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Abstract
The DBA/2J (D2) and C57BL6 (B6) mouse strains are widely used in research as models for
anxiety, addiction and chronic glaucoma. D2, but not B6, animals develop elevated intraocular
pressure (IOP) that leads to progressive degeneration of retinal ganglion cell (RGC) axons and
perikarya. Here we compare the expression and localization of intracellular ryanodine receptor
(RyR) Ca2+ store mechanisms in retinas from D2 and B6 animals. A subset of experiments
included retinas from D2-Gpnmb+ mice as strain-specific controls for D2s. RT-PCR analysis
showed 6–8 -fold upregulation RyR1, but not RyR2 or RyR3 transcripts, in D2 retinas. The
upregulation was more pronounced in D2 retinas categorized as exhibiting moderate or severe
glaucoma eyes compared to eyes with no/little glaucoma. In B6 retinas, RyR1 was expressed in
neuronal perikarya/processes across all three retinal layers whereas little labeling was observed in
astrocyte, microglial or Müller cell processes. In contrast, RyR1 antibodies strongly labeled radial
processes of in D2 Müller glia, in which the staining colocalized with the activated glial stress
marker GFAP. RyR1 staining in 1 month-old D2-Gpnmb+ strain resembled expression in B6
retinas whereas moderate RyR1, but not GFAP, localization to Müller glia was observed in 10–12
months - old D2-Gpnmb+ eyes. Both RyR1-ir and GFAP-ir were augmented in the microbead
injection model of acute experimental glaucoma. We conclude that RyR1 exhibits differential
expression and localization in two ubiquitously used mouse lines. While RyR1 signals can be
regulated in a strain-specific manner, our data also suggest that RyR1 transcription is induced by
early glial activation and/or elevation in intraocular pressure.
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Introduction
It is increasingly evident that glaucoma is a multifactorial disease involving complex
interactions between multiple genes, vascular factors, innate and adaptive immune system
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and environmental factors (Gordon et al., 2002). Many features of the human disease have
been replicated in mouse models of chronic glaucoma. The most widely used DBA/2J (D2)
mouse strain is characterized by recessive mutations in Gpnmb (GpnmbR150X) and Tyrp1
(Tyrp1b) genes which cause an increase in IOP at >6 months (John et al., 1998; Libby et al.,
2005). D2 animals consequently express a phenotype that is similar to the chronic age-
related glaucoma in humans with increased intraocular pressure (IOP), progressive
degeneration of retinal axons, loss of RGC perikarya, glial activation, retinal remodeling and
excavation of the optic nerve head (Anderson et al., 2002; Danias et al., 2003; Libby et al.,
2005; Soto et al., 2008).

The D2 phenotype includes multiple contributions from genes that are distinct from the two
mutations that regulate aqueous outflow in the anterior chamber. For example, the D2 strain
varies from the B6 strain that is commonly used as a “wild type” strain in terms of anxiety,
locomotor behavior, visual behavior, hippocampus-dependent learning performance,
addiction, water consumption, life span and susceptibilities to a wide variety of stresses
(Belzung and Griebel, 2001; Lucki et al., 2001; Puk et al., 2007; Barabas et al., 2011). At
least 77 genes and ESTs show >1.5-fold mean increase in brains of adult B6 compared to D2
mice, with particular changes in genes that regulate signaling pathways, gene regulation and
metabolism (Misra et al., 2007; Singh et al., 2007). With respect to calcium regulation, B6
and D2 tissue differ in expression of several Ca2+-associated proteins that include ionotropic
glutamate receptors (NMDA2B), voltage-operated Ca2+ channels, calcium/calmodulin-
dependent protein kinase II (CamKII), calcineurin phosphatases, inositol triphosphate
receptors and a MAP kinase (Esplin et al., 1994; Grice et al., 2006). We focused on
ryanodine receptors (RyRs) which play a crucial role in neuronal function as well as in the
etiology of neurodegenerative diseases such as Alzheimer, Parkinson’s, Huntingdon’s
diseases and spinocerebellar ataxia (Guo et al., 2010; Kasumu and Bezprozvannyi, 2010).
Ca2+ release from ryanodine stores amplifies Ca2+-dependent signals induced by voltage-
operated, glutamatergic and purinergic signals resulting in increased excitability of neuronal/
glial cells (Nedergaard et al., 2010). Given that ryanodine signaling in optic astrocytes is
directly activated by hydrostatic pressure (Mandal et al., 2010) and that D2 animals develop
glaucoma following persistent elevation in IOP (John et al., 1998; Libby et al., 2005; Soto et
al., 2008), it would seem important to determine whether RyR expression and cellular
localization are affected in D2 mice. Because the expression and localization of ryanodine
receptor isoforms in the mouse retina are not known, we first compared the abundance of
RyR transcripts in B6 and D2 retinas and determined the localization of the two main retinal
RyR isoforms in the mouse retina. We also tested the hypothesis that the dramatic phenotype
observed in D2 animals derives, in part, from elevation in IOP.

Our data show that the two strains exhibit marked differences in the expression of genes
coding for RyR1, but not RyR2 or RyR3, isoforms. The D2 phenotype was associated with a
shift in RyR1 expression to activated Müller astroglia. Similar shifts were observed
following experimental elevation of IOP, suggesting that RyR signaling might be associated
with glial activation in mechanically stressed retinas.

Methods
Animals

Animals were maintained in a pathogen-free facility under a 12-hour light–dark cycle (Utah)
and 14 hour light/10 hour dark cycle (Jackson) with standard rodent chow available ad
libitum. D2 and D2-Gpnmb+ mice were obtained from The Jackson Laboratory and/or from
Dr. Simon John’s (JAX) colony. The D2-Gpnmb+ mice are homozygous for a wild-type
allele of Gpnmb on a D2 genetic background. The strain develops iris disease similar to that
in D2s but does not develop increased IOP or axonal degeneration (Howell et al., 2007). In
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contrast, aging D2 animals show progressive loss of RGC markers and loss of RGCs (John
et al., 1998; Howell et al., 2007; Barabas et al., 2011). Mice were aged at both sites; mice
older than 12 months were aged exclusively at University of Utah. There were no obvious
differences between mice aged to 12 months at each site. All experiments adhered to the
NIH Guide for the Care and Use of Laboratory Animals and the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional
Animal Care and Use Committee at the University of Utah.

Semiquantitative RT-PCR
Total RNA from retina was extracted with Trizol and total RNA was converted to cDNA
using the SuperScript III First-Strand Synthesis kit from Invitrogen. Real-time PCR was
performed on a thermocycler (GeneAmp 5700; ABI, Foster City, CA) using Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA) reagents according to the
manufacturer’s instructions. Table I lists the primers used. Two sets of primers were used
for identification of the RyR1 isoform. After amplification, the ratio of gene-of-interest
mRNA to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) reference gene was
calculated for each sample. A random sample at in the 1-month cohort was assigned a value
of 1 and other values calculated relative to the sample. Every experiment consisted of
samples from at least 5 animals, each gene was studied in 3 – 5 separate experiments.

In situ hybridization
In situ hybridization and probe synthesis were performed as described previously 27. Sp6
RNA polymerase was used to generate the probes. The probes were generated by sub-
cloning part of the coding sequence into pGEMT-Easy (Promega). The forward primer for
RyR1 was: AGAGGGCGATGAAGATGAGAA; reverse primer:
AAGATGTCCCCGTGTTTGTC. The forward primer for RyR2 was
AAACACCAGCCTTCGGAGTA; the reverse primer was
TAGCCAAAGATGGGAAGGTG (Table I). For cryosections, the eyes were dissected in
PBS (0.1M Phosphate Buffer solution), fixed in 4% PFA (Paraformaldehyde)/PBS at RT,
washed with PBS and equilibrated in 10 min steps of increasing concentrations of sucrose (5
– 30%). The tissue was embedded in 1:1 mixture of OCT and 30% sucrose in PBS for 15
min and freeze dryed in dry ice/ethanol. For paraffin sections, retinas were fixed for 30 min
in 4% PF/PBS at RT, washed with PBS and dehydrated to 100% ethanol using a ladder of
increased EtOH concentrations before embedding in 50/50 xylene/paraffin (60 deg; 15 min)
and 100% paraffin (4 × 30 min at 60 deg C).

Tonometer Measurements
IOP was measured in mice between 10:00 AM and 1:00 PM with the TonoLab rebound
tonometer (Colonial Medical Supply, Franconia, NH/Tyolat, Helsinki, Finland). Mice were
sedated with intraperitoneal injection of Avertin with final amount calculated by weight
(e.g., 0.5 ml for 21–24g animals). Animals were placed on a jack stand platform and the
tonolab was clamped on a ring stand and centered onto the mid-cornea. During
measurements animal were neither restrained nor touched. Each eye was measured twenty
consecutive times, the highest and lowest values were discarded and the values were
averaged. At 1 month, the pooled mean IOP for D2 eyes was not significantly different from
B6 eyes (12.80 ± 0.55 vs. 12.08 ± 0.64 mm Hg). At 9 months, IOP levels in D2 eyes were
significantly increased with respect to B6 eyes (21.50 ± 1.58 vs. 11.0 ± 0.66 mm Hg, N= 15;
P<0.001; Mann-Whitney unpaired test).
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Immunohistochemistry
Immunostaining followed previously described protocols (Renteria et al., 2005; Ryskamp et
al., 2011). Fixed transverse sections of the retina were washed in PBS for 15 min before
permeabilization and blocking with 0.5% Triton X-100 and 10% goat serum. The slides
were incubated with primary antibodies in the blocking solution for 4 hours at RT, washed
twice in PBS and subsequently incubated for 4 hours with secondary antibodies. The
primary antibodies utilized in the study were anti-RyR1 (rabbit polyclonal; 1:100, Millipore/
Chemicon AB9078, Temecula, CA) raised against a peptide from human RyR1; as per
manufacturers datasheet, in Western blots the antibody produces a band at the appropriate
M.W. (also, see Medina-Ortiz et al., 2007). The anti-RyR2 (rabbit polyclonal; Millipore/
Chemicon AB9080) antibody was derived from a synthetic peptide based on human protein
and has been characterized previously (Garcia-Perez et al., 2008). The anti-GFAP (mouse
monoclonal; 1:500; Sigma); anti-glutamine synthetase (mouse monoclonal; 1:1000; BD
Biosciences) and anti-Brn3a (mouse monoclonal; 1:100; Santa Cruz Biotechnology) have
been well characterized. The secondary antibodies were goat anti-mouse or goat anti-rabbit
IgG (H+L) conjugated to fluorophores (Alexa 488 and Alexa 594 (Invitrogen), diluted 1:500
or 1:1000, goat anti-mouse Cy3 from Jackson ImmunoResearch at 1:1000 or Mac1-CD11b-
AlexaFluor 488 from BD Pharmingen at 1:200. After incubation, sections on slides were
washed in PBS and mounted using Vectashield (Vector, Burlingame, CA). Negative
controls without a primary antibody showed no staining. Immunofluorescent and differential
interference contrast (DIC) images were acquired at depths of 12 bits on a confocal
microscope (Zeiss LSM 510) using 488 nm Ar (10%) and 594 nm He/Ne (100%) lines for
fluorophore excitation, suitable band-pass or long-pass filters for emission detection and
40×/1.2 NA oil objectives. The analysis was performed in sections obtained from at least 3
animals at each age examined.

Microbead injection
The injection protocol roughly followed the procedure described in Chen et al. (2011).
During the proceeding week prior to experimentally elevating IOP, IOP was measured two
or three times to establish a baseline. In preparation for the microbead injection procedure,
pupils were dilated with 1% tropicamide (Bausch & Lomb, Rochester, NY) and mice were
deeply sedated with an intraperitoneal injection of Ketamine/Xylazine (90 mg/10 mg per kg
body weight). Heat pads were used to maintain body temperature. 0.5% proparacaine
(Bausch & Lomb) was applied to the eyes for topical analgesia. The cornea was punctured
with a sharp needle and some of the aqueous humor was gently drained. Using a 5.0 μl
syringe (Hamilton; Reno, NV), 2 μl of a microbead solution (polystyrene FluoSpheres with
diameter of 15 μm at a concentration of 1 ×107 beads/ml in PBS; Invitrogen) was slowly
injected into the anterior chamber of a randomly selected eye. 2 μl of PBS was injected into
the other eye of each mouse as an internal control. Injected eyes were treated with 0.5%
erythromycin (Bausch & Lomb) and mice were closely monitored until consciousness was
regained. Mice were allowed to recover for 72 hours before biweekly IOP measurements
resumed. Of 10 eyes injected with microbeads, 3 showed a persistent elevation in IOP
compared to PBS-injected contralateral controls. These three were used for data shown in
Figure 7.

Axon damage assessment
The severity of glaucoma was assessed in PPD-labeled nerves using an established grading
scheme (Howell et al., 2007). Eyes were classified with no or early (no detectable axon
damage/loss compared to B6), moderate (10–50% damage) or severe (>50% damage)
glaucoma. The total number of examined retinas was No/Early glaucoma (9 months, N=8;
12–15 months, N=3); Moderate (9 months, N=3; 12–15 months, N=3), Severe glaucoma (9
months, N=2; 12 months, N=4; 15 months, N=4).
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Results
In this study, we employed two strategies to gain deeper insight into the expression and
distribution of intracellular transport mechanisms in the D2 retina. Semi-quantitative reverse
transcription (RT)-PCR was used to compare total retinal mRNA content of transcripts
coding for ryanodine receptor Ca2+ release channels in B6 and D2 mice. In the second
approach, in situ hybridization and immunohistochemistry were used to identify the retinal
localization of RyR1, the intracellular Ca2+ release channel that exhibited the most
prominent upregulation of transcription in D2 retinas.

RyR1 signals in the B6 retina
Real-time PCR on cDNAs isolated from intact tissue showed that mRNA for RyR isoform 1
is transcribed in the B6 strain (Fig. 1A). The RyR1 antisense probe showed prominent
signals within the inner nuclear (INL) and ganglion cell layers (RGCL) (Fig. 1B).

Broadly consistent with in situ hybridization results, RyR1 protein was localized across all
retinal strata, along neuronal cell bodies in INL and RGCL and in dendrites and axons
within the IPL and NFL (Fig. 1C). While RyR1 signals were never observed in outer
segments (OSs) of rods or cones, RyR1 immunoreactivity (ir) was more pronounced in the
ellipsoid/inner segment region (Fig. 1C, arrowheads) and was also observed in the ONL.
RyR1-ir was stronger in the IPL sublamina a compared to sublamina b, suggesting that
RyR1-mediated Ca2+ release could be disproportionately associated with OFF retinal
signaling. RyR1 staining colocalized with the RGC marker Brn3a (Fig. 1D). Consistent with
previous observations in spinal motoneurons (Ouarduz et al., 2003), RyR1 signals were
observed in the nerve fibre layer proximal to RGC somata and in unmyelinated axonal
projections entering the ONH (Fig. 1C & D). Staining of the astrocyte-rich lamina that
represents the transition zone from the ONH to the optic nerve was lower compared to the
NFL, the proximal ONH and the myelinated portion of the nerve vitread from the retina
(Fig. 1C & 2A). Axonal staining in B6 retinas was distinct from glutamine synthetase (GS)-
and Glial Fibrillary Acidic Protein (GFAP) signals localized to Müller cell and astrocyte
processes at the ILM (Figs. 1E–G). Given the recent demonstration of the protective role of
complement inhibition in glaucomatous degeneration (Hibbs et al., 2011) we also tested
whether RyR1s are localized to retinal microglial cells. However, no colocalization was
observed between RyR1 and Mac-1:AlexaFluor-488 immunolabeled cells residing in the
IPL (Fig. 1H).

B6 sections almost never evinced GFAP-ir in the IPL/INL or the ONH whereas the RyR1
antibody strongly labeled the NFL entering the optic cup (arrowheads in 2A) and fibers
within the optic nerve. Accordingly, little colocalization with glutamine synthetase or GFAP
was observed in the ONH (Fig. 2B). RyR1 labeling of the astrocyte-rich prelaminar region
was always weak.

RyR1 signals in D2 and D2-Gpnmb+ retinas
D2 retinas expressed RyR1 mRNA (Fig. 3A) which was localized mainly to the INL (Fig.
3B). Retinas with severe glaucoma exhibited a trend towards higher RyR1 mRNA content
compared to retinas with no or early glaucoma, almost reaching significance with respect to
Severe vs. No/Early glaucoma (Fig. 3C).

In contrast to the highly uniform and reproducible immunostaining pattern in B6 retinas,
RyR1 signals in D2 retinas were variable in terms of neuronal vs. glial expression. The anti-
RyR1 antibody labeled thin radial processes in the inner retina of 9 month-old D2animals
with no detectable axonal loss (“no or early glaucoma” ) (arrowheads; Fig. 3Di). Such
RyR1-ir processes, which were rarely labeled in B6 retinas, extended from the ILM towards
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the OPL. These signals colocalized with glutamine synthetase (Fig. 3H) and GFAP (Fig. 3D
& F), an intermediate filament which represents an early glial marker for retinal stress and is
upregulated in Müller cells following acute or chronic elevation in IOP (Lam et al., 2003;
Xue et al., 2006). The intensity of RyR1-ir and GFAP-ir in radial processes appeared to be
accentuated in retinas classified into ‘moderate’ (N=6) and ‘severe’ (N=12) axonal
degeneration categories (Fig. 3E–I). In extreme cases of severe glaucoma, retinas exhibited
characteristics typical of Phase 3 ‘remodeling’ (Marc et al., 2003) with disappearance of
RGC/displaced amacrine perikarya, depletion of the INL and hypertrophy of glial processes
which encased the remaining neuronal perikarya and reinforced both retinal laminas (OLM
& ILM; Fig. 3I). In such remodeled retinas, glial processes appeared to lose the RyR1 signal
(Fig. Ii & ii), however, the sample size was limited (N=2 animals at 15 months of age with
severe glial hypertrophy). Intensity of RyR1-ir in radial processes varied between individual
retinas within each category; panels E and F display retinal sections from two eyes with
moderate glaucoma that exhibited different amounts of RyR1 signal.

RyR1 staining in D2 eyes was emphasized in the ONH tissue surrounding the ‘excavated’
area in moderate and severe glaucomatous eyes (asterisk in Fig. 3K). We also investigated
whether RyR1 signals in glaucomatous eyes are upregulated in astrocytes in addition to
Müller glia. As shown in the inset of Fig. 3K, little colocalization was observed between the
astrocyte marker and RyR1-immunopositive nerve processes within the optic lamina.

The appropriate control strain for D2 animals are D2-Gpnmb+ mice which are homozygous
for a wild-type allele of Gpnmb on the D2 genetic background. Similar to D2s, D2-Gpnmb+

mice develop iris disease but do not exhibit increased IOP or axonal degeneration (Howell et
al., 2007). Localization of RyR1 mRNA in D2-Gpnmb+ retinas was similar to signals
observed in B6 and D2 retinas (Fig. 4B). Likewise, the pattern of RyR1-ir and GFAP-ir in 1
month-old (N=3) and a subset of 10–12 month-old D2 -Gpnmb+ retinas resembled the
staining observed in B6 retinas (N=4/10) (Fig. 4C & D). However, the majority of 10–12
month-old D2 -Gpnmb+retinal samples (6/10 animals ) exhibited RyR1-ir within processes
that traversed the INL. These processes were GFAP-immunonegative (data not shown) but
colocalized with the Müller glial marker glutamine synthetase (Fig. 4E–F). The intensity of
RyR1-ir in such D2-Gpnmb+ retinas was similar to signals seen in No/Early glaucoma D2
retinas (Fig. 3D). In contrast to D2 tissue, however, GFAP expression mirrored B6 signals in
the majority of 10–12 month-old D2-Gpnmb+eyes (N=8/10; Fig. 4D) whereas GFAP-ir
processes extending into the INL were observed within circumscribed patches of two D2-
Gpnmb+retinas (data not shown). With respect to RyR1 staining, differences between RyR1
staining in 10–12 months-old D2-Gpnmb+animals could reflect different animal
subpopulations and/or differential responses to the loss of Tyrp1b. Consistent with the latter
hypothesis that suggests aging-dependent stress associated with iris disease, RyR1-ir was
more pronounced in Müller cells from adult D2-Gpnmb+samples compared to 1 month-old
eyes.

RyR1 mRNA is upregulated in D2 retinas
The RyR family is comprised of 3 isoforms (RyR1-3) that are ubiquitously expressed across
neurons and glia. Real-time PCR on cDNAs isolated from intact B6 and D2 tissue showed
that mRNAs for all 3 RyR isoforms are transcribed in both strains. RyR1 mRNA levels in
D2 retinas were consistently higher compared to B6 control retinas (Fig. 1). The
upregulation was observed at 1 month after birth (6.94 ± 1.07 –fold increase over WT;
P<0.01; Mann-Whitney unpaired test) and persisted up to 15 months, the most advanced age
studied (5.33 ± 1.01-fold increase; P<0.01, Mann-Whitney unpaired test) (Fig. 1A). To
determine whether RyR1 upregulation was a strain-specific, was associated with elevated
IOP or loss of the Tyrp1b gene, we analyzed two time points in retinas from D2-Gpnmb+

mice. RyR1 expression in D2-Gpnmb+retinas (N=4) was not significantly different from B6
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retinas at 1 month, but showed an increase at 5 months that was significant compared to B6
(N=8) and D2 (N=6) eyes (P=0.0003; one-way ANOVA). Thus, at least in 1 month-old
animals, transcription of RyR1 is not affected by general strain-specific features and the
differences must lie downstream of the mutant Gpnmb gene whereas RyR1 mRNA levels
may be elevated in older animals, possibly reflecting a strain-dependent or Tyrp1b-
dependent phenotype.

RyR1 is localized to glia in an acute glaucoma model
We next tested whether upregulation of RyR1 signals within glial cells was a IOP-dependent
process. IOP in B6 eyes was elevated by injection of Alexa488 nm-conjugated microbeads
(Chen et al., 2011). Fourteen days following injection, the IOP was elevated in injected eyes
from 3/10 animals. In these eyes, the IOP was 23.57 ± 2.96 mm Hg compared to 12.93 ±
1.40 mm Hg in PBS-injected contralateral eyes (N=3; P=0.0047). GFAP immunoreactivity
in Müller cells was enhanced in all microbead-injected eyes that exhibited elevated IOP
(Fig. 6B), consistent with increased resistance to mechanical stress (Bringmann et al., 2009).
In contrast to GFAP signals in D2 retinas which often showed patches of strong GFAP-ir
interspersed with weaker staining, GFAP-ir in eyes exposed to experimentally-induced IOP
elevations appeared to be uniform across the retina. Colocalization between GFAP and
RyR1 signals was observed in the proximal retina (Fig. 6B), suggesting that glial activation
in this glaucoma model is also associated with increased expression of RyR1. Taken
together, this data shows that development of glaucoma is associated with isoform-specific
changes in expression of intracellular Ca2+ release channels.

Expression and localization of the RyR2 isoform is unchanged in the D2 retina
The antisense riboprobe localized RyR2 transcripts to INL, RGCL and ONL regions (Fig.
7B). Similar to previously reported staining in the rabbit (Shoshan-Barmatz et al., 2007),
RyR2 signals in the mouse were observed across all retinal layers with a predominant
labeling of Brn3a-immunopositive perikarya in the RGCL and the nerve fiber layer (Fig. 7C
& H). Localization of RyR2 in D2 retinas was similar to the localization observed in B6
eyes (Fig. 7E–I). RyR2 staining in D2 retinas did not overlap with glutamine synthetase-ir
processes in the ONL (Fig. 7F) or GFAP-ir in the IPL (Fig. 7E), indicating low levels of
RyR2 expression in activated Müller glia. At high confocal gains, weakly labeled RyR2 -ir
signals that were difficult to distinguish from background labeling were occasionally
observed in the IPL (Fig. 7I). This data suggests that RyR2 in the mouse retina is a
predominantly neuronal isoform.

In contrast to RyR1, expression of the RyR2 and RyR3 genes was relatively unchanged
between 1 month and 15 month-old retinas of B6 and D2 eyes (Fig. 5B & C) excepting a
transient increase that was measured for RyR2 at 5 months (1.72 ± 0.15 -fold; N=3; P <
0.001; Kruskal-Wallis nonparametric ANOVA). We also compared expression of RyR2 and
RyR2 genes in 5 month-old D2-Gpnmb+ retinas (N=4 for each strain) and observed no
significant differences in expression for RyR2 (P=0.3418, one-way ANOVA) or RyR3
(P=0.7816; one-way ANOVA).

Discussion
In this paper we determined the localization of RyR1 and RyR2 channels in the mouse retina
and compared their expression between widely used “wild type” B6 and “glaucoma model”
D2 mouse strains. We show that expression and localization of RyR1, but not RyR2,
isoforms exhibit both strain-specific and IOP-dependent features, suggesting that RyRs
contribute to pathological remodeling of neuronal-glial interfaces in chronic glaucoma.
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RyR1 riboprobes and anti-RyR1 antibodies labeled neuronal perikarya together with cellular
processes. This pattern of RyR1 immunoreactivity in the B6 mouse was largely consistent
with previously reported data from the rabbit retina (Shoshan-Barmatz et al., 2007). In
contrast to the rabbit in which the RyR1 antibody labeled the outer segment, RyR1 and
RyR2 signals in mouse photoreceptors were mainly confined to the ER-rich inner segment
and cell body regions. Thus, these channels are likely to participate in the well-known
feedback between voltage-operated channels, ER and mitochondria (Krizaj et al., 2003).
Another interesting feature of RyR1 immunoreactivity in the B6 mouse retina was the
consistently stronger staining of the IPL sublamina b compared to the sublamina a, possibly
suggesting a more prominent role for Ca2+-induced Ca2+ release (CICR) in the retinal OFF
pathway.

Retinal RyR1 mRNA content was increased ~2.5-fold in 1 month-old D2 compared to B6
retinas, preceding the onset of iridocorneal angle closure, IOP elevation and degeneration of
RGC axons (John et al., 1998; Danias et al., 2003; Libby et al., 2005; Inman et al., 2006).
This effect was not observed in previous microarray studies of retinal gene expression, most
likely because RT-PCR is more sensitive for detecting changes in gene expression (Steele et
al., 2006; Guo et al., 2010); however, at least one study identified several genes associated
with voltage-operated Ca2+ entry and ER signaling which could participate in CICR
(Panagis et al. 2010). RyR1 upregulation in D2 retinas coincided with increased levels of
GFAP and early glial activation, which precede the onset of increased IOP by several
months (Inman and Horner, 2007). Several pieces of evidence suggest that RyR1 expression
could play a role in the pathogenesis of glaucoma: (1) There was a consistent trend towards
higher RyR1 mRNA transcript content in retinas categorized as expressing moderate/severe
glaucoma compared to no/early glaucoma; (2) The abundance of RyR1 mRNA in D2 retinas
was higher than in D2-Gpnmb+ retinas; (3) The intensity of RyR1 signals in Müller glia
coincided with the severity of glaucoma; and (4) The phenotype of retinas with
experimentally-induced IOP elevations retinas was similar to the moderate/severe glaucoma
phenotype in D2 retinas.

Given that the onset of RyR1 upregulation in D2 eyes coincided with appearance of GFAP
signals in Müller glia, the regulation of the RyR1 gene is likely to be associated with
activation of Muller glia rather than RGC death. Müller cells are in a good topographic
position to be the first retinal cell type to sense and respond to changes in IOP through ER-
rich endfeet which transduce mechanical stimulation through regenerative [Ca2+]i increases
(Keirstead and Miller, 1995; Newman, 2001; Li et al., 2001). It is unclear whether Müller
glial RyR channels are directly activated by hydrostatic pressure as reported for optic nerve
astrocytes (e.g., Mandal et al., 2010) or by Ca2+ influx through stretch- and pressure-
sensitive plasma membrane channels (Puro, 1991; Lindkvist et al., 2010; Ryskamp et al.,
2011). In either case, the astroglial response to mechanical and neurochemical stress is likely
to include augmented CICR. Intracellular Ca2+ release channels tend to malfunction at early
stages of neurodegeneration (Nedergaard et al., 2010) and it is therefore not inconceivable
that suppression of RyR-mediated amplification of intracellular Ca2+ signals will be
protective with respect to glial activation and gliotic remodeling observed in retinal
ischemia, diabetic retinopathy and/or glaucoma (Marc et al., 2003; see also Frandsen and
Schousboe, 1991; Niebauer and Gruenthal, 1999; Popescu et al., 2002; Stirling and Stys,
2010; Kawasu and Bezprozvannyi, 2010).

The increase in the expression of Müller cell RyRs fits the general context of upregulated
Ca2+-dependent signal transduction pathways in D2 retinas (reviewed in Whitmore et al.,
2005; Crish and Calkins, 2010), early Müller cell activation in D2 retinas (Inman and
Horner, 2007), augmented neuronal excitability and susceptibility to stress in D2 animals
(Esplin et al., 1994) and the increasingly recognized role of glial RyRs in axonal injury
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(Stirling and Stys, 2010). B6 and D2 mouse strains exhibit numerous differences in
biochemistry, physiology and behavior, including higher levels of angiotensin AT1
receptors, GABA receptor/channels, endothelin and complement signaling in D2 animals
(DuBois et al., 2006; Golding et al., 2011; Hibbs et al., 2011), lower levels of protein kinase
C and COMT (Bowers et al., 1995; Grice et al., 2007) and differential expression of NMDA
receptors, voltage-operated Ca2+ channels and calcineurin (Esplin et al., 1994; Grice et al.,
2007).

However, our data argue against a simple glaucoma vs. non-glaucoma dichotomy of retinal
RyR1 and GFAP expression. The early upregulation of RyR1, Gfap and microglial markers
in D2 retinas (Inman and Horner, 2007) suggests that at least part of the RyR1 expression
phenotype might be derived from Gpnmb loss of function rather than glaucoma per se. This
conjecture is supported by the observation that RyR1 mRNA levels were elevated in D2
animals that had not (yet) exhibited glaucomatous RGC degeneration. Furthermore, the
expression pattern of RyR1 signals in a subset of adult D2-Gpnmb+ mice suggests that their
retinas differ from both B6 and D2 animals. In particular, RyR1 signals that were observed
in some GFAP-immunonegative D2-Gpnmb+ Müller cells indicate that the RyR1 gene may
be expressed in the absence of glial activation. Consistent with our observations, Porciatti et
al. (2010) have recently shown that B6 and D2-Gpnmb+ eyes differentially respond to
spatial contrast, manifesting differential strain-specific organization of inner retinal circuits.
As expected, contrast gain control mechanisms also differed between B6 vs. D2, and D2 vs.
D2-Gpnmb+ eyes (Porciatti et al., 2010). It remains to be determined whether moderate
RyR1 expression in Müller cells is associated with the D2 phenotype or whether the RyR1
gene is regulated by the mild IOP increase and iris disease observed in D2-Gpnmb+ animals
(Howell et al., 2007).

In contrast to consistent upregulation of RyR1, expression or localization of RyR2, the main
neuronal and retinal isoform, did not change in D2 retinas. Likewise, RyR3, typically
considered an embryonic/neonatal isoform expressed at low levels in non-neuronal tissues or
co-expressed with RyR2 (Bertocchini et al., 1997), showed no changes in mRNA transcript
levels in D2 animals (Fig. 7). We conclude that retinal intracellular Ca2+ release channels
express plasticity in terms of isoform-specificity, transcription and localization. RyR1
expression and localization is highly sensitive to genetic and environmental influences that
include the strain, iris disease, retinal gliosis and acute or chronic changes in IOP.
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Figure 1.
RyR1 gene expression, mRNA and protein distribution in the B6 retina. (A) Amplicons for
RyR1 and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) isolated from the total retinal
pool and separated on a 20% agarose gel. (B) In situ hybridization analysis of 12 month-old
B6 retinas exposed to RyR1 antisense probes. The reaction product is localized to perikarya
in INL and RGC layers. Weak labeling is seen in the ONL, with the labeling of rod inner
segments by the antisense probe. Radial processes spanning the retina are weakly labeled.
Scale bar =50 μm. (C) RyR1 localization in an adult (9 month-old) B6 retina. The RyR1
antibody labels rod ellipsoids and inner segments (arrowheads), perikarya within the INL,
RGCL and the IPL; RyR1-ir in the sublamina a is more pronounced compared to sublamina
b. Scale bar =20 μm. (D) 12 months-old retina. RyR1 signal in the RGCL colocalizes with
the RGC marker Brn3a. (E – G) 15 months-old retina. RyR1 signal in the RGCL and ILM
shows little colocalization with glutamine synthetase (GS) or GFAP. Scale bar =10 μm. (H
& I) RyR1-ir does not colocalize with the microglial marker Mac-1. Scale bar =20 μm in H,
10 μm in I.
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Figure 2.
B6 retinas, RyR1 expression in the optic nerve head. (A) The RyR1 antibody labels the
retinal nerve fiber layer (NFL; arrowheads), the ONH (arrow) and the myelinated portion of
the optic nerve whereas RyR1 expression in the astrocyte lamina is modest. Scale bar =100
μm. (B) Double labeling for RyR1 and GS shows little GS signal within the ONH of the B6
retina. Scale bar =10 μm.
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Figure 3.
RyR1 expression in D2 retina. (A) PCR products for RyR1 and Gapdh mRNA from the total
retinal pool. (B) D2 retinas labeled by the RyR1 antisense probe. The reaction product is
localized to perikarya in INL and RGC layers. The antisense probe weakly labels the ONL,
rod inner segments and radial processes spanning the retina. Scale bar =50 μm. (C) RT-PCR
for RyR1, expressed as ~fold change with respect to age-matched B6 retinas. (D) RyR1 and
GFAP localization in No/Early glaucoma D2 retina. Some, but not all, radial RyR1-ir
processes expressed GFAP (arrowheads). (E) Moderate glaucoma retina, double labeled for
RyR1 and BRN3a, a Z-stack from 12 consecutive sections. Scale bar =20 μm. (F) Moderate
glaucoma. There is an upregulation and partial colocalization of RyR1- and GFAP-ir
processes in the IPL and the ILM/RGCL. Scale bar = 20 μm. (G) Severe glaucoma, double
labeled for RyR1 and Brn3a. Scale bar =10 μm. (H) Severe glaucoma, retina labeled for
RyR1 and glutamine synthetase. Scale bar =20 μm. (J) Severe glaucoma in a 15 month old
D2 retina exhibiting glial hypertrophy and retinal remodeling. Scale bar =10 μm. (J & K)
ONH regions from two moderate glaucoma eyes. (J) The RyR1 antibody labels the NFL,
ONH and the myelinated region of the optic nerve. Scale bar =100 μm. (K) Moderate
glaucoma. RyR1 signal surrounds the excavated region within the ONH (asterisk). Inset:
Severe glaucoma. Double labeling of the glial laminar region in the optic nerve shows
modest colocalization between RyR1 and GFAP signals. Scale bar =10 μm.
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Figure 4.
RyR1 expression in D2-Gpnmb+ retinas. (A) PCR products for RyR1 and Gapdh mRNA
from the total retinal pool. (B) In situ hybridization signals in D2-Gpnmb+ retinas show
similar localization to B6 and D2 retinas. Scale bar = 50 μm. (C & D) 1 month and 12
months-old retinas, double labeled for RyR1 and GFAP show little colocalization. Scale
bars = 20 μm (E–F) A subset of 11–12 months-old D2-Gpnmb+ retinas showed RyR1-ir
signals within the ILM and IPL regions. These processes colocalized with glutamine
synthetase. Scale bars = 10 μm.
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Figure 5.
RyR gene expression in B6 and D2 retinas. (A) RT-PCR. RyR1 transcripts are strongly
upregulated in D2 compared to B6 retinas. Analysis of D2-Gpnmb+ samples shows no
difference from B6 expression at 1 month but a significant upregulation at 5 months. (B)
RyR1 transcript levels in D2 retinas with moderate and severe glaucoma are elevated in
comparison to No/Early glaucoma. (C & D) RyR2 and RyR3 mRNA levels show no
consistent differences between B6 and D2 retinas.
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Figure 6.
Acute glaucoma model. B6 eyes were injected with PBS (A) or microbeads (B) and
colabeled with RyR1 and GFAP antibodies. Microbead-injected eyes exhibited prominent
GFAP-ir which showed partial colocalization with RyR1. In contrast, no colocalization was
observed in sham controls.
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Figure 7.
RyR1 expression and localization in B6m D2 and D2-Gpnmb+ retinas. (A) PCR amplicons
for RyR2 and Gapdh. (B) ISH for RyR2. The reaction product is localized to perikarya in
INL, RGCL and distal ONL. Scale bar =50 μm. (C & D) RyR2 immunolocalization in the
adult B6 retina. The RyR2 antibody labels all retinal layers, with a prominent signal in the
RGCL. (E–I) D2 retinas. (E) Inner retina. Double labeling for RyR2 and GFAP shows little
colocalization. Scale bar =10 μm. (F) Outer retina. Double labeling for RyR2 and glutamine
synthetase in the ONL. RyR2-ir photoreceptor processes do not colocalize with radial
processes of GS-ir Müller cells. Scale bar =5 μm. (Gi & ii) Moderate glaucoma, double
labeling for RyR2 and Brn3a. The RyR2 antibody labels cell bodies of RGCs (arrowheads)
and axonal processes in the NFL (arrow). Scale bar =10 μm. (H) Severe glaucoma. Scale bar
=20 μm. (Ii-iii) Severe glaucoma. Double labeling for RyR2 and GS shows little
colocalization in the IPL. Scale bar =10 μm.
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Table I

List of forward and reverse primers used for RT-PCR analysis. The RyR1 gene was tested with two separate
sets of primers.

Gene Forward Reverse

Gapdh ACT TCA ACA GCA ACT CCC ACT CTT C GGG TGG TCC AGG GTT TCT TAC TC

RyR1-A AGT CAA GAC GCT CCG CAC CAT C GGC TCG TCC TCA TCT TCG CTC TT

RyR1-B TAC TTC GAC ACA ACC CCA CA ACA GTC TCC AGC AGG GAA GA

RyR2 CTA CCC GAA CCT CCA GCG ATA CT GCA AAA GAA GGA GAT GAT GGT GTG

RyR3 ATG AGC CGG ATA TGA AGT GTG ACG A TGA ATG ATG GCC AGC AAG ATG AC

Brn3a AGA GAC AGA AGC AGA AGC GGA TGA GCC CCC AAA TGA GAG CAG AAA CTT

Gfap GGA CAT CGA GAT CGC CAC CTA CAG TGA CCT CAC CAT CCCGCA TCT C
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