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PURPOSE. Stimulation of Sigma 1 Receptor (S1R) is neuroprotective in retina and optic
nerve. S1R is expressed in both neurons and glia. The purpose of this work is to eval-
uate the ability of S1R to modulate reactivity responses of optic nerve head astrocytes
(ONHAs) by investigating the extent to which S1R activation alters ONHA reactivity under
conditions of ischemic cellular stress.

METHODS. Wild type (WT) and S1R knockout (KO) ONHAs were derived and treated with
vehicle or S1R agonist, (+)-pentazocine ((+)-PTZ). Cells were subjected to six hours of
oxygen glucose deprivation (OGD) followed by 18 hours of re-oxygenation (OGD/R).
Astrocyte reactivity responses were measured. Molecules that regulate ONHA reactivity,
signal transducer and activator of transcription 3 (STAT3) and nuclear factor kappa B
(NF-kB), were evaluated.

RESULTS. Baseline glial fibrillary acidic protein (GFAP) levels were increased in
nonstressed KO ONHAs compared with WT cultures. Baseline cellular migration was
also increased in nonstressed KO ONHAs compared with WT. Treatment with (+)-PTZ
increased cellular migration in nonstressed WT ONHAs but not in KO ONHAs. Expo-
sure of both WT and KO ONHAs to ischemia (OGD/R), increased GFAP levels and
cellular proliferation. However, (+)-PTZ treatment of OGD/R-exposed ONHAs enhanced
GFAP levels, cellular proliferation, and cellular migration in WT but not KO cultures. The
(+)-PTZ treatment of WT ONHAs also enhanced the OGD/R-induced increase in cellular
pSTAT3 levels. However, treatment of WT ONHAs with (+)-PTZ abrogated the OGD/R-
induced rise in NF-kB(p65) activation.

CONCLUSIONS. Under ischemic stress conditions, S1R activation enhanced ONHA reactivity
characteristics. Future studies should address effects of these responses on RGC survival.
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Astrocytes are the most abundant cells in the optic nerve
head (ONH), and the ONH is an important site for early

damage in glaucoma, the leading cause of irreversible blind-
ness in the world.1–3 Therefore responses of optic nerve
head astrocytes (ONHAs) to physiological and pathological
conditions within the ONH, and effects of these responses
on neighboring RGC axons, are critically important. For
example, in glaucomatous models in mice and rats, ONHAs
undergo reactive changes.4–6 These include proliferation,
migration, gene expression changes, upregulation of glial
fibrillary acidic protein (GFAP), and extension of longitu-
dinal processes.5,7–10 In addition, studies performed in an
experimental rat glaucoma model indicate that ONH astro-
cytes undergo actin cytoskeletal changes that occur before
microtubule-based RGC axonal reorganization.5 Although
glaucoma-associated astrocyte reactivity is not well under-
stood, studies suggest that aspects of ONHA response to
glaucomatous stress are protective of RGCs.11 This glia-
mediated neuroprotection was attenuated in the absence

of the critical astrocyte reactivity regulator, STAT3, using a
unilateral induced mouse model of glaucoma.12

Onset and progression of glaucomatous optic neuropa-
thy are closely associated with intraocular pressure.13–15

However, studies in human patients and in nonhuman
primate models of experimental glaucoma indicate that
abnormal autoregulation of optic nerve head blood flow
also plays a role in the pathogenesis of this and other optic
neuropathies.16–22 Alterations in blood flow to the optic
nerve head include episodes of transient ischemia followed
by reperfusion. Studies indicate that subjecting ONHAs to
periods of ischemia/reperfusion stress enhances character-
istics of astrocyte reactivity.23 In this study, we aimed to eval-
uate the effects of Sigma 1 receptor (S1R) activation and
inhibition on ONHA reactivity responses under conditions
of oxygen glucose deprivation and reperfusion (OGD/R).

S1R is a unique transmembrane protein that is expressed
in neuronal and glial cell types throughout the central
and peripheral nervous systems, including the optic nerve
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head.24–26 S1R is considered a potential therapeutic target for
neurological pathologies including Alzheimer’s and Parkin-
son’s diseases, amyotrophic lateral sclerosis, and ischemic
stroke.27–31 In addition, recent studies support the benefit of
targeting S1R in retinal and optic nerve disorders that affect
both photoreceptors and ganglion cells.32 For example, RGC
loss was attenuated by administration of an S1R agonist
in a rat model of ischemia-reperfusion retinopathy, and
models of diabetic retinopathy and NMDA-induced inner
retinal toxicity.33–37 In addition, photoreceptor cell loss was
mitigated using the S1R agonist, (+)-pentazocine ((+)-PTZ),
in an inherited mouse model of retinal degeneration, and
in a model of light-induced retinopathy.38,39 Furthermore,
multiple investigations of S1R knockout animals have docu-
mented accelerated neurodegenerative pathology in the
brain, spinal cord and retina when S1R is absent.27,40–42

Because S1R is expressed in both neurons and glia,
mechanistic evaluations of its neuroprotective effects have
involved both cell types. Relevant to the optic nerve
head, evaluations of isolated primary RGCs show (+)-PTZ-
mediated neuroprotection under conditions of metabolic,
excitotoxic, and ischemic cellular stress.43–45 In addition, our
previous studies of ONHAs indicate that activation of S1R
using (+)-PTZ mitigates generation of intracellular reactive
oxygen species and protects ONHAs from oxidative stress-
induced cell death.46 Whether simply promoting survival of
ONHAs contributes to or detracts from protection of neigh-
boring RGCs is not known. However, astrocyte reactivity has
recently been correlated with RGC survival under conditions
of glaucomatous stress.12 Therefore we undertook studies
to evaluate whether stimulation of S1R caused changes in
basic properties of astrocyte reactivity at baseline and under
conditions of ischemic cellular stress. In addition, we evalu-
ated the effects of the S1R-specific agonist, (+)-PTZ, on acti-
vation of major astrocyte reactivity regulators, STAT3, and
NFkB.

METHODS AND MATERIALS

Primary Mouse Optic Nerve Head Astrocytes
(ONHAs) Culture

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
(2011-0338). Adult primary mouse optic nerve head astro-
cytes were isolated from optic nerve heads of C57BL/6J mice
(WT) (The Jackson Laboratory, Bar Harbor, ME, USA) and
S1R knockout (S1R KO) (see Wang et al.47) mice according
to our previously published protocol for young rats with
minor variations.46 Briefly, six-week-old mice were euth-
anized. Six mice were used for each cell culture experi-
ment. Optic nerve head tissue was dissected proximal to the
sclera and was digested for 15 minutes using 0.05% trypsin
(Invitrogen, Carlsbad, CA, USA) at 37°C. Optic nerve heads
were washed once with ONHAs growth media (Dulbecco’s
modified Eagle’s medium [DMEM]/F12 (Invitrogen) contain-
ing 10% of fetal bovine serum (FBS) (Atlanta Biologicals,
Atlanta, GA, USA), 1% penicillin/streptomycin (Invitrogen),
1% Glutamax [Invitrogen], and 25 ng/mL epidermal growth
factor [Sigma-Aldrich Corp., St. Louis, MO, USA]), and spun
for five minutes at 2000 rpm. Optic nerve heads were resus-
pended in ONHA growth media and plated on 0.2% gelatin
(Sigma-Aldrich Corp.) coated T75 cell-culture flasks. ONH

astrocytes emerged from the ONHs after five days. ONHAs
were maintained in a humidified incubator containing 5%
CO2 at 37°C. Cells were passaged after seven to 10 days and
were used at passages 2 to 5. Immunocytochemistry and
Western blot analyses were performed to verify the purity of
ONHA cultures.

Oxygen-Glucose Deprivation/Reoxygenation
(OGD/R)

Mouse ONHAs were washed twice with glucose-
free DMEM (Invitrogen) containing 10% FBS and 1%
penicillin/streptomycin (OGD medium), then placed
into a hypoxia chamber filled with a gas mixture of
94.5%N2/0.5%O2/5% CO2 at 37°C. After six hours of OGD,
media was changed to DMEM with 1 g/L glucose contain-
ing 10% FBS and 1% penicillin/streptomycin (reperfusion
medium) for an additional 18 hours of reoxygenation in
standard incubation conditions. ONHA control cells were
maintained in reperfusion media for 24 hours at standard
incubator conditions.

Cell Culture Treatment Optimization

ONHAs were exposed to increasing (+)-(PTZ) (Sigma-
Aldrich Corp.) concentrations (1, 3, 10, 20, 50 μM) for
24 hours in reperfusion medium to determine effects of
(+)-PTZ on ONHA viability, GFAP, and S1R levels. OGD
exposure times were tested with and without reoxygenation
to evaluate effects of OGD on ONHA reactivity. For OGD
experiments in this study, ONHAs were pretreated with 10
μM PTZ for one hour followed by six hours of OGD and an
additional 18 hours of reoxygenation.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA) at room temperature for
15 minutes, followed by washing with PBS three times. Cells
were then membrane-permeabilized 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 (PBST) with 10%
goat serum (Sigma-Aldrich Corp.) at room temperature for
one hour, then incubated in primary antibody (glial fibrillary
acidic protein [GFAP] 1:500, Dako, Carpinteria, CA, USA; Iba-
1 1:500, Wako, Richmond, VA, USA; oligodendrocyte-specific
protein (OSP) 1:500, Abcam, Cambridge, MA, USA; S1R
1:500; Arp3 1:100, Abcam) at 4°C overnight. The S1R rabbit
polyclonal antibody was raised from peptide sequence
SEVYYPGETVVHGPGEATDVEWG (corresponds to residues
143–165 of rat S1R) and generated within the laboratory of
Dr. Sylvia Smith.34 This antibody has been used in numer-
ous publications since 2002 as a tool for study of S1R
expression and function. On the second day, cells were
incubated in secondary antibody (Alexa Fluor 555–labeled
goat anti rabbit 1:1000; Invitrogen) at room temperature
for two hours. After washing three times with PBST, cover-
slips were mounted with Fluoroshield with DAPI (Sigma-
Aldrich Corp.). Cells were observed for immunofluores-
cence using a Zeiss Axioplan-2 microscope (Carl Zeiss,
Oberkochen, Germany) equipped with AxioVision program
(version 4.6.3) and a high-resolution microscopy camera.
Mean signal intensity was determined by quantifying inte-
grated density for each microscope field and then dividing
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FIGURE 1. Characterization of cultured primary mouse ONHAs. (A) ONHAs were fixed and probed with antibodies against GFAP (red), S1R
(red), OSP (red), and Iba-1 (red). The cells were counterstained with DAPI to label DNA (blue) as a marker for nuclei. Scale bar: 50 μm.
(B) Quantitative analysis shows that more than 95% of the cells in culture express GFAP. (C) The cell lysates from ONHAs (lane 2) were
positive for GFAP, a marker for astrocytes and S1R, but negative for Iba-1, a marker for microglial cells, and OSP, a marker for oligodendrocytes.
The protein extract from mouse brain (lane 1) was used as positive controls. Analyses were repeated in duplicate with cells isolated from
different dates, different animals and treated on different days. For each immunofluorescence evaluation, three coverslips were quantified
per group. Iba-1 is a marker for microglial cells.

by the number of cells per field. For the lamellipodia stain-
ing, cells were fixed and permeabilized as described above.
After blocking, cells were incubated with the Arp3 antibody
(1:100; Abcam) overnight at 4°C. The next day, the coverslips
were washed with PBST and incubated with secondary anti-
body (goat anti-mouse Alexa 555, 1:1000; Invitrogen) and
Alexa488-conjugated Phalloidin (1:50; Invitrogen). The cells
were then washed with PBST, counterstained with DAPI,
and imaged. Images for this experiment were captured on a
Leica Stellaris inverted confocal microscope (Leica, Wetzlar,
Germany). Arp3-positive cellular protrusions located at the
wound edge were scored as lamellipodia. Individual cells
were identified using DAPI nuclear stain and the number
of lamellipodia per wound edge cell were counted. One
hundred cells were scored per condition.

Western Blot Analysis

Mouse optic nerve head astrocytes were lysed in RIPA buffer
(Sigma-Aldrich Corp.) containing 2 mM sodium orthovana-
date and 1% protease inhibitor cocktail (Thermo Scien-
tific, Waltham, MA, USA). Cell lysates were centrifuged at
14,000g for 30 minutes. Protein concentration was measured
by Bradford assay (Bio-Rad, Hercules, CA, USA). Proteins
were separated by electrophoresis on a 4% to 15% SDS-
polyacrylamide gel, and then transferred to a nitrocellu-
lose membrane (Thermo Scientific). The membrane was

blocked with 5% nonfat milk in Tris-buffered saline solution–
0.05% Tween 20 for one hour at room temperature, then
incubated overnight at 4°C with primary antibodies (GFAP
1:1000; Iba-1 1:500; OSP 1:1000; S1R 1:1000; glyceraldehyde-
3-phosphate dehydrogenase [GAPDH] 1:2000; pSTAT3 1:500;
STAT3 1:500, p-p65 1:500). After three washes in Tris-
buffered saline solution–0.05% Tween 20, the membrane
was incubated for 1h with an appropriate Horseradish
Peroxidase (HRP)-conjugated secondary antibody at room
temperature. Proteins were visualized by incubating with a
SuperSignal West Pico chemiluminescent substrate (Thermo
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).
Blots were stripped and reprobed for loading controls. GFAP
antibody was purchased from Dako; Iba-1 antibody from
Wako; OSP antibody from Abcam; pSTAT3, STAT3 and p-
p65 antibodies from Cell Signaling Technology, Danvers, MA,
USA; GAPDH monoclonal antibody, HRP-conjugated anti-
rabbit IgG, and HRP-conjugated anti-mouse IgG from Santa
Cruz Biotechnology, Dallas, TX, USA.

MTT Assay

C57BL/6J and S1R KO mouse optic nerve head astrocytes
were seeded onto 96-well plates at a density of 10,000
cells/well in ONHA reperfusion media. After incubation

http://imagej.nih.gov/ij/
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FIGURE 2. Effect of (+)-PTZ on WT ONHA viability, GFAP and S1R expression. WT ONHAs were treated with (+)-PTZ at varying concen-
trations (1, 3, 10, 20, or 50 μM) for 24 hours. (A) Representative images of GFAP expression detected by immunocytochemistry using GFAP
antibody. Scale bar: 50 μm. (B) Quantification of GFAP staining intensity showed no significant differences with varying (+)-PTZ concen-
trations. (C) MTT assay showed no significant differences in ONHA viability with varying (+)-PTZ concentrations. (D) S1R expression was
detected by Western blot and (E) quantified relative to GAPDH. No significant differences in S1R expression with varying (+)-PTZ concen-
trations were detected. Analyses were repeated in triplicate with cells isolated from different dates, different animals and treated on different
days. For GFAP expression experiments, three coverslips were quantified from each group of each isolation. Eight microscopic fields were
quantified per coverslip.

at standard conditions with increasing concentrations of
S1R ligands for 24 hours, medium was removed and MTT
(1.2 mM in reperfusion medium) (Invitrogen) was added
and incubated for four hours at 37°C. Solubilization with
dimethyl sulfoxide (Sigma-Aldrich Corp.) was performed
according to protocol directions. Absorbance was measured
at 540 nm using a microplate reader (VERSA max; Molecular
Devices, Sunnyvale, CA, USA).

Migration (Wound-Healing) Assay

ONHAs were seeded on coverslips in 24-well plates. The
next day, cells were pretreated with or without 10 μM (+)-
PTZ for one hour. Cell-containing coverslips were manually
scratched with a 200-μL pipet tip in an X-pattern followed
by two PBS washes. Baseline cell-seeded, scratched cover-
slips were fixed immediately after scratching to quantify the
standard scratch width. The remaining scratched coverslips
were cultured for 24 hours, then washed, fixed and stained
for GFAP and DAPI. For ONHA migration under OGD condi-
tions, ONHAs were pretreated with or without 10 μM (+)-

PTZ for one hour followed by scratching and culture in
OGD media, with or without 10 μM (+)-PTZ, for six hours.
After this, the scratched cells were subjected to 18 hours of
reoxygenation in reperfusion media, with or without 10 μM
(+)-PTZ. At experiment end, cells were fixed and stained
with GFAP antibody and DAPI and then imaged. Eight equal
area images of the scratch were taken for each coverslip. The
average of baseline scratch width measurements provided
the standard scratch width. For all experimental coverslips,
cells inside the standard scratch width were counted as
migrated cells. For each condition, the number of migrated
cells was the average of cell migration counts over the eight
equal area images of each coverslip. Each experiment was
repeated three times.

Statistical Analysis

Data for MTT assay, immunocytochemistry and Western
blot were analyzed using t-test, one- or two-way ANOVA,
followed by Tukey-Kramer post hoc test for multiple
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FIGURE 3. GFAP expression in Sigma 1 Receptor knock out (S1R KO) ONHAs. (A) Western analysis showed that ONHAs isolated from S1R
KO mice lacked S1R. (B) Immunocytochemistry showed that ONHAs isolated from S1R KO mice lacked S1R. Both WT and S1R KO ONHAs
were plated on coverslips and incubated for 24 hours. (C) Representative images show cells stained with GFAP antibody. Scale bar: 50 μm.
(D) S1R KO ONHAs expressed higher GFAP than WT ONHAs under the same cell culture conditions. These results were repeated five times
with cells isolated from different dates, different animals and treated on different days. For each group of each isolation, three coverslips
were quantified. Significantly different from control ****P < 0.0001. Data were analyzed using Student’s t-test.

comparisons. Significance was set at P < 0.05 (Prism; Graph-
Pad Software, Inc. La Jolla, CA, USA).

RESULTS

Previous work indicates that S1R is expressed in RGCs
and glial cells of the optic nerve.26,46 In addition, we have
found S1R to be present within primary cultures of ONHAs
derived from neonatal rat optic nerve heads.46 To evaluate
responses of mature ONHAs in the presence and absence
of S1R, the current studies used primary cultures derived
from adult WT C57BL6 and S1R KO C57BL6 mice. Immuno-
cytochemical and Western blot evaluation of cultured cells
showed expression of both S1R and the astrocytic marker,
GFAP (Figs. 1A, 1C). Quantitative analysis of immunocy-
tochemistry results revealed that >95% of cells in culture
expressed GFAP (Fig. 1B). Cell cultures were also evaluated
using immunocytochemistry and Western blot analyses for
expression of ionized calcium binding adaptor molecule 1
(Iba-1), a marker of microglia, and oligodendrocyte-specific
protein (OSP-1), a marker of oligodendrocytes. Representa-
tive immunocytochemistry images shown in Figure 1A and
western blot analysis shown in Figure 1C indicate absence of
both microglia (Iba-1) and oligodendrocyte (OSP-1) mark-
ers. Thus, we verified the purity of our isolated, cultured
WT and KO ONHAs was acceptable and proceeded with cell
culture experiments.

To evaluate whether baseline stimulation of S1R leads
to changes in properties of ONHA reactivity, we subjected
ONHAs to increasing dosages of (+)-PTZ (1-50 μM). We
chose this concentration range, as shown in Figure 2,
because previous reports described (+)-PTZ-mediated cyto-
protection of both glial and neuronal cultures within these
dosages.43,46 We then used immunocytochemistry to evalu-
ate intracellular levels of GFAP, a cytoskeletal protein known
to be associated with increased reactivity.48 Under base-
line conditions, in the absence of induced cellular stress,
we found no change in intracellular GFAP levels when WT
ONHAs were exposed to increasing dosages of (+)-PTZ
(Figs. 2A, 2B). Results also showed that these doses of
(+)-PTZ did not affect cell viability (Fig. 2C). In addition,
results showed no significant difference in S1R levels derived
from (+)-PTZ–treated WT ONHAs (Figs. 2D, 2E). For subse-
quent experiments, we chose to use a 10 μM concentration
of (+)-PTZ because this dosage of (+)-PTZ has been shown
to attenuate oxidative stress and promote survival of ONHAs
in culture.46

To evaluate the effects of S1R deletion on ONHAs, we
isolated primary cultures from S1R KO mice (Figs. 3A, 3B).
Both Western blot analysis of S1R levels in astrocyte cell
lysates and immunocytochemical evaluation of cell cultures
confirmed that ONHAs derived from KO animals lacked
S1R (Figs. 4A, 4B). Next, both WT and S1R KO ONHAs
were cultured for 24 hours under baseline conditions in the
absence of induced cellular stress. Baseline GFAP levels were
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FIGURE 4. Effect of (+)-PTZ on WT and S1R KO ONHA migration. WT and S1R KO ONHAs were pretreated with 10 μM (+)-PTZ or vehicle
for 1h before scratching. After scratching, the cells were incubated with 10 μM (+)-PTZ or vehicle for 24 hours. (A) Representative images
show the original scratch (day 0), and migration of WT ONHAs into the wound area after 24 hours of incubation with (+)-PTZ treatment
or vehicle control. Scale bar: 200 μm. (B) Quantification of the number of WT ONHAs migrated into the wounded (scratched) area. Cells
in wounded area were counted using ImageJ. For each group, four coverslips were quantified. WT ONHA migration increased significantly
when cells were treated with (+)-PTZ. Significantly different from control ****P < 0.0001. (C) Representative images show the original scratch
(day 0) and migration of KO ONHAs into the wound area after 24 hours of incubation with (+)-PTZ treatment or vehicle control. Scale bar:
200 μm. (D) Quantification of the number of KO ONHAs migrated into the wounded (scratched) area. Cells in wounded area were counted
by ImageJ. For each group, three coverslips were quantified. (+)-PTZ did not affect S1R KO ONHA migration. (E) S1R KO control ONHAs
had significantly more migrated cells than WT control ONHAs. Significantly different from control *P < 0.05. Data were analyzed using
Student’s t-test. These results were repeated in triplicate with cells isolated from different dates, different animals and treated on different
days. For each group of each isolation, three coverslips were quantified.

compared between WT and KO cultures using immunocyto-
chemistry (Fig. 3C). We found significantly higher baseline
levels of GFAP in nonstressed, KO-derived ONHAs compared
with nonstressed, WT-derived cultures (Figs. 3C, 3D).

In addition to upregulation of cytoskeletal proteins, reac-
tive astrocytes undergo a series of functional changes,
including increased migration.49 To determine whether stim-
ulation of S1R would influence migration, we evaluated
extent of ONHA migration using a scratch wound assay.
WT ONHAs were pretreated with either 10 μM (+)-PTZ or
vehicle (control) for one hour before scratch and contin-
ued either (+)-PTZ or vehicle treatment for 24 hours after
scratch. Figure 4A shows representative images. Compared
with the vehicle-treated (control) group, astrocyte migra-
tion into the wound area was significantly increased in the
(+)-PTZ treated WT cultures (Figs. 4A, 4B).

To determine whether S1R was required for (+)-PTZ–
mediated enhancement of ONHA migration, we evaluated
cellular migration in (+)-PTZ–treated KO ONHA cultures.
Cultured KO ONHAs were treated with either 10 μM
(+)-PTZ or with vehicle (control) for one hour before
scratch. This treatment, with either (+)-PTZ or vehicle, was
continued for 24 hours after scratch. In contrast to the
(+)-PTZ–induced increase in astrocyte migration observed
in WT-derived ONHAs (Figs. 4A, 4B), we found no (+)-PTZ–
induced migration enhancement in KO-derived cultures
(Figs. 4C, 4D).

In addition, we compared the baseline migration
level of non-stressed, nontreated, KO-derived ONHAs to
nonstressed, nontreated, WT derived cultures. Our results
showed significantly increased migration in KO-derived
ONHAs compared with WT cells (Fig. 4E). Thus, although
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FIGURE 5. Effect of (+)-PTZ on WT ONHAs migration after five hours of treatment and on lamellipodia marker expression. WT ONHAs were
pretreated with 10 μM (+)-PTZ or vehicle for one hour before scratching. After scratching, the cells were incubated with 10 μM (+)-PTZ
or vehicle for five hours. (A) Representative images show the original scratch (day 0), and migration of WT ONHAs into the wound area
after five hours of incubation with (+)-PTZ treatment or vehicle control. Scale bar: 200 μm. (B) Wound distance was measured using ZEN
software. The wound distance significantly decreased when WT ONHAs were treated with (+)-PTZ. Significantly different from control
**P < 0.01. The results were repeated in triplicate with cells isolated from different animals, on different dates, and treated on different days.
(C) Representative images show cells stained with Arp3 antibody (red), phalloidin (green), and DAPI (blue). Scale bar: 50 μm. (D) Quantifi-
cation of the number of lamellipodia for each cell. For each group, 100 cells, located at the wound edge, were quantified. (+)-PTZ treated
cells had significantly more lamellipodia than control ONHAs. Significantly different from control **P < 0.01. Data were analyzed using
Student’s t-test. The results were repeated in triplicate with cell cultures isolated from different animals, on different dates, and treated on
different days.

the baseline migration of KO ONHAs is increased, (+)-PTZ
does not stimulate KO ONHA migration.

Next, to better understand the time frame of S1R-
stimulated ONHA migration and morphological changes, we
performed migration assay at an early time point (5 hours
after (+)-PTZ treatment) and labeled cells for the lamellipo-
dial marker, Actin Related Protein 3 (Arp3). For the migration
assay, cultured WT ONHAs were treated with 10 μM (+)-PTZ
or vehicle (control) for one hour prior to scratch. Treatment
with either (+)-PTZ or vehicle was continued for 5h follow-
ing scratch. At the five-hour time point, astrocyte migra-
tion into the wound area was significantly increased in the
(+)-PTZ treated WT cultures compared with vehicle treated
control cultures (Figs. 5A, 5B). In addition, immunohisto-
chemical evaluation showed an increased number of Arp3-
labeled lamellipodia in (+)-PTZ–treated cultures compared
with vehicle-treated controls (Figs. 5C, 5D).

To evaluate responses of ONHAs under conditions of
ischemic cellular stress, we subjected WT-derived primary
cell cultures to oxygen-glucose deprivation (OGD). After
six hours of OGD, we then exposed the cells to resumption
of normoxia (reperfusion) for a time period of 18 hours
(OGD/R). Using immunocytochemistry, we measured GFAP
levels in both OGD/R-exposed, and normoxic cultures
(Fig. 6A). We then treated ONHAs with (+)-PTZ for one
hour before OGD/R. In Figure 6A, we show representative
images from control (normoxic), OGD/R-exposed, and
(+)-PTZ–treated + OGD/R-exposed cell cultures. Quantita-
tive analysis of immunocytochemistry showed that OGD/R
exposure increased GFAP levels (Fig. 6B). In addition, analy-
ses indicated that (+)-PTZ treatment of OGD/R-exposed cell
cultures significantly enhanced the OGD/R-induced increase
in GFAP levels (Fig. 6B). In addition to measurement of
GFAP, we used MTT assay to measure cell proliferation
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FIGURE 6. Effect of (+)-PTZ treatment on OGD/R-exposed WT ONHAs. (A) Representative images show GFAP expression in WT ONHAs
under normal and OGD/R-exposed conditions, with or without (+)-PTZ treatment. Scale bar: 50 μm. (B) Quantitative analysis shows that
OGD/R increases GFAP expression, and that (+)-PTZ treatment enhances the OGD/R-induced increase in GFAP expression. Significantly
different from control ****P < 0.0001, **P < 0.01. (C) Cell proliferation was detected by MTT assay. Under conditions of OGD/R exposure,
(+)-PTZ treated cells showed a higher proliferation rate than non-(+)-PTZ treated cells. Significantly different from control **P < 0.01. Data
were analyzed using two-way ANOVA followed by Tukey-Kramer post-hoc test for multiple comparisons. These experiments were repeated
in triplicate with cells isolated from different dates, different animals and treated on different days. For each group of each isolation, three
coverslips were quantified.

under conditions of OGD/R. As represented in Figure 6C,
astrocytes subjected to OGD/R showed increased cellular
proliferation compared with normoxic (control) cultures.
Furthermore, (+)-PTZ treatment of ONHAs significantly
augmented the OGD/R-induced increase in astrocyte
proliferation (Fig. 6C).

We also evaluated responses of KO-derived ONHAs under
conditions of OGD/R, and in the presence and absence
of treatment with (+)-PTZ (Figs. 7A–7C). Figure 7A shows
representative images of immunocytochemical labeling for
GFAP in KO cultures derived under control (normoxic),
OGD/R-exposed, and (+)-PTZ–treated + OGD/R-exposed
conditions. Similar to evaluation of WT cell cultures, quan-
titative assessment of GFAP in KO cultures showed an
OGD-induced increase in GFAP levels (Fig. 7B). In contrast
to WT ONHAs, (+)-PTZ treatment of KO ONHAs did not
cause significant GFAP enhancement (Figure 7B). We also
evaluated cell proliferation in KO-derived cultures using
MTT assay. Results, presented in Figure 7C, were consis-
tent with assessment of WT cultures. The assessment showed
increased cellular proliferation under conditions of OGD/R
compared with normoxic (control) conditions. However, in

contrast to WT ONHAs, KO ONHAs did not show signifi-
cantly augmented cellular proliferation when treated with
(+)-PTZ.

In addition to effects on GFAP levels and cellular prolif-
eration, ischemic conditions may influence astrocyte migra-
tion.50 We evaluated the effects of OGD/R on ONHA migra-
tion in WT and S1R KO ONHAs, and in the presence and
absence of treatment with (+)-PTZ. Figure 8 shows represen-
tative images. First, we compared cellular migration into the
wounded area for WT OGD/R-exposed astrocytes versus WT
normoxic (control) cultures. Results showed no significant
OGD/R-induced change in WT astrocyte migration (Figs.
8A, 8B). We then evaluated cellular migration in OGD/R-
exposed WT ONHAs under conditions of treatment with
(+)-PTZ. The (+)-PTZ–treated, WT OGD/R-exposed ONHAs
showed increased cellular migration into the wound area
compared with WT OGD/R-exposed, nontreated cultures
(Figs. 8A, 8B). Next, we measured cellular migration for
KO ONHAs under conditions of OGD/R. In contrast to
WT-derived cultures, OGD/R-exposed KO ONHAs showed
significantly decreased migration into the wound area
compared with KO normoxic (control) cultures. Finally, we
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FIGURE 7. Effect of (+)-PTZ treatment on OGD/R-exposed S1R KO ONHAs. (A) Representative images show GFAP expression in S1R KO
ONHAs under normal and OGD/R-exposed conditions with or without (+)-PTZ treatment. Scale bar: 50 μm. (B) Quantitative analysis shows
that OGD/R increases GFAP expression, and that (+)-PTZ treatment does not significantly enhance the OGD/R-induced increase in GFAP
expression. Significantly different from control ****P < 0.0001, ***P < 0.001, *P < 0.05. (C) Cell proliferation was detected by MTT assay.
Under conditions of OGD/R exposure, (+)-PTZ treatment did not significantly affect the S1R KO ONHA proliferation rate. Data were analyzed
using two-way ANOVA followed by Tukey-Kramer post hoc test for multiple comparisons. These experiments were repeated in triplicate
with cells isolated from different dates, different animals and treated on different days. For each group of each isolation, three coverslips
were quantified.

evaluated cellular migration in OGD/R-exposed KO ONHAs
under conditions of treatment with (+)-PTZ. The (+)-PTZ–
induced increase in ONHA migration observed in OGD/R-
exposed WT ONHAs was not observed for S1R KO ONHAs
(Figs. 8A, 8C).

To evaluate the effects of S1R stimulation on pathways
that regulate astrocytic reactivity, we measured activation
of signaling molecules, STAT3 and NFkB. Astrocytes in the
optic nerve, brain and spinal cord express STAT3 and NFkB,
and both molecules are activated via phosphorylation under
conditions of neuronal tissue injury due to ischemia, inflam-
mation, and neurodegenerative disease states.51–56 Therefore
we measured phosphorylation levels of STAT3 (p-STAT3)
and the p65 subunit of NFkB(p-p65). To do this, we derived
cellular lysates from (+)-PTZ–treated versus nontreated
ONHA cultures under conditions of normoxia and OGD/R.
Lysates were analyzed by western blot, and probed with anti-
bodies to p-STAT3 and p-p65. Under normoxic conditions,
treatment of WT ONHAs with (+)-PTZ did not change levels
of p-STAT3 or p-65 (Figs. 9A–9C). Exposure of WT ONHAs
to OGD/R resulted in elevated levels of pSTAT3 that were
enhanced by (+)-PTZ treatment (Figs. 9A–9C). In contrast,

although p-p65 levels were increased by ONHA exposure
to OGD/R, treatment with (+)-PTZ abrogated the OGD/R-
induced rise in p-p65 levels (Figs. 9A–9C).

We also used Western blot analysis to measure S1R levels
under conditions of OGD/R versus normoxia and in the
presence and absence of treatment with (+)-PTZ. Lysates
derived from OGD/R-exposed ONHAs showed increased
S1R levels compared with lysates derived from normoxic
cultures. S1R levels were not significantly changed by treat-
ment with (+)-PTZ in either OGD/R-exposed or normoxic
ONHA cell cultures (Figs. 9A, 9D).

DISCUSSION

Our results indicate that S1R plays a role in regulation
of the reactivity responses of ONH-derived astrocytes in
cell culture under ischemic conditions. Astrocyte reactivity
responses include cellular migration, proliferation, upregu-
lation of GFAP levels, reorganization of actin networks, and
changes in intracellular signaling and regulatory pathways.

Our previous studies, carried out using ONHAs derived
from neonatal rat pups, showed that S1R activation prevents
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FIGURE 8. Effect of (+)-PTZ on migration of OGD/R-exposed ONHAs. Both WT and S1R KO ONHAs were pretreated with 10 μM (+)-
PTZ for one hour before scratching. After scratching, the cells were incubated with 10 μM (+)-PTZ under OGD for six hours, followed by
reoxygenation for 18 hours. (A) Representative images show migration of WT versus S1R KO normoxic (control) and OGD/R-exposed cells
into the wounded area with or without (+)-PTZ treatment. Scale bar: 200 μm. (B) Cells in wounded area were counted by ImageJ. For each
group, four coverslips were quantified. WT ONHA migration increased when cells were treated with (+)-PTZ after OGD/R. Significantly
different from control ****P < 0.0001. S1R KO ONHA migration was not affected by (+)-PTZ treatment. Data were analyzed using one-way
ANOVA followed by Tukey-Kramer post hoc test for multiple comparisons. Experiments were repeated in triplicates with cells isolated from
different dates, different animals and treated on different days. For each group of each isolation, three coverslips were quantified.

intracellular reactive oxygen species generation and oxida-
tive stress-induced cell death.46 The current study exam-
ines reactivity responses of ONHAs cultured from adult
mice. The prevalence of most neurodegenerative conditions,
including optic neuropathies, increases with age.57,58 There-
fore cultures derived from adult animals likely represent
a better pathophysiological model system for age-related
conditions than those derived from neonatal animals. In
addition, expansion of our ONHA culture system for use in
mice allows for evaluation of astrocytes derived from S1R
KO mice. Furthermore, neonatal astrocytic tissues are more
plastic and labile to stimuli than adult astrocytes, so adult-
derived cultures may respond more reliably to reactivity-
inducing cellular stress.59

As shown in Figures 4 and 5, under conditions of
scratch-wound assay, we found a significant increase in
ONHA migration in WT, non-stressed, (+)-PTZ pre-treated
cells compared to WT, non-stressed, no (+)-PTZ treatment
controls at both 24h and 5h time points following scratch.
Consistent with our results, Wang et al.60 found increased

cellular migration upon stimulation of astrocytes with the
S1R agonist, (+)SKF-10047.

We also compared GFAP levels and cellular migration in
nonstressed ONHAs derived from S1R KO mice to cultures
derived from WT mice. Interestingly, our results (Figs. 3
and 4) showed that KO ONHAs expressed higher GFAP
levels and showed increased baseline migration response
compared with cultures derived fromWTmice. These results
are consistent with those reported by Weng et al.,61 show-
ing increased GFAP levels in primary neuron-astrocyte co-
cultures derived from S1R KO murine brain. Astrocytes play
critical roles in neuronal homeostasis, and compensatory
astrocyte reactivity occurs throughout the CNS under condi-
tions of neuronal injury or stress.62 It is well known that S1R-
mediated cellular functions are associated with the patho-
genesis of neurodegenerative disorders.63 Baseline GFAP
elevation in ONHAs isolated from S1R KO animals may result
from compensatory neuron-glial interactions initiated within
the S1R-lacking optic nerve prior to astrocyte isolation. Simi-
lar cellular counterbalances may occur within brains of
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FIGURE 9. Effect of (+)-PTZ on phosphorylation of STAT3 and NFkB p-65 in WT ONHAs. (A) Representative Western blot showing increased
phosphorylation of both STAT3 and NFkB p-65 after OGD/R in WT ONHAs. (+)-PTZ treatment enhanced OGD/R-induced STAT-3 phospho-
rylation, whereas (+)-PTZ treatment abrogated OGD/R-induced phosphorylation of p-65. In addition, S1R expression was increased under
OGD/R exposure. (B–D) Quantitative analysis by ImageJ. Significantly different from control **P < 0.01, *P < 0.05. Data were analyzed using
one-way ANOVA followed by Tukey-Kramer for multiple comparisons. These experiments were repeated in triplicate with cells isolated from
different dates, different animals and treated on different days.

S1R KO mice and lead to increased GFAP levels in mixed
astrocyte-neuronal cultures as described by Weng et al.61

Further studies of how S1R mediates cooperation between
neurons and glia under conditions of neuronal stress, and
within specific regions of the brain and spinal cord are
warranted.

An additional key feature of our studies is evaluation
of ONHAs under conditions of oxygen-glucose deprivation
and recovery. Optic nerve ischemia has been implicated in
acute and chronic optic neuropathies.64 Therefore responses
of ONHAs to transient ischemic insult may be relevant to
several optic neuropathies, including nonarteritic ischemic
optic neuropathy and glaucoma.65

Our preliminary evaluation in WT ONHAs indicated
that six hours of OGD exposure, followed by 18 hours
of normoxia caused a significant increase in intracellular
GFAP levels (Fig. 6). Consistent with our observations, previ-
ous studies of brain-derived astrocytes found an increase,
or spike, in GFAP levels upon normoxic recovery from
OGD.66,67

Interestingly, our results showed that (+)-PTZ treatment
of OGD/R-exposed WT ONHAs led to enhancement of astro-
cyte reactivity measures, including increased GFAP levels,
and augmentation of cellular proliferation and migration
(Figs. 6 and 8). The (+)-PTZ–mediated enhancement of
reactivity responses was absent in OGD/R-exposed ONHAs
derived from S1R KO mice (Figs. 7 and 8). These obser-
vations of S1R KO-derived ONHAs lead to the conclusion
that (+)-PTZ–mediated effects on OGD/R-induced astrocyte
reactivity are dependent on S1R.

Consistent with our results, recent studies in brain and
spinal cord indicate that S1Rs modulate aspects of astrocyte
reactivity.60,68 Our studies also aimed to evaluate the effects

of S1R stimulation on upstream pathways that regulate astro-
cytic reactivity. Therefore we measured activation of signal-
ing molecules, STAT3 and NFkB. STAT3 is a critical regulator
of astrocyte reactivity and is expressed within astrocytes in
the brain, spinal cord and optic nerve.51,65,69–71 In the brain,
spinal cord, and optic nerve, conditional KO of STAT3 from
astrocytes attenuates GFAP upregulation and astrocytic scar
formation.12,72–74 In several models, this reduction in astro-
cyte reactivity leads to exacerbation of neuronal damage. In
the optic nerve, attenuation of astrocyte reactivity through
conditional STAT3 KO causes increased loss of RGCs and
visual function under conditions of glaucomatous stress.12

Therefore STAT3 activation within the optic nerve head may
play a protective role in supporting the health of RGCs under
stressful conditions.

Similar to STAT3, the NFkB transcription factor regu-
lates cellular response to stress.75,76 However, in contrast to
STAT3, multiple studies suggest that astrocytic activation of
NFkB promotes neuronal damage in ischemic, inflammatory,
and traumatic circumstances.56,77 For example, astrocyte-
specific transgenic inhibition of NFkB within the optic nerve
protects RGCs under conditions of experimental optic neuri-
tis.78

Our studies indicate that exposure of ONHAs to OGD/R
leads to increased phosphorylation of both STAT3 and
the p65 subunit of NFkB (Fig. 9). Therefore, according to
our observations, both STAT3 and NFkB are activated in
ONHA cultures under conditions of OGD/R. Interestingly,
we find that (+)-PTZ–mediated stimulation of S1R enhances
the OGD/R-induced STAT3 activation (Fig. 9). In contrast,
we find that (+)-PTZ–mediated S1R stimulation mitigates
the OGD/R-induced NFkB (p-65) activation (Fig. 9). Given
previous studies of the roles of STAT3 and NFkB in
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astrocytic injury and stress response, additional in vivo
experiments are needed to determine whether S1R activa-
tion within ONHAs enhances the neuroprotective character-
istics of these cells.

Previous studies indicate that (+)-PTZ–mediated acti-
vation of S1R can protect purified primary RGC cultures
from death under conditions of OGD, as well as metabolic
and excitotoxic stress.43,45,79 Our studies elucidate a previ-
ously unknown mechanistic link between stimulation of S1R
within ONHAs and the reactivity responses of these cells
under conditions of ischemia-induced stress. Future stud-
ies, perhaps using ONHA-RGC cocultures, should address
whether S1R-mediated activation of ONHAs is protective of
RGCs independent of S1R stimulation within the RGCs them-
selves.
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