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PURPOSE. Elevated intraocular pressure (IOP) is an important
risk factor for glaucoma. Animal models often involve tech-
niques for IOP elevation that are surgically invasive. Here the
authors describe a novel and relatively simple method for
inducing a highly consistent, modest, and repeatable elevation
in IOP for rats and mice.

METHODS. IOP was elevated unilaterally by injection of polysty-
rene microbeads into the anterior chamber to occlude aqueous
outflow in rats (2.5–7 �L) and mice (1 �L). The fellow eye
received an equivalent saline injection as internal control. The
authors used tonometry to measure microbead-induced IOP
elevations. Optic nerves were processed histologically to de-
termine axon loss.

RESULTS. For rats, a single injection of microbeads raised IOP by
21% to 34%, depending on volume, for approximately 2 weeks,
though they were not tracked to full recovery. IOP in the
saline-injected eye was constant. An additional injection (5 �L)
extended the elevation to 8 weeks. Cumulative pressure expo-
sure for both injections increased linearly. For mice, a single
1-�L injection of microbeads elicited a highly regular 30%
elevation in IOP that persisted for more than 3 weeks, with a
linear rise in cumulative pressure exposure. For both rats and
mice, interanimal variability on a given day was modest, ap-
proximately 5% of the mean IOP measurement. Extended ele-
vations (4–5 weeks) induced approximately a 20% loss of
axons in both rats and mice.

CONCLUSIONS. These data support a novel and flexible model of
modest ocular hypertension with axon loss. The maximal du-
ration of IOP elevation will be further characterized in future
studies. (Invest Ophthalmol Vis Sci. 2010;51:207–216) DOI:
10.1167/iovs.09-3947

Glaucoma is a common optic neuropathy characterized by
the degeneration of retinal ganglion cells and their axons,

which comprise the optic nerve. Although age is the most
significant risk factor for the disease,1 elevated intraocular
pressure (IOP) remains the only modifiable risk factor.2 In
humans, whether open or closed angle, glaucoma is character-
ized by excavation of the optic disc and defects in the nerve
fiber layer that are often accompanied by elevations in IOP.3

Lowering IOP slows glaucomatous progression, even in pa-
tients with IOP in the nominally normal range (15–21 mm
Hg).2 Given the impact of IOP on disease outcome, elevated
IOP or ocular hypertension is the predominant feature of most
animal models of glaucoma.

Rodent species offer convenience as model systems for
inducing ocular hypertension because they provide the oppor-
tunity to conduct large-scale experimental studies and the
potential for genetic manipulations. The three most commonly
used models elevate IOP substantially (50%–100% above base-
line) by altering aqueous fluid dynamics in the anterior seg-
ment.4,5 These have been applied primarily to rats, most likely
because of the technical difficulty of manipulating the signifi-
cantly smaller mouse eye.4–6 Their merits and weaknesses
have been reviewed extensively elsewhere.5 Briefly, episcleral
vein injection of hypertonic saline elevates IOP by altering
aqueous outflow through sclerosis.7,8 This elevation persists as
long as 200 days but varies dramatically in magnitude between
individual animals.5,7,9 Laser photocoagulation of either the
trabecular meshwork alone or in concert with episcleral veins
elevates IOP for far shorter durations: �21 days in the rat10,11

and 6 weeks in the mouse.12,13 For these models, both inter-
animal variability and variability in the magnitude of elevations
are limiting factors, necessitating relatively large numbers of
experimental cohorts.5 In contrast, cauterization of two or
three episcleral veins alone elevates IOP by reducing venous
outflow, thereby increasing aqueous fluid pressure.8,14–17 Al-
though relatively consistent between animals, the potential for
ocular ischemia and neovascularization can confound interpre-
tation of this model.5,9 These most widely used models are
limited by the absence of a repeatable internal control in which
an equivalent insult in the fellow eye would not result in
extended elevated IOP. Such a control would allow the assess-
ment of IOP-induced pathology without confounding factors,
such as injury induced by the surgical procedure (e.g., vessel
cauterization and sclerosis). Although the potential for uncon-
trolled confounds is well recognized, there have been few
alternatives. Additional rodent systems for ocular hypertension
are also available but have been less extensively used. These
include ligation of extraocular veins18 and intra-aqueous injec-
tion of hyaluronic acid.19

We sought to establish a rodent model of ocular hyperten-
sion in which both IOP magnitude and duration could be
manipulated relatively simply with minimal confounding fac-
tors and with an internal control for each animal. Here we
describe a procedure for injecting small volumes of polysty-
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rene microbeads into the anterior chamber to impede aqueous
outflow and elevate IOP. This model builds on a limited num-
ber of earlier studies using microbeads to elevate IOP in pri-
mates,20 rats,21 and rabbits.22 For each animal, one eye is
injected with microbeads and other is injected with an equiv-
alent volume of saline. For maximal usefulness as a rodent
model, we demonstrate our procedure for use in both rats (2.5-
to7-�L injections) and mice (1-�L injections). We show that
IOP after microbead injection is highly consistent both in
duration and magnitude with interanimal variability approxi-
mately 5% of the mean, whereas saline injection affected IOP
very little regardless of volume and duration. Overall, the flex-
ibility and consistency of this model, with a simple internal
control, affords the opportunity for specific assessment of
IOP-induced pathology.

MATERIALS AND METHODS

Animals

This study was conducted in accordance with regulations set forth in
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. Animal protocols were approved by the Institutional Animal
Care and Use Committee of the Vanderbilt University Medical Center.
Male Brown Norway rats aged 3 to 7 months were obtained from
Charles River Laboratories (Wilmington, MA) and individually housed
for the duration of the experiments. Male C57BL/6 mice aged 3 to 7
months were obtained from Jackson Laboratories (Bar Harbor, ME) and
housed in groups for the duration of the experiments.

Microbead Surgeries

For microbead surgeries, one eye was injected with sterile 15-�m
polystyrene microbeads, conjugated to Alexa Fluor 488 chromophore,
in a 1 � 106 microbeads/mL solution (Molecular Probes, Eugene, OR),
and the other eye was injected with an equivalent volume of sterile
physiologic saline (Fisher Scientific, Fair Lawn, NJ). As such, each
animal serves as its own control. We selected 15-�m-diameter mi-
crobeads based on pilot studies in our laboratory evaluating 5- to
15-�m microbeads alone and in combination (data not shown). Before
injections, animals were anesthetized with isoflurane (Minrad Inc.,
Bethlehem, PA), which was controlled by a pump that allows contin-
uous administration for up to 12 hours. Pupils were dilated with 1%
tropicamide ophthalmic solution (Bausch & Lomb, Tampa, FL), and
anesthetic drops (0.5% proparacaine hydrochloride; Bausch & Lomb)
were applied to each eye. We pulled micropipettes from borosilicate
glass capillaries (1.0/0.75 mm OD/ID with filament; World Precision
Instruments, Sarasota, FL) to a final diameter of approximately 100 �m
on a horizontal electrode puller (model P-97; Sutter Instruments Co.,
Novato, CA). For injections, we used a manual microsyringe pump
(DMP; World Precision Instruments) equipped with an injection as-
sembly (MMP-KIT; World Precision Instruments). The glass micropi-
pette fit directly into the injection assembly, which was connected to
the microsyringe pump by polyethylene tubing. Mineral oil was used to
fill the injection apparatus, and the aqueous-oil interface was visually
examined after each injection to confirm injection of the appropriate
volume. After dilation of the iris and protraction of the eye with
forceps, a micromanipulator was used to position the micropipette
above the anterior chamber approximately 3 mm central to the ora
serrata. The slope of the micropipette was closely monitored to avoid
contact with the lens and to ensure proper filling of the anterior
chamber. For rats, 2.5-�L, 5-�L, or 7-�L injection volumes (approxi-
mately 2500, 5000, or 7000 microbeads, respectively) were used. For
mice, a 1-�L injection volume (approximately 1000 microbeads) was
used. The rate of injection (1 �L/s) was controlled by the experimenter
and remained constant between subjects. After injection, antibiotic
drops (0.5% moxifloxacin hydrochloride ophthalmic solution; Alcon,
Fort Worth, TX) were placed on each eye, and the animal was allowed
to recover for 24 hours before resumption of IOP measurements.

IOP Measurements: Rat

To avoid the health risks associated with daily administration of anes-
thesia and the IOP-lowering effect of anesthetic agents,23 IOP measure-
ments were performed in awake rats. To allow accurate and humane
measurement of IOP in awake rats, we used a behavioral training
paradigm that began approximately 2 weeks before experiments.

Behavioral Training Paradigm. Rats were handled for 1
week before the initiation of training. For the first phase of training,
rats were acclimated to the application of anesthetic drops (0.5%
tetracaine), tactile contact with each eye, and the alert signals of the
tonometer (Tono-Pen; Reichert, Inc., Depew, NY). In the second phase
of training, generalized tactile contact with each eye was replaced with
actual tonometer contact followed by actual tonometer measurements.
The latency between initiation of training and full tonometer measure-
ments was between 5 and 10 days.

IOP Measurements. The tonometer was used with a protective
thin rubber sheath over the exposed metal sensor. IOP for each eye
was determined as the mean of 25 to 30 tonometer readings. Baseline
IOP readings were recorded for two consecutive days before polysty-
rene microbead/saline injections. The first experimental IOP readings
were obtained 24 hours after injection surgery. IOP readings were then
obtained daily until termination of the experiment. To avoid irritation
of the cornea, saline eye drops were administered daily to each eye at
the completion of IOP measurements.

IOP was measured for different lengths of time in cohorts of rats so
that we could harvest tissue for other purposes. All IOPs for each
animal are reported; no animal was excluded from our analysis because
IOP did not remain elevated. For single 2.5-�L injections, IOP measure-
ments for individual rats ranged from 3 to 6 days (n � 5) to 2 weeks
(n � 4) after injection. For single 5-�L injections, measurements
ranged from 6 days (n � 7) to 13 days (n � 4); for single 7-�L
injections, measurements were taken for 10 days in four animals. A
cohort of seven rats had IOP measured daily until day 20 for a single
5-�L injection. Finally, a cohort of 11 rats had two 5-�L injections; the
second occurring 14 to 17 days after the first. IOP was measured in this
cohort for 5 to 8 weeks.

IOP Measurements: Mouse

IOP measurements in mice were performed as previously described
with some modification.24–26 To avoid agitation and because behav-
ioral training proved difficult given the lack of docility, IOP was
measured in an anesthetized, rather than an awake, behaving state. As
with the rats, the tonometer (Tono-Pen; Reichert, Inc.) was used with
the protective sheath over the sensor. Briefly, mice were anesthetized
with an isoflurane pump before measurement of IOP. IOP for each eye
was determined as the mean of 25 tonometer measurements. To avoid
irritation of the cornea, hydrating eyedrops were administered daily to
each eye at the completion of IOP measurements.

Cohorts of mice also had IOPs measured for different lengths of
time. As for the rats in our study, all IOPs for each animal are reported
with no animal excluded because IOP did not remain elevated. All mice
reported had a single 1-�L injection and IOP measurements ranging
from 2 weeks (n � 1) to 4 weeks (n � 5).

Tissue Procurement

At the conclusion of the experiments, subjects were administered an
overdose of pentobarbital (200 mg/kg; Hospira, Inc., Lake Forest, IL)
and were killed by transcardial perfusion with 4% paraformaldehyde
(Sigma, St. Louis, MO). Whole eyes were dissected from the head and
postfixed as necessary.

Histopathology

For assessment of microspheres in the anterior segment, fluorescence
in whole mount preparations of anterior segment were examined with
a digitally interfaced, upright microscope equipped with four fluores-
cent cubes (Olympus, Melville, NY) and fluorescent confocal micros-
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copy (Olympus) at the Vanderbilt University Cell Imaging Core. For
quantification of axonal populations in the optic nerve, we followed a
protocol as described in recent work.26 Briefly, a 2- to 3-mm section of
optic nerve proximal to the globe was isolated, postfixed for 1 hour in
4% paraformaldehyde, and prepared for embedding and semithin sec-
tioning, as previously described.25 Using 100� oil-immersion and dif-
ferential interference contrast optics, photomicrographs of each sec-
tion were collected as a montage with a microscope containing a
motorized X-Y-Z stage and a digital charge-coupled device video cam-
era (Provis AX70; Olympus). Each montage was contrast- and edge-
enhanced using macro-routines written with a software package
(ImagePro; Media Cybernetics, Silver Spring, MD). An additional rou-
tine was used to identify and count each axon in the montage for
which a myelin sheath could be identified. We used this information to
calculate the mean local axon density for each section of nerve.

Statistical Analysis

Analysis was aided by statistical analysis software (Systat 12; Systat
Software, Inc., Chicago, IL). For comparisons of means for samples
meeting normality criteria, standard parametric statistics were used
(Student’s t-test, ANOVA F-statistic). For samples failing normality,
nonparametric rank statistics were used (Mann-Whitney U test,
Kruskal-Wallis H-statistic). For testing whether the slope of a best-
fitting regression line differed from zero and whether two slopes
differed, we used the Fisher F-ratio calculated from the least-squares
regression. For all cases, only the P value for the corresponding test
was indicated for simplicity. The use of additional statistics is explained
in the text as needed.

RESULTS

Microbead-Induced Elevations in IOP of the
Rat Eye

After dilation of the iris, protraction of the eye with forceps
and injection (Figures 1A), fluorescent microbeads were
widely distributed throughout the aqueous regardless of injec-
tion volume and could be seen moving with the flow of
aqueous (Fig. 1B). Within 30 minutes, fewer microbeads were
visible, but they were clustered near the trabecular meshwork
region of the anterior chamber (Fig. 1C). To determine
whether these microbeads were present near aqueous outflow
channels, we used fluorescence microscopy to examine histo-
logic preparations from rat eyes. Clusters of microbeads were
observed in the connective tissue of the iridocorneal angle of
a flat-mount preparation of the anterior segment (Fig. 1D, left).
In vertical sections through the anterior segment, microbeads
cluster near the iridocorneal angle (Fig. 1D, right). These ob-
servations show that microbeads are carried with the aqueous
humor toward the trabecular meshwork.

To determine how different volumes of microbeads influ-
ence IOP in rats, we injected 2.5 �L, 5 �L, or 7 �L saline or
microbeads and monitored IOP from 1 to 2 weeks, generally
three to five times per week. Figure 2A depicts the daily IOP
measurement for individual animals receiving each injection
volume. For saline-injected eyes, IOP fluctuated about a con-
sistent baseline value of approximately 21 mm Hg, whereas
microbead injection induced an increase of 30% to 40% (Fig.
2A). Figure 2A also demonstrates that for some animals receiv-
ing either 2.5 or 5 �L injections, microbead injection elicited a
rapid (1 day after injection) elevation in IOP that abated by 7%
to 8% for 1 to 2 days before recovering.

The mean IOP for the saline eyes across animals and days
did not depend on injection volume (Fig. 2B, mean � SD):
21.4 � 0.95 mm Hg for 2.5-�L, 21.3 � 1.3 mm Hg for 5-�L, and
21.3 � 0.96 mm Hg for 7-�L injections (P � 0.34). For these
data, each SD was approximately 5% of the mean; hence, the
interday variability was modest for each injection volume. The

postinjection IOP in microbead-injected eyes averaged across
days tended to increase with injection volume (Fig. 2B; brack-
eted period): 26.9 � 1.7 mm Hg for 2.5-�L, 28.8 � 1.6 mm Hg
for 5-�L, and 29.7 � 1.2 mm Hg for 7-�L injections. The
increase in mean IOP from 2.5 to 5 �L and from 2.5 to 7 �L
were both highly significant (P � 0.001), whereas the elevated
IOPs for 5 and 7 �L did not differ (P � 0.07). As with the saline
eyes, each SD for the postinjection means was modest (4%–6%
of the mean), indicating a highly regular elevation in IOP. That
the mean IOP increased with injection volume for the mi-
crobead eyes but not for the saline-injected eyes suggested that
the increase was the result of the number of actual microbeads
rather than fluid volume, as calculated (see Materials and
Methods).

Figure 2 shows that each microbead injection volume was
efficacious in elevating IOP above that for the saline eyes, and
indeed each postinjection mean elevation was significant (P ��
0.001 for each volume). However, it is apparent from Figure 2A
that the interanimal variability decreased with increasing injec-
tion volume, so that the 2.5-�L rats demonstrated the largest
spread in IOP between individuals on a given day, whereas the
7-�L rats demonstrated the smallest spread in IOP. Thus, in
calculating the mean postinjection IOP for the microbead eye
across animals for a given day (Fig. 2B), the average daily SD
decreased from 2.1 for 2.5-�L to 1.7 for 5-�L to 1.2 for 7-�L
injections (4%; P � 0.006). These correspond to 8%, 6%, and
4% of the mean postinjection IOP, respectively. This change is
apparent in the diminishing magnitude of the error bars with
increasing microbead injection volume in Figure 2B. For 7 �L,
certainly the smaller size of the cohort could contribute to less
variability.

We then calculated the difference in mean IOP between the
saline- and microbead-injected eyes over time by subtracting
the data shown in Figure 2B. As suggested in Figure 2, the
magnitude of this difference (i.e., the IOP elevation) was de-
pendent on injection volume (Fig. 3A). For 2.5-�L–injected
animals, the mean difference in postinjection IOP between
microbead and saline eyes was 4.4 � 1.3 mm Hg. For the
5-�L–injected animals, this difference increased significantly to
7.2 � 0.8 mm Hg (P � 0.001). For the 7-�L–injected animals,
the difference was 7.5 � 1.0 mm Hg, which was statistically
different from the 2.5-�L difference (P � 0.001) but not from
the 5-�L difference (P � 0.42). For 5 �L, the difference in IOP
between the saline- and microbead-injected eyes for the postin-
jection period had a best-fitting regression line whose slope
was not different from zero (P � 0.58).

The difference curves in Figure 3A demonstrate that after
injection, IOP elevation remained relatively stable compared
with the saline eye over this short experimental period. As
such, the cumulative exposure to elevated IOP should increase
roughly linearly with time.27 To test this directly, we calculated
the cumulative area under the difference curves in Figure 3A as
a function of time in units of millimeter of mercury per days
(Fig. 3B). As expected, the cumulative exposure to pressure
increased nearly monotonically for each injection volume. To
test this, we determined the best-fitting multiparameter sigmoi-
dal function and compared the goodness-of-fit with that of the
best-fitting regression line for the 2.5-�L and 5-�L cumulative
pressure data sets, both of which had several more data points
than the 7-�L set. The best-fitting sigmoids are shown in Figure
3B. For the 2.5-�L data, the sigmoidal function provided a
significantly improved prediction of the data over the best-
fitting line (Fisher F ratio � 3.7; P � 0.02). In contrast, for the
5-�L data, the best-fitting sigmoid approached a straight line
and in fact was not different from the regression line (Fisher F
ratio � 0.32; P � 0.95). The rate of pressure accumulation for
the 5-�L injection was also significantly higher than the 2.5-�L
injection (slope of 7.1 vs. 5.3; P � 0.001).
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Given that the 5-�L injection seemed to yield the most
consistent elevation in IOP, we determined next how long a
single microbead injection would elevate IOP. Figure 3C dem-
onstrates the mean daily IOP averaged across a cohort of seven

rats followed until day 20. As earlier, postinjection IOP re-
mained stable to approximately day 13. Although there ap-
peared to be a slight downward trend, the slope of the best-
fitting regression line for this period was not significantly

D

100µm

A

B MicrobeadSaline

C

cornea

ciliary body

iris 50µm

FIGURE 1. Injection of microbeads
into the anterior chambers of rats.
(A) Microbead injection into the an-
terior chamber of a rat eye using a
glass micropipette (approximately
100-�m diameter; arrowhead) with
forceps (arrow) to retract the eyelid
and stabilize the eye. Low- and high-
magnification views included. (B)
Photomicrographs of the anterior
segment immediately after injection
with 5 �L saline (left) or 5 �L mi-
crobeads (right). Microbeads are ap-
parent in the aqueous with no evi-
dence of overt trauma to cornea or
iris. (C) Microbead-injected eye 30
minutes after 5 �L injection (left).
Microbeads localize in the posterior
region of the anterior segment to-
ward the area of aqueous outflow
(arrow, magnified in the right). (D)
Confocal fluorescence micrograph of
flat-mounted anterior chamber from
an eye injected with 5 �L mi-
crobeads (left). Location is near the
trabecular meshwork around the iri-
docorneal angle. In vertical section
(right), microbeads are apparent in
the iridocorneal angle and cluster
near the point of aqueous outflow
(arrow).
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different from zero (P � 0.17). However, after this point, IOP
in the microbead eyes began to decrease, falling by more 2.5
mm Hg by day 20. This was a significant decline from the
postinjection period through day 13 (P � 0.05), indicating that
the first sign of IOP recovery from a single 5-�L injection can
occur at about 2 weeks.

Extension of IOP Elevation in the Rat

Next we sought to determine whether IOP elevation could be
extended by a subsequent injection of 5 �L. As earlier, the
control eye received an equivalent volume of saline. For each
animal in a cohort of 11, IOP from an initial 5-�L injection was
followed to 13 days, with a second injection given between
days 14 and 17. This point was chosen based on the data in
Figure 3C, which indicated IOP began to drop approximately 2
weeks after the first injection. IOP was then followed in most
of the animals for an additional 20 to 23 days, for a total period
of just more than 5 weeks. IOP was followed in a small subset
of the animals for nearly 8 weeks. Individual animal IOPs are
shown in Figure 4A for the entire experimental period.

IOP was highly regular between the two injections (Fig.
4B). For the saline eye, mean IOP after the second injection
(21.1 � 0.8 mm Hg) was the same as that for the first (21.0 �
0.5 mm Hg; P � 0.89). For the microbead eye, mean IOP after
injection for the second injection was also similar to the first:
28.2 � 0.8 mm Hg versus 28.5 � 0.7mm Hg (P � 0.25). The
slopes of the best-fitting regression lines did not differ for the
two postinjection periods for the microbead eyes (P � 0.60),
indicating similarity in IOP elevation. In addition, the regres-

sion lines for the entire 8-week period for both the saline and
the microbead IOPs had slopes that did not differ from zero
(P � 0.66). Thus, a second injection of equal volume could
extend the IOP elevation by an additional 3 to 6 weeks without
a significant change in the magnitude of elevation.

The constancy in IOP between the first and second mi-
crobead injections is illustrated explicitly in Figure 4C, which
shows the difference in daily mean IOP between the mi-
crobead- and saline-injected eyes. For the second injection, the
postinjection difference was 7.5 � 0.2 mm Hg compared with
7.3 � 0.3 mm Hg for the first (P � 0.35). Cumulative exposure
to elevated IOP in millimeters of mercury per days for the
entire injection period increased monotonically (Fig. 4D). The
goodness-of-fit for the best-fitting multiparameter sigmoidal
function was not significantly improved from that for the
best-fitting regression line (Fisher F ratio � 0.42; P � 0.80).
The latter had a rate of accumulation of 7.6 mm Hg/d, very
close to the rate of 7.1 mm Hg/d for the single 5-�L injection
shown in Figure 3B. These data indicate that though the ele-
vation in IOP afforded by a second 5-�L injection was similar in
magnitude to that elicited by a single injection, the period of
elevation was much longer—up to 6 additional weeks.

Microbead-Induced IOP Elevations in Mouse Eyes

Next, we examined whether a 1-�L microbead injection could
elevate IOP in C57BL/6 mice. We chose this volume based on
the size difference between the anterior chambers of rats and
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FIGURE 2. Injection volume deter-
mines magnitude of IOP elevation in
rats. (A) Daily IOP measurements for
individual rats receiving a single 2.5
�L (n � 15), 5 �L (n � 21), or 7 �L
(n � 4) unilateral injection of mi-
crobeads (filled circles) and an equiv-
alent volume of saline (open circles)
in the opposing eye. IOP is plotted as
a function of time, where day 0 is
before injection and day 1 is 24 hours
after injection. IOP was monitored
for 3 to 13 days (2.5-�L injections), 6
days to 2 weeks (5 �L), or 10 days (7
�L). Brackets indicate increase in
IOP 1 day after injection for 2.5-�L
and 5-�L bead injections, followed
by a transient decline. (B) IOP aver-
aged across the cohort injected once
with 2.5 �L, 5 �L, or 7 �L mi-
crobeads in the test eye (filled cir-
cles) and equivalent volume of saline
in the other eye (open circles).
Brackets indicate postinjection pe-
riod with corresponding mean � SD.
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multiparameter sigmoidal functions
for the 2.5-�L and 5-�L data. (C)
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seven rats receiving a single 5-�L in-
jection of microbeads (filled circles)
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surements taken until day 20 after
injection for each animal. Data repre-
sent mean � SD.
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mice. In rats, the volume of the anterior chamber is approxi-
mately 15 �L28 compared with 7 �L in mice.29 IOP was
measured every 1 day to 2 days, as described, for 23 days for
one cohort (n � 6; Fig. 5A) and for 21 days for a second cohort
(n � 8; Fig. 5B). Injections for the second cohort were per-
formed by a less experienced user.

For the first cohort (Fig. 5A), IOP for the saline eye fluctu-
ated about a baseline value of approximately 15 mm Hg
(15.3 � 0.80 mm Hg). Microbead injection induced an increase
of approximately 30% (20.0 � 0.8 mm Hg), a significant ele-
vation (P �� 0.001). Both sets of measurements were approx-
imately 25% lower than for rats, some of which could be
attributable to our use of isoflurane anesthesia. As seen in rats
(Fig. 2), each SD across days for both the saline and the
microbead IOPs was approximately 5% of the mean; hence, the
interday variability was modest, indicating a highly regular
elevation in IOP. The interanimal variability also was modest.
In calculating the mean IOP for the microbead eye across
animals for a given day, the average daily SD after injection was
1.3 mm Hg (approximately 7.5% of the mean), which was the
same for the saline eye.

For the second cohort of mice (Fig. 5B), the IOP for the
saline eye was similar to that for the first cohort: 14.9 � 0.40
mm Hg. However, the IOP elevation for the microbead eye was
significantly lower: 17.9 � 1.1 mm Hg (P � 0.001). This was
due in part to a lesser peak value of approximately 19 mm Hg
compared with 21 to 22 mm Hg for the first cohort. However,
IOP elevation in the microbead eye also decreased relatively
rapidly, returning to the saline eye values by day 21 (P � 0.10).
For the first cohort (Fig. 5A), the difference in postinjection
IOP between microbead and saline eyes was 4.6 � 0.6 mm Hg
and was nearly flat across days (Fig. 5C). The slope of the
best-fitting regression line for the postinjection period was not
significantly different from zero (P � 0.31). For the second
cohort, in contrast, the difference curve was flat only until day
7, at which point it decreased until reaching a value close to 0
by day 21.

The best-fitting multiparameter sigmoidal function for the
cumulative pressure exposure for the first cohort (Fig. 5A) was

not significantly different from the best-fitting regression line
(P � 0.24; Fig. 5D). For this line, the rate of pressure accumu-
lation was 4.7 mm Hg/d (P �� 0.001). For the second cohort
(Fig. 5B), the sigmoidal function provided a significantly im-
proved representation of the data over the best-fitting line
(Fisher F ratio � 4.8; P � 0.008). This was apparent especially
for latter times for which accumulation did not change (Fig.
5D, bracketed area). Thus, though a single 1-�L injection of
microbeads in the mouse can elevate IOP above baseline for
more than 3 weeks, variability was seen in the duration of IOP
elevation between the two cohorts.

Pathology in the Optic Nerve Resulting from
Microbead-Induced IOP Elevation

Axonal degeneration in the optic nerve is an important hall-
mark for models of glaucoma involving increased IOP.4–7 To
ascertain whether elevations due to microbead injection simi-
larly induce optic nerve abnormalities, we prepared cross-
sections through the optic nerves of both rats and mice and
quantified mean axon density and number of axons. Figure 6A
shows examples of nerves from the saline-injected right eye
(left) and microbead-injected left eye (right) for the cohort of
rats we monitored until approximately 5 weeks after receiving
a second 5-�L injection 14 to 17 days after the first (Fig. 4A,
IOP). The nerve from the microbead eye demonstrates clear
axonal disorder, reduction in axon packing, and axonal disten-
sion. Figure 6B shows similar examples from the mice receiv-
ing a single 1-�L injection with elevated IOPs for approxi-
mately 4 weeks (Fig. 5).

For the rat cohort, average axon density in nerves from the
saline/right eyes (3.7 � 0.1 � 105 axons/mm2) was the same as
naive nerves (3.6 � 0.2 � 105 axons/mm2; P � 0.85), whereas
axon density in nerves from the microbead/left eyes was 16%
lower (3.1 � 0.2 � 105 axons/mm2; P � 0.04). For mice,
average axon density in the saline nerves (4.4 � 0.2 � 105

axons/mm2) did not differ from that of naive nerves (4.2 �
0.2 � 105 axons/mm2; P � 0.53), whereas axon density in the
microbead nerves was 27% lower (3.2 � 0.2 � 105 axons/
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FIGURE 5. Single injection of 1 �L el-
evates IOP in mice. (A) Daily IOP mea-
surements for individual mice (n � 6)
after a single 1-�L unilateral injection
of microbeads (filled circles) and an
equivalent volume of saline (open cir-
cles) in the opposing eye. Eyes were
monitored for 23 days after injection
without a significant decrease in IOP.
Day 0 is before injection and day 1 is
24 hours after injection. Line repre-
sents IOP averaged across the cohort
(mean � SD). (B) A second cohort of
mice (n � 8) with same injection reg-
imen as in (A) but with a different
experimenter. IOP returned to base-
line by day 21. (C) Difference in mean
IOP between microbead- and saline-
injected mouse eyes (test-control) for
the cohorts shown in (A) and (B) plot-
ted against exposure time. (D) Cumu-
lative exposure to elevated IOP over
time (mm Hg per day) calculated from
the difference curves in (C) with best-
fitting multiparameter sigmoidal func-
tion (solid lines). Bracket indicates pe-
riod without additional accumulation
for the cohort in (B).
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mm2; P � 0.03). We also calculated the total number of axons
in the nerves by multiplying axon density by the cross-sectional
nerve area. As with axon density, the average number of axons
in rat nerves from saline eyes (8.9 � 0.4 � 104 axons) was the
same as in naive nerves (9.4 � 0.4 � 104 axons; P � 0.53),
whereas the number of axons in microbead nerves was 20%
lower (7.1 � 0.4 � 104 axons; P � 0.04). Similarly, for mice,
the average number of axons in saline nerves was the same as
for naive nerves (4.6 � 0.1 � 104 axons; P � 0.60), whereas
microbead nerves had 20% less (3.7 � 104 axons; P � 0.04).
Thus, sustained elevations in IOP induced by microbead injec-
tions resulted in modest but measurable thinning of the axon
population in the optic nerve. For simplicity, Figure 6C shows
axon density and axon number as ratios (left to right eyes) for

both rats and mice. For naive samples, the two eyes were
identical for all measurements, leading to ratios close to unity
(P � 0.35).

DISCUSSION

In this study, we describe a means for the induction of modest
ocular hypertension in rodents in which both the magnitude
and the duration of IOP elevation can be reliably manipulated
by the injection of polystyrene microbeads into the anterior
chamber (Fig. 1). Our model builds on a limited number of
earlier studies using microbeads to elevate IOP in primates,20

rats,21 and rabbits.22 In our paradigm, microbead injection was
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resulting from microbead-induced el-
evations in IOP. (A) High-magnifica-
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ished axon density, glial hypertrophy
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applies to all micrographs. (C) Mean
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ons for optic nerves from naive, sa-
line-injected (right eye) and mi-
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eyes. Asterisks indicate a significant
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and mice (23% decrease, single 1-�L
injection). IOPs of rat cohort are
shown in Figure 4E; those of the
mouse are shown in Figure 5A.
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limited to one eye, with the other eye receiving an equivalent
volume of saline. This serves as a convenient internal control
for the surgical procedure except for the microbeads them-
selves. Examination of the anterior segment after injection
suggests that the microbeads could have been carried by the
flow of aqueous humor into the region of the trabecular mesh-
work, where they congregated (Fig. 1). Although microbead
injection elicited reliable elevations in IOP for both rats and
mice, equivalent-volume injections of saline in the fellow eye
had little or no lasting effect on IOP. It is reasonable to con-
clude that elevations in IOP observed in the microbead-in-
jected eye are the result of impeded outflow rather than an
increase in general volume of the anterior segment or some
other facet of the surgical procedure (i.e., inflammation or
corneal wound healing). The relatively small day-to-day vari-
ability once IOP is elevated can be explained by simple persis-
tence of the microbeads near the outflow region. This remains
to be tested explicitly.

We found that the magnitude of IOP elevation in rats, as
measured by tonometry, could be controlled by varying the
injection volume because larger volumes (i.e., more mi-
crobeads) induced a higher elevation. For example, in the rat,
a single 2.5-�L injection of microbeads elevated IOP on average
by 4.4 � 1.3 mm Hg compared with 7.2 � 0.8 mm Hg for a
5-�L injection (P � 0.001). These increments represented a
21% and a 34% increase, respectively, compared with the
saline companion eye (Figs. 2, 3). Increasing the volume to 7
�L did not significantly increase IOP compared with 5 �L (Fig.
3A). The elevation in IOP afforded by a single 5-�L injection
persisted for approximately 2 weeks, with a statistically linear
accumulation of pressure exposure during this period (Figs.
3B, C). A second 5-�L injection elevated IOP up to an addi-
tional 6 weeks, with a magnitude and a rate of accumulation of
pressure exposure very similar to that of a single injection
(Figs. 4C, D). Thus, two 5-�L injections can elicit a near
constant elevation in IOP for approximately 8 weeks (Fig. 4E).
That the period of elevation afforded by a second 5-�L injec-
tion lasts so much longer probably indicates a cumulative
buildup of microbeads in the outflow region that reaches some
critical mass. We doubt that this elevation is permanent, but its
complete duration remains to be determined in future planned
experiments. As well, in this study we did not track IOP from
the first injection to full recovery to baseline. Thus, though
modest recovery was observed by approximately 2 weeks, the
precise duration remains unknown until additional studies are
completed.

For mice, we found that a single 1-�L microbead injection
could elicit a 4.6 � 0.6 mm Hg elevation above IOP for the
saline eye, a 30% increment comparable to that of the rat (Figs
5A, C). This elevation could persist for slightly more than 3
weeks, affording a statistically linear accumulation in exposure
to increased pressure (Fig. 5D). However, there was significant
variability in the durability of this single injection that de-
pended on the experimenter: a second cohort from a relatively
newer user demonstrated IOP elevation of lower magnitude
and duration (Fig. 5B). This might have resulted, for example,
from the inadvertent presence of air bubbles in the injection
apparatus yielding a slightly smaller injection volume. In this
sense, a single 1-�L injection for the mouse eye can have an
effect similar to that of back-to-back 5-�L injections in the
larger rat eye, depending on the success of the injection. Even
so, similar to the 5-�L injection in rats, the interanimal variabil-
ity was modest: on a given day, IOP varied between animals by
approximately 5% of the mean.

The 30% elevation in IOP arising from microbead injection
in rodents more closely resembles changes in IOP associated
with mild to moderate ocular hypertension in untreated human
eyes, which are on average 38% above 15 mm Hg.30 In con-

trast, in other heavily used models, the magnitude of IOP
elevation is frequently 50% to 100% above that of the fellow
eye and is entirely dependent on the success of the surgical
procedure.4,5,10 Combined with its reliability after microbead
injection, the less severe magnitude of IOP elevation could
prove useful in identifying subtle aspects of the early response
in glaucoma. We found that the 30% elevation in IOP elicited a
modest but measurable thinning of the axon population in the
optic nerve for both rats and mice after 4 to 5 weeks (Fig. 6).
This thinning was concurrent with signs of the typical hall-
marks of glaucomatous pathology (gliosis, degenerating pro-
files, disorganization), which also were modest compared with
other models. Because such incremental changes could
present a problem to preclinical testing of neuroprotective
interventions, more extensive studies are under way to deter-
mine whether nerve abnormalities continue to progress with a
more extensive period of IOP elevation.
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