
Retinal Cell Biology

Sigma 1 Receptor Contributes to Astrocyte-Mediated
Retinal Ganglion Cell Protection

Jing Zhao,1,3 Graydon B. Gonsalvez,2 Barbara A. Mysona,1–3 Sylvia B. Smith,1–3 and
Kathryn E. Bollinger1–3

1Department of Ophthalmology, Medical College of Georgia at Augusta University, Augusta, Georgia, United States
2Department of Cellular Biology and Anatomy, Augusta, Georgia, United States
3Culver Vision Discovery Institute, Augusta, Georgia, United States

Correspondence: Kathryn E.
Bollinger, Associate Professor of
Ophthalmology, Cellular Biology
and Anatomy, 1120 15th St BA 2701,
Augusta, GA 30912, USA;
kbollinger@augusta.edu.

Received: October 31, 2021
Accepted: December 28, 2021
Published: February 1, 2022

Citation: Zhao J, Gonsalvez GB,
Mysona BA, Smith SB, Bollinger KE.
Sigma 1 receptor contributes to
astrocyte-mediated retinal ganglion
cell protection. Invest Ophthalmol
Vis Sci. 2022;63(2):1.
https://doi.org/10.1167/iovs.63.2.1

PURPOSE. Sigma 1 receptor (S1R) is expressed in retinal ganglion cells (RGCs) and astro-
cytes, and its activation is neuroprotective. We evaluated the contribution of S1R within
optic nerve head astrocytes (ONHAs) to growth and survival of RGCs in vitro.

METHODS. Wild-type (WT) RGCs and WT or S1R knockout (S1R KO) ONHAs were cocul-
tured for 2, 4, or 7 days. Total and maximal neurite length, neurite root, and extremity
counts were measured. Cell death was measured using a TUNEL assay. Signal transducer
and activator of transcription 3 phosphorylation levels were evaluated in ONHA-derived
lysates by immunoblotting.

RESULTS. The coculture of WT RGCs with WT or S1R KO ONHAs increased the total
and maximal neurite length. Neurite root and extremity counts increased at 4 and
7 days when WT RGCs were cocultured with WT or S1R KO ONHAs. At all timepoints,
the total and maximal neurite length decreased for WT RGCs in coculture with S1R KO
ONHAs compared with WT ONHAs. Root and extremity counts decreased for WT RGCs
in coculture with S1R KO ONHAs compared with WT ONHAs at 2 and 7, but not 4 days.
RGC apoptosis increased in S1R KO ONHA coculture and S1R KO-conditioned medium,
compared with WT ONHA coculture or WT-conditioned medium. S1R KO ONHA-derived
lysates showed decreased phosphorylated signal transducer and activator of transcription
3 levels compared with WT ONHA-derived lysates.

CONCLUSIONS. The absence of S1R within ONHAs has a deleterious effect on RGC neurite
growth and RGC survival, reflected in analysis of WT RGC + S1R KO ONHA indi-
rect cocultures. The data suggest that S1R may enhance ganglion cell survival via glia-
mediated mechanisms.
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S igma 1 receptor (S1R) is a small (25.3 kDa), unique,
transmembrane protein that is enriched within the endo-

plasmic reticulum.1,2 S1R functions to modulate multiple
intracellular signaling and cell survival pathways through
a variety of mechanisms that are not fully understood.3–7

Importantly, S1R is expressed in both neuronal and glial
cell types throughout the central and peripheral nervous
systems, including the optic nerve head.8–11 Within the eye,
studies indicate that targeting S1R is beneficial in optic nerve
and retinal disorders that affect ganglion cells and photore-
ceptors.12–17 For example, retinal ganglion cell (RGC) loss
was attenuated and retinal structure preserved by admin-
istration of the S1R agonist (+)-pentazocine ((+)-(PTZ)) in
rodent models of diabetic retinopathy and NMDA-induced
inner retinal toxicity.18,19 Furthermore, investigations of S1R
knockout (S1R KO) animals indicate that loss of S1R leads to
accelerated neurodegenerative pathology in the brain, spinal
cord, and optic nerve.20–25

In addition to in vivo investigations, in vitro studies
have shown that S1R activation can protect isolated primary

RGC cultures from apoptosis under conditions of excito-
toxic and oxidative stress.13,14,26 Furthermore, our recent
studies using primary cultures of optic nerve head-derived
astrocytes (ONHAs) show that stimulation of S1R using (+)-
PTZ mitigates the generation of intracellular reactive oxygen
species and protects against astrocyte cell death.27 Whether
S1R within ONHAs can function to protect RGCs indepen-
dent of S1R activation within the RGCs themselves is an
unknown but critically important question.

Astrocytes throughout the central nervous system
(CNS) have both neuroprotective and neurotoxic prop-
erties, and these characteristics depend on contextual
and environmental factors.28,29 For example, reactivity
responses associated with ischemia (stroke), traumatic
injury, or neurodegenerative disease show variation at differ-
ent stages of the same disorder and among astrocyte
cohorts derived from different CNS regions.28,30–32 In vivo
studies performed specifically in the ON and ONH under
glaucomatous conditions are consistent with the CNS
paradigm of disorder and context-specific astrocytic stress
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responses.33–37 In addition, in vitro studies of astrocyte-
neuronal cocultures indicate that astrocytes derived from
the brain frontal cortex region can robustly protect RGCs
from apoptosis, but that astrocytes derived from the optic
nerve region may only weakly promote RGC survival.38,39

However, few studies have examined RGC–ONHA interac-
tions in controlled, ex vivo environments.

Here, we report use of an in vitro, indirect coculture
system of primary RGCs and primary ONHAs. We observe
a clear increase in viability when RGCs are cocultured with
adult, murine-derived ONHAs. Using the ONHA–RGC cocul-
ture system, we evaluate the extent to which lack of S1R in
ONHAs alters RGC neurite growth and survival compared
with WT ONHAs. We find that, compared with WT-derived
ONHAs, S1R knockout (KO)-derived ONHAs are signifi-
cantly less protective of WT RGCs in coculture. These results
suggest that, in vitro, S1R may provide neuroprotection
through glia-mediated mechanisms.

METHODS AND MATERIALS

Animals

Experiments requiring animals adhered to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research. Our animal protocol is approved by Augusta
University Institutional Animal Care and Use Committee
(IACUC, 2011-0338). C57BL/6J (WT) mice (The Jackson
Laboratory, Bar Harbor, ME) and S1R KO mice (see Wang
et al.40) were kept under controlled lighting conditions
(12-h light: 12-h dark).

Primary Mouse Optic Nerve Head Astrocytes
(ONHAs) Culture

Primary mouse ONHAs were isolated from optic nerve head
of WT mice and S1R KO mice according to our previously
published protocol.41 Briefly, 6-week-old mice were eutha-
nized. Six mice were used for each ONHA isolation and cell
culture experiment. Optic nerve head tissue was dissected
proximal to the sclera and was digested for 15 minutes
using 0.05% trypsin (Invitrogen, Carlsbad, CA) at 37 °C.
Cells were washed once with ONHA growth media
(Dulbecco’s modified Eagle’s medium/F12; Invitrogen)
containing 10% of fetal bovine serum (Atlanta Biologicals,
Atlanta, GA), 1% penicillin/streptomycin (Invitrogen), 1%
Glutamax (Invitrogen), and 25 ng/mL epidermal growth
factor (Sigma, St. Louis, MO), and spun for 5 minutes at
2000 rpm. Cells were resuspended in ONHA growth media
and plated on 0.2% gelatin (Sigma) coated T75 cell-culture
flasks. Cells were maintained in a humidified incubator
containing 5% CO2 at 37°C. Cells were passaged after 7
to 10 days and were used at passages two through five.
Immunocytochemistry was used to verify the purity of
ONHA cultures and results are shown in Supplementary
Figure S1.

Isolation and Culture of Primary RGCs

Primary RGCs were prepared from 3- to 5-day-old WT
mouse retinas according to the method by Dun et al.42 and
Winzeler et al.43 with modifications. Briefly, 16 to 24 reti-
nas were incubated for 15 minutes at 37 °C in papain buffer
(16.5 U/mL papain; Worthington Biochemical Corp., Lake-
wood, NJ) and 0.2 mg/mL L-cysteine (Sigma). Tissue

was triturated in DPBS containing 0.15% trypsin inhibitor
(Worthington), 0.15% BSA (Sigma), 0.04% DNase (Sigma),
and rabbit anti-macrophage antiserum (Accurate Chemical
& Scientific Corp, Carle Place, NY), and incubated at room
temperature for 15 minutes. Resulting cells were pelleted
by centrifugation (5 minutes, 2000 rpm) and then resus-
pended in DPBS containing 1% trypsin inhibitor and 1% BSA.
The cell suspension was centrifuged (5 minutes, 2000 rpm)
and the pellet was resuspended in panning buffer (DPBS,
0.02% BSA, 5 μg/mL insulin [Sigma], 60 μg/mL N-acetyl-L-
cysteine [Sigma]). The cell suspension was incubated in a
75 cm2 flask precoated with AffiniPure donkey anti-rabbit
IgG (H+L) antibody (Jackson ImmunoResearch,West Grove,
PA) at room temperature for 1 hour to remove macrophages
and microglial cells. Nonadherent cells were incubated on
a 100-mm Petri dish precoated with AffiniPure donkey anti-
rat IgG (H+L) antibody (Jackson ImmunoResearch) conju-
gated to rat anti-mouse Thy-1.2 antibody (BD Biosciences,
Franklin Lakes, NJ) at room temperature for 1 hour. Adher-
ent RGCs were released by incubation with 0.125% trypsin
(Sigma) in EBSS at 37°C for 5 minutes, followed by the
addition of 30% fetal bovine serum in neurobasal medium
(Thermo Fisher Scientific, Waltham, MA). The suspen-
sion of RGCs was collected by centrifugation (5 minutes,
2000 rpm). The pellet was resuspended in neurobasal
medium containing 5 μg/mL insulin (Sigma), 1 mM sodium
pyruvate (Thermo Fisher Scientific), 0.1 mg/mL transfer-
rin (Sigma), 60 ng/mL progesterone (Sigma), 16 μg/mL
putrescine (Sigma), 40 ng/mL sodium selenite (Sigma),
40 ng/mL tri-iodo-thyronine (Sigma), 1 mM L-glutamine
(Thermo Fisher Scientific), 60 μg/mL N-acetyl cysteine
(Sigma), 2% B27 (Thermo Fisher Scientific), 50 ng/mL
brain-derived neurotrophic factor (Sigma), 10 ng/mL CNTF
(Sigma), 10 ng/mL forskolin (Sigma), 10 ng/mL basic fibrob-
last growth factor (Sigma), 0.1 mg/mL BSA. Cells were
plated on coverslips coated with poly-D-lysine (Sigma) and
laminin (ThermoFisher). One-half of the culture medium
was changed every other day.

Coculture of Primary RGCs With Primary ONHAs

The RGC/ONHA indirect coculture system was established
based on the protocol by Navneet et al.44 with minor modi-
fications. Briefly, 1 day before RGC isolation, WT or S1R KO
OHNAs were seeded on a 0.4-μm pore size cell culture insert
(ThermoFisher) at a density of 25,000 cells per insert. RGCs
were isolated by a two-step immunopanning procedure from
WT mice as described elsewhere in this article. After 1 hour
of seeding RGCs on coverslips, ONHAs inserts were placed
within the wells containing RGCs (Fig. 1A). In this coculture
system, RGCs and ONHAs were cultured in the RGCs culture
medium as described elsewhere in this article.

Immunocytochemistry

After 2, 4, and 7 days, RGCs on coverslips were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) at room temperature for 15 minutes, followed by wash-
ing three times with PBS. Cells were then membrane perme-
abilized with 0.3% triton X-100 in PBS at room temperature
for 10 minutes. Next, cells were blocked with 0.1% triton
X-100 in PBS with 10% goat serum (Sigma) at room temper-
ature for 1 hour, then incubated in βIII-tubulin antibody
(1:500, Abcam, Cambridge, MA) at 4 °C overnight. Next,
cells were incubated in secondary antibody (Alexa Fluor
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FIGURE 1. Coculture and neurite outgrowth measurements. (A) Coculture model of RGCs and ONHAs. Porous membrane transwell inserts
(0.4 μm pore size) separated the culture system into two chambers. The RGCs were placed on the bottom of the lower chamber, and the
ONHAs were placed on the membrane of the upper chamber. (B) Illustration of neurite outgrowth evaluation for total length, maximal
length, root and extremity counts.

555-labeled goat anti rabbit 1:1000; Invitrogen) at room
temperature for 2 hours. After washing three times with
0.1% triton X-100 in PBS, coverslips were mounted with
Fluoroshield with DAPI (Sigma). Cells were observed for
immunofluorescence using a Zeiss Axio Imager D2 micro-
scope (Carl Zeiss, Oberkochen, Germany) equipped with
Zeiss Zen23pro software and a high-resolution camera.
RGCs neurites were traced and evaluated using the Simple
Neurite Tracer plugin within ImageJ software.45

Western Blot Analysis

Mouse ONHAs were lysed in RIPA buffer (Sigma, St.
Louis, MO) containing 2 mM sodium orthovanadate and 1%
protease inhibitor cocktail (Thermo Fisher Scientific). Cell
lysates were centrifuged at 14,000 g for 30 minutes. Protein
concentration was measured by Bradford assay (Bio-Rad,
Hercules, CA). Proteins were separated by electrophore-
sis on a 4% to 15% SDS-polyacrylamide gel (BioRad) and
then transferred to a nitrocellulose membrane (Thermo
Fisher Scientific). The membrane was blocked with 5%
nonfat milk in Tris-buffered saline-0.05% Tween 20 for 1
hour at room temperature, then incubated overnight at
4°C with primary antibodies (pSTAT3 1:500 [Cell Signal-
ing, Danvers, MA]; STAT3 1:500 [Cell Signaling]; S1R 1:500).
After three washes in Tris-buffered saline-0.05% Tween 2,
the membrane was incubated for 1 h with an appropri-
ate horseradish peroxidase–conjugated secondary antibody
(Santa Cruz Biotechnology, Dallas, TX) at room tempera-
ture. Proteins were visualized by incubating with a SuperSig-
nal West Pico chemiluminescent substrate (Thermo Fisher
Scientific) and quantified by densitometry with ImageJ
software (http://imagej.nih.gov/ij/) provided in the public
domain by the National Institutes of Health (Bethesda,
MD). The S1R rabbit polyclonal antibody was raised from
peptide sequence SEVYYPGETVVHGPGEATDVEWG (corre-
sponds with residues 143–165 of rat S1R) and generated
within the laboratory of Dr Sylvia Smith. This antibody has
been used in numerous publications since 2002 as a tool for
study of S1R expression and function.46

TUNEL Assay

After mouse RGCs were cultured on coverslips for 7 days,
TUNEL analysis (ApopTag Fluorescein In Situ Apopto-

sis Detection Kit) was performed per the manufacturer’s
instructions. The coverslips were mounted with Fluoroshield
with DAPI (Sigma). The number of cells emitting the green
fluorescence indicating apoptosis were counted. Data are
expressed as apoptotic cells per total number of cells in the
field (nuclei visualized by DAPI).

Statistical Analysis

Data were analyzed by one-way ANOVA followed by Tukey-
Kramer post hoc test for multiple comparisons. Significance
was set at a P value of less than 0.05 (Prism; GraphPad Soft-
ware, Inc. La Jolla, CA).

RESULTS

Our previous in vitro studies have shown that activation of
S1R enhances ONHA reactivity characteristics.41 To evalu-
ate the effects of ONHAs, which express S1R versus those
that do not, on RGCs in vitro, we adapted an indirect cocul-
ture method as previously described for combined culture
of Müller cells with RGCs (Fig. 1A).44 The present studies
used primary RGCs isolated from postnatal WT C57BL6 mice
and primary ONHAs isolated from adult WT C57BL6 and
S1R KO mice. Under indirect ONHA/RGC coculture condi-
tions, we evaluated RGC neurite outgrowth and survival.
To evaluate features of RGC morphology in coculture,
we performed quantitative analysis of total and maximal
neurite length as well as neurite root and extremity count
(Fig. 1B).

To compare measures of RGC health in the presence and
absence of ONHAs that either expressed S1R or did not,
we performed a primary RGC culture alone and using the
indirect ONHA/RGC coculture system. The ONHAs for indi-
rect coculture were harvested from WT or S1R KO mice
(Fig. 1A).44 After 2, 4, and 7 days, we measured neurite
outgrowth parameters as described in the Methods.

Two days after seeding, comparison between groups
revealed a significant increase in both total and maximal
neurite length when WT RGCs were cocultured with either
WT ONHAs or S1R KO ONHAs compared with WT RGC
culture alone (Figs. 2A–D). A further analysis of the measure-
ments showed a significant decrease in both total and
maximal neurite length for WT RGCs cocultured with S1R

http://imagej.nih.gov/ij/
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FIGURE 2. RGC neurite outgrowth after 2 days. WT RGCs were isolated from neonatal mouse pups and cultured for 2 days. Scale bar,
50 μm. (A) WT RGCs were plated alone on coverslips in the lower coculture chamber. (B) WT RGCs were plated on coverslips in the lower
coculture chamber, and WT ONHAs were seeded on the membrane of the upper coculture chamber. (C) WT RGCs were plated on coverslips
in the lower coculture chamber, and S1R KO ONHAs were seeded on the membrane of the upper coculture chamber. (D) RGC neurites were
traced using Image J, Simple Neurite Tracer function, with green-colored overlay reflecting traced neurites. The total and maximal neurite
length were measured and root and extremity numbers were counted. Significantly different from control at **P < 0.01, ****P < 0.0001.
Data were analyzed using one-way ANOVA followed by the Tukey-Kramer post hoc test for multiple comparisons. Two coverslips, and
eight microscopic fields per coverslip were quantified from each group of each isolation. The total number of cells analyzed per group was
N = 200–350. The experiments were repeated in triplicate with cells isolated from different dates, different animals.

FIGURE 3. RGC neurite outgrowth after 4 days. WT RGCs were isolated from neonatal mouse pups and cultured for 4 days. Scale bar,
50 μm. (A) WT RGCs plated alone on coverslips. (B) WT RGCs were plated on coverslips in the lower chamber and WT ONHAs were seeded
on the membrane of the upper coculture chamber. (C) WT RGCs were plated on coverslips in the lower coculture chamber, and S1R KO
ONHAs were seeded on the membrane of the upper chamber. (D) RGC neurites were traced using Image J, Simple Neurite Tracer function,
with green-colored overlay reflecting traced neurites. The total and maximal neurite length were measured and root and extremity numbers
were counted. Significantly different from control at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data were analyzed using one-way
ANOVA followed by the Tukey-Kramer post hoc test for multiple comparisons. Two coverslips, and eight microscopic fields per coverslip,
were quantified from each group of each isolation. The total number of cells analyzed per group was N = 150–400. The experiments were
repeated in triplicate with cells isolated from different dates, different animals.
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KO ONHAs compared with WT RGCs cocultured with WT
ONHAs. (Figs. 2B–D). Quantification of neurite root and
extremity counts was then performed (Fig. 2D). This analy-
sis revealed significantly increased root and extremity counts
whenWT RGCs were cocultured with WT ONHAs, compared
with WT RGC culture alone. In addition, there was a trend
toward increased root and extremity counts when WT RGCs
were cocultured with S1R KO ONHAs, compared with WT
RGC culture alone (Fig. 2D). However, this trend was not
significant. A further analysis of measurements showed a
significant decrease in root and extremity counts when WT
RGCs were cocultured with S1R KO ONHAs compared with
coculture with WT ONHAs (Fig. 2D).

Four days after seeding, neurite outgrowth was evalu-
ated in RGCs alone versus in coculture with WT or S1R
KO ONHAs (Figs. 3A–D). An analysis of RGC morphology
parameters revealed a significant increase in both total and
maximal neurite length when WT RGCs were cocultured
with either WT or S1R KO ONHAs compared with WT RGC
culture alone (Figs. 3A–D). Further analysis showed a signif-
icant decrease in both total and maximal neurite length for
WT RGCs cocultured with S1R KO ONHAs compared with
WT RGCs cocultured with WT ONHAs. (Fig. 3D). Quantifica-
tion of neurite root and extremity counts showed a signifi-
cant increase in both parameters whenWT RGCs were cocul-
tured with either WT or S1R KO ONHAs compared with WT
RGC culture alone. Finally, a comparison after 4 days showed
no significant difference in root or extremity counts between
WT RGCs cocultured with S1R KO ONHAs versus WT RGCs
cocultured with WT ONHAs. (Fig. 3D).

Next, we evaluated the WT RGC neurite outgrowth after
7 days in culture. An assessment of RGC morphology param-
eters revealed a significant increase in both total and maxi-
mal neurite length when WT RGCs were cocultured with
either WT ONHAs or S1R KO ONHAs compared with
WT RGC culture alone (Figs. 4A–D). Additional analysis
showed a significant decrease in both total and maximal
neurite lengths when WT RGCs were cocultured with S1R
KO ONHAs compared with WT RGCs cocultured with WT
ONHAs. Next, quantification of neurite root and extrem-
ity count showed a significant increase in both parameters
when WT RGCs were cocultured with either WT ONHAs
or S1R KO ONHAs compared with WT RGC culture alone
(Fig. 4D). Furthermore, an analysis of measurements showed
a significant decrease in both root and extremity counts in
WT RGCs cocultured with KO ONHAs compared with WT
RGCs cocultured with WT ONHAs. (Fig. 4D).

To compare RGC neurite outgrowth over the time period
studied, the complete data shown in Figures 2 through
4, were then analyzed. The values for RGC neurite total
and maximal length, root and extremity counts were all
compared over 2, 4, and 7 days in culture (Fig. 5). This
analysis indicated that, across multiple timepoints, indirect
coculture of RGCs with either WT or S1R KO ONHAs led
to an improvement in measures of RGC neurite extension
and complexity compared with RGC culture alone (Fig. 5).
In addition, Figures 5A and B illustrate a steady increase in
the total and maximal RGC neurite lengths for WT RGCs in
coculture with WT ONHAs compared with S1R KO ONHAs
or WT RGCs alone.

FIGURE 4. RGC neurite outgrowth after 7 days. WT RGCs were isolated from neonatal mouse pups and cultured for 7 days. Scale bar, 50 μm.
(A) WT RGCs alone were plated on the coverslips. (B) WT RGCs on coverslips were placed on the bottom of the lower chamber, and WT
ONHAs were seeded on the membrane of the upper chamber. (C) WT RGCs on coverslips were placed on the bottom of the lower chamber,
and S1R KO ONHAs were seeded on the membrane of the upper chamber. (D) RGC neurites were traced using Image J, Simple Neurite
Tracer function, with green-colored overlay reflecting traced neurites. The total and maximal neurite length were measured and root and
extremity numbers were counted. Significantly different from control *P < 0.05, **P < 0.01, ****P < 0.0001. Data were analyzed using one-way
ANOVA followed by Tukey-Kramer post hoc test for multiple comparisons. Two coverslips, and eight microscopic fields per coverslip were
quantified from each group of each isolation. The total number of cells analyzed per group was N = 120–380. These experiments were
repeated in triplicate with cells isolated from different dates, different animals.
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FIGURE 5. Comparison of neurite outgrowth over time among groups of WT RGCs, alone or in coculture with WT or S1R KO ONHAs.
(A) Total neurite length measurement. (B) The maximal neurite length measurement. (C) The root count. (D) The extremity count. The
experiments analyzed were repeated in triplicate with cells isolated from different dates, different animals.

Furthermore, in Figures 5C and D, the significant increase
in RGC neurite root and extremity counts in coculture with
either WT or S1R KO ONHAs is obvious after 4 days in
culture. The further increase in root and extremity counts in
WT RGCs cocultured with WT ONHAs becomes even larger
after 7 days in culture compared with either coculture with
S1R KO ONHAs or WT RGCs alone (Figs. 5 C and D)

To evaluate whether indirect coculture of ONHAs that
expressed S1R or not altered RGC survival, we performed
further ONHA/RGC coculture experiments. TUNEL assay
was used to evaluate apoptosis of RGCs at the 7-day cocul-
ture time-point (Fig. 6A). Quantification of TUNEL-positive
cells showed a significant decrease in cellular apoptosis
when WT RGCs were cocultured with either WT or S1R KO

ONHAs, compared with WT RGCs alone (Fig. 6B). Further
comparison between groups showed a significant increase
in TUNEL positivity when RGCs were cultured with S1R KO
ONHAs compared with WT ONHAs (Fig. 6B). This finding
indicates that a lack of S1R within ONHAs leads to decreased
protection against WT RGC apoptosis in ONHA/RGC cocul-
ture.

To test whether conditioned medium alone derived from
ONHAs, with or without S1R, was protective against RGC
apoptosis, we cultured isolated WT RGCs for 7 days with
regular whole growth medium or with conditioned medium
derived from WT ONHAs or S1R KO ONHAs. The day
before WT RGCs isolation, WT and S1R KO ONHA were
placed in RGC whole growth medium, and the media was

FIGURE 6. RGC apoptosis alone and in coculture with ONHAs. (A) Representative images of TUNEL assay for RGCs alone and in coculture
with WT and S1R KO ONHAs. (B) Quantification of TUNEL-positive cells. Significantly different from control at *P < 0.05, ****P < 0.0001.
Data were analyzed using one-way ANOVA followed by the Tukey-Kramer post hoc test for multiple comparisons. Two coverslips, and eight
microscopic fields per coverslip were quantified from each group of each isolation. The total number of cells analyzed was N = 1000–3000.
These experiments were repeated in triplicate with cells isolated from different dates, different animals.
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FIGURE 7. RGC apoptosis alone and with conditioned media. WT RGCs were isolated from neonatal mouse pups and cultured for 7 days
with regular whole growth medium or with conditional medium from WT or S1R KO ONHAs. Scale bar, 50 μm. (A) Representative images
from TUNEL assay. (B) Quantification of TUNEL-positive cells. Significantly different from control at ***P < 0.001, ****P < 0.0001. Data were
analyzed using one-way ANOVA followed by the Tukey-Kramer post hoc test for multiple comparisons. Two coverslips, and eight microscopic
fields per coverslip were quantified from each group of each isolation. The total number of cells analyzed was N = 400–2100. Data are from
two isolations.

FIGURE 8. pSTAT3 and STAT3 expression in WT or S1R KO ONHAs cells. (A) Representative Western blot showing decreased phosphorylation
of STAT3 in S1R KO ONHAs compare to WT ONHAs. (B) Quantitative analysis by ImageJ. Significantly different from control at *P < 0.05.
Data were analyzed using the Student t test. These experiments were repeated in triplicate with cells isolated from different dates, different
animals.

conditioned by the ONHAs for 24 hours. The freshly isolated
WT RGCs were then plated on coverslips in either RGC
whole growth medium or with conditioned medium derived
from WT or S1R KO ONHAs. One-half of the medium was
changed and replaced with corresponding medium every
other day for 7 days. A TUNEL assay was then used to evalu-
ate RGC apoptosis (Fig. 7A). Results were similar to those
observed for TUNEL evaluation of indirect ONHA–RGC
cocultures (Fig. 6A–B). Quantification of TUNEL-positive
cells showed a significant decrease in cellular apoptosis
when WT RGCs were incubated with conditioned medium
derived from either WT or S1R KO ONHAs (Fig. 7B). In
addition, a comparison between groups showed a significant
increase in TUNEL positivity when RGCs were cultured with
S1R KO ONHA-derived conditioned medium compared with
WT ONHA-derived conditioned medium (Fig. 7B). This find-
ing indicates that factors present in the medium derived from
ONHAs can protect cultured RGCs from apoptosis, inde-
pendent of any communication between RGCs and ONHAs

in indirect coculture. Furthermore, the lack of S1R within
ONHAs causes medium derived from these cells to provide
less protection against WT RGC apoptosis than medium
derived from WT ONHAs.

Our previous work showed that S1R mediates aspects of
ONHA reactivity, and studies indicate that modulation of
astrocyte reactivity responses can contribute to neuropro-
tection, in vitro and in vivo.28,34,38,41 We previously found
that treatment of ONHAs with an S1R agonist enhanced
phosphorylation of the signaling molecule, signal transducer
and activator of transcription 3 (STAT3), a critical astro-
cyte reactivity regulator.41 To evaluate whether presence
or absence of S1R in ONHAs affected levels phosphory-
lated STAT3 (pSTAT3), we prepared cellular lysates from
WT versus S1R KO ONHA cultures. Lysates were analyzed
by Western blot and probed with antibodies to STAT3 and
pSTAT3 (Fig. 8A). Results showed significantly higher levels
of pSTAT3 in lysates derived from WT ONHAs compared
with lysates derived from S1R KO ONHAs (Figs. 8A and B).
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DISCUSSION

We report here the use of a novel ex vivo indirect cocul-
ture method to evaluate ONHA-RGC interactions in the pres-
ence and absence of S1R. Results of our investigations indi-
cate that, in vitro, the loss of S1R within ONHAs decreases
the ability of these cells to support healthy growth and
prevent apoptosis of RGCs. Ligands for S1R are in clin-
ical development for a wide range of disorders includ-
ing neurodegenerative diseases, cancer, drug abuse, and
viral infection owing to severe acute respiratory syndrome
coronavirus 2.47–53 Furthermore, stimulation of S1R may
offer a useful treatment strategy for optic neuropathies,
including glaucoma.54 Within the optic nerve head, S1R is
expressed in both RGCs and astrocytes.10,11 Therefore, the
effects of S1R on RGC–astrocyte interaction are critically
important for evaluation of this protein as a therapeutic
target.

Historically, the isolation and culture of purified RGCs
alone yields lower viability and neurite outgrowth than RGCs
in glia-mediated coculture.55,56 Our results are consistent
with this paradigm. Our cell culture model used an indi-
rect coculture technique previously published for combined
primary culture of Müller glia and RGCs that showed Müller
glia-mediated RGC protection.44 In addition, studies indicate
that cerebral cortex-derived astrocytes significantly extend
viability and promote neurite outgrowth when in cocul-
ture with RGCs.55,56 Interestingly, additional previous stud-
ies show that the direct coculture of RGCs over a condi-
tioning layer of optic nerve-derived astrocytes only weakly
promotes RGC survival.39 In contrast with these findings,
our studies show that indirect coculture with WT optic
nerve head-derived astrocytes robustly protects RGCs from
apoptosis and improves measures of neurite outgrowth.
The apparent disparity between studies is consistent with
recent work describing significant heterogeneity in neuro-
toxic versus neuroprotective astrocyte properties both in
vitro and in vivo.57–60 These properties depend on multiple
factors, including the brain or CNS region from which the
astrocytes are derived.30 Further studies are needed to clarify
how astrocytic subtypes are established and the conditions
under which glia cells derived from specific regions of the
optic nerve contribute to versus detract from RGC survival.

In addition to evaluating RGC–ONHA interactions using
indirect coculture, we investigated the effects of astrocyte-
secreted factors using conditioned medium derived from
our cultured ONHAs. We found that conditioned medium
from WT ONHA cultures alone also provided robust protec-
tion against apoptosis of WT RGCs in culture (Fig. 7).
However, WT RGCs exposed to conditioned medium taken
from S1R KO ONHA cultures showed significantly greater
apoptosis than WT RGCs exposed to WT ONHA-conditioned
medium. These results suggest that, in vitro, S1R plays a
role in modulating the astrocyte secretome. Indeed, previ-
ous studies show that stimulation of S1R with its high affin-
ity agonist, (+)-PTZ, leads to increased astrocytic release of
brain-derived neurotrophic factor, a neurotrophin critical to
RGC survival.61–63 In addition, as a ligand-operated protein
localized at the endoplasmic reticulum membrane, S1R has
been shown to regulate levels of several other proteins that
are processed and transported through the cellular secre-
tory pathway.64,65 Future studies are needed to clarify the
role of S1R in modulation of the cellular secretome under
conditions of varying cellular stress and tissue microenvi-
ronments.

Our previous studies of ONHAs indicate that the acti-
vation of S1R using (+)-PTZ leads to the enhancement of
astrocyte reactivity characteristics under conditions of cellu-
lar stress.41 In addition, we found that S1R activation in
WT ONHAs leads to an increase in phosphorylation of
the astrocyte reactivity regulator, STAT3.41 In the current
studies, we find that cellular lysates derived from S1R KO
ONHAs show significantly lower levels of phosphorylated
STAT3 compared with lysates derived from WT ONHAs. The
role of STAT3 in neurodegenerative diseases is incompletely
understood. In some disease contexts, including models of
Alzheimer’s and multiple sclerosis, inhibiting STAT3 acti-
vation in astrocytes leads to neuroprotective effects.66,67

However, interestingly, in vivo studies indicate that the
conditional astrocytic KO of STAT3 within the optic nerve
leads to decreased measures of astrocyte reactivity and to
an increased loss of RGCs under conditions of glaucomatous
stress.34 Additional studies are needed to determine whether
the activation or inhibition of S1R in vivo alters STAT3 levels
and whether this correlates with the effects of S1R on RGC
survival.

In summary, the present work illustrates the importance
of S1R to ONHA-mediated support for neurite outgrowth
and survival of RGCs in vitro. Future work will examine the
mechanisms by which S1R in ONHAs functions to protect
RGCs. This will help us to understand the complex neuro-
protective role of S1R in ONHAs.
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