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Abstract
The purpose of this study was to improve a mouse model of chronic intraocular pressure (IOP)
elevation utilizing microbead injection in two strains of mice and to assess the effect of age and
anesthesia on measured IOP. We compared our previous model with two modified protocols for
injecting polystyrene microbeads and viscoelastic material in CD1 or C57BL/6 mice. The
measured outcomes were degree of IOP elevation and production of axonal loss. The first new
protocol was injection of 3µL of equal volumes of 6µm and 1µm diameter beads, followed by 2µL
of viscoelastic (3+2). The second new protocol injected 4µL of the two bead mixture, then 1µL of
viscoelastic (4+1). Both were compared to injection of 2µL of 6µm beads with 3µL of viscoelastic
(2+3). We also compared the effects of age and of two anesthetic regimens (intraperitoneal
ketamine/xylazine/acepromazine versus isoflurane gas) on measured IOP in untreated eyes of both
strains. IOP was 2 mm Hg lower with intraperitoneal than with gas anesthesia in both strains
(p=0.003, p<0.0001, t-test). IOP measurements were lower in untreated young (2 months)
compared to older (10 months) C57BL/6 mice (p=0.001, t-test). In the experimental glaucoma
mouse model, mean IOP and number of elevated IOP measurements were higher in newer
protocols. Mean axon loss with the 4+1 protocol (all strains) was twice that of the 2+3 and 3+2
protocols (36% vs. 15% loss, p = 0.0026, ANOVA), and mean axon loss in CD1 mice (21%) was
greater than in C57BL/6 mice (13%) (p = 0.047, ANOVA). Median axon loss in 4+1 protocol
treated C57BL/6 mice expressing yellow fluorescent protein in 2% of retinal ganglion cells
(RGCs) had greater median axon loss than C57BL/6 4+1 protocol treated mice (26% vs. 10%,
p=0.03). The 4+1 protocol provided higher, more consistent IOP elevation and greater axonal loss.
The effects of age, strain, and anesthesia on induced IOP elevation and axon damage must be
considered in mouse experimental glaucoma research.
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1. Introduction
Glaucoma is a leading cause of vision loss worldwide (Quigley and Broman 2006). The
disease results in axonal degeneration in the optic nerve, as well as death of retinal ganglion
cells (RGC). Animal models have contributed substantially to our knowledge of the effects
of intraocular pressure (IOP) on RGC survival in glaucoma. A number of mouse strains that
spontaneously develop elevated IOP and damage similar to that in human glaucoma have
been identified (John et al, 1998; Zhou et al, 2009; Aihara et al, 2003b; Fijukawa et al,
2009), including the DBA/2J mouse. In another recently developed strain, the GLAST-
deficient mouse, RGC death occurs spontaneously at normal IOP (Harada et al, 2010). To
test hypotheses regarding features that contribute to RGC loss in such models, one approach
is to breed a spontaneous glaucoma mouse strain with a strain carrying another genetic
alteration of interest, and then to assess the effect of genetic alteration on the glaucoma
phenotype. While such experiments are elegant, the time needed to produce these doubly
affected strains is considerable (Libby et al, 2005).

To allow for more rapid experiments and to produce experimental glaucoma in a wide
variety of strains, methods to induce elevated IOP in mice have been pursued. IOP increase
has been accomplished by laser treatment of the outflow area, cautery or osmotic damage to
the episcleral and vortex veins, or bead injection into the anterior chamber (Grozdanic et al,
2003; Aihara et al, 2003a; Gross et al, 2003; Nakazawa et al, 2006; Ruiz-Ederra and
Verkman, 2006; McKinnon et al, 2009; Sappington et al, 2010). Previously, we produced a
model of experimental glaucoma with the intracameral injection of polystyrene microbeads
and viscoelastic material (Cone et al, 2010) modifying the approach suggested by
Sappington et al. (2010) in mice and that of Urcola et al. (2006) in rats. Although these
original approaches successfully created RGC soma and axonal damage, we sought to
generate longer and more consistent IOP elevation by varying the bead injection procedure.
Chen et al. (2011) have since reported variations in the original bead injection technique of
Sappington et al. The goal of continued improvements in these bead injection models is to
achieve 4 main features: 1) prompt and consistent IOP increase in most eyes, 2) lack of
detrimental effects on the cornea and sclera, 3) substantial and consistent death to RGC and
their axons without injury to other retinal neurons, and 4) easy, low cost methods.

IOP measurement in mouse glaucoma models is indispensible. The IOP of mice of several
common strains can be accurately measured with the TonoLab instrument (Morris et al,
2006; Pease et al, 2006; Saeki et al, 2008; Wang et al, 2005.), even after the cornea and
sclera have been altered by chronic IOP elevation (Pease et al, 2011). The age effect on
untreated IOP in mice has been infrequently studied in C57BL/6 and other strains of mice.
Further assessments seem appropriate in larger sample sizes, in particular in the CD1 strain
(Savinova et al, 2001).

While methods have been devised to obtain IOP measurements in awake mice (Nissirios et
al, 2007), it has been found that anesthetics are necessary in some strains. It is well known
that IOP in anesthetized mice (Wang et al, 2005) and rats (Jia et al, 2000) is lower than IOP
in awake or restrained rodents (Ding et al, 2011); however this effect has not been studied in
the CD1 strain. Mice anesthetized with a mixture of ketamine, acepromazine and xylazine
have lower IOP measurements than with ketamine alone (Danias and Kontiola, 2003).
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Overall, it is important to understand the effect of anesthesia on IOP in mice of commonly
used strains and in both younger and older animals after experimental glaucoma has been
induced.

In this report, we provide detailed methods for an improvement in our bead injection
technique to induce IOP and RGC loss in mice. We also compared IOP measurements taken
with two forms of anesthesia (parenteral sedation compared to isoflurane inhalation) and
measured age-related and strain-related differences in IOP and axon loss that may be
relevant in murine glaucoma research.

2. Methods
2.1. Animals

All animals were treated in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, using protocols approved and monitored by the Johns
Hopkins University School of Medicine Animal Care and Use Committee. CD1 albino mice
were obtained from Charles River Laboratories, Wilmington, MA, USA. We obtained
C57BL/6 pigmented mice as well as transgenic C57BL/6 pigmented mice which selectively
express yellow fluorescent protein (YFP) in RGC under the control of the Thy-1 promoter,
B6.Cg-Tg(Thy1-YFPH)2Jrs/J, (denoted: C57BL/6 YFP), both from Jackson Laboratories,
Bar Harbor, ME, USA. We used data from 669 mice in the study, with ages ranging from 2
to 22 months.

2.2. Anesthesia
For anterior chamber injections, mice were anesthetized by either an intraperitoneal
injection of 50 mg/kg of ketamine, 10 mg/kg of xylazine, and 2 mg/kg of acepromazine or
by inhalation of isoflurane. For the latter, we used the RC2 - Rodent Circuit Controller
(VetEquip, Inc., Pleasanton, CA, USA). This instrument supplies oxygen from an attached
tank at 50–55 pounds per square inch. Oxygen is mixed with isoflurane and sent to two
outflows at 500 cc/minute, delivering 2.5% of isoflurane in oxygen to the animal. One
outflow enters a box where mice were placed into for initial sedation. After about 2 minutes,
the sedated animal was positioned for IOP measurement and clinical examination with a
nose cone delivering the isoflurane gas/ oxygen mixture. The nose cone permitted access to
the eyes. Animals that were anesthetized with isoflurane did not receive topical anesthesia.
Animals under ketamine/ xylazine/acepromazine anesthesia received topical anesthesia of
0.5% proparacaine hydrochloride eye drops (Akorn Inc. Buffalo Grove, IL, USA).

2.3. New Bead Sterilization Protocol
Our previous protocol used beads with a diameter of 6 µm. In the new protocol, we injected
an equal volume mixture of 1 µm and 6 µm beads (Polybead Microspheres®, Polysciences,
Inc., Warrington, PA, USA). First, we sterilized the beads with 100% ethanol, which caused
clumping of the 1µm beads. To separate beads, they were placed in 0.5% Triton in sterile
phosphate-buffered saline and heated in a water bath at 65°C for one hour. Then, each bead
size was twice centrifuged to a pellet and resuspended in sterile, phosphate buffered saline.
After the final centrifugation, the pellet was aspirated directly into a glass cannula, which
was pulled to a tip diameter of 50 µm for intracameral injection. We previously estimated
the final concentration of beads as 3 ×106 beads per µL for 6 µm beads, and we estimate the
concentration of 1 µm beads as 1.5 × 107 beads per µL.

2.4. Bead Injection Protocols
Animals received one of two new bead injection protocols, both of which were different
from our previously reported protocol. Both newer approaches had higher volumes of beads
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per injection and both used two different sizes of beads. In all protocols, a single glass
cannula with a 50 µm diameter tip was connected by polyethylene tubing to a Hamilton
syringe (Hamilton Company Reno, NV, USA). First, we drew into the cannula the
viscoelastic solution (10 mg/ml sodium hyaluronate: Healon, Advanced Medical Optics Inc.,
Santa Ana, CA, USA). In the new protocols, we then drew up 1 µm beads, and finally the 6
µm beads. The old protocol used only 6 µm beads. In the new protocols, the larger beads
entered the eye first, followed by the smaller beads, though some mixing may have
occurred. In all protocols, the Healon entered last, pushing beads into the peripheral anterior
chamber and the trabecular meshwork area, and preventing egress of beads after withdrawal
of the needle.

Forceps were used to hold the conjunctiva to stabilize the eye before penetrating the inferior
portion of the anterior chamber with the glass cannula. The injection was made over 45 to 60
seconds, and the cannula was held in place for 2 minutes before being withdrawn, to reduce
egress of Healon. As the needle was being removed from the chamber, we applied gentle
pressure at the exit site with forceps to retain the beads and Healon in the eye. Injections
were made as close to the limbus as possible. In some eyes, the iris could be seen occluding
the internal corneal opening after the cannula was removed.

In the first of the two new protocols (referred to here as 3+2), we injected 1.5 µL of 6 µm
beads, 1.5 µL of 1 µm beads, and 2 µL of Healon. For the second protocol (referred to as
4+1), we injected 2 µL of 6 µm beads, 2 µL of 1 µm beads, and 1 µL of Healon. The
previously reported protocol involved the injection of 2 µL of 6 µm beads and 3 µL of
Healon (referred to as 2+3).

2.5. Mouse Groups
In the bead injection portion of this study, 8 groups of mice received a bead injection; either
the previously published 2+3 protocol or one of the new protocols, 3+2 or 4+1. Four groups
were CD1 mice, two were C57BL/6 mice, and two were C57BL/6 YFP expressing. Of the
four groups of CD1 mice, one received the 2+3 protocol, another 3+2 protocol, and two
groups received the 4+1 protocol. One of the 4+1 protocols treated a CD1 cohort that also
received three subconjunctival buffer injections as part of another study (denoted CD1
Buffer group in Tables). Of the C57BL/6 mouse groups, two were C57BL/6, receiving the
2+3 protocol or the 4+1 protocol, and two were C57BL/6 YFP, receiving the 4+1 protocol,
one group of the latter was sacrificed at 3 weeks after injection and the other at 6 weeks.

The anesthetic and age effects on IOP were studied in uninjected control eyes of animals of
both CD1 and C57BL/6 mouse strains.

2.6. Intraocular Pressure Measurement
All IOP measurements were made using the TonoLab tonometer (TioLat, Inc., Helsinki,
Finland), recording the mean of 6 readings with optimal variability grade. We measured
baseline IOP prior to injection. Then, we measured the IOP 10 minutes after bead and
Healon injection, and at various times up to 6 weeks after injection. Prior to IOP
measurement, animals were anesthetized by one of two methods. One method was
intraperitoneal injection of a mixture of ketamine, xylazine, and acepromazine (50, 10 and 2
mg/kg, respectively). The other was inhalation of isoflurane as described above.

2.7. Sacrifice and axial length measurements
Animals were sacrificed under general anesthesia by exsanguination, then perfused
intracardially with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH = 7.2).
Enucleated eyes were inflated to 15 mm Hg with a needle connected to a fluid-filled
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reservoir for measurement of axial length and width with a digital caliper (Instant Read Out
Digital Caliper, Electron Microscopy Sciences, Hatfield, PA, USA). The length was
measured from the center of the cornea to a position just temporal to the optic nerve, while
the width was measured at the largest dimension at the equator, midway between cornea and
optic nerve.

2.8. Optic nerve axon counts
To assess RGC damage, we estimated axon loss in optic nerve cross-sections by a
quantitative, sampling technique. After perfusion fixation, we enucleated the globes and
optic nerves. We then placed the nerves in 1% osmium, dehydrated them in ascending
alcohol concentration, and then placed them in 1% uranyl acetate in 100% ethanol for 1
hour. Tissues were embedded in epoxy resin mixture at 60°C for 48 hours. One micron thick
cross-sections of the optic nerve were cut and digital images of the nerves were taken at low
power to measure each optic nerve area. Then, high power images were taken (100x, oil
immersion objective) using a Cool Snap camera and Metamorph Image Analysis software
(Molecular Devices, Downington, PA, USA). For each nerve, five 40 × 40µm fields were
acquired, with the total of sampled nerve equaling 9% of the overall nerve area. Masked
observers edited non-axonal elements from each image, generating an axon density from the
software. The average axon density/mm2 was multiplied by the individual nerve area to
estimate the axon number (for further protocol details, see Levkovitch-Verbin et al, 2002 or
Marina et al, 2010). Experimental eyes were compared to the mean axon number in pooled,
fellow eye nerves of the appropriate strain, age, and tissue fixation to yield percent axon
loss.

2.9 Histology of Retina
To check for inner retinal ischemic atrophy, control and bead injected superior retinas were
cryopreserved in 20% sucrose in 0.1MPO4 and OCT (Sakura, Alphen aan de Rijn, The
Netherlands). Eight µm thick sections were made using a Microm Cryostat (Richard-Allen,
Kalamazoo, MI, USA). Tissue was then exposed to a 1:1,000 dilution of DAPI (Invitrogen,
Carlsbad, CA, USA) for 2 minutes before mounting with Fluorescent Mounting Medium
(DakoCytomation, Carpinteria, CA, USA). Images were taken using the Zeiss LSM 510
Meta Confocal Microscope (Zeiss MicroImaging, Thornwood, NY, USA).

2.10. Statistical Analysis
The following data were tabulated and compared between treated groups and between
treated and control eyes: mean IOP, IOP exposure over time (positive integral = area under
the IOP versus time curve in the treated eye that exceeded the area under the IOP versus
time curve in the control eye), peak IOP (mean of the highest IOP reading in each mouse by
protocol and strain), number of weekly measures in which the IOP in the bead-injected eye
exceeded that in its fellow eye by ≥5mmHg, which we have previously published is the
97.5% confidence limit for normal intraocular difference in mice (Cone et al, 2010), axial
length and width, and axon count. Primary outcomes were compared, taking into account the
following: height and length of IOP exposure, type of anesthesia, age, and mouse strain.
Mean values were compared with parametric statistical tests for data that were normally
distributed and median values with non-parametric testing for those whose distributions
failed normality testing. Repeated measures ANOVA models were constructed to account
for multiple variables. In some models, animals receiving the 4+1 protocol were the
reference group, comparing them to the combined 2+3 and 3+2 protocol groups, with
inclusion of the variables: strain and weeks of followup. Similar ANOVA analysis was
performed in models in which C57BL/6 animals were used as the reference to compare to
CD1 animal groups. The C57BL/6, 4+1 treated group followed for 3 weeks was not
included in the multivariate analysis in either the strain or protocol comparisons.
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3. Results
3.1. Anesthesia effects

To compare the IOP between intraperitoneal and gas anesthesia, we used IOP data taken on
two different days in the same animal (these were control animals that did not receive any
treatment), the first measurement was with intraperitoneal anesthesia and the second was
with either intraperitoneal or gas anesthesia. The intraperitoneal then intraperitoneal IOP
values were compared to the intraperitoneal then gas IOP values. IOP was measured at an
average of 10 minutes after anesthesia was administered. Both C57BL/6 and CD1 strain
animals were evaluated in this manner at 3.8 to 4.2 months of age (Table 1).

For intraperitoneal to isoflurane anesthesia, IOP was >2 mm Hg higher under gas anesthesia
in both strains, equal to about a 20% higher IOP compared to the baseline mean IOP of 10
mmHg in both strains. The difference between two intraperitoneal anesthesia measurements
in CD1 mice was not significant (Table 1), but in C57BL/6 animals, the second measure was
slightly higher than the first (1.1 mm Hg, p = 0.02, t-test).

With ketamine/xylazine/acepromazine intraperitoneally, we found that approximately 2% of
animals died due to anesthesia prior to completing follow-up (10 out of 512). Anesthesia
deaths were more common in C57BL/6 mice (13%; 8/61 in one group). By contrast, all mice
recovered successfully from isoflurane anesthesia. The most frequent exposure to either
anesthetic was twice in one week.

3.2. IOP comparison of younger and older control mice
We compared the IOP (using intraperitoneal anesthesia only) between young (2 months old)
and older, untreated mice of C57BL/6 (8 months old) and CD1 (10 months old) strains. In
C57BL/6, IOP was significantly higher in 8 month old compared to 2 month old mice (p =
0.001, t-test, Table 2). The IOP did not significantly differ between 2 month old and 10
months old CD1 mice, but we tested only a small number of older CD1 animals.

3.3. IOP comparison among bead model protocols
As expected, the mean IOP difference (treated compared to control eyes) was significantly
higher for all bead injected eyes than untreated eyes (p < 0.0001, ANOVA, adjusted by
group, strain, and weeks followed, Table 3). The mean IOP difference between treated and
control eyes was significantly higher for the 4+1 protocol than for the 2+3 protocol (p≤
0.0001, t-test), and IOP difference was greater among C57BL/6 mice than CD1 mice (p =
0.004, ANOVA, Table 3). The IOP data of combined groups (2+3/3+2 protocols) can be
seen in Table 4, while data for each specific protocol and strain are compared in Table 5.

We calculated exposure to IOP over time as the difference between the treated and control
eye pressures in mmHg—days, a value we have named the positive integral IOP (Cone et al,
2010). Animals that received the 4+1 protocol had significantly higher positive IOP integral
than the combined 2+3 & 3+2 protocols (p = 0.003, ANOVA, adjusting for group and
strain). An ANOVA model found a borderline difference in positive IOP integral by strain
(p = 0.06).

Mean peak IOP readings were determined by taking the highest peak IOP during the study
and averaging by protocol and strain group. The 4+1 protocol was found to have a higher
peak IOP for both CD1 and C57BL/6 mice than the 2+3 protocol (p ≤ 0.0001 and p ≤ 0. 001,
respectively, t-test) and higher peak IOP than the 3+2 protocol (p ≤ 0.0001, t-test).

When we considered the course of IOP over time, the 4+1 protocol had larger mean
differences between treated and control eyes than the 2+3 protocol at the 7 day and 14 day
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time points in both strains of mice (Figure 1), but was generally similar to the original
protocol thereafter. The C57BL/6 treated eyes had dramatically elevated mean IOP readings
at 3 and 7 days with the 4+1 protocol (p = 0.001 and p < 0.0001, respectively, t-test, Figure
1).

Previously, we demonstrated that the IOP difference between untreated, fellow eyes in
anesthetized mice exceeded 5 mmHg less than 5% of the time (as previously published in
Cone et al., 2010). We used this standard to judge the number of occasions in which the
treated eyes have a significant IOP elevation (outside the 95% confidence limit). The
number of times the treated eye IOP exceeded the control eye by this standard was
significantly greater in the 4+1 protocol than in the 2+3 protocol in ANOVA models for 5 of
7 time points and for the combined data from days 3, 7, and 14 days (p = 0.001, Table 6).
The ANOVA model showed that C57BL/6 mice had significantly more 5 mm Hg elevations
over control than did CD1 mice at some time points, but not overall (p = 0.42, Table 6).

In the CD1 4+1 & buffer group, the baseline IOP in both injected and uninjected eyes was 3
mmHg higher than some other controls, possibly relating to systemic effects of prior recent
treatments including subconjunctival saline injections. The bead-injected eyes of this group
had comparably higher IOP than controls and comparable positive integral IOP to other
groups. Also, C57BL/6 YFP animals share the same general background with C57BL/6, but
due to some selective breeding to develop their specific labeling of ganglion cells,
differences that may influence baseline IOP could exist, potentially explaining higher
control IOP values.

3.4. Axial Length
Axial length increased significantly after exposure to chronically elevated IOP with all
groups combined, as well as in the 4+1 and in the 2+3/3+2 combined groups (ANOVA,
Table 7). Both CD1 and C57BL/6 mice had significant axial length increases (Table 7).
However, ANOVA models showed that the differences between protocol groups (4+1
compared to 2+3 or 3+2 protocols) or between mouse strains were not significant
(ANOVA).

3.5. Axon Loss
Animals that received the 4+1 protocol had significantly higher axon loss than 2+3 protocol,
(p=0.003, t-test). The 4+1 protocol animals also had a significantly higher axon loss than the
2+3/3+2 protocol groups combined (p = 0.003, ANOVA, Table 8). CD1 bead treated
animals had greater axon loss than C57BL/6 (p = 0.04, ANOVA).

C57BL/6 mice had significant axon loss with the 2+3 protocol and comparable loss with the
4+1 protocol (Table 9). C57BL/6 YFP 4+1 eyes also had significant axon loss at both 3 and
6 weeks (p = 0.003 and p ≤ 0.001, respectively, t-test). Their loss at 6 weeks was
significantly greater than the C57BL/6 with the same 4+1 protocol (p = 0.03, t-test). The
loss of axons in damaged nerves was clearly seen in epoxy embedded cross-sections (Figure
2). Damaged nerves had degenerating axons and macrophages filled with clear vacuoles.

3.6 Histology of the Retina
Cross-sections of retina showed no abnormality in any retinal layer other than the nerve
fiber, ganglion cell and inner plexiform layers in bead-injected eyes. Even in eyes from the
C57BL/6 4+1 protocol group that had the highest IOP elevations in the study, there was no
evidence of inner retinal ischemic atrophy (Figure 3).
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4. Discussion
We have modified our previously described model for experimental glaucoma in the mouse
to improve its usefulness for studying the effects of IOP increase. An increase in the volume
of injected beads combined with the mixture of smaller and larger beads in the new
protocols produced several desirable features. First, the IOP elevation was greater,
particularly evident in the 4+1 protocol during the first two weeks after bead injection. The
4+1 protocol also produced more RGC axon loss than the previous protocol. The median
axon loss reached half of the optic nerve in the CD1 animals with the 4+1 protocol. Axon
loss of this magnitude is advantageous for experiments that seek to measure neuroprotective
treatments for experimental glaucoma. Detailed study of the axonal pathology in laser-
induced glaucoma in CD1 mice was published by Fu and Sretavan (2010). The 4+1 protocol
in C57BL/6 YFP mice led to significantly greater axon loss than we have observed
previously in C57BL/6 animals. To determine whether this is a true strain difference
between C57BL/6 groups will require further study. In fact, in 2 subsequent groups of
C57BL/6 animals to be reported from our group mean axon loss using the 4 + 1 protocol
was 31% in one group of 29 mice and 26% in the other group of 30 mice. It is important to
have models that produce significant damage in C57BL/6 animals, since they represent the
background strain for so many transgenic mice.

The new data confirm our prior finding (Cone et. al. 2010) that C57BL/6 mice are less
susceptible to RGC death from experimental IOP elevation than the albino CD1 mice and
the difference seen with the C57BL/6 YFP strain deserves further study. In this experiment,
we used axon loss as the RGC damage criterion, but the same susceptibility difference was
identified among C57BL/6 animals by RGC layer neuron counts in our prior report.
Although pressure elevations were high for the C57BL/6 4+1 group, retina cross sections
found no ischemia or damage to layers other than the RGC layer. The apparently lower
susceptibility of C57BL/6 mice occurred despite the fact that in both our reports they had
higher IOP and higher positive integral IOP in the treated eyes than CD1 animals. A recent
presentation (McDowell C et.al., IOVS 2011; 52: ARVO E-Abstract, 2440) also found
strain-specific susceptibility using another mouse glaucoma model. The basis for such
strain-specific differences in damage could provide important clues to the risk factors in
glaucoma pathogenesis. We are now investigating whether differences in the biomechanical
behavior of the sclera in C57BL/6 and CD1 mice contribute to the susceptibility differences
were observed in RGC axon loss.. We have found that C57BL/6 mice differ in properties of
scleral stiffness and scleral response to elevated IOP from CD1 mice, potentially
contributing to their difference in RGC loss susceptibility.

Intraperitoneal anesthesia significantly lowered IOP in C57BL/6 mice, but not CD1. We
have no specific data that indicate whether this is a true strain difference or was a result of
the smaller sample size of CD1 mice. Intraperitoneal anesthesia also led to more frequent
premature death of mice (Schulz et al, 2002), particularly in C57BL/6 animals. While the
use of isoflurane requires the purchase of an anesthesia machine, the rapid and safe recovery
of animals is a true advantage. There is some evidence in humans that anesthetic agents have
both neuroprotective and neurodegenerative effects (Schifilliti et al, 2010; Karmarkar et al,
2010) that could produce undesired confounding factors in neuroprotection research.
Interestingly, in children, IOP measurements under ketamine are closer to the awake IOP
than the IOP under gas anesthesia (Blumberg et al, 2007); this is the opposite of the rodent
data. Both forms of anesthesia are associated with lower measured IOP than in awake,
restrained mice (Johnson et al, 2008). Higher IOP level during an experiment would tend to
increase the ability to detect subtle differences in IOP between eyes of an animal, and
therefore would be desirable. Others have found that isoflurane is a suitable alternative to
ketamine in mouse research (Woodward et al, 2007). Some investigators have found that
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measurement of IOP in awake mice can be accomplished with patience and training, though
our experience is that this is strain specific.

We found a significantly higher IOP in untreated C57BL/6 mice that were several months
older (10 months) compared to younger (2 month old) C57BL/6 mice. With a smaller
number of animals, we did not detect a similar age-related IOP difference in CD1 mice. In a
survey of several mouse strains,Savinova et al. (2001) found lower IOP with age in some
strains of mice, including C57BL/6; however, they did not test CD1 mice and their method
of IOP measurement was different from ours. Since there may be a difference in measured
IOP with age, it is likely that the age of animals should be taken into account in
experimental glaucoma research. In our previous research, we found that older C57BL/6
mice could be paradoxically less susceptible to RGC loss than younger mice of the same
strain. Insofar as mice can be considered appropriate models for human disease, it is
probable that older animals should be included in work dealing with diseases that become
more prevalent with age in humans.

Previous investigators have utilized microbead injections into the anterior chamber to cause
experimental glaucoma in rodents, including Urcola et al (2006) and Chen et al (2011).
While Chen et al report greater axonal loss in 12 mice with their method, the precise age of
the animals was not given, and they gave 2 sequential injections, used larger beads, and had
longer follow-up than the present report. Additionally, Chen et al report that 7% were
euthanized early due to a corneal opacity or sign of inflammation, a rate higher than
observed with our method. However, due to the substantial differences in technique, the two
methods require further study to determine their relative merits.

In summary, we found that a newer 4+1 protocol for experimental glaucoma in mice was as
simple to implement as our previous method and produced higher IOP and more RGC axon
loss. There are many other possible variations of the protocol that could be attempted, so the
present protocol may not be the ultimate or the ideal solution.
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Highlights

> In this improved mouse model, a higher intraocular pressure (IOP) elevation
was produced.

> Along with a greater retinal ganglion cell injury in two strains, CD1 and
C57BL/6.

> Intraperitoneal anesthesia causes a lower IOP than isoflurane gas, in control
eyes of both strains.

> Young C57BL/6 mice present a significantly lower IOP in control eyes than
their older counterparts.
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Figure 1.
Mean IOP readings of the right, untreated eye, and left, bead and Healon injected eye, of
two protocols, 2+3 and 4+1 protocols, in two strains, CD1 and C57BL/6 mice. * IOP
differences between 2+3 protocol and 4+1 protocol were found to be statistical significant
by p ≤ 0.001, t-test. Data presented as mean and standard error.
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Figure 2. Optic nerve cross-sections from CD1 mice
A) normal untreated nerve, B) a nerve from 2+3 protocol with mild damage, C) a
moderately damaged nerve from 3+2 protocol, and D) nerve from 4+1 protocol which shows
severe axon loss (scale bar = 30µm).
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Figure 3. Retinal cross-sections from C57BL/6 4+1 mice
A) Retinal cross-section from an untreated eye. B) Retinal cross-section from a C57BL/6
4+1 protocol treated eye. No loss of mid-retinal or outer retinal layers is seen in the
glaucoma retina (scale bar = 50µm).
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Table 2

Age and Strain Effect on IOP.

CD1

Baseline IOP,
(mmHg) in young
mice (at 2 months)

Baseline IOP (mmHg)
in older mice (at 10

months) P value

Mean ± SD 10.3 ± 3.3 10.1 ± 1.3 0.49

Median 9 10

Number 129 9

C57BL/6

Baseline IOP
(mmHg) in young
mice (at 2 months)

Baseline IOP (mmHg)
in older mice (at 8

months) P value

Mean ± SD 10.4 ± 2.9 12.4 ± 4.2 0.001

Median 10 12

Number 168 51
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