleral vein dilation is a 
reliable surrogate for EVP. Sit et al. (2011) report another approach to 
directly measure pressure in the episcleral veins to estimate EVP. In 
contrast to lowering the intracameral pressure, they delivered gradually 
increasing force on a small region via a venomanometer, and a 
high-resolution camera was simultaneously used to record the episcleral 
vessel. EVP was considered equal to the pressure causing episcleral vein 
collapse. They found that the response of the episcleral vein to pressure 
change was a sensitive measure, in concordance with the findings of this 
current study. As episcleral veins are more readily visualised above the 
sclera, quantifying their dilation in response to IOP lowering may be a 
useful objective measure of EVP in mouse eyes. 

4.2. Elevation of episcleral venous pressure in OHT eyes 

The lack of statistical difference between the sham and naïve groups 
indicate that the surgical procedure itself and short term IOP spike did 
not cause any long term alterations to aqueous dynamics. The key 
finding of this study was that EVP in the OHT group was significantly 

higher than the control group (+3.7 ± 1.2 mmHg, Fig. 5), whilst other 
parameters of aqueous humor dynamics remained unchanged. Accord
ing to the Goldmann equation (Becker and Neufeld, 2002), IOP would be 
higher with EVP elevation without any other change to aqueous humor 
dynamics. Reduction of the pressure gradient (because of EVP elevation, 
Fig. 5) between the episcleral venous network and Schlemm’s canal 
would impede aqueous fluid drainage, resulting in IOP elevation 
(Fig. 3). It has also been shown that IOP rapidly responds to EVP 
elevation, usually within 1 min (Friberg et al., 1987). It is notable that 
IOP elevation can still be achieved in the larger rat eye, despite efforts to 
thread the suture under the major episcleral veins to avoid direct 
compression (He et al., 2018; Liu et al., 2015). This might suggest that 
elevated EVP can arise from altered backflow pressure at the episcleral 
veins or at adjoining vasculature beds. 

Our anterior segment assessment showed that the chronic suture 
implantation did not cause angle closure, which suggests the IOP 
elevation was not due to pupillary block or angle crowding mechanisms 
(Fig. 4). Therefore, we conjecture that the circumlimbal suture com
pressed the episcleral vascular network, increasing EVP, which led to 
impeded aqueous humor outflow and ocular hypertension. Elevated EVP 
has been shown to be a mechanism involved in primary open-angle 
glaucoma (POAG) and normal tension glaucoma (NTG) patients 
(Greenfield, 2000; Greslechner and Oberacher-Velten, 2019; Jorgensen 
and Guthoff, 1988; Selbach et al., 2005). Selbach et al. (2005) directly 
measured IOP and EVP in glaucoma patients and normal controls, and 
they showed significantly higher EVP in POAG patients (12.1 ± 0.5 
mmHg, n = 32) and NTG patients (11.6 ± 0.4 mmHg, n = 36), compared 
to normal controls (9.5 ± 0.2 mmHg, n = 56). Consistent with our results 
(Fig. 7), they also demonstrated a linear relationship between IOP and 
EVP in glaucoma patients (R2 = 0.47; Y = 0.55*X + 9.93). In animal 
studies, other rodent glaucoma models such as episcleral vein cauter
ization model (Ruiz-Ederra and Verkman, 2006; Shareef et al., 1995) 

Fig. 5. Effects of circumlimbal suture on episcleral venous pressure. (A) EVP determined by observation of blood reflux in Schlemm’s canal. EVP in OHT eyes is 
significantly higher than control eyes. (B) EVP significantly increased in OHT eyes than control via episcleral vessel dilation assessment. (C) Linear correlation 
between the two methods, where (D) shows the residual plot of the linear regression fit. Asterisks denotes significance: **: p < 0.01. 
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and episcleral vein ligation model (Dey et al., 2018; Yu et al., 2006), are 
designed to also target elevation of EVP to induce an IOP increase. 
Rather than compressing the episcleral vascular network, EVP elevation 
in those models are achieved by obstruction of blood flow (cauterization 
or ligation) in a few of the main episcleral venous branches, and the 
reported IOP (~19 mmHg–21 mmHg in treated eyes) was similar to the 
circumlimbal suture model (Huang et al., 2018; Sawada and Neufeld, 
1999; Zhu et al., 2012). 

4.3. Outflow facility and uveoscleral outflow remained unchanged in this 
model 

It is widely accepted that reduced outflow facility is associated with 
POAG (Allingham et al., 1996; Alvarado and Murphy, 1992; Becker and 
Hahn, 1964; Tamm and Fuchshofer, 2007). Decreased outflow facility 
(more resistance) effects the efficiency of aqueous humor drainage 
principally through the conventional pathway. Structural changes in 
both the trabecular meshwork and/or Schlemm’s canal have been 
implicated in glaucoma (Grant, 1963; Johnson et al., 1992; Stamer and 
Acott, 2012). Some studies also show that outflow facility can be 
temporarily increased to compensate IOP elevation via autoregulation, 
which is to modify juxtacanalicular tissue structure (Bradley et al., 2001; 
Keller et al., 2009; Lu et al., 2008; Maepea and Bill, 1992). Our data 
show that IOP elevation with the circumlimbal suture was not due a 
reduction in total outflow facility (Fig. 6). 

In mice, trabecular outflow is thought to be the predominant AH 
outflow pathway. However, uveoscleral outflow has been shown to be as 
high as ~40–50% in younger animals, but does decline as animals age 
(Millar and Pang, 2015). Also, the uveoscleral pathway exhibits a facility 
of less than 10% of total facility and is thus generally assumed to be 
pressure-independent. The average uveoscleral outflow rate in our mice 
(0.14 ± 0.05 μL/min) is similar to that reported in the literature from 
various groups employing similar and different methods (0.115–0.148 
μL/min) (Aihara et al., 2003a; Crowston et al., 2004; Lindsey and 
Weinreb, 2002). Uveoscleral outflow was also not altered by the cir
cumlimbal suture model (Fig. 6B). Uveoscleral outflow and aqueous 
production are mathematically derived from other directly assessed 
parameters (Equations (4) and (5)). This may lead to seemingly “nega
tive” measurements in individual animals (Fig. 6B and C) which is a 
reflection of the variability of the mathematical derivation. Direct 

Fig. 6. Effect of circumlimbal suture on aqueous humor outflow facility, uveoscleral outflow and aqueous humor generation rate. (A) Aqueous humor outflow facility 
measured in alive and dead animals. Two-way ANOVA, p > 0.05. (B) Calculated uveoscleral outflow. No difference between control eyes and OHT eyes (p = 0.17). 
(C) Calculated aqueous humor generation rate. No difference between control eyes and OHT eyes (p = 0.17). 

Fig. 7. Correlation of awake IOP at end-point and EVP in all animals. (A) 
Positive linear relationship was found between IOP and EVP, with a non-zero 
function: Y = 0.47*X + 2.61, R2 = 0.35. Inset: Residual plot for the linear 
regression modelling the EVP vs IOP dataset. 
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assessment of uveoscleral outflow (Lindsey and Weinreb, 2002) and 
aqueous production (Aihara et al., 2003a) may provide more accurate 
assessment of these parameters. However, as these approaches employ 
florescent dextrans and can limit simultaneous assessment of other AH 
measures they were not employed in the current study but would be 
useful in the future. 

5. Conclusions 

This is the first study to investigate the mechanism of IOP elevation 
induced by circumlimbal suture in mice during the chronic phase of IOP 
elevation. We found that sham mice who experienced an acute IOP spike 
(suture removed after 2 days) without any long term IOP elevation 
exhibited the same aqueous dynamic profiles as naïve mice. We also 
showed that there were no signs of angle closure in OHT mice compared 
with controls. We determined that EVP was higher in the OHT group 
compared with controls, whereas other parameters remained un
changed. These findings suggest that compression of the episcleral 
vascular network by the circumlimbal suture may elevated EVP which in 
turn results in elevated IOP. 
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