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Abstract
● AIM: To investigate the effect of microbead iridocorneal 
angle occlusion on intraocular pressure (IOP) diurnal 
fluctuation in rat eyes.
● METHODS: Male Dark Agouti (DA) rats, 8-10 week old, were 
each given a single intracameral injection of microbeads, 
followed by injection of dispersive viscoelastic solution. 
The right eye served as the experimental eye, while the left 
eye served as the control. IOP was measured twice daily 
postoperatively for 3wk and compared between groups. At 
the end of 3wk, the rats were sacrificed and the eyes were 
harvested for histological analysis and retinal ganglion 
cell (RGC) counting.
● RESULTS: After microbead injection, experimental eyes 
had significantly higher dark time IOP than controls from the 
second week to the third week [2nd week: 22.92±1.631 mm Hg 
(n=5) vs 17.35±0.751 mm Hg (n=5); 3rd week: 23.59±1.494 mm Hg
vs 17.73±0.592 mm Hg (n=5)], while light time IOP was 
comparable between groups. The fluctuation levels of 
IOP in the experimental eyes were 7.21±0.398 mm Hg 
(n=5), 9.50±1.017 mm Hg (n=5) and 10.66±0.894 mm Hg 
(n=5) from the first week to the third week after injection. 
Comparatively, they were significantly lower in the control 
eyes, which were 4.69±0.323 mm Hg (n=5), 2.84±1.122 mm Hg 
(n=5) and 4.98±0.603 mm Hg (n=5) respectively. However, 
at the end of 3wk, the larger fluctuations in IOP in the 
experimental eyes was not associated with a significant 
loss of RGCs. 

● CONCLUSION: Microbead occlusion exacerbates diurnal 
IOP fluctuation in rats. This reported model may serve 
as a method of investigating the pathological effects of 
IOP fluctuation. A longer observation period, or repeated 
injections, may be needed to observe a significant change 
in RGC density. 
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INTRODUCTION

G lobally, glaucoma is the leading cause of irreversible 
visual loss, affecting an estimated 60.5 million of 

the world’s population in 2010 with almost 15% suffering 
bilateral blindness as a result of the disease. The World Health 
Organization (WHO) estimates that by 2020 there will be 79.6 
million people with glaucoma, making it an important global 
health concern[1]. Although it consists of a heterogenous group 
of optic neuropathies, intraocular pressure (IOP) remains the 
most important and only treatable risk factor for glaucoma[2-3].
There is accumulating evidence that patients with a higher 
variation of IOP over the twenty-four hour day or over 
multiple clinic visits may be independently at more risk 
for glaucomatous progression[4-6] and may be related to the 
ocular anterior segment anatomy in primary angle closure 
glacuoma[7-8]. Such findings, if conclusive, would necessitate 
a review of current standard of care in glaucoma treatment. 
However, there are a number of studies, most notably the Early 
Manifest Glaucoma Trial study, that have found no association 
between IOP fluctuation and visual field progression long-term 
and hence current published clinical literature remains divided 
on the issue of IOP fluctuation as an independent risk factor 
for glaucoma progression[9]. As methods for monitoring a more 
complete IOP profile exist, and newer treatments including 
prostaglandin analogues and selective laser trabeculoplasty 
have proven benefits in decreasing the amplitude of IOP 
fluctuation, this issue deserves further investigation[10-11]. There 
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is currently however a limited number of experimental models 
in animals to investigate the effect of diurnal IOP fluctuation 
on retinal ganglion cell (RGC) death. One such technique is 
photocoagulation of the trabecular meshwork, which requires 
specialized and expensive equipment as well as technical 
expertise[12].
Weber and Zelenak[13] first introduced a technique of injecting 
latex microspheres into the anterior chamber of primate eyes 
in order to achieve raised IOP through iridocorneal angle 
occlusion. In the published study, different magnitudes and 
durations of IOP elevation can be obtained by different 
injection frequencies as well as volume of microsphere 
solution[13]. Thereafter, Sappington et al[14] applied it into 
mice and rats and achieved a modest increase in mean 
IOP with associated RGC death. In order to maximize the 
proportion of injected microbeads to block the outflow of 
aqueous humor, the procedure was further modified to include 
intracameral injection of dispersive viscoelastic solution 
to push the microbeads peripherally during surgery as well 
as to use magnetic beads, which could be directed towards 
the iridocorneal angle via a magnet[15-16]. In this study, we 
investigated the effect of a single injection of microbead solution, 
using a modified approach, on diurnal IOP fluctuation in rats.
MATERIALS AND METHODS
Animals  Male Dark Agouti (DA) rats, 8-10 weeks old, were 
kept in a temperature-controlled animal room. The animals 
were subjected to a 12-h light/12-h dark cycle and provided 
with sufficient food and water supply. All animal experiments 
were conducted in accordance with the Association for 
Research in Vision and Ophthalmology (ARVO) statement for 
the use of Animals in Ophthalmic and Vision Research and 
also approved by the Committee on the Use of Live Animals 
in Teaching and Research, the University of Hong Kong. 
Intraocular Pressure Measurement  Rats were gently packed 
with a towel leaving the head exposed. A portable rebound 
tonometer (Tonolab; Icare, Espoo, Finland) was used to 
measure the IOP of the rats by an experienced investigator. It 
was handheld near the rat’s eye at a 5-8 mm distance to the 
central cornea and the IOP was measured without general and 
topical anesthesia. After six consecutive measurements, the 
machine itself calculated a mean result and this was regarded 
as one reading. Three readings for each eye were collected for 
each time point. Light and dark time IOP measurements were 
performed at 10 a.m.-11 a.m. and 8 p.m.-9 p.m. respectively. 
Furthermore, dark time IOP measurement was carried out in a 
dark room. Two days before the microbeads injection surgery, 
the baseline IOP was taken as the mean of two readings on 
two separate days. After microbeads injection, twice-daily 
measurements of IOP were conducted in the first week and then 
repeated every three days in the follow weeks. IOP fluctuation 
was calculated as the value of dark IOP minus light IOP. 

Microbeads Injection Surgery  Intraperitoneal injection 
7 mg xylazine combined with 70 mg/kg ketamine was used to 
anesthetize the rats at the beginning of surgery. After the rats 
lost consciousness, a drop of 0.5% proparacaine hydrochloride 
was applied to the surgical eye for tropical anesthesia and a 
drop of 1% tropicamide was then used for mydriasis. Under 
microscope, 10 μL 15-μm green fluorescent (450/480) 
polystyrene microbeads (Thermo Fisher Scientific, MA, USA) 
were injected into the anterior chamber through a trans-corneal 
incision via a 30-gauge needle which was connecting to a 1 mL 
syringe. This was followed by 10 μL Healon D viscoelastic 
solution (AMO, Santa Ana, CA, USA) injection to push 
the microbeads towards the iridocorneal angle. The needle 
was then kept in position for 1min and slowly withdrawn to 
minimize the leakage of microbeads and sudden collapse of 
the anterior chamber (Figure 1).
Histological Analysis
Hematoxylin and eosin staining  To identify the location of 
the microbeads in the iridocorneal angle, histological analysis 
of the eye was performed by the hematoxylin and eosin (H&E)
staining. Three weeks after microbeads injection, the animals 
were euthanized by 20% dorminal (240 mg/kg; Alfasan 
International BV, Woerden, Holland) intraperitoneal injection. 
Eyes were enucleated rapid and fixed in 4% paraformaldehyde 
(PFA) overnight. They were then washed in 1× phosphate 
buffer saline (PBS) three times and prepared for dehydration. 
Dehydration  The eyes were put into plastic cassettes first and 
marked by pencil. The gradient concentration of ethanol was 
used to dehydrate the eyes. They were incubated in the gradient 
concentrations of ethanol and chloroform in order of 50%, 70% 
and 80% ethanol 30min one time each, 95% ethanol 30min two 
times and 100% ethanol 30min three times and finally chloroform 
one hour two times followed by the third time overnight. 
Infiltration and embedding  The next day, the eyeballs were 
sent for infiltration and embedded with paraffin to support 
their structure. They were first allowed to equilibrate in melted 
paraffin in a 58℃ incubator for 1h three times with new melted 

Figure 1 Injection of green fluorescent microbeads and then 
viscoelastic into the anterior chamber of the eye.



1116

paraffin changed each time. And the third time infiltration was 
carried out in a vacuum station. For embedding, fine forceps 
were used to transfer the eyeball blocks to the metal molds, 
the covers of the plastic cassette were removed and the bases 
were put into the metal molds and then the molds were filled 
with liquid paraffin from the station (Shandon Histocentre2 
Embedding Station, Midwest, USA). They were solidified on 
ice and stored in 4℃ fridge.
Sectioning  The embedded blocks were cut into 5 µm thick by 
a microtome and the paraffin sections were flatted in a 37℃ 
water bath. Glass slides were applied to pick up them after 
15-20min floating and subsequently dried in a 37℃ incubator. 
Before staining, the sections should be removed with the 
paraffin and rehydrated. This process was done by incubating 
the sections for 5min in the solutions in following sequence: 
Toluene twice, 100% ethanol three times, 95% ethanol twice, 
70% ethanol once. Then these sections were rinsed with 
distilled water before putting into hematoxylin for 5min, 
differentiated in 0.3% acid alcohol for three seconds and 
counterstained with eosin for 10s. During the interval of each 
step the sections were rinsed in running tap water. Thereafter 
these sections were dehydrated in a reverse sequence of 
solutions in rehydration. They were 70% ethanol once, 95% 
ethanol twice, 100% ethanol three times and toluene twice with 
5min each time again. At last, the sections were mounted with 
2-3 drops resin by glass cover slips. Ocular section images 
were captured by an upright microscope (Eclipse80i, Nikon, 
Japan) and the imaging software SPOT AdvancedTM (SPOT 
Imaging Solutions, Diagnostic Instruments, Inc. USA).
Retrograde retinal ganglion cells labeling  The RGC labeling 
by intracranial fluorogold injection was performed according to 
the methodology outlined by Chiu et al[17]. After intraperitoneal 
anesthesia with xylazine (8 mg/kg) and ketamine (75 mg/kg), 
a drill was used to make a 1/8-inch hole in the skull 2 mm 
from the lambda and 6 mm from the bregma at each side. After 
carefully removing the cortex above the superior colliculus, 
a smooth light yellow area exposed. Then fluorogold soaked 
with a piece of gelatin sponge was insert into the hole. Skin 
covering the skull was then sutured and the animals were put 
into the intensive care unit (ICU) for recovery from anesthesia. 
Retinal flat mount preparation and retinal ganglion cells 
counting  One week after RGCs labeling, when the fluorogold 
dye fully penetrates the retina, the animal was sacrificed by 
dorminal overdose as previously described. The eye was 
rapidly enucleated and fixed in 4% PFA at room temperature 
for half an hour with a hole created in the corneas. Fine 
forceps were used to gently separate the retina from the sclera 
with thorough elimination of the vitreous. Two hours after 
4% PFA incubation again, it was rinsed with 1×PBS solution 
three times. Finally the retina was flat mounted with anti-
fading fluorescent mounting medium (DAKO, Denmark) 

and stored in a 4℃ fridge waiting for RGCs counting. RGCs 
were counted using a fluorescence microscope under 400× 
magnification and the areas at the midline of each quadrant 
were captured from seven fields at fixed distance from the 
optic disc.
Statistical Analysis  Data are presented as mean±standard 
error of mean (SEM). The significance of differences was 
analyzed by the Student’s unpaired t-test. The statistical 
significance level was set at P<0.05. 
RESULTS
Equivalent Baseline Intraocular Pressure Between Groups  
To ensure a lack of significant differences in baseline IOP 
between groups, IOP measurement was initiated two days 
before surgery. The mean baseline IOP during light hours 
in the control eye was 12.000±0.925 mm Hg (n=5) and 
11.332±0.274 mm Hg (n=5) in the eyes for injection (Figure 2). 
During dark hours, the IOP was 15.500±0.462 mm Hg (n=5) 
and 15.968±0.225 mm Hg (n=5) respectively (Figure 2). There 
was no significant difference in baseline mean IOP and diurnal 
fluctuation magnitude between the two groups.
Injected Microbeads Partially Blocked the Outflow of the 
Aqueous Humor  To confirm the microbead position at the 
iridocorneal angle, the injected eye was investigated under slit 
lamp with cobalt blue light every week and later enucleated for 
at 3wk after surgery for evaluation under H&E staining (Figure 3).
Our assessment found that most of the green microbeads 
accumulated at the angle with only a small number of them 
remaining suspended in the aqueous humor. And under 
histological observation, microbeads were noted to be partially 
occluding the trabecular meshwork.
Intraocular Pressure Elevated 2wk After Microbeads 
Injection  After microbeads injection, the IOP was measured 
twice daily (morning and evening) in the first week and every 
three days thereafter. There was no significant difference in 
mean IOP during light hours between the two groups during 
the entire observation period. The mean light time IOP 
readings in the first, second and third week after injection 
were 14.50±1.786 mm Hg (n=5), 13.42±0.854 mm Hg (n=5) 
and 12.93±0.800 mm Hg (n=5) in the surgical eyes and were 
12.28±0.473 mm Hg (n=5), 14.51±1.108 mm Hg (n=5) and 
12.76±0.627 mm Hg (n=5) in the control eyes (Figure 4).
Conversely, the dark time IOP gradually increased 2wk 
after injection and remained significantly higher than the 
control eyes. From the first week to the third week, the mean 
IOP in the injected eyes were 21.70±1.690 mm Hg (n=5), 
22.92±1.631 mm Hg (n=5) and 23.59±1.494 mm Hg (n=5) and 
were 16.96±0.775 mm Hg (n=5), 17.35±0.751 mm Hg (n=5) 
and 17.73±0.592 mm Hg (n=5) in the control eyes. The IOP in 
the surgical eye was 5.57±1.692 mm Hg and 5.86±1.547 mm 
Hg higher than the control eyes in the second and third week 
(Figure 4). 
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After averaging out dark and light time IOPs, the mean IOP 
was compared. Surgical eyes had statistically higher readings 
only at the 3rd postoperative week. The recorded values were 
18.13±0.917 mm Hg (n=5) in surgical eyes and 15.24±0.431 mm Hg 
(n=5) in controls respectively. It can be seen in the graph that 
there was still a tendency of higher IOP in the surgical eyes 
for the 1st and 2nd weeks, though without reaching statistical 
significance (Figure 4).
Higher Dark Time Intraocular Pressure  The dark time 
recorded IOP was significantly higher than light time recorded IOP 
from the second week to the third week after microbeads injection. 
Therefore, IOP diurnal fluctuation was significantly higher in 
the microbead-injected eyes. The fluctuation levels of IOP in the 
surgical eyes were 7.21±0.398 mm Hg (n=5), 9.50±1.017 mm Hg
(n=5) and 10.66±0.894 mm Hg (n=5) from the first week 

to the third week after injection. Comparatively, they were 
significantly lower in the control eyes, which were 
4.69±0.323 mm Hg (n=5), 2.84±1.122 mm Hg (n=5) and 
4.98±0.603 mm Hg (n=5) respectively (Figure 5). 
No Significant Retinal Ganglion Cells Loss After 
Microbeads Injection   After microbeads injection for 3wk, 
the RGC density was compared between groups. There was 
no significant difference in RGC density between the surgical 
eyes and control eyes. The density of RGC in the surgical 
group was 2759±157.1/mm2 and 3061±157.2/mm2 (n=4) in the 
control eyes (Figure 6), therefore showing a trend towards a 
lower density in the surgical group without reaching statistical 
significance.
DISCUSSION
In the present study, treated rat eyes showed gradual IOP 
elevation in dark time from the second week after surgery as 
well as greater diurnal IOP fluctuation from the second week 
compared to control eyes. In addition, the light time IOP levels 
in both injected eyes and control eyes were similar and they 
both had higher dark time IOP throughout the observation 
period. However, at three weeks after microbeads injection, 
there was no significant RGC loss in this sustained ocular 
hypertensive model.
Previous reported microbeads induced ocular hypertensive 
models all applied multiple injections. Weber and Zelenak[13] 
injected 8 to 10 times before an initial sustained IOP elevation 
in rhesus monkeys. Sappington et al[14] performed an additional 
injection 2wk after the first injection to achieve 8wk IOP 
increase. However, IOP induced in these studies showed great 
variability and the inflammation caused by multiple injections 
should be taken into account to the axonal damage. 
Regarding our modified approach, the injection of fluorescent 

Figure 2 There were no differences of the baseline IOP in both 
groups during both light and dark period  The IOP in the dark time 
was significantly higher than in the light time in both groups but the 
fluctuation level between groups was similar. aP<0.05, bP<0.01.

Figure 3 The outflow of the aqueous humor was partially blocked 
by injected microbeads  Green fluorescent microbeads (white arrow) 
occlude the iridocorneal angle under slit lamp investigation using 
cobalt blue light (A) immediately after injection. A cross section of the 
H&E staining of the iridocorneal angle showing the microbeads (red 
arrow) obstructing the trabecular meshwork (B) 3wk after injection. 

Figure 4 The mean IOP was significantly elevated in the third 
week after microbeads injection  There were no differences of 
light time IOP between two groups in all three weeks. But there were 
significantly higher IOP than the control eyes both two and three 
weeks after microbeads injection. aP<0.05, bP<0.01.
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microbeads was followed by the same volume of dispersive 
viscoelastic solution. The use of dispersive viscoelastic solution 
was aimed at preventing excessive postoperative IOP surge 
from blockage of the trabecular meshwork by more cohesive 
viscoelastic and also to reduce the leakage of microbeads 
after needle withdrawn. Hence our method can reduce the 
IOP variability and prevent the need of further injection. 
Furthermore, the advantage of using fluorescent microbeads is 
that they can be tracked after injection in live animals.
In human clinical studies, a large diurnal fluctuation in IOP was 
reported to be associated with more rapid visual field loss and 
poorer visual outcomes in both angle closure and open angle 
glaucoma patients[18-19]. Currently methods of documenting IOP 
fluctuation are being recommended, for high risk glaucoma 
patients, including the use of phasing techniques and 24-hour 
IOP measurement devices like the Sensimed Triggerfish[20]. In 
rodents, the higher dark phase IOP has already been reported 
in the literature[21] and can be further exacerbated with the 
use of laser photocoagulation of the trabecular meshwork[12]. 
It is said to be caused by circadian rhythm and sympathetic 
innervation differences between light and dark phase[22]. As far 
as we know, this is the first time that the both light and dark 
time IOP levels were investigated in a microbead-induced 
sustained ocular hypertension model. It first revealed that 
the diurnal IOP fluctuation existed in normal DA rat eyes. 

After microbeads injection, although there was no difference 
in daytime IOP, the night time IOP was higher in surgical 
eyes from two weeks onwards after injection compared to 
control eyes. Upon the mechanism of circadian rhythm and 
sympathetic nerve innervation, pupil dilation during the dark, 
may also exacerbate the obstruction of trabecular meshwork by 
microbeads, and subsequently elevates the IOP. This also leads 
to greater diurnal fluctuation in the surgical eyes.
Since the loss of RGCs is the fundamental hallmark of 
glaucomatous pathology, the fluorogold labeled RGCs were 
counted and compared three weeks after microbeads injection. 
Unfortunately, the RGCs density in surgical eyes did not suffer 
a significant loss compared to the control eyes, although there 
was a difference in density of 302 cells/mm2. This may be due 
to the small sample size or shorter investigation duration. For 
glaucoma research using animal models, RGCs survival is 
the key element to compare effectiveness of neuroprotective 
strategies. A longer duration of observation may be necessary 
to induce a significant change in RGC density. Alternatively, 
for our model other parameters like the soma size of the 
RGCs and the axon density in the optic nerve can also be 
investigated. 
We introduced our modified technique microbead occlusion, 
which result in a greater fluctuation of IOP in surgical eyes 
compared to controls from the second week after injection 

Figure 5 The dark time IOP levels were higher than the light time in both groups  A: Comparison of light and dark time IOP in both groups; 
B: Fluctuation levels of IOP in two groups. The fluctuation between day and night was much higher in the microbead injected eyes in all three 
weeks. aP<0.05, bP<0.01.

Figure 6 No significant difference of RGCs density between two groups  A, B: Representatives of fluorogold labeled RGC in the control and 
microbeads injected eyes; C: Averaged RGC density in both groups. ns: No significance; Scale bar: 25 μm. 
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and a moderate elevation of nocturnal IOP from the second 
week onwards. This is the first time that the nocturnal IOP 
and diurnal fluctuation were taken into consideration as 
measurement parameters in microbead occlusion-induced 
sustained ocular hypertension models. This finding would be of 
interest to investigators looking for a feasible and inexpensive 
model for diurnal IOP fluctuations and its relation to optic 
nerve damage. 
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