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PURPOSE. Elevated intraocular pressure is associated with glau-
comatous optic nerve damage. Other investigators have shown
functional changes in optic nerve head astrocytes subjected to
elevated hydrostatic pressure (HP) for 1 to 5 days. Recently,
the authors reported ERK1/2, p90RSK and NHE1 phosphoryla-
tion after 2 hours. Here they examine calcium responses at the
onset of HP to determine what precedes ERK1/2 phosphory-
lation.

METHODS. Cytoplasmic calcium concentration ([Ca2�]i) was
measured in cultured rat optic nerve astrocytes loaded with
fura-2. The cells were placed in a closed imaging chamber and
subjected to an HP increase of 15 mm Hg. Protein phosphor-
ylation was detected by Western blot analysis.

RESULTS. The increase of HP caused an immediate slow increase
in [Ca2�]i. The response persisted in calcium-free solution and
when nickel chloride (4 mM) was added to suppress channel-
mediated calcium entry. Previous depletion of the ER calcium
stores by cyclopiazonic acid abolished the HP-induced calcium
level increase. The HP-induced increase persisted in cells ex-
posed to xestospongin C, an inhibitor of IP3R-mediated cal-
cium release. In contrast, ryanodine receptor (RyR) antagonist
ruthenium red (10 �M) or dantrolene (25 �M) inhibited the
HP-induced calcium increase. The HP-induced calcium in-
crease was abolished when ryanodine-sensitive calcium stores
were pre-depleted with caffeine (3 mM). HP caused ERK1/2
phosphorylation. The magnitude of the ERK1/2 phosphoryla-
tion response was reduced by ruthenium red and dantrolene.

CONCLUSIONS. Increasing HP causes calcium release from a ry-
anodine-sensitive cytoplasmic store and subsequent ERK1/2
activation. Calcium store release appears to be a required early
step in the initial astrocyte response to an HP increase. (Invest
Ophthalmol Vis Sci. 2010;51:3129–3138) DOI:10.1167/
iovs.09-4614

In the normal eye the aqueous humor (AH) inflow from the
ciliary epithelium and its exit through the outflow pathways,

mainly through a sieve-like tissue at the corneoscleral junction
(the trabecular meshwork), is balanced to create a physiolog-
ical intraocular pressure (IOP) of �15 mm Hg. This normal
hydrostatic pressure is essential to maintain the spherical
shape of the globe and the refractive surface of the cornea, a
requirement for good vision. Increased IOP as a result of
abnormally high resistance to AH outflow, gives rise to a

condition called primary open angle glaucoma,1,2 the second
leading cause of blindness.3 IOP can more than double, and
disease progression is marked by gradual deformation of the
optic nerve head, where retinal ganglion cell axons exit the
eye. Optic nerve head remodeling and deformation associated
with increased intraocular pressure are thought to be the
probable cause of retinal ganglion cell death and consequent
vision loss. Elevated IOP and progressive visual field loss in
primary open angle glaucoma appear linked.4–6

Retinal ganglion cell axons in the optic nerve head have a
complex relationship with glial cells and the extracellular ma-
trix (ECM). Astrocytes play a key role in the optic nerve head,
and ganglion cells are dependent on them for structural sup-
port, metabolic support, and regulation of extracellular ion
composition and pH.7 Astrocytes synthesize ECM, and it has
been reported that abnormal astrocyte function and conse-
quent changes in the extracellular matrix composition contrib-
ute to remodeling of the optic nerve head in glaucoma.8–15

Interestingly, it has been found that cultured astrocytes sub-
jected for 24 to 48 hours to a 10- to 20-mm Hg increase in
hydrostatic pressure applied in vitro respond by increased
expression of MMPs and TIMPs16 and an altered pattern of
ECM expression.17 Expression of small heat shock proteins
Hsp27 and �B-crystallin18 and several other genes also is
changed in cells subjected to hydrostatic pressure.19,20 Re-
cently this laboratory examined earlier responses that occur in
optic nerve astrocytes subjected to elevated hydrostatic pres-
sure. After 2 hours, a pressure challenge of 15 mm Hg was
found to activate ERK. Subsequently, ERK activation led to the
phosphorylation of p90RSK and stimulation of the NHE-1 sodi-
um-hydrogen exchanger.21 Here, we examined astrocytes at
the onset of a hydrostatic pressure increase and discovered an
important role for calcium. There have been previous reports
that an increase of cytoplasmic calcium occurs in bovine artic-
ular chondrocytes subjected to elevated hydrostatic pres-
sure.22,23 In one of these studies, the increase in cytoplasmic
calcium appeared to be the result of calcium entry from extra-
cellular space since it was abolished in calcium-free solution
and inhibited by gadolinium.22,23 In the other study, the in-
crease in intracellular calcium was attributed to release from an
IP3-sensitive intracellular calcium store.22,23 We devised a
method to measure cytoplasmic calcium in rat optic nerve
astrocytes while the cells are subjected to hydrostatic pressure.
A pressure challenge of 15 mm Hg caused an immediate in-
crease of cytoplasmic calcium concentration that appeared to
originate from a ryanodine-sensitive cytoplasmic store.

MATERIALS AND METHODS

Reagents

Dulbecco’s modified Eagle’s medium (DMEM)/F12, fura-2 AM, and
calcium calibration buffer kit were purchased from Invitrogen (Carls-
bad, CA). All other chemicals were purchased from Sigma (St. Louis,
MO). Polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) was
obtained from Dako Cytomation (Carpinteria, CA). Protease inhibition
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tablets were purchased from Roche Diagnostics (Complete Mini Pro-
tease Inhibitor Cocktail; Indianapolis, IN). p44/42 (ERK1/2) mitogen-
activated protein kinase (MAPK) rabbit monoclonal antibody and phos-
pho-p44/42 (ERK1/2) MAPK (Thr202/Tyr204) mouse monoclonal
antibody were obtained from Cell Signaling Technology (Danvers,
MA). Alexa Fluor 680–conjugated goat anti-mouse secondary antibody
was purchased from Invitrogen. Goat anti-rabbit conjugated secondary
antibody was obtained from Rockland (IRDye 800; Gilbertsville, PA).

Cell Culture

Astrocytes were isolated and cultured according to a modification of a
previous method.21,24 Eyes from 1- to 5-day-old Sprague-Dawley rat
pups of both sexes were obtained from Hilltop Laboratories (Scotts-
dale, PA). The pups were killed by the supplier using CO2 in accor-
dance with the American Veterinary Medical Association’s guidelines
for animal welfare assurance, as confirmed by the supplier. We used
400 eyes for this study. The eyes were washed in DMEM/F12 contain-
ing penicillin (100 U/mL) and streptomycin (0.1 mg/mL). Optic nerves
were dissected, transferred to 35-mm culture dishes, and maintained at
37°C in a humidified atmosphere of 95% air 5% CO2 in DMEM/F12
medium containing fetal bovine serum (10%), penicillin (100 U/mL),
streptomycin (0.1 mg/mL), and epidermal growth factor (EGF; 5 ng/
mL). The medium was changed on alternate days. After 7 to 8 days,
when enough cells had grown onto the petri dish, the remnant of the
optic nerve was removed, and the cells were stained for GFAP expres-
sion to confirm astrocyte identity. More than 95% of the cultured cells
showed GFAP expression. Thus, the purity was �95%. Cells were
trypsinized and passaged for propagation. Confluence was attained in
approximately 2 weeks. Third- to fifth-passage cells were used in this
study.

Hydrostatic Pressure

Cells were grown to 70% to 80% confluence on 60-mm dishes for
Western blot analysis. Pressure was applied by placing the culture dish
at the bottom of a glass column filled with 500 mL DMEM/F12 com-
plete medium saturated, by bubbling, with 95% air 5% CO2 for 30
minutes. The column was then maintained at 37°C in a humidified
atmosphere of 95% air/5% CO2 and bubbled with 95% air/5% CO2 to
maintain a dissolved gas concentration identical throughout the col-
umn. The height of the fluid column was 20 cm; thus, pressure at the
base of the column was 15 mm Hg. Control cells were kept at ambient
pressure. As a control for the change in volume of the culture medium,
some cells were transferred to a horizontal tray containing 500 mL
DMEM/F12, but the height of fluid was 1.25 cm, approximately the
same as in a normal culture dish. Test agents were dissolved either in
dimethylsulfoxide (0.06% final concentration) or in water according to
solubility. Control cells received only the vehicle.

Real-Time Measurement of Cytoplasmic Calcium
under Hydrostatic Pressure

Cytoplasmic calcium was recorded in cells loaded with fura-2 AM by
measuring the fluorescence intensity at alternating excitation wave-
lengths of 340 nm and 380 nm using a method described previously.25

Cells grown on rectangular glass coverslips (22 � 40 mm, thickness
#1.5) were loaded for 20 minutes with 5 �M fura-2 AM in Krebs
solution: NaCl, 119 mM; KCl, 4.7 mM; KH2PO4, 1.2 mM; NaHCO3, 25
mM; dextrose, 5.5 mM; MgCl2, 1 mM; CaCl2, 2.5 mM; pH adjusted to
7.4; osmolarity, �300 mOsm. After five washes, the coverslip with
fura-2 AM–loaded cells was mounted airtight, using silicone grease, as
the bottom window of an imaging chamber (RC30; Warner instru-
ments, Hamden, CT), which has a shallow rectangular groove to
receive the coverslip. The top window of the chamber is formed by a
different 22 � 30 coverslip positioned at the center of an annular
plastic coverslip plate. The coverslip plate has outlets for the entry and
exit of Krebs solution. A circular silicone rubber gasket with a hexag-
onal opening at the center, called the chamber-forming gasket, was
placed on the plate surrounding the coverslip. The assembly was then

inverted and positioned over the bottom window. The chamber thus
formed between the bottom and the top window was sealed by
tightening an annular metal pressure plate using a wrench. The cham-
ber volume was 0.5 mL. The inlet of the chamber was connected to the
exit end of an inline heater (SH-27B; Warner Instruments). The inline
heater (set at 37°C) was then connected, by thick-walled silicone
tubing through a peristaltic pump (520S; Watson Marlow, Wilmington,
MA), to the reservoir of Krebs solution. The Krebs solution was con-
tinuously bubbled with 95% air/5% CO2. The outlet of the chamber
was connected, immediately after the exit point, to a digital pressure
transducer (item #724496; Harvard Apparatus, Holliston, MA) using a
T-piece. The outlet was connected to a length of flexible, but pressure-
resistant, outflow tubing, the exit end of which was attached to a
sliding motor. The sliding motor permitted adjustment of the height of
the solution exit end of the outlet tube so as to obtain a particular
hydrostatic pressure. The hydrostatic pressure was continuously mon-
itored by the transducer. A schematic diagram of the instrumentation
is shown (Fig. 1).

Cells were superfused for 5 minutes at atmospheric pressure with
control Krebs solution to obtain a stable baseline measurement. The
flow rate was adjusted to 1 mL/min. Hydrostatic pressure was then
applied to the cells by raising the height of the exit end of the outflow
tube. The pressure inside the chamber was monitored continuously
using the attached digital pressure transducer. Cells were exposed to
drugs by switching the feeding reservoir to one with a fixed concen-
tration of the intended drug.

The ratio of fluorescence intensity was determined at alternating
excitation wavelengths of 340 nm and 380 nm using an established
method.25 Experimental fluorescence ratios were converted to free
calcium concentration by system-integrated software by plotting the
respective data on the calibration curve. The calibration curve was
obtained frequently using a fura-2 calcium calibration kit supplied by
Invitrogen (catalog no. C-3008MP) according to the manufacturer’s
recommended protocol. In brief, fluorescence ratios (340 nm/380 nm)
were derived using a set of standards containing 0-, 38-, 100-, 225-,
351-, 602-, and 1350-nM concentrations of free calcium. A calibration
curve was constructed by plotting the fura-2 fluorescence ratios (F340
nm/F380 nm) against the free calcium concentrations. In each exper-
iment, data from 15 to 30 individual cells on the coverslip were
averaged and considered as n � 1.

Western Blot Analysis
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer con-
taining 50 mM HEPES, 150 mM NaCl, 1.0 mM EDTA, 10 mM sodium
pyrophosphate, 2.0 mM sodium orthovanadate, 10 mM sodium fluo-
ride, 10% glycerol, 1.0% Triton X-100, 1.0% sodium deoxycholate,
protease inhibitor cocktail tablets (Complete Mini; 3 tablets/20 mL;
Roche Diagnostics, Indianapolis, IN), 1% phosphatase inhibitor cock-
tails 1 and 2 (Sigma), and 1 mM phenylmethylsulfonyl fluoride. The cell
lysate was centrifuged at 14,000g for 30 minutes, the supernatant was
added to Laemmli buffer, and the proteins were separated by electro-
phoresis on a 10% SDS-polyacrylamide mini-gel. Proteins were then
transferred by electrophoresis to nitrocellulose membrane, and the
membrane was blocked overnight with blocking buffer (Odyssey;
LI-COR Biosciences, Lincoln, NE) at 4°C. The membranes were incu-
bated overnight at 4°C with anti p44/42 (ERK1/2) MAP kinase rabbit
monoclonal (1:1000) and anti-phospho-p44/42 (ERK1/2) MAPK
(Thr202/Tyr204) mouse monoclonal (1:1000) antibodies. All antibodies
were diluted in the blocking buffer (LI-COR; Odyssey). After three
washes in TTBS (30 mM Tris, 150 mM NaCl, 0.5% [vol/vol] Tween-20
at pH 7.4), each membrane was incubated for 1 hour with an appro-
priate secondary antibody (IRDye 680–conjugated goat anti-mouse
secondary antibody; 1:40000; Alexa-Fluor; [Invitrogen, Carlsbad, CA]
or IRDye 800–conjugated goat anti-rabbit secondary antibody [Rock-
land, Gilbertsville, PA]). Protein bands were visualized by infrared laser
scan detection (LI-COR; Odyssey). Protein concentration was mea-
sured with a BCA protein assay kit (Pierce, Rockford, IL) based on a
published method26 using bovine serum albumin as the standard.
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Statistical Analysis

One-way analysis of variance was used to compare multiple groups of
data, and Student’s t-test was used to compare two groups of data. P �
0.05 was considered significant. Results were shown as mean � SEM.

RESULTS

Effect of Hydrostatic Pressure on Cytoplasmic
Calcium Concentration

Cytoplasmic calcium concentration ([Ca2�]i) was measured at
normal atmospheric pressure for 5 minutes to obtain a stable
baseline. The steady baseline [Ca2�]i under this condition was
100.6 � 2.1 nM (n � 10). Application of 15 mm Hg hydrostatic
pressure, above the normal atmospheric pressure, caused a
slow and steady increase in [Ca2�]i. After 15 minutes, the
[Ca2�]i was 27.2 � 4.1 nM (n � 6) above the baseline (Fig. 2).
In control cells, in which [Ca2�]i was measured at atmospheric
pressure, [Ca2�]i after 15 minutes was not significantly differ-
ent from the starting baseline value (Fig. 2).

Effect of Calcium-Free Solution and NiCl2
To examine the mechanism responsible for the hydrostatic
pressure-dependent increase in [Ca2�]i, some experiments
were performed with nominally calcium-free Krebs solution.
[Ca2�]i, was measured in calcium-free Krebs solution for 5
minutes to obtain a stable baseline. Then 15 mm Hg hydrostatic
pressure was applied, and measurement of [Ca2�]i continued
for another 15 minutes. The hydrostatic pressure-dependent
increase in [Ca2�]i under calcium-free conditions was 25.0 �
1.9 nM (n � 4), which was not significantly different from the
increase observed in the presence of 2.5 mM external calcium
(Fig. 3). In some cells, [Ca2�]i was measured in the presence of
2.5 mM external calcium and 4 mM nickel chloride. Nickel
chloride is a nonselective calcium channel antagonist that
suppresses calcium entry into most cells. After establishing a
stable baseline for [Ca2�]i in the presence of NiCl2, 15 mm Hg

hydrostatic pressure was applied and [Ca2�]i was measured for
another 15 minutes. NiCl2 did not alter the magnitude of the
[Ca2�]i increase (Fig. 3). Results of the experiments suggested
that increased hydrostatic pressure-induced [Ca2�]i does not
require the entry of external calcium.

Manipulation of Calcium Stores

Cells were treated with 10 �M cyclopiazonic acid (CPA), a
specific inhibitor of the sarcoendoplasmic reticulum Ca2�

pump, for 15 minutes to empty the endoplasmic reticulum
(ER) calcium stores. Cytoplasmic calcium concentration was
then measured in nominally calcium-free solution in the con-
tinued presence of CPA. After 5 minutes of baseline measure-
ment, 15 mm Hg hydrostatic pressure was applied and [Ca2�]i

measured for another 15 minutes. Under this condition, the
hydrostatic pressure-induced [Ca2�]i increase was abolished
(Fig. 4).

To examine the possible contribution of an IP3-sensitive ER
calcium pool to the hydrostatic pressure-induced increase in
[Ca2�]i, experiments were conducted on cells treated with
xestospongin C, an IP3 receptor antagonist.27 Cells were pre-
incubated with xestospongin C (1.0 �M or 10 �M) in nomi-
nally calcium-free solution for 15 minutes, and the baseline
[Ca2�]i was established. Then 15 mm Hg hydrostatic pressure
was applied, and [Ca2�]i measurement continued for another
15 minutes. Xestospongin C at 1 or 10 �M concentration
produced no detectable effect on the hydrostatic pressure-
induced [Ca2�]i increase (Fig. 5).

Astrocytes are known to respond to stress by adenosine
triphosphate (ATP) release and autostimulation of purinergic
receptors. To inhibit purinergic receptor–mediated calcium
release, experiments were conducted with suramin. Cells were
incubated with 50 �M suramin for 15 minutes in nominally
calcium-free solution. After 5 minutes of baseline measure-
ment, 15 mm Hg hydrostatic pressure was applied, and [Ca2�]i

was measured for another 15 minutes. Suramin at 50 �M

FIGURE 1. Schematic diagram of the
hydrostatic pressure application sys-
tem.
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concentration produced no detectable effect on the hydro-
static pressure-induced [Ca2�]i increase (Fig. 5).

To examine the possible contribution of calcium release
from ryanodine-sensitive stores, cells were treated with 10 �M
ruthenium red for 15 minutes. Ruthenium red competitively
binds to ryanodine receptor channels to inhibit calcium re-
lease.28,29 After obtaining a stable baseline [Ca2�]i, 15 mm Hg
hydrostatic pressure was applied, and [Ca2�]i was measured
for 15 minutes. Ruthenium red completely blocked the pres-
sure-dependent increase in [Ca2�]i (Fig. 6). In the same man-
ner some experiments were carried out with dantrolene, a
specific inhibitor of ryanodine receptor-mediated calcium re-
lease.30 In the presence of 25 �M dantrolene, the pressure-
dependent increase in [Ca2�]i was abolished (Fig. 6).

These experiments point to the involvement of a ryanodine-
sensitive calcium pool to pressure-dependent calcium release.
To deplete this calcium pool before applying hydrostatic pres-
sure, cells were exposed for 15 minutes to the ryanodine
receptor-sensitive calcium release agonist, caffeine (3 mM).
After baseline [Ca2�]i measurement, 15 mm Hg hydrostatic
pressure was applied, and [Ca2�]i was measured for another 15

minutes. Caffeine pretreatment abolished the pressure-induced
[Ca2�]i increase (Fig. 7), consistent with the involvement of
ryanodine receptor–mediated calcium release.

Effect of Ruthenium Red and Dantrolene on
ERK Phosphorylation

Western blot analysis of ERK1/2 phosphorylation was con-
ducted on lysate obtained from cells subjected to 15 mm Hg
hydrostatic pressure for 2 hours. Consistent with our earlier
studies, ERK1/2 phosphorylation increased significantly (Fig.
8). Some cells were exposed to ruthenium red (10 �M)), added
before challenge with hydrostatic pressure. Ruthenium red
significantly reduced the increase in band density of phosphor-

FIGURE 3. The magnitude of the hydrostatic pressure-induced [Ca2�]i

increase in cells bathed either in nominally calcium-free medium or in
the presence of 4 mM nickel chloride in calcium-containing medium.
(A) Record of [Ca2�]i concentration measured over time. (B) Changes
in [Ca2�]i concentration measured 15 minutes after the onset of the
pressure increase. Results are mean � SEM of 4 to 6 independent
experiments. [Ca2�]i was measured every 10 seconds, but for clarity
the SEM values are only shown at 1-minute intervals in (A).

FIGURE 2. [Ca2�]i change on elevation of hydrostatic pressure. Cells
were grown on a coverslip at normal pressure, loaded with fura-2 AM
in Krebs solution, and placed in an imaging chamber. After establishing
stable baseline [Ca2�]i, pressure in the chamber was raised to 15 mm
Hg, and [Ca2�]i was monitored continuously for 15 minutes. Control
cells remained at atmospheric pressure. (A) Record of [Ca2�]i concen-
tration measured over time. (B) Changes in [Ca2�]i concentration
measured 15 minutes after the onset of the pressure increase. Results
are mean � SEM of 4 to 6 independent experiments. [Ca2�]i was
measured every 10 seconds, but for clarity the SEM values are only
shown at 1-minute intervals in (A). ***P � 0.001; significant difference
between [Ca2�]i in control and pressure-treated cells measured 15
minutes after the onset of the pressure increase.
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ylated ERK1/2 in cells subjected to 15 mm Hg. Dantrolene (25
�M) similarly suppressed the increase in phosphorylated
ERK1/2 band density in cells subjected to 15 mm Hg (Fig. 9).
Added alone, neither ruthenium red nor dantrolene caused any
significant change in band density.

DISCUSSION

A modest increase in hydrostatic pressure was found to cause
an immediate slow increase in [Ca2�]i in cultured rat optic
nerve head astrocytes. The results are consistent with release
of calcium from a ryanodine-sensitive store. Importantly, the
hydrostatic pressure-induced increase in [Ca2�]i appeared nec-
essary for the ERK1/2 phosphorylation that occurs in astro-
cytes subjected to elevated hydrostatic pressure.

In the presence of ruthenium red, hydrostatic pressure
failed to elicit either an increase in [Ca2�]i or ERK phosphor-
ylation. The same was true for the specific ryanodine receptor
antagonist dantrolene. Earlier we published findings showing
that challenge with 15 mm Hg hydrostatic pressure for 2 hours
caused ERK1/2 activation and subsequent p90RSK and NHE1

FIGURE 5. Magnitude of the hydrostatic pressure-induced [Ca2�]i

change in cells treated with suramin or xestospongin C. Cells were
pretreated with suramin or xestospongin C for 15 minutes in nominally
calcium-free solution. After establishing baseline [Ca2�]i, pressure was
increased to 15 mm Hg, and [Ca2�]i was monitored continuously for 15
minutes. Control cells were kept at atmospheric pressure. (A) Record
of [Ca2�]i concentration measured over time. (B) Changes in [Ca2�]i

concentration measured 15 minutes after the onset of the pressure
increase. Results are mean � SEM of 3 to 8 independent experiments.
[Ca2�]i was measured every 10 seconds, but for clarity the SEM values
are only shown at 1-minute intervals in (A).

FIGURE 4. The effect of hydrostatic pressure on [Ca2�]i in cells pre-
treated with 10 �M CPA for 15 minutes in nominally calcium-free
solution. After establishing baseline [Ca2�]i, pressure was increased to
15 mm Hg, and [Ca2�]i was monitored continuously for 15 minutes.
Control cells were kept at atmospheric pressure. (A) Record of [Ca2�]i

concentration measured over time. (B) Changes in [Ca2�]i concentra-
tion measured 15 minutes after the onset of the pressure increase.
Results are mean � SEM of 3 to 5 independent experiments. [Ca2�]i

was measured every 10 seconds, but for clarity the SEM values are only
shown at 1-minute intervals in (A). ***P � 0.001; significant difference
compared with pressure-treated cells.
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phosphorylation in cultured astrocytes.21 The present finding
bridges the gap between hydrostatic pressure and ERK activa-
tion. The pressure-induced increase in [Ca2�]i precedes ERK

FIGURE 6. Magnitude of the hydrostatic pressure-induced [Ca2�]i

change in cells treated with ruthenium red or dantrolene. Cells were
pretreated with ruthenium red or dantrolene for 15 minutes, and then
[Ca2�]i was measured in calcium-containing medium. After establish-
ing baseline [Ca2�]i, pressure was increased to 15 mm Hg, and [Ca2�]i

was monitored continuously for 15 minutes. Control cells were kept at
atmospheric pressure. (A) Record of [Ca2�]i concentration measured
over time. (B) Changes in [Ca2�]i concentration measured 15 minutes
after the onset of the pressure increase. Results are mean � SEM of 3
to 10 independent experiments. [Ca2�]i was measured every 10 sec-
onds, but for clarity the SEM values are only shown at 1-minute
intervals in (A). ***P � 0.001; significant difference compared with
pressure-treated cells.

FIGURE 7. Effect of hydrostatic pressure on [Ca2�]i in cells pretreated
with 3 mM caffeine for 15 minutes in nominally calcium-free solution.
After establishing stable baseline [Ca2�]i, pressure was increased to 15
mm Hg, and [Ca2�]i was monitored continuously for 15 minutes.
Control cells were kept at atmospheric pressure. (A) Record of [Ca2�]i

concentration measured over time. (B) Changes in [Ca2�]i concentra-
tion measured 15 minutes after the onset of the pressure increase.
Results are mean � SEM of 3 to 5 independent experiments. [Ca2�]i

was measured every 10 seconds, but for clarity the SEM values are only
shown at 1-minute intervals in (A). ***P � 0.001; significant difference
compared with pressure-treated cells.
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phosphorylation. Calcium-dependent ERK activation has been
observed previously in astrocytes in response to perturbations
such as mechanical deformation31 or osmotic swelling.32,33

A pressure increase of 15 mm Hg is the same order of
magnitude as the 1- to 5-day hydrostatic pressure challenges
(7.5–15 mm Hg) reported previously to increase elastin secre-
tion in cultured human optic nerve astrocytes.17 Hydrostatic
pressure at 60 mm Hg applied for 6, 24, and 48 hours has been
shown to influence the expression and distribution of small
heat shock proteins Hsp27 and �B-crystallin18 and changes of
gene expression34 in human optic nerve head astrocytes. A
hydrostatic pressure increase of 20 cm H2O (�15 mm Hg) for
7 hours in serum-free DMEM resulted in time-dependent de-
creases in MMP-1, MMP-2, and MMP-9 activity (15%, 37%, and
25%) compared with controls maintained at atmospheric pres-
sure in human urinary bladder smooth muscle cells.35 To the
best of our knowledge, [Ca2�]i responses to the application of
hydrostatic pressure challenge of this magnitude have not been
reported before. However, increased [Ca2�]i was observed in
response to a much higher hydrostatic pressure challenge of
0.5 MPa (3750 mm Hg) in bovine articular chondrocytes.23 In
a separate study, a wide range of pressure challenge between
0.1 MPa and 30 MPa (750 and 225,000 mm Hg) also increased
[Ca2�]i in bovine articular chondrocytes.22 In one study,23 the
increase in [Ca2�]i appeared to be the result of calcium entry
from the extracellular space and of calcium-induced calcium
release from cytoplasmic stores since it was abolished by cal-
cium-free solution, inhibited by the stretch-activated calcium
channel blocker gadolinium, and inhibited by the ryanodine-

sensitive calcium release (calcium-induced calcium release)
blocker dantrolene. In the other study,22 the increase in
[Ca2�]i was shown to be caused by release from the IP3-
sensitive pool.

We considered whether the observed [Ca2�]i response was
the consequence of pressure-dependent distortion of the cov-
erslips. This is particularly relevant because calcium-dependent
ERK activation has been observed previously in astrocytes after
having occurred in response to perturbations such as mechan-
ical deformation31 and osmotic swelling.32,33 Coverslip defor-
mation may have a mechanical effect on the attached cells or
may move the cells out of focus, introducing an artifact in the
epifluorescence measurement. To minimize coverslip deforma-
tion, experiments were conducted using thick glass (thickness
#1.5). Moreover, the 15 mm Hg challenge used throughout the
study was modest. We can rule out an optical effect caused by
coverslip deformation because the pressure-induced [Ca2�]i

increase was prevented by an RyR antagonist. However, we
have no direct way in which to rule out a mechanical effect on
the cells caused by pressure-induced coverslip deformation.
Nevertheless, an RyR antagonist prevented both the pressure-
induced [Ca2�]i increase and ERK1/2 phosphorylation. This
argues indirectly against a mechanical effect because ERK1/2
phosphorylation occurred in the absence of a bending force,
when coverslips were submerged in 20 cm bathing solution
and pressure was equal on both sides of the glass. In compar-
ative experiments using thin (thickness #1) and thick (thick-

FIGURE 9. Effect of hydrostatic pressure and dantrolene on ERK phos-
phorylation. Cells were subjected to 15 mm Hg hydrostatic pressure
for 2 hours, then lysed and analyzed by Western blot. Some cells were
exposed to 25 �M dantrolene added for the duration of the experi-
ment. Control cells received neither pressure nor dantrolene. (A)
Representative blot. Lane a, control; lane b, dantrolene; lane c, 15 mm
Hg; lane d, dantrolene � 15 mm Hg. (B) Pooled data on band density
obtained from three independent experiments. ***P � 0.001; signifi-
cant difference from control. ###P � 0.001; significant difference from
15 mm Hg pressure.

FIGURE 8. Effect of hydrostatic pressure and ruthenium red on ERK
phosphorylation. Cells were subjected to 15 mm Hg hydrostatic pres-
sure for 2 hours, then lysed and analyzed by Western blot. Some cells
were exposed to 10 �M ruthenium red added for the duration of the
experiment. Control cells received neither pressure nor ruthenium
red. (A) Representative blot. Lane a, control; lane b, ruthenium red;
lane c, 15 mm Hg; lane d, ruthenium red � 15 mm Hg. (B) Pooled data
on band density obtained from three independent experiments. ***P �
0.001; significant difference from control. ###P�0.001; significant
difference from 15 mm Hg pressure.
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ness #1.5) coverslips, there was no significant difference be-
tween the [Ca2�]i increase measured 15 minutes after the
onset of the pressure increase (thin coverslip 23.34 � 1.58
[n � 3] vs thick coverslip 25.40 �1.22 [n � 3] nM above
baseline) and between the rate of the [Ca2�]i increase (thin
coverslip 1.56 � 0.03 [n � 3] vs thick coverslip 1.69 �0.08
[n � 3] nM/min) elicited by 15 mm Hg. Interestingly, the
[Ca2�]i increase caused by the application of hydrostatic pres-
sure did not return to baseline on the removal of pressure, at
least not during the 10-minute observation period. We do not
have an explanation for this because cells usually have effec-
tive calcium-removing mechanisms. The nonreversible calcium
increase could perhaps be explained by the inherent property
of the ryanodine receptor that interacts with Ca2� and causes
calcium-induced calcium release (CICR). Once the receptor is
stimulated by hydrostatic pressure, subsequent slow CICR may
continue for a considerable period. The failure of cytoplasmic
calcium to return to baseline on the removal of pressure is one
more argument against pressure-induced distortion of cover-
slips moving the cells out of focus.

In studies to examine the mechanism of the [Ca2�]i in-
crease, our findings strongly suggest that the pressure-induced
increase in [Ca2�]i was not caused by the entry of extracellular
calcium because the magnitude of the increase in [Ca2�]i was
undiminished in calcium-free solution or in the presence of
nickel chloride. Nickel is a nonspecific blocker of calcium
channels that blocks multiple routes of calcium entry. On the
other hand, several lines of evidence point to the release of
calcium from a ryanodine-sensitive ER calcium store, when
astrocytes are subjected to an increase in hydrostatic pressure.
First, the hydrostatic pressure-induced [Ca2�]i increase was
prevented by previous emptying of the ER calcium store with
CPA, an agent that depletes calcium stores as the result of
selective inhibition of Ca-ATPase-mediated calcium accumula-
tion by the endoplasmic reticulum. Second, the [Ca2�]i in-
crease caused by pressure did not occur when cells were
treated with caffeine before they were subjected to 15 mm Hg
hydrostatic pressure. Caffeine, which is known to cause the
release of ryanodine-sensitive calcium stores in other tissues,
likely caused the release of stored calcium before the onset of
the hydrostatic pressure challenge. Third, dantrolene, a selec-
tive inhibitor of ryanodine-sensitive calcium release, prevented
the pressure-induced increase in [Ca2�]i, as did ruthenium red.
It is known that ruthenium red has several effects on cell
calcium, but its reported ability to inhibit CICR through com-
petitive binding to ryanodine receptor has been shown in
diverse tissues, including microglia,36 skeletal muscle,28,29 and
smooth muscle cells.37,38

Many cell types have two or more functionally distinct ER
calcium stores,39 usually distinguished by the second messen-
ger, which induces the release of stored calcium. Astrocytes
have been shown to have both IP3-sensitive40,41 and caffeine/
ryanodine-sensitive41,42 ER calcium stores. It has been reported
that in some cell types, IP3R and RyR interact functionally to
coordinate the release of calcium or the propagation of cal-
cium waves (or both) through a regenerative process in which
the IP3-initiated release of calcium leads to the subsequent
activation of RyR and the additional release of calcium.43,44 In
astrocytes, the main source of calcium release from internal
stores is reported to be mediated through the activation of IP3
receptors45,46; therefore, amplification of an increase in RyR-
mediated [Ca2�]i may operate through this pathway. In other
words, it could be argued that the hydrostatic pressure-in-
duced calcium release in the present study could have been
initiated by the release from IP3-sensitive stores, which subse-
quently acted to amplify calcium-induced calcium release
through ryanodine receptors. However, this does not seem to
be the case because the magnitude of pressure-induced cal-

cium release was unaffected by xestospongin C, a membrane-
permeable, potent, and specific inhibitor of IP3 receptor–
mediated calcium release.27

Astrocytes use ATP as a signaling molecule to communicate
among themselves and with neighboring neurons.47 Various
stimuli have been shown to elicit ATP release from astrocytes,
including mechanical stimulation,47,48 osmotic stress,49,50 isch-
emic stress mimicked by oxygen-glucose deprivation,51 and
receptor agonists such as UTP,52 norepinephrine,53 and gluta-
mate.54,55 A relatively small hydrostatic pressure challenge of
3.5 cm H2O (2.5 mm Hg) has been reported to release ATP in
urinary bladder epithelium,56 whereas a higher pressure chal-
lenge of 700 cm H2O (50 mm Hg) caused ATP release by guinea
pig ureter epithelium.57 Hydrostatic pressure of 20 mm Hg
applied to the retina in an eyecup preparation has been shown
to increase ATP concentration by threefold in the vitreous.58

However, in the whole retina study, it was not possible to
pinpoint the source of ATP to a particular cell type because
ATP can be released from retinal ganglion cells,59 Müller
cells,60,61 microglia,62 and retinal pigment epithelium.63 Thus,
although there is evidence that astrocytes release ATP under
many different conditions, leading to purinergic P2 receptor-
mediated calcium signaling in the same or neighboring cell,64

there was no evidence for such an underlying mechanism in
the observed pressure-evoked calcium increase. Suramin, a
broad-spectrum purinergic receptor antagonist, failed to dimin-
ish the pressure-induced calcium increase. However, effective
concentrations of suramin are higher for some P2 receptors,
particularly the rodent P2 � P7 receptor, in which an inhibi-
tory effect of suramin less than 300 �M is uncommon.65,66

Here, we targeted ATP-mediated calcium release. Such calcium
mobilization is usually mediated by the activation of P2Y re-
ceptors.67 Suramin is a potent antagonist at the P2Y receptor.68

In summary our results show that astrocytes are able to
respond to increases in hydrostatic pressure by releasing
stored calcium from a ryanodine-sensitive ER calcium pool.
Calcium released from a ryanodine-sensitive pool appears to be
required for the phosphorylation of ERK. Phosphorylated ERK,
in turn, causes the subsequent phosphorylation and activation
of p90RSK and NHE1, as we have shown earlier.21 Astrocytes
are not alone in displaying such ERK responses. Chondrocytes
also display ERK activation when subjected to elevated hydro-
static pressure, though the magnitude of required pressure
challenge is much higher. Although our findings point to a role
for calcium stores, further studies will be needed before we are
able to understand the mechanistic nature of the process that
triggers calcium release when hydrostatic pressure increases or
its possible contribution to the development of glaucomatous
optic nerve head damage. Anatomic differences between the
lamina cribrosa of primates and of rodents may also influence
astrocytic contribution to the disease process.
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