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Abstract
Purpose—Elevated hydrostatic pressure induces retinal ganglion cell (RGC) apoptosis in
culture. The authors investigated whether the transient receptor potential vanilloid 1 (TRPV1)
channel, which contributes to pressure sensing and Ca2+-dependent cell death in other systems,
also contributes to pressure-induced RGC death and whether this contribution involves Ca2+.

Methods—trpv1 mRNA expression in RGCs was probed with the use of PCR and TRPV1
protein localization through immunocytochemistry. Subunit-specific antagonism (iodo-
resiniferatoxin) and agonism (capsaicin) were used to probe how TRPV1 activation affects the
survival of isolated RGCs at ambient and elevated hydrostatic pressure (+70 mm Hg). Finally, for
RGCs under pressure, the authors tested whether EGTA chelation of Ca2+ improves survival and
whether, with the Ca2+ dye Fluo-4 AM, TRPV1 contributes to increased intracellular Ca2+.

Results—RGCs express trpv1 mRNA, with robust TRPV1 protein localization to the cell body
and axon. For isolated RGCs under pressure, TRPV1 antagonism increased cell density and
reduced apoptosis to ambient levels (P ≤ 0.05), whereas for RGCs at ambient pressure, TRPV1
agonism reduced density and increased apoptosis to levels for elevated pressure (P ≤ 0.01).
Chelation of extracellular Ca2+ reduced RGC apoptosis at elevated pressure by nearly twofold (P
≤ 0.01). Exposure to elevated hydrostatic pressure induced a fourfold increase in RGC
intracellular Ca2+ that was reduced by half with TRPV1 antagonism. Finally, in the DBA/2 mouse
model of glaucoma, levels of TRPV1 in RGCs increased with elevated IOP.

Conclusions—RGC apoptosis induced by elevated hydrostatic pressure arises substantially
through TRPV1, likely through the influx of extracellular Ca2+.

Throughout the central nervous system, pressure is a highly relevant and potent stimulus.
This is so especially in sensory function and in sympathetic systems, in which various
membrane-bound receptors play an important role in transducing pressure to neural
signals.1–7 Elevated intraocular pressure (IOP) is a leading risk factor for the degeneration of
retinal ganglion cells (RGCs) and their axons during traumatic injury and in chronic disease,
particularly glaucoma.8–11 However, the mechanisms through which pressure translates to
RGC death are not known. To probe these mechanisms, model systems making use of
hydrostatic pressure as a stressor for isolated RGCs plated on a rigid surface and exposed to
a liquid column are useful. Although these systems do not replicate IOP, the retinochoroidal
complex experiences hydrostatic pressure from within the vitreal chamber and from the
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suprachoroidal space; its gradient is IOP dependent.12,13 Similarly, RGC axons in the optic
nerve are exposed continuously to hydrostatic pressure from cerebrospinal fluid.13 It is well
established that RGCs exposed to elevated hydrostatic pressure in vitro undergo cellular
apoptosis, even in the absence of the multitude of other factors associated with elevated IOP
(e.g., glial activation, ischemia). Pressure-induced RGC apoptosis in vitro depends on the
magnitude of pressure exposure, correlates with the upregulation of a variety of apoptotic
and early-immediate genes, and involves oxidative stress.14–18 These events are similar to
those in common animal models of glaucoma,19–25 and this similarity bolsters the use of
hydrostatic pressure as a stimulus for probing the RGC response to pressure.

Members of the transient receptor potential (TRP) family of cation-selective ion channels
have long been implicated in mechanical and tactile sensitivity.26–34 Like other TRP
subunits, activation of the capsaicin-sensitive vanilloid subunit 1 (TRPV1) is associated with
a variety of stimuli.35 TRPV1 in sensory ganglia of the spinal cord and in the peripheral
nervous system responds to mechanical stimuli involved in several systemic functions,
including pressure-induced pain, injury monitoring, and visceral distension.36–48 In addition,
like other TRP subunits, TRPV1 activation is associated with a robust Ca2+ conductance that
has been linked to apoptotic cell death, including that of neurons and glia.49–52 Similarly, we
recently demonstrated that TRPV1 expressed by retinal microglia contributes to a Ca2+-
dependent signal involved in nuclear translocation of NFκB and the release of the
inflammatory cytokine IL-6 with exposure to hydrostatic pressure in vitro.53 Thus, it is
reasonable to ask whether RGCs similarly express TRPV1 and whether this expression
could contribute to the apoptosis associated with exposure to elevated hydrostatic pressure.
Here we demonstrate that TRPV1 expressed by RGCs contributes to pressure-induced
apoptosis and that the TRPV1-initiated cascade involves the influx of Ca2+, as in other cell
types.49–53

Materials and Methods
Animals and Tissue Preparation

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 Vanderbilt University
Medical Center. For histology, adult Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) were perfused with 4% paraformaldehyde (Sigma, St. Louis, MO), their
eyes were enucleated, and the retina was removed for wholemount preparations or
embedded in paraffin for cross-sections (6-µm thick). Paraformaldehyde (4%)-fixed whole
eyes from 6- and 9-month-old DBA/2 mice with lower IOP (average: 14.85 mm Hg for 6
months, 18.5 mm Hg for 9 months) or higher IOP (average: 17.7 mm Hg for 6 months, 21.8
mm Hg for 9 months) were obtained from The Jackson Laboratory (Bar Harbor, ME). As
previously described, IOP was measured (Tono-Pen; Reichert) before euthanatization.54 For
comparison, whole eyes were also obtained from adult C57/BL6 mice (The Jackson
Laboratory). These eyes were embedded in paraffin and cross-sectioned at 6 µm. For RNA,
whole retinas from adult Sprague-Dawley rats (Charles River Laboratories) were obtained
fresh and flash frozen on dry ice. For isolation of adult RGCs, eyes from 3-month-old
Sprague-Dawley rats (Charles River Laboratories) were enucleated, and their retinas were
removed. RGCs were isolated by immunomagnetic separation.18 For primary cultures of
purified RGCs, eyes from postnatal day (P) 4 to P10 Sprague-Dawley rats were enucleated,
their retinas were removed, and RGCs were isolated by immunomagnetic separation.18

The use of postnatal retina for purification of RGCs is well documented by our laboratory18

and others.16,55–61 The P4–P10 developmental stage is particularly advantageous for the
isolation of RGCs because the apoptotic elimination of excess RGCs during development is
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complete, and the remaining RGCs have a functional axon in the optic nerve with
arborization of presynaptic terminals within the brain.62–64 Furthermore, the relatively
undifferentiated state of other neurons in the retina eases dissociation of the retina and
specificity of antigen-based isolation.62,63

Cell Separation and Primary Culture
Primary cultures of purified RGCs were prepared as previously described.18 Briefly, RGCs
were harvested by immunomagnetic separation with the use of mouse anti–rat Thy-1.1/
CD90 IgG (5 µg/mL; BD PharMingen, San Diego, CA) and metallic microbeads conjugated
with anti–mouse IgG. Microglia were depleted before isolation of RGCs using mouse anti–
rat RT1a/OX18 IgG (5 µg/mL; catalog number CBL1519; Chemicon/Millipore, Billerica,
MA) followed by incubation with anti–mouse IgG microbeads. RGCs were plated at a
density of approximately 3 × 103 cells in each well of eight-chamber glass slides (Labtek 2;
Nal-Nunc, Rochester, NY) coated with laminin (0.01 mg/mL; Sigma) and poly-D-lysine
(0.01 mg/mL; Sigma) and were grown in serum-free, B27-supplemented media
(NeuroBasal; Gibco, Carlsbad, CA) containing 2 mM glutamine, 0.1% genomycin, 1%
NB2B supplement (500 µg/mL insulin, 10 mg/mL transferrin, 630 ng/mL progesterone, 1.6
mg/mL putrescine, and 520 ng/mL selenite; Gibco), 50 ng/mL brain-derived nerve growth
factor (Invitrogen, Carlsbad, CA), 20 ng/mL ciliary neurotrophic factor (Invitrogen), 10 ng/
mL basic fibroblast growth factor (Invitrogen), and 100 µM inosine (Sigma). Cells were
used for experiments 4 days after plating. As previously described,16 we assessed the purity
of all preparations with PCR and immunocytochemistry against cell type-specific markers to
exclude contaminating cell types, including Müller glia (cyclin D3), astrocytes (GFAP), and
microglia (CD68 and OX18). Samples from all RGC preparations demonstrated strong
immunolabeling for Thy-1.1 in approximately 95% of cells with normal-appearing nuclei.

RGCs were isolated from adult retina using the same protocol for immunomagnetic
separation used for postnatal RGCs with the addition of hyaluronidase (10 U/µL) to papain-
mediated dissociation of the retina. Isolation of adult RGCs also required the addition of
DNaseI (0.005%; Invitrogen) to centrifugation cycles. Unlike postnatal RGCs, adult RGCs
were immediately placed in lysis buffer for RNA extraction.

Reverse Transcription Polymerase Chain Reaction
Total RNA was extracted from isolated RGCs, RGC cultures, and whole retina with the use
of extraction kits (MicroRNA and RNeasy; Qiagen, Inc., Valencia, CA), according to
manufacturer’s instructions. RT-PCR was performed as previously described.18,65 After
first- and second-strand synthesis of cDNA, gene-specific PCR was conducted for 30 cycles
with the primers (Integrated DNA Technologies, Coralville, IA) mouse actin (5′-TCC TGG
GTA TGG AAT CCT GTG G-3′; 5′-CTT GAG TCA AAA GCG CCA AAA C-3′) and rat
trpv1 (5′-CAA GCA CTC GAG ATA GAC ATG CCA-3′; 5′ -ACA TCT CAA TTC CCA
CAC ACC TCC-3′. Actin was used to confirm the presence of comparable cDNA
concentrations between samples. To ensure that genomic DNA was not the source of PCR
products, primers for actin and trpv1 were designed to span an intron. In addition, gene-
specific PCR was performed on an aliquot of each sample that did not undergo reverse
transcription. PCR products of 514 bp (actin) and 282 bp (trpv1) were separated on an
agarose gel stained with ethidium bromide and digitally imaged on a gel reader (Alpha
Innotech, San Leandro, CA).

Riboprobe Synthesis and In Situ Hybridization
A fragment corresponding to 206 bp to 658 bp of trpv1 was isolated (primers
CCTATCATCACCGTCAGCTCTGT and GGCAATGTGTAATGCT GTCTGG) from a
plasmid containing the full-length sequence of rat trpv1 (a generous gift from David Julius,
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University of California at San Francisco, San Francisco CA) and subcloned into pCR2.1
vector (Invitrogen). After sequencing and linearization, sense (T3:
AATTAACCCTCACTAAAGGGCAAGCACTCGAGATA GACATGCCA) and antisense
(T7: TAATACGACTCACTATAGGGACATCTCAA TTCCCACACACCTCC) riboprobes
were transcribed and DIG labeled (Boehringer Mannheim, Mannheim, Germany). For in situ
hybridization, paraffin sections of retina from adult rat were deparaffinized in xylene,
rehydrated, and postfixed in 4% paraformaldehyde. After treatment with acetic anhydride
and proteinase K, tissue was dehydrated and incubated with sense or antisense DIG-labeled
riboprobe against rat trpv1 (10 pg/µL) in hybridization buffer (DakoCytomation, Glostrup,
Denmark). DIG label was detected with an alkaline phosphatase-conjugated anti–DIG
antibody (1:500; Roche) and visualized with 1.5 mg/mL nitroblue tetrazolium (NBT; Roche)
and 750 µg/mL 5-bromo-5-chloro-3-indolyl phosphate (BCIP; Roche) in 100 mM Tris-HCl,
pH 9.5, 100 mM NaCl.

Hydrostatic Pressure Experiments
Primary cultures of purified RGCs and whole retina explants were maintained at ambient
pressure in a standard incubator or at +70 mm Hg hydrostatic pressure using a custom-made
regulator chamber placed in the incubator, as described previously in detail.16,18,53,65

Briefly, a humidified pressure chamber equipped with a regulator and a gauge was placed in
a 37°C incubator, and a mixture of 95% air and 5% CO2 was pumped into the chamber to
obtain +70 mm Hg pressure (9% increase above atmospheric pressure) that was maintained
by the regulator. We chose this pressure setting for direct comparison with our previous
studies and those of others.14–18,53,65 For ambient pressure experiments, cells were kept in a
standard incubator. As previously described, others and we have experimentally ruled out
significant artifacts caused by changes in pH, dissolved oxygen content, dissolved carbon
dioxide content, and culture nutrition.16,53,65

Pharmacology
For TRPV1-specific antagonism, we used iodo-resiniferatoxin (I-RTX; Alexis
Biochemicals, Lausen, Switzerland). The specific action of I-RTX on TRPV1 has been well
vetted in the TRP pharmacology literature, including its use in heterologous expression
systems and a demonstrated affinity for TRPV1 800-fold higher than the synthetic capsaicin
analog, capsezepine.53,66–70 Of note, I-RTX completely eradicates capsaicin-induced
currents in cells heterologously expressing rat or human TRPV1.66–70 For TRPV1-specific
agonism, we again used a widely accepted TRPV1-specific agent capsaicin (Sigma).71–73

Stock solutions of pharmacologic agents were diluted with RGC culture media to produce
the following final concentrations: 100 nM, 10 nM, 1 nM, or 100 pM for I-RTX; 100 µM, 10
µM, or 1 µM for capsaicin; and 950 µM ethylene glycol-bis(B-aminoethyl)-N,N,N1,N1-
tetraacetic acid (EGTA; Gibco).74 The 950-µM dose of EGTA reduced the concentration of
available Ca2+ in the culture media from 1 mM to 100 µM, as determined by Max Chelator
(Stanford University, Stanford, CA). Stock solutions were prepared with 10 mM I-RTX in
dimethyl sulfoxide, 10 mM capsaicin in ethanol, 100 mM EGTA in NaOH-buffered ddH2O.
Control cultures for pharmacology studies were treated with an equivalent volume of the
appropriate vehicle. Cultures treated with EGTA or I-RTX were used in 48-hour hydrostatic
pressure experiments. Cultures treated with capsaicin or its vehicle were maintained at
ambient pressure in a standard incubator for 48 hours.

In Situ Apoptosis Assay and Quantification
As previously described, we assessed apoptosis of RGCs using a terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL; Serologicals/Millipore) assay with
DAPI counterstain (Molecular Probes, Eugene, OR).18 For quantification of RGC apoptosis
in purified cultures, we photographed 10 random fields in each well of the culture plate to
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obtain a minimum of 30 fields for each experimental condition. Cell density was determined
by counting the number of DAPI-stained nuclei per square millimeter. TUNEL reactivity
was assessed as the percentage of DAPI-stained cells that were TUNEL positive.18 For
TUNEL imaging, an automated macro was used for image analysis to reduce subjectivity
and bias. As previously described, the quantification macro for TUNEL labeling was
developed using Image Pro Plus (version 5.1.2; Media Cybernetics, San Diego, CA).18 For
analysis of TUNEL images, the automated macro applied filters to set the intensity range
and to discriminate roundness and size. Objects that met the predetermined parameters for
label intensity, nuclei shape, and nuclei size were then counted as TUNEL-positive cells.

Western Blot
Western blot analysis was conducted as previously described with some modification.75

Protein lysates were produced from retina homogenized (1 retina/100 µL) in solution
containing 50 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 100 mM dithiothreitol, 2 mM
EDTA, 50 mM NaF, 0.2 mM Na3VO4, 0.25 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail (Roche). Protein concentration was determined with protein assay
(Bio-Rad, Hercules, CA). Samples (60–80 µg protein) were prepared in denaturing buffer
containing 100 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 0.2% bromophenol blue, and
200 mM dithiothreitol. Samples were then separated by SDS-PAGE in 4% to 20% gradient
Tris-glycine precast gel (Bio-Rad) and transferred to a membrane (Millipore). The
membrane was incubated for 1 hour in blocking solution containing 5% powdered milk and
0.05% Tween-20, pH 7.6. This was followed by overnight incubation at 4°C in primary
antibody. For rat tissue, we used rabbit anti–rat TRPV1 IgG (1:1000; catalog number
NB100–1617; Novus Biologicals, Littleton, CO) against amino acids 4 to 20
(RASLDSEESESPPQENSC) in the n terminus of rat TRPV1. In Western blot, this antibody
recognizes full-length TRPV1, in any glycosylation state, with a product size of 100 to 113
kDa and a dimer at 198 kDa; its specificity for immunoblotting and labeling in neural tissue
has been established.76–78 For mouse tissue, we used rabbit anti–mouse TRPV1 IgG (1:500;
catalog number RA14113; Neuromics, Edina, MN) against the absolute C terminus of
mouse TRPV1 (EDAEVFKDSMAPGEK). In Western blot, this antibody yields a product of
90 to 113 kDa for full-length TRPV1 of varying glycosylation states and of 198 kDa for
TRPV1 dimers. The specificity of this antibody has been established by immunoblotting and
labeling in expression systems and mouse neural tissue, including the most commonly used
trpv1−/− mouse, which yielded no reactivity.79–81 As a loading and reaction control, we also
probed all samples with mouse anti–β-actin IgG (1.2 µg/mL; Ambion, Foster City, CA). The
expected molecular weight of B-actin is 42 kDa. For neutralization of TRPV1, the anti–rat
TRPV1 antibody was preincubated with blocking peptide (20 µg/mL; Novus Biologicals) for
4 hours at room temperature before overnight incubation. After washes in blocking solution,
membranes were incubated for 1 hour in blocking solution containing goat anti–rabbit IgG
(400 ng/mL; Molecular Probes) or mouse anti– rabbit IgG (400 ng/mL; Molecular Probes)
conjugated to Alexa Fluor 680. After washes in PBS + 20% Tween, immunoreactive bands
were detected by an infrared imaging system (Odyssey; Li-Cor, Lincoln, NE).

Immunohistochemistry
Immunolabeling in primary cultures of RGCs, vertical sections of retina, and wholemounts
of retina was performed with slight modification as previously described.18,65,75,82

Immunolabeling was performed with the TRPV1 antibodies described (for rat, 1:100; for
mouse, 1:50), mouse anti–SMI32 (1:10,000; catalog number SMI-32R; Covance, Berkeley,
CA), and mouse anti–rat Thy-1.1/CD90 IgG (5 µg/mL; BD PharMingen) and was visualized
with goat anti–mouse IgG or goat anti–rabbit IgG conjugated with Alexa 594 or 488 dye (10
µg/mL; Molecular Probes). Some samples were also counterstained with DAPI (50 µg/mL;
Molecular Probes). Controls for immunohistochemistry experiments were conducted with
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no primary antibody and the appropriate IgG isotypes. RGC cultures and vertical sections of
retina were imaged on an upright microscope (AX70; Olympus, Melville, NY), whereas
wholemount preparations of retina were imaged on the upright confocal microscope (LSM5
META; Zeiss, Thornwood, NY).

Fluorescence Microscopy and Quantification
Unless otherwise stated, all microscopy was performed on an upright microscope (AX70;
Olympus) equipped with four fluorescent cubes, Nomarski-DIC optics, and a semicooled
CCD camera (Spot RT; Diagnostic Instruments, Sterling Heights, MI). Digital images were
acquired with acquisition software (Spot Image; Diagnostic Instruments).

Confocal Microscopy
Imaging of immunohistochemistry was performed at the Vanderbilt Cell Imaging Core on
an upright confocal microscope (LSM510 META; Zeiss) equipped with laser scanning
fluorescence (blue/green, green/red, red/far-red) and Nomarski-DIC, 3-D z-series, and time
series. All samples were examined with a 63× oil-immersion objective (1.40 Plan-
apochromat), and images were acquired with a digital camera and image analysis software
(LSM5; Zeiss).

Calcium Signaling Experiments
To assess pressure-induced changes in intracellular Ca2+, we used Ca2+ dye (Fluo-4 AM;
Molecular Probes), as described in our recent study of microglial cells.53 Briefly, the Ca2+

dye (Fluo-4 AM; Molecular Probes) is a BAPTA-based, high-affinity, nonratiometric Ca2+

dye known to exhibit greater than a 40-fold increase in fluorescence on Ca2+ binding.83

Because we are interested in longer changes in intracellular Ca2+ that could lead to cell
death, we examined Fluo-4 label after exposure to pressure for 1 hour. This is consistent
with the period for reliable detection and interpretation of Fluo-4 label.83 To allow complete
de-esterification of Fluo-4 AM, primary RGC cultures were loaded with 5 µM Fluo-4 AM
for 30 minutes in a standard culture incubator. The media were replaced, and the cultures
were examined to confirm comparable Fluo-4 loading. When this was complete, the cultures
were segregated into control and experimental groups. The experimental group was exposed
to +70 mm Hg hydrostatic pressure for 1 hour, and the control group was maintained in a
standard culture incubator. The use of separate cultures for measurement of Fluo-4 label at
ambient and elevated pressure implies that no internal control is present for initial dye
loading or dye leakage over time. We attempted to minimize these effects by examining
each culture for equivalent dye loading and excluding any culture that was not equivalently
loaded before the experimental period. We used three to six culture plates per condition, for
which the mean Fluo-4 intensity was determined and used in statistical comparisons. Thus, a
bias in dye loading would have to occur simultaneously in as many as six cultures.
Immediately after the experiment, the live cultures were coverslipped with physiological
saline and imaged as detailed. For each sample, 15 to 20 independent fields (20×) were
acquired, surface plots were created, and Fluo-4 intensity was quantified as total fluorescent
intensity across the field. Ca2+ imaging was performed on the upright microscope (AX70;
Olympus).

Experimental Design and Statistical Analysis
All preparations, experiments, and measurements were performed minimally in triplicate,
with Student’s t-test as an indicator of significance unless stated otherwise.
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Results
TRPV1 Expression in RGCs of the Rat Retina

A PCR investigation revealed that expression of trpv1 mRNA in isolated adult and postnatal
RGCs was significantly lower than that of whole retina (Fig. 1A). This is likely attributable
to the expression of trpv1 by cell types other than RGCs in whole retina, as we have
shown.53 For isolated RGCs, the level of trpv1 expression was similar in RGCs isolated
from adult and postnatal retina. However, expression of trpv1 by postnatal RGCs increased
slightly with time in culture (Fig. 1A, right). Although a sense MRNA probe against trpv1
produced no label as a control (Fig. 1B), an antisense probe revealed strong expression in
the middle tier of the inner nuclear layer of the rat retina, probably in cell bodies of Müller
glia and microglia based on their size and location (Fig. 1B). Prominent label also
distributed densely throughout the large cell bodies of RGCs and in smaller cell bodies
below them (Figs. 1B, 1C). Based on our previous study,53 the latter are likely to at least
include microglia cells.

In cross-sections through rat retina, immunolabeling for TRPV1 was apparent in processes
penetrating the outer plexiform layer, probably from Müller glia cells, microglial cells, or
both (Fig. 2A). This would be consistent with our previous studies localizing TRPV1 to
microglial cells in the rat retina.53 Indeed clear examples of the typical amoeboid shape of
microglia cell bodies were present in the outer retina and near the nerve fiber layer, where
we reported them earlier.53 Intense perinuclear staining also delineated the larger cell bodies
of RGCs (Fig. 2A). This was confirmed by confocal microscopy of wholemount
preparations counter-labeled with antibodies against heavy-chain neurofilaments that
recognize large RGCs (Fig. 2B). This indicated punctate localization of TRPV1 to RGC
dendrites, with more diffuse label in RGC cell bodies. Discrete TRPV1 localization was also
apparent in small bundles of RGC axons in the peripheral retina, with denser distribution in
large axon bundles near the optic nerve head (Figs. 2C, 2D). Smaller cell bodies also
expressing TRPV1 near the nerve fiber layer were identified as microglia based on their
amoeboid appearance.53 This is shown explicitly in Figure 2E, where Iba-1 labeled
microglia expressing TRPV1 are apparent on a background of TRPV1-labeled RGC axons.
In RGC cultures, the pattern of TRPV1 localization was qualitatively similar to that
observed in intact retina, with intense perinuclear and neurite staining (Fig. 2F). TRPV1
labeling appeared more robust on a per cell basis than that noted in intact retina, consistent
with our PCR results (Fig. 1A). In the cell body, localization could correspond to plasma
membrane and endoplasmic reticulum.84–85 Similar to TRPV1 localization in situ, punctate
clusters of intense label also highlighted RGC processes (Fig. 2F). Western blotting against
TRPV1 with the same antibody confirmed its specificity in brain and whole retina from
adult rat (Fig. 2G). Retina demonstrated a second, smaller band that differed in molecular
weight by only a few kilodaltons, well within the 90- to 113-kDa range for various
glycosylation states for this antibody.79 Consistent with this, preabsorption of the TRPV1
antibody with a blocking peptide prevented the detection of all bands (Fig. 2G).
Immunoblotting against actin served as a loading and a reaction control.

TRPV1 Activation and Pressure-Induced Death of RGCs
To test whether TRPV1 contributed directly to pressure-induced RGC apoptosis, we
maintained RGCs under elevated hydrostatic pressure (+70 mm Hg) for 48 hours with
increasing concentrations of the highly specific TRPV1 antagonist I-RTX,53,66–70 and we
measured changes in cell density and TUNEL reactivity (Fig. 3). We previously found that
at this time point, +70 mm Hg produced the greatest decrease in RGC density and the
greatest increase in fraction of TUNEL-positive cells.18 Consistent with our published
observations,18 elevated pressure without I-RTX reduced the density of RGCs from ambient
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levels by 36% (P < 0.01; Fig. 3A). Treatment with I-RTX significantly improved RGC
density under pressure in a dose-dependent manner, with a 20% increase for 1 nM I-RTX (P
= 0.02) and a 25% increase for 10 nM I-RTX (P = 0.01) compared with vehicle only (Fig.
3A). For these concentrations of I-RTX, ambient RGC density did not change compared
with vehicle only (P > 0.2). With 10 nM I-RTX, density for RGCs under pressure reached
ambient levels (P = 0.98). For the highest concentration of I-RTX (100 nM), RGC density
under pressure actually decreased and was not statistically different from vehicle only (P =
0.33). However, this concentration of I-RTX also caused a 35% decrease for RGCs at
ambient pressure compared with vehicle only (P < 0.01), so that the two pressure conditions
were identical (P = 0.12).

Also consistent with our published observations,18 elevated pressure without I-RTX induced
to a twofold increase in the fraction of TUNEL-positive cells (P < 0.01; Fig. 3B). With
increasing concentrations of I-RTX, the fraction of TUNEL-positive RGCs fluctuated
slightly but did not change compared with vehicle only (P ≥ 0.06; Fig. 3B). This suggests
that the lower RGC density observed with the highest concentration of I-RTX (100 nM; Fig.
3A) might have resulted from a reduced ability to adhere to the culture plate, thereby
artificially lowering the density measurements without inducing cell death. In support of this
idea, for RGCs at elevated pressure, the fraction of TUNEL-positive cells steadily decreased
with increasing concentrations of I-RTX by 20% to 51% compared with vehicle only (P <
0.05 for all; Fig. 3B). Thus, antagonism of TRPV1 with I-RTX reduced pressure-induced
apoptosis of RGCs in a dose-dependent manner.

To test whether TRPV1 activation alone is capable of inducing RGC death, we applied
increasing concentrations of the TRPV1-specific agonist capsaicin to RGCs for 48 hours and
again assessed RGC density and TUNEL reactivity (Fig. 4). Treatment with capsaicin
induced a gradual decrease in RGC density, with 1 µM capsaicin reducing RGC density by
27% (P = 0.01) and 100 µM reducing it by 58% (P < 0.01) compared with vehicle only.
Correspondingly, capsaicin also induced a sharp increase in the fraction of TUNEL-positive
RGCs, with 1 µM causing a twofold increase (P < 0.01) and 100 µM causing a 3.5-fold
increase (P < 0.01) compared with vehicle. These data suggest that TRPV1 activation is
capable of inducing RGC apoptosis in the absence of other insults.

Chelation of Extracellular Ca2+ and Pressure-Induced RGC Apoptosis
In other tissues, TRPV1 supports a strong Ca2+ conductance that leads to increased
intracellular Ca2+.49–50,68,86–92 Increased intracellular Ca2+, such as that associated with
TRPV1 activation, can directly induce apoptotic cell death in many neuronal
conditions.93–100 If the effect of TRPV1 on the RGC response to pressure involves an influx
of extracellular Ca2+, a simple reduction in available Ca2+ should also protect RGCs. To test
this, we reduced the concentration of extracellular Ca2+ available for influx using the Ca2+

chelator EGTA and measured changes in density and TUNEL-reactivity for RGCs at
ambient or elevated pressure for 48 hours (Fig. 5). Based on our calculations, the 950-µM
dose of EGTA reduced the concentration of available Ca2+ in the culture media from 1 mM
to 100 µM. As before, elevated pressure induced a 35% decrease in RGC density (P < 0.01)
that was accompanied by a twofold increase in the percentage of TUNEL-positive cells (P <
0.01; Figs. 5A, 5B). Although Ca2+ chelation at ambient pressure did not alter the density of
RGCs (P = 0.2), it did decrease the baseline level of TUNEL-positive cells by 38% (P <
0.01; Fig. 5A). This suggests that the small degree of apoptosis that naturally occurred in our
primary cultures was dependent on extracellular Ca2+ levels. For RGCs at elevated pressure,
chelation of extracellular Ca2+ improved RGC survival with an 18% increase in density (P <
0.05) and a 56% decrease in TUNEL reactivity (P < 0.01) compared with no treatment (Fig.
5B). In fact, the fraction of TUNEL-positive cells reached the fraction at ambient pressure
for the same concentration (P = 0.04; Fig. 5B). These data suggest that an influx of
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extracellular Ca2+ is an important component of pressure-induced apoptosis in RGCs and
that the contribution of TRPV1 to pressure-induced death may lie in its permeability to
extracellular Ca2+. We examine this possibility directly in the following experiment.

TRPV1 and Pressure-Induced Increases in RGC Ca2+

Based on our results with EGTA, we examined whether exposure to elevated hydrostatic
pressure could also increase RGC intracellular Ca2+ and whether TRPV1 activation could be
involved. We exposed isolated RGCs to the Ca2+ indicator dye Fluo-4 at ambient or
elevated pressure in the presence or absence of 100 nM I-RTX for 1 hour. This time was
selected as the longest time for reliable detection and interpretation of Fluo-4 label.53,83

Fluo-4 label in RGCs maintained at ambient pressure was modest, with a nearly uniform
distribution of signal across a meshwork of neurites (Fig. 6A). This pattern resembled the
node-like arrangement of TRPV1 in RGC axons and dendrites (Fig. 2). Exposure to elevated
pressure dramatically increased Ca2+ in RGC cell bodies and processes, with puncta of
localized changes particularly prominent in primary neurites (Fig. 6B). Specific antagonism
of TRPV1 with 10 nM I-RTX greatly reversed most of the pressure-induced increases in
accumulated Ca2+ (Fig. 6C). Treatment with I-RTX at ambient pressure also appeared to
reduce the baseline intracellular Ca2+ in RGCs (Fig. 6D); this indicates that TRPV1 may
play a role in maintaining normal levels of Ca2+ in RGCs. Quantification of total Fluo-4
revealed an almost fourfold increase in intensity with elevated pressure (P < 0.01) that was
reduced by 40% after treatment with I-RTX (P < 0.01; Fig. 6E). I-RTX alone also decreased
the baseline Ca2+ in RGCs by 71% (P = 0.02; Fig. 6E). These data suggest that increased
intracellular Ca2+ because of TRPV1 activation is a prominent feature of the RGC response
to elevated pressure.

TRPV1 in the DBA/2 Mouse Model of Glaucoma
To evaluate the potential relevance of TRPV1 to elevated IOP in an animal model of
glaucoma, we examined TRPV1 localization in retina from age-matched DBA/2 mice (6 and
9 months) with different IOPs. DBA/2 mice have two ocular phenotypes that lead to
elevated IOP: iris stromal atrophy and iris pigment dispersion caused by mutations in the
Tyrp1 and Gpnmb genes, respectively.54,101,102 The retina from a 6-month-old DBA/2 with
low IOP (average IOP, 14.85 mm Hg) displayed strong TRPV1 labeling in the large cell
bodies of RGCs in the ganglion cell layer (Fig. 7A, top), much like in rat (Fig. 2). For a 9-
month-old DBA/2 eye with slightly higher IOP (average IOP, 18.5 mm Hg), label was
similarly intense in ganglion cells but with slightly increased signal in the nerve fiber layer
(Fig. 7A, bottom). In addition, diffuse signal was apparent in the inner plexiform layer.

In a 6-month-old DBA/2 eye with higher IOP (average IOP, 17.7 mm Hg), the retina
exhibited a notable increase in TRPV1 labeling in the inner plexiform layer, with less
labeling near the ganglion cell bodies (Fig. 7B, top). Similarly, the retina from a 9-month-
old DBA/2 eye with higher IOP (average IOP, 21.8 mm Hg) also had increased label in the
inner plexiform layer compared with the lower IOP 9-month-old retina (Fig. 7B). This
pattern could be attributed to a number of additional cell types or to a shift toward increased
localization to RGC dendrites. In either case, these data suggest that changes in TRPV1
expression, particularly in the inner retina, can accompany increases in IOP in vivo. The
difference in signal between the low and high IOP 6-month-old retinas was greater than that
between the low and high IOP 9-month-old retina, not only because of the higher signal in
the 9-month-old compared with the 6-month-old (Fig. 7A) low IOP retina but also less
increase in label with elevated IOP at 9 months (Fig. 7B). In C57 mouse retina, TRPV1
localization to RGCs was similar to that in rat and DBA/2, with strong label in the ganglion
cell and nerve fiber layers. There, TRPV1 colocalized with RGCs marked by immunolabel
for Thy-1.1, a cell-surface marker in RGCs that localizes primarily to the cell body and axon
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(Figs. 7C–E). Control experiments performed without the primary antibody resulted in an
absence of label in all tissues (Fig. 7F). Western blotting against TRPV1, with actin as a
control, confirmed the presence of TRPV1 in brain and retina from adult C57 mice (Fig.
7G). Unlike rat retina, mouse retina displays only one band at the expected molecular weight
for TRPV1 (compare Fig. 7G with Fig. 2G). This suggests that the putative glycosylated
form noted in samples of retina from adult rat is species specific rather than retina specific.

Discussion
Here we demonstrated that RGCs express the TRPV1 channel (Figs. 1, 2, 7) and that
TRPV1 activation contributes to their death with exposure to hydrostatic pressure (Fig. 3).
We also demonstrated that activation of TRPV1 alone was sufficient to induce apoptosis of
RGCs (Fig. 4). Our experiments with EGTA showed that by chelating extracellular Ca2+, we
could dramatically reduce pressure-induced RGC apoptosis (Fig. 5). Through the same
imaging paradigm that we used previously to demonstrate TRPV1-induced increases in
microglia Ca2+,53 we showed that elevated hydrostatic pressure increases RGC intracellular
Ca2+ and that TRPV1 activation is an important component of this increase (Fig. 6). Finally,
TRPV1 expression increases with IOP in the DBA/2 mouse model of glaucoma, and this
appears to be independent of age (Fig. 7). Together our data suggest a novel role for TRPV1
as a contributor to the apoptotic response of RGCs to elevated hydrostatic pressure. Thus,
TRPV1 could represent a novel target for therapeutic intervention in conditions involving
elevated intraocular pressure.

Like other members of the TRP family, activation of TRPV1 leads to a potent influx of
extracellular Ca2+ and subsequent membrane depolarization.49–53,84–87 TRPV1-mediated
Ca2+ influx leads to many intracellular events, including apoptotic cell death in epithelial
cells of the lung49,50 and in microglia of the brain.52 TRPV1 activation is also linked to the
release of Ca2+ from intracellular stores.103 Interestingly, chelation of extracellular Ca2+

nearly reversed completely pressure-induced apoptosis of RGCs (Fig. 5), whereas
pharmacologic interference of TRPV1 function afforded only partial protection (Fig. 3).
These findings suggest that other Ca2+-permeable channels are involved in the RGC
apoptotic response to pressure, some of which may be influenced by the activation of
TRPV1. In dorsal root ganglion neurons, the activation of TRPV1 inhibits conductance
through most voltage-dependent Ca2+ channels and causes rapid internalization of voltage-
gated Ca2+ channels through Ca2+-dependent activation of the protein phosphatase
calcineurin.104–106 In glaucoma, the cleavage of calcineurin occurs in response to elevated
IOP, and inhibiting calcineurin systemically inhibits pressure-induced RGC axon loss in the
optic nerve.107 We previously found that Bcl-2, which increases the Ca2+-buffering capacity
of mitochondria,108 increases threefold in RGCs exposed to elevated hydrostatic pressure.18

For years it has been recognized that many drugs used to lower IOP or reduce
vasoconstriction in glaucoma also affect RGCs by modulating the accumulation of
intracellular Ca2+.109 Similarly, studies of pressure-related ischemic injury at the optic nerve
head indicate that the influx of extracellular Ca2+ into the RGC axoplasm is critical to the
development of abnormality from the ischemic insult.110,111

Various TRP subunits are activated by mechanical stimuli in many tissues, including
osmotic stress in the kidney, mechanical force in the heart and vasculature, pressure in the
inner ear, and mechanical force in afferent fibers of the colon.28,36,42,112,113 TRPV1
subunits in multiple sensory ganglia of the spinal cord respond to the transduction of
mechanical stimuli involved in several systemic functions, including monitoring of pressure-
induced pain and injury.46 Importantly, TRPV1 is implicated in sensing changes in
intraluminal hydrostatic pressure in vascular walls and in mediating the response of jejunal
afferents to pressure-induced distension of the gut.40,41 TRPV1 is also necessary for

Sappington et al. Page 10

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2013 January 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mediating mechanosensitivity in colon afferents.43 We have shown that TRPV1 expressed
by retinal microglia contributes to pressure-induced nuclear translocation of NFκB and
increased secretion of the inflammatory cytokine IL-6.53 Thus, our hypothesis that TRPV1
contributes to the apoptotic response of RGCs to pressure is not without precedence.

In the goldfish and zebrafish retina, TRPV1 expression seems to be restricted to
photoreceptors,114 whereas our analysis of rat and mouse retina revealed robust TRPV1
localization in the ganglion cell and nerve fiber layers (Figs. 2, 7). Our findings very closely
resemble the localization of TRPV-L1 (TRPV2) in rat, cat, and primate retina.115 In some
regions of the cat and primate retina, TRPV-L1 expression is restricted to the ganglion cell
layer.115 We do not rule out the localization of TRPV1 in the outer retina of the rodent;
indeed, some of our unpublished findings suggest weak expression there (data not shown).
Our analysis of the DBA/2 retina revealed that increased IOP led to a dramatic increase in
TRPV1 localization, especially in the inner retina, at 6 and 9 months of age (Fig. 7).
Although Müller cell expression could account for a portion of TRPV1 immunoreactivity in
the inner plexiform layer, it is possible that the increase in signal in this region is attributed
to a change in dendritic expression of TRPV1 in RGCs. This change could reflect a
recombination of TRPV1 with other TRP subunits or could represent a compensatory
response caused by progressive changes in intracellular Ca2+ homeostasis. The increase in
TRPV1 label with IOP was less dramatic at 9 months than at 6 months (Fig. 7B). If indeed
the shift to the inner plexiform layer is indicative of RGC dendritic labeling, this difference
between the 6- and 9-month higher IOP retinas could be explained by dendritic pruning with
age. However, a larger sample is necessary to draw hard conclusions. Interestingly, the
downregulation of TRPV1 expression in whole retina was noted after IOP-induced
ischemic-reperfusion injury in rats.116 Based on our histologic assessment of TRPV1
expression, it appears that IOP-dependent changes in TRPV1 are layer specific, which may
not be apparent in whole retina protein and mRNA analysis. TRPV1 is known to localize to
the endoplasmic reticulum and the plasma membrane84,85; therefore, it is possible that
dendritic expression constitutes a shift in localization without a significant change in
expression level.

Given the important contribution of TRPV1 to a variety of Ca2+- and pressure-dependent
processes, it is logical to propose a role for it in the RGC response to hydrostatic pressure. In
a fluid-based environment such as the retina, pressure is translated to aqueous shear at the
cell membrane, in accordance with LaPlace’s Law.117 In glaucoma, a popular hypothesis is
that elevated pressure in the eye is translated to mechanical stress at the optic nerve head,
which, in turn, can affect reperfusion pressure in the retina.9 Our results indicate TRPV1
localization throughout the RGC, including the axon (Fig. 2), and any compartment could
potentially contribute to the pressure response. Yet, we do not understand how pressure
translates to neuronal apoptosis. All cells, including neurons, undergo extensive intracellular
activity in response to most mechanical stimuli, including pressure.118 A large body of
literature in biomechanics indicates that the overwhelming contributor to compression-
related cellular stress is increased hydrostatic pressure. This is so in cardiac vessels, lung,
kidney, and gut.117,119,120 For our RGCs, which are plated on a rigid surface, applied
pressure represents a uniform hydrostatic load (i.e., air pressure distributed equally above a
small-volume liquid column), and this is known to induce membrane compression.117 For
such a configuration, careful mathematical analysis indicates that the pressure gradient
between the plates and the liquid column is substantial, even for less elastic tissue such as
cartilage.117,119,120 In this case, the most likely sources of cellular perturbation are
distortional tension, hydrostatic compression, and the gradient of liquid potential across the
cell membrane.117 These perturbations are known to disrupt the actin cytoskeletal
scaffolding, which can increase the conductance of channels sensitive to mechanical
tension.121 Thus, though we propose that TRPV1 in RGCs can be activated by pressure and
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contributes to a pressure-dependent signal, we do not know whether this activation arises
from static pressure regardless of magnitude, changes in pressure or a pressure gradient,
hydrostatic shear at the cell membrane, or an aqueous gradient arising from increased
pressure. Another possibility is that TRPV1 is activated not primarily by pressure but
secondarily by intracellular activation through another receptor.

Although direct, mechanical activation of TRPV1 is an intriguing possibility, activation of
TRPV1 could also occur indirectly at any point within the pressure-induced degenerative
pathway. For example, TRPV1 in vivo could also be activated by ligands endogenous to the
retina, such as endothelin-1, which is a potent vasoconstrictor that potentiates TRPV1
activity.122 The endothelin receptor is also upregulated in the glaucomatous eye,123 and
endothelin can directly induce glaucomatous loss of RGCs.124 The endocannabinoid
anandamide is also known to activate TRPV1 in a rat model of IOP-induced ischemic-
reperfusion injury. In this model, intravitreal injection of the TRPV1 antagonist capsazepine
reversed the protective effects of a stable anandamide analogue on RGC death.116 This
could have bearing on the results of our imaging experiments, which suggest that TRPV1
contributes to baseline Ca2+ levels at ambient pressure (Fig. 6D). Even so, it is important to
note that while the examination of anandamide and TRPV1 was conducted in vivo, our work
assesses RGC-specific and retina-specific responses to TRPV1 inhibition without the
extraretinal milieu of the globe. Although there is no doubt that RGCs are capable of
responding to anandamide and intravitreal injection of the capsazepine, our data suggest that
other cell types, including cells of the vasculature, could also respond (data not shown). In
this case, vasculature-specific responses could contribute to the effects of capsazepine on
RGC death. This is particularly intriguing given that the capsazepine study was conducted in
the context of an ischemic-reperfusion injury.
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Figure 1.
Expression of trpv1 mRNA in RGCs. (A) PCR demonstrates expression of trpV1 mRNA in
whole retina from adult rat, RGCs isolated from adult and P4 rat retina, and P3 RGCs
cultured for 7 days. (B) Control in situ hybridization with sense trpv1 probe reveals little or
no background staining. (C) Antisense trpv1 probe strongly labels cell bodies in the middle
tier of the INL (bracket) and in the GCL of the rat retina. Large cell bodies of RGCs are
indicated (filled arrows), as is a smaller cell body likely corresponding to a microglial cell
(white arrow). (D) Higher magnification illustrates robust trpv1 expression in the large cell
bodies of RGCs (filled arrows) in the GCL and in smaller glial cell bodies in the NFL below
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(white arrows). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer.
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Figure 2.
TRPV1 localization in RGCs of rat retina. (A) Immunocytochemical labeling for TRPV1
shows strong localization in the outer retina and in RGCs (large cell bodies); there is little or
no label in smaller displaced amacrine cells of the GCL. Clear examples of amoeboid-
shaped cell bodies of microglia cells are indicated (ovals). Right: Control section
preabsorbed using the TRPV1 blocking peptide (+BP). (B) Confocal image stack through
GCL and NFL showing labeling for TRPV1 in wholemount preparation counterlabeled with
antibodies against heavy-chain neurofilaments that recognize broad-field RGCs (SMI32).
Image shows punctate localization to dendrites (arrows) as well as intense label to cell
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bodies (brackets); smaller cell bodies with TRPV1 label are in the background. (C) Confocal
image stack through GCL and NFL of peripheral retina shows TRPV1 in RGC cell bodies
(bracket) and in small bundles of RGC axons (arrows). (D) Confocal stack from central
retina shows TRPV1 in RGC cell bodies (bracket) and in axon bundles in the NFL as they
course toward the optic nerve head. Amoeboid-shaped cell bodies of microglia are apparent
(ovals). (E) Confocal image in single plane at GCL/NFL border shows Iba-1–labeled
microglia processes colocalizing with TRPV1, as we previously demonstrated.51 TRPV1-
label RGC cell bodies (brackets) and axons (arrows) are indicated for reference. (F)
Immunocytochemical labeling demonstrates strong perinuclear and dendritic localization of
TRPV1 in cultured RGCs counterstained with the nuclear label DAPI. Localization to
dendritic processes and neurites (dashed circles) includes node-like clusters; right: these
regions are shown at higher magnification. (G, top) Western blot against TRPV1 in brain
and whole retina from adult rat shows band at expected molecular weight (arrowheads; 100
– 113 kDa). Retina demonstrates an additional band with a slightly lower molecular weight
that probably corresponds to a different glycosylation state for this antibody.79 Bottom:
Control Western blot with preabsorption of TRPV1 antibody using the blocking peptide
prevents detection of both bands. ONL, outer nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve
fiber layer.
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Figure 3.
Antagonism of TRPV1 diminishes pressure-induced RGC apoptosis. (A) Density and (B)
percentage of TUNEL-positive RGCs at ambient or elevated pressure for 48 hours exposed
to increasing concentrations of I-RTX. (A) For vehicle only, elevated pressure reduces the
density of RGCs by 36% compared with ambient pressure (bracketed *). Treatment with 1
nM and 10 nM I-RTX increases the density of RGCs at elevated pressure by 20% and 25%,
respectively, compared with vehicle alone (*); with 10 nM I-RTX, density for elevated
pressure is equivalent to ambient (bracketed ‡). Increasing IRTX to 100 nM reduces RGC
density at ambient pressure by 35% compared with vehicle alone (*) and at elevated
pressure so that the densities are equivalent (bracketed ‡). (B) For vehicle only, elevated
pressure increases the percentage of TUNEL-positive RGCs by nearly 2.5-fold compared
with ambient (bracketed *). At ambient pressure, treatment with I-RTX does not
significantly alter the percentage of TUNEL-positive RGCs compared with vehicle only. For
RGCs at elevated pressure, I-RTX steadily decreases the percentage of TUNEL-positive
RGCs from 26% for 100 pM to 51%for 100 nM compared with vehicle only (*). *P ≤ 0.05
(significance); ‡P ≥ 0.1 (no significance). Error bars represent SEM.
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Figure 4.
Activation of TRPV1 induces RGC apoptosis. Density and percentage of TUNEL-positive
RGCs in primary cultures exposed to varying concentrations of the TRPV1 agonist
capsaicin (1–100 µM) for 48 hours. As capsaicin concentration increases, RGC density
decreases and the percentage of TUNEL-positive cells increases. The largest dose of
capsaicin decreases RGC density by 58% while increasing the percentage of TUNEL-
positive RGCs by 3.5-fold. *P ≤ 0.01 compared with no treatment. Error bars represent
SEM.
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Figure 5.
Chelation of extracellular Ca2+ reduces pressure-induced RGC apoptosis. Density and
percentage of TUNEL-positive RGCs in primary RGC cultures maintained at ambient (A) or
elevated (B) pressure for 48 hours and treated with 950 µM EGTA. (A) Treatment with
EGTA does not significantly alter the density of RGCs. However, EGTA does decrease the
percentage of TUNEL-positive RGCs by 38% compared with vehicle-treated (‡). (B) As in
Figure 3, elevated pressure without treatment induces a significant 35% decrease in RGC
density compared with ambient pressure (*). This corresponds with a twofold increase in the
percentage of TUNEL-positive RGCs (*). Treatment with EGTA modestly increases the
density of RGCs by 18% (+), while reducing the percentage of TUNEL-positive RGCs by
56% (+). Symbols indicate P ≤ 0.01; error bars represent SEM.
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Figure 6.
TRPV1 contributes to pressure-induced increases in RGC Ca2+. (A) Fluo-4 conjugated Ca2+

accumulation in RGCs at ambient pressure (left) and quantification with intensity map
(right). (B) One hour of elevated hydrostatic pressure induces increased intracellular Ca2+ in
cell bodies and neurites. (C) Treatment of RGCs exposed to elevated pressure for 1 hour
with 10 nM I-RTX greatly diminishes the Ca2+ signal, especially in processes in which
Fluo-4 label is almost absent. (D) Treatment with 10 nM I-RTX at ambient pressure
decreases baseline intracellular Ca2+. (E) Quantification of Fluo-4 indicates that elevated
pressure induces a significant, fourfold increase from ambient pressure in accumulated
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intracellular Ca2+ after 1-hour exposure (*). I-RTX treatment significantly reduces ambient
(+) and pressure-induced Ca2+ (‡). Symbols indicate P ≤ 0.05; error bars represent SE. Pixel
intensity calculated as average of total intensity from 15 to 20 independent fields. Scale bar
in (D) also applies to (A–C).
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Figure 7.
Elevated IOP increases TRPV1 in DBA/2 mice. Immunolabeling against TRPV1 with DAPI
counterstain in retina from DBA/2 mice (A, B) and colabeling of the RGC-specific marker
Thy1 and TRPV1 C57 retina for comparison (C–E). All micrographs from the high RGC
density region proximal to the nerve head. (A) Retina from 6-month (top) and 9-month
(bottom) DBA/2 eyes with relatively low IOP (average, 14.85 mm Hg for 6 months and 18.5
mm Hg for 9 months) reveals punctate labeling of TRPV1 in the GCL (arrows), including
the large cell bodies of RGCs. The 9-month retina also demonstrated stronger label in the
NFL. (B) In retina from 6-month and 9-month DBA/2 eyes with higher IOP for each age
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(average, 17.7 mm Hg for 6 months and 21.8 mm Hg for 9 months), TRPV1 label remains
strong in the GCL (bracket) but also increases dramatically in the IPL. (C) The GCL (dotted
bracket) of C57 retina shows the RGC-specific marker Thy1 highlighting RGC cell bodies
(with DAPI counterstain), with lighter labeling in RGC dendrites in the IPL. (D) Same field
as in (C) showing a similar pattern for TRPV1 in RGCs. TRPV1 label appears to be
perinuclear and membrane bound in GCL. Lighter TRPV1 labeling is also present in the
IPL. (E) Merged image of Thy1 (C) and TRPV1 labeling (D) with DAPI counterstain
reveals colocalization. (F) C57 section with primary antibody omitted for control. (G, top)
Western blot against TRPV1 and actin in brain and whole retina from adult C57 mouse.
Single bands are present at the expected molecular weights for TRPV1 and actin
(arrowheads). IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer.
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