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Rutkowsky JM, Wallace BK, Wise PM, O’Donnell ME. Effects
of estradiol on ischemic factor-induced astrocyte swelling and AQP4
protein abundance. Am J Physiol Cell Physiol 301: C204–C212, 2011. First
published April 6, 2011; doi:10.1152/ajpcell.00399.2010.—In the early
hours of ischemic stroke, cerebral edema forms as Na, Cl, and water
are secreted across the blood-brain barrier (BBB) and astrocytes swell.
We have shown previously that ischemic factors, including hypoxia,
aglycemia, and arginine vasopressin (AVP), stimulate BBB Na-K-Cl
cotransporter (NKCC) and Na/H exchanger (NHE) activities and that
inhibiting NKCC and/or NHE by intravenous bumetanide and/or
HOE-642 reduces edema and infarct in a rat model of ischemic stroke.
Estradiol also reduces edema and infarct in this model and abolishes
ischemic factor stimulation of BBB NKCC and NHE. There is
evidence that NKCC and NHE also participate in ischemia-induced
swelling of astrocytes. However, little is known about estradiol effects
on astrocyte cell volume. In this study, we evaluated the effects of
AVP (100 nM), hypoxia (7.5% O2), aglycemia, hypoxia (2%)/agly-
cemia [oxygen glucose deprivation (OGD)], and estradiol (1–100 nM)
on astrocyte cell volume using 3-O-methyl-D-[3H]glucose equilibra-
tion methods. We found that AVP, hypoxia, aglycemia, and OGD (30
min to 5 h) each significantly increased astrocyte cell volume, and that
estradiol (30–180 min) abolished swelling induced by AVP or hyp-
oxia, but not by aglycemia or OGD. Bumetanide and/or HOE-642 also
abolished swelling induced by AVP but not aglycemia. Abundance of
aquaporin-4, known to participate in ischemia-induced astrocyte
swelling, was significantly reduced following 7-day but not 2- or 3-h
estradiol exposures. Our findings suggest that hypoxia, aglycemia, and
AVP each contribute to ischemia-induced astrocyte swelling, and that
the edema-attenuating effects of estradiol include reduction of hyp-
oxia- and AVP-induced astrocyte swelling and also reduction of
aquaporin-4 abundance.
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EDEMA FORMATION IS A MAJOR contributor to brain damage during
ischemic stroke (24, 53). During the early hours of cerebral
ischemia, edema forms by a process involving increased se-
cretion of Na, Cl, and osmotically obliged water across the
blood-brain barrier (BBB), from the blood into the brain (7–9,
25, 32, 56). At the same time, perivascular astrocytes rapidly
swell as they take up ions and water entering the brain, forming
cytotoxic edema (11, 31, 33). In the absence of reperfusion, the
BBB begins to break down 3–4 h after the start of ischemia,
allowing paracellular movement of solutes and water into the
brain and development of vasogenic edema (31, 47, 56).
Previous studies by our group have demonstrated that arginine
vasopressin (AVP), hypoxia, and aglycemia all stimulate
cerebral microvascular endothelial cell (CMEC) Na-K-Cl
cotransport (NKCC) and Na/H exchange (NHE) activities (12,
21, 37, 48–50). Our studies have also shown that both NKCC

and NHE reside predominantly in the luminal BBB membrane,
and that inhibiting these transporters by intravenous adminis-
tration of bumetanide or HOE-642, respectively, significantly
attenuates edema and infarct in the rat permanent middle
cerebral artery occlusion (MCAO) model of ischemic stroke
(15, 16, 51). Furthermore, we have shown that CMEC exposed
to moderate-to-severe hypoxia do not swell or exhibit signifi-
cant increases in Na content until 3 or more hours after the
onset of hypoxia, a finding consistent with increased NKCC
and NHE activities contributing to BBB secretion of Na from
blood into brain during the early hours of stroke rather than
simple swelling of the endothelial cells (12, 21). However,
CMEC swelling observed after 5-h exposure to hypoxia is
abolished in the presence of bumetanide and HOE-642, sug-
gesting that both NKCC and NHE participate in the gradual
swelling of the cells that occurs with hypoxia (12). There is
evidence that the rapid astrocyte swelling that occurs during
cerebral ischemia also involves NKCC and NHE activities.
Previous studies have shown that astrocyte NKCC activity is
stimulated by oxygen glucose deprivation (OGD) (41), AVP
(30), and also by high extracellular K� concentration ([K�]o)
(62), and that OGD (34) and hypoxia (10) stimulate astrocyte
NHE activity. It has also been found that OGD, AVP, and high
[K�]o can induce astrocyte swelling (17, 34, 39, 45).

Much evidence has been presented that estradiol is neuro-
protective in stroke (19, 63, 65). Others and our laboratory
have demonstrated that estradiol attenuates ischemia-induced
cerebral edema (50, 57) and infarct (19, 50) following MCAO
in the rat. Our laboratory has further shown that estradiol
abolishes hypoxia- and AVP-induced stimulation of NKCC
activity, reduces NKCC abundance (50), and also reduces
AVP-stimulated NHE activity in BBB endothelial cells (37).
Because estradiol can freely enter the brain, one would predict
that it might also act on astrocyte NKCC and NHE, attenuating
astrocyte swelling during ischemia. Little is known, however,
about estradiol effects on astrocyte cell volume or astrocyte Na
transporter activities.

A number of studies have provided evidence that the aqua-
porin-4 (AQP4) water channel, highly concentrated in perivas-
cular astrocyte endfeet, also plays an essential role in swelling
of astrocytes during ischemic stroke (1, 2, 4, 40), and that an
increase in astrocyte AQP4 protein abundance is induced by
MCAO (3, 52, 55). It has also been found that BBB disruption,
as occurs after several hours of cerebral ischemia, causes an
increase in astrocyte AQP4 mRNA and protein abundance in a
manner that is attenuated by estradiol (64). This suggests the
possibility that, like NKCC and NHE, AQP4 may be a target
for the edema-reducing actions of estradiol.

The present study was conducted to determine whether
astrocyte swelling induced by ischemic factors, including hyp-
oxia, aglycemia, and AVP, is reduced by exposure of the cells
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to estradiol. We also evaluated the contributions of NKCC and
NHE to astrocyte swelling induced by the ischemic factors. In
addition, we evaluated the effects of estradiol on astrocyte
AQP4 abundance. We report here that intracellular volume of
cultured primary rat astrocytes is significantly increased within
30–60 min following exposure to AVP, hypoxia (7.5% O2),
aglycemia, or combined hypoxia (2% O2)/aglycemia (OGD),
and that estradiol (1–100 nM) significantly reduces AVP- and
hypoxia-induced astrocyte swelling, but has no effect on agly-
cemia- or OGD-induced astrocyte swelling. We further report
here that inhibition of NKCC and/or NHE in the astrocytes
abolishes AVP- but not aglycemia-induced astrocyte swelling.
Finally, we report that estradiol (100 nM, 7 days) significantly
reduces AQP4 protein abundance.

MATERIALS AND METHODS

Astrocyte cell culture. Astrocytes were isolated and cultured from
the cortex of 1- to 2-day-old Sprague-Dawley rats using a modified
version of the procedures previously described (46). This study
followed the Animal Use and Care Guidelines issued by the National
Institutes of Health using a protocol approved by the Animal Use and
Care Committee at the University of California, Davis. Rats were
decapitated, and the brains placed in ice-cold PBS supplemented with
1% antibiotic-antimycotic. The cerebral cortex was removed from
each hemisphere of the brain, and the meninges were removed by
microdissection. Cells from the cortex were isolated by passing the
cortical hemisphere through an 80 �M Nitrex Nylon filter (Lab Pak,
Depew, NY) and cultured in suspension in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
and 1% antibiotic-antimycotic agents. On day 9, the cultures were
agitated to remove nonadherent oligodendrocytes. Adhering astro-
cytes were harvested by trypsinization and then grown in collagen-
coated 24-well plates using DMEM containing 5 mM D-glucose,
supplemented with 2 mM L-glutamine, 50 �g/ml gentamicin, and 10%
FBS. Astrocyte cultures were incubated at 37°C with 5% CO2; growth
medium was changed every other day. The noted experiments were
performed using astrocytes that had been passaged two to four times.

Cell volume measurements. Intracellular volume was determined
by radioisotopic evaluation of intracellular water space using previ-
ously described methods (6, 12, 35). Confluent monolayers of astro-
cytes were placed in a hypoxia chamber (COY Laboratory Products,
Grass Lake, MI) preset to 37°C, 5% CO2, and the desired oxygen
level. The O2 levels were reduced by displacing air in the chamber
with N2 (via O2 sensor/controller) and verified using a Corning or
Oakton dissolved O2 meter (Corning, NY, and Vernon Hills, IL).
Oxygen levels used ranged from 19% (for control, normoxia) down to
2% O2. Once in the hypoxia chamber, culture media was immediately
replaced with medium containing DMEM, 5.5 mM D-glucose, 1 mM
pyruvate, and 10 mM HEPES (DMEM HEPES) that was preequili-
brated to the desired oxygen level. Experiments using glucose-free
medium, contained DMEM with 10 mM HEPES (DMEM HEPES),
but lacked both glucose and pyruvate. The osmolality of all assay
media was 290 mosmol/kgH2O (as verified by osmometry). Astro-
cytes were exposed to the assay medium with the desired oxygen level
for 30, 60, 90, 180, or 300 min. Ten minutes before the end of the
exposure, 0.5 �Ci/ml of [14C]sucrose (a marker for extracellular water
space) or 3-O-methyl-D-[3H]glucose (a marker for total cellular water
space, both intracellular and trapped extracellular) were added to the
assay media. In some experiments, AVP, bumetanide, and/or HOE-
642 were also present in the media, as indicated in the figure legends.
In experiments evaluating the effects of estradiol, 0 (vehicle), 1, 10, or
100 nM 17�-estradiol were present in assay media. Assays were
terminated by washing monolayers with ice-cold isotonic MgCl2.
Cell-associated radioactivity was determined by liquid scintillation
counting of 2% SDS cell extracts (Tri-Carb 2500 TR Liquid Scintil-

lation Counter). Total protein in each well was measured using the
Pierce BCA assay (Rockford, IL). Cell volume was calculated as total
water space volume minus extracellular water space volume (ex-
pressed as �l/mg of protein). In initial experiments conducted to
optimize these methods, cells were exposed to [14C]sucrose or 3-O-
methyl-D-[3H]glucose over a time course of 1–30 min. It was deter-
mined that radioisotopic equilibrium was reached by 10 min (data not
shown).

Gel electrophoresis and Western blot analysis. Astrocyte cultures
were exposed to 17�-estradiol (1, 10, or 100 nM) or vehicle and AVP,
hypoxia (7.5% O2), or aglycemia acutely (2 or 3 h) or chronically (7
days). Cells were washed two times with ice-cold PBS containing
protease inhibitors and then lysed, and protein was extracted with 1%
SDS containing protease inhibitors. Total protein content of each
lysate preparation was analyzed in triplicate using the Pierce BCA
assay (Rockford, IL). Lysate samples were denatured in SDS reducing
buffer containing dithiothreitol (Invitrogen NuPage, Carlsbad, CA)
and heated to 70°C for 10 min and then used immediately for gel
electrophoresis. Proteins samples were electrophoretically separated
on 12% Tris-glycine gels (Lonza PAGEr Gold Precast, Walkersville,
MD; Invitrogen XCell Sure Lock Mini-Cell, Carlsbad, CA), and the
resolved proteins were electrophoretically transferred to polyvi-
nylidene fluoride membranes using an Invitrogen XCell Blot Module.
The polyvinylidene fluoride membranes were blocked with 7.5% milk
solution and incubated with anti-AQP4, anti-NKCC1, or anti-NHE
antibodies (1:1,000 dilutions). The membranes were washed three
times and incubated with horseradish peroxidase-conjugated goat
anti-rabbit IgG. The blots were washed, and bound secondary anti-
body was visualized using an enhanced chemiluminescence assay
(VWR, West Chester, PA). Images of protein bands were captured
using Fuji Film Imager/LAS 4000 (Stamford, CT). Protein abundance
was determined using ImageQuant software (Molecular Dynamics,
Sunnyvale, CA). For Western blot assays, �-actin was used as a
loading control.

Materials. DMEM, L-glutamine, and trypsin-EDTA were pur-
chased from Invitrogen (Carlsbad, CA), and gentamicin was ob-
tained from A.G. Scientific (San Diego, CA). Defined FBS was
obtained from Hyclone (Logan, UT). 3-O-methyl-D-[3H]glucose
was purchased from GE Healthcare (Piscataway, NJ), [14C]sucrose
from Perkin Elmer (Waltham, MA), and 86Rb from Perkin Elmer
(Welles, MA). HOE-642 was obtained from Aventis (Bridgewater,
NJ). Bumetanide, methyl-D-glucose, [Arg8]-vasopressin, and 17�-
estradiol were purchased from Sigma (St. Louis, MO). NKCC1
antibody (T4, rabbit polyclonal) was from University of Iowa
Development Studies Hybridoma Bank (Iowa City, IA). NHE1
(4E9, rabbit polyclonal) and AQP4 (rabbit polyclonal) antibodies
were purchased from Millipore (Billerica, MA). Goat anti-rabbit
horseradish peroxidase-conjugated antibody was purchased from
Invitrogen (Carlsbad, CA).

Statistical analysis. Data are presented as means � SE. In each
experiment, three or four replicates were used for each condition. The
sample sizes (n values) noted represent the number of separate
experiments conducted. Data were analyzed for significance using
paired Student’s t-test or analysis of variance as indicated. Differences
with P values � 0.05 were considered statistically significant.

RESULTS

Hypoxia, aglycemia, and AVP all increase astrocyte intra-
cellular volume. Previous in vitro studies have provided evi-
dence that AVP and OGD can induce astrocyte swelling (17,
34, 39, 45) and that astrocytes in vivo rapidly swell during
cerebral ischemia (36, 43) (15 and 90 min, respectively).
However, little is known about the contributions of individual
ischemic factors, in particular, hypoxia, aglycemia, and AVP,
to astrocyte swelling during ischemia. To determine the rela-
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tive effects of these ischemic factors on astrocyte intracellular
volume, we exposed cultured cortical primary rat astrocytes
to control medium (glucose-containing normoxic DMEM
HEPES, 19% O2) or to AVP (100 nM, in normoxic DMEM
HEPES) or aglycemia (normoxic DMEM HEPES lacking
glucose and pyruvate) for 30 min and assessed intracellular
volume by 3-O-methyl-D-[3H]glucose equilibration, as de-
scribed in MATERIALS AND METHODS. We also tested the effects
of exposing the cells to hypoxia (DMEM HEPES, 7.5% O2)
for 60 min. As shown in Table 1, AVP, aglycemia, and 7.5%
O2 caused significant increases in astrocyte intracellular
volume of 12, 26, and 28%, respectively, after these acute
exposures. The increases in volume found with 60-min
exposure to 7.5% O2, a moderate level of hypoxia as found
in the penumbra of ischemic brain, or to 30 min of aglyce-
mia, were similar to that observed with 30-min exposure to
the more severe condition of OGD (2% O2 in glucose-,
pyruvate-free DMEM HEPES), as found in the ischemic
core. Longer exposures to 7.5% O2 (5 h) or OGD (90 min
and 3 h) did not result in further increases in astrocyte cell
volume (as shown in Figs. 2 and 3).

Estradiol abolishes AVP- and hypoxia-induced but not agly-
cemia-induced astrocyte swelling. Estradiol is known to be
neuroprotective (19, 27), and our laboratory’s previous studies
have demonstrated that estradiol reduces edema formation and
infarct volume in an in vivo rat MCAO model of ischemic
stroke (50). Estradiol also abolishes ischemia-induced stimu-
lation of the BBB NKCC in vitro (50). However, the effect of
estradiol on astrocyte swelling during ischemia has not been
investigated. Thus, in the present study, we evaluated the
effects of AVP, hypoxia, aglycemia, and also OGD on intra-
cellular volume of astrocytes treated with 17�-estradiol. We
found that the increase in astrocyte cell volume observed
following exposure to AVP (100 nM, 30 min) was abolished in
cells also exposed to estradiol (1, 10, or 100 nM, 30 min) (Fig. 1A).
In contrast, the aglycemia-induced increase in astrocyte cell
volume was not significantly reduced by exposure to estradiol,
whether at 1, 10, or 100 nM (30 min) (Fig. 1B). When
astrocytes were exposed to 7.5% O2 for either 60 min or 5 h,
we found significant increases in intracellular volume that were
abolished in the presence of 1 or 10 nM estradiol (Fig. 2). In
these experiments, we also examined the effects of estradiol on

astrocytes exposed to OGD. Figure 3 shows that estradiol,
whether at 1, 10, or 100 nM, did not reduce astrocyte swelling
occurring with a 30-min exposure to OGD. Similarly, estradiol
was without effect on astrocyte swelling following 90-min
exposure to OGD. Here again, significant volume increases
were observed with OGD, whether estradiol was present at 0,
1, or 10 nM. While the increase in volume of cells exposed to

Table 1. Effect of ischemic factors on astrocyte intracellular
volume

Condition Intracellular Volume, �l/mg protein

Control 3.70 � 0.17
AVP 4.14 � 0.24*
Hypoxia 4.75 � 0.72*
Aglycemia 4.66 � 0.12*
OGD 4.73 � 0.26*

Values are means � SE of at least 4 experiments. Cortical rat astrocytes
grown on collagen-coated 24-well plates were exposed to control conditions
(glucose-containing DMEM HEPES, normoxia 19% O2) or various ischemic
conditions in a 37°C hypoxia chamber. Cells were exposed to either hypoxia
(7.5% O2) for 60 min, or aglycemia (glucose-free DMEM HEPES), 100 nM
arginine-vasopressin (AVP), or oxygen-glucose deprivation (OGD; 2% hyp-
oxia and glucose free DMEM HEPES) for 30 min. Intracellular volume was
assessed using 3-O-methyl-D-[3H]glucose equilibration, as described in MATE-
RIALS AND METHODS. *Significantly different from corresponding control con-
dition, P � 0.05 by paired Student’s t-test.

Fig. 1. Effect of acute estradiol treatment on arginine vasopressin (AVP)- and
aglycemia-induced astrocyte swelling. A: cultured cortical rat astrocytes were
exposed to 100 nM AVP or vehicle (control) in the presence of various
concentrations of estradiol ([estradiol]) for 30 min under normoxic (19% O2)
conditions. Cell volume was assessed using 3-O-methyl-D-[3H]glucose equil-
ibration, as described in MATERIALS AND METHODS. B: rat astrocytes were
exposed to glucose-containing (control) or glucose-free (aglycemia) DMEM
HEPES in the presence of various concentrations of estradiol for 30 min under
normoxic (19% O2) conditions. Cell volume was assessed as described in
MATERIALS AND METHODS. Values are means � SE of 4 and 6 experiments for
A and B, respectively. *Significantly different from corresponding control
condition by paired Student’s t-test, P � 0.05.
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OGD plus 100 nM estradiol for 90 min compared with control
did not reach significance, neither was there a significant
decrease in volume compared with 0 nM estradiol-treated cells.
Astrocyte swelling induced by OGD (30, 60, or 90 min) was
also not reduced by a chronic (7 day) exposure to estradiol
(1–100 nM, n � 6, data not shown). While estradiol reduced
astrocyte swelling observed in the presence of AVP and hyp-
oxia, exposure of the cells to estradiol (1–100 nM) under
control conditions (normoxic, glucose-containing medium) did

not alter intracellular volume, whether the exposure time was
30 min (as shown in Fig. 1, A and B); 1.5, 3, or 5 h (n � 4);
or 1, 3, or 7 days (n � 3) (data not shown).

Bumetanide and HOE-642 attenuate astrocyte swelling in-
duced by AVP but not by aglycemia. Previous studies have
provided evidence that astrocyte NKCC and NHE activities
can be stimulated by ischemic factors (10, 30, 34, 41). To
investigate whether NKCC and/or NHE contribute to ischemic
factor-induced astrocyte swelling, in the present study, we
evaluated the effects of AVP and aglycemia on astrocyte
intracellular volume in the presence of bumetanide and/or
HOE-642, inhibitors of NKCC and NHE, respectively. As
shown in Fig. 4A, we found that swelling of astrocytes induced
by AVP (100 nM, 30 min) was abolished in the presence of
bumetanide (10 �M) and/or HOE-642 (20 �M). In contrast,
astrocyte swelling induced by aglycemia (30 min) was not
affected by either bumetanide or HOE-642, alone or in com-
bination (Fig. 4B).

Estradiol reduces AQP4 but not NKCC or NHE1 abundance
in astrocytes. A number of investigations have provided strong
evidence for a role of perivascular astrocyte AQP4 in ischemia-
induced cerebral edema formation (1–4, 52, 55). This, together
with the observation that estradiol attenuates edema formation
following permanent or transient MCAO (50, 57), suggests the
possibility that the effects of estradiol on reducing astrocyte
swelling during ischemia are mediated, at least in part, by
changes in AQP4 abundance and/or permeability. In previous
studies, our laboratory has shown that estradiol also reduces
abundance of NKCC and NHE in BBB endothelial cells (14,
50). Thus it is possible that estradiol effects on astrocyte
swelling could involve changes in astrocyte NKCC and/or
NHE abundance, as well as changes in AQP4. To evaluate
these possibilities, we began by examining the effects of acute
and/or or chronic estradiol exposures on AQP4 abundance in
the astrocytes. Rat cortical astrocytes were exposed to 0, 1, 10,
or 100 nM estradiol for 2 or 3 h (acute exposure) or for 7 days

Fig. 2. Effect of acute estradiol (E2) treatment on hypoxia-induced astrocyte
swelling. Cultured rat astrocytes were exposed to 19% O2 for 1 h (control) or
7.5% O2 for 1 or 5 h in the presence of 0 (vehicle), 1, or 10 nM estradiol.
Intracellular volume was assessed by 3-O-methyl-D-[3H]glucose equilibration,
as described in MATERIALS AND METHODS. Dashed line represents cell volume
observed with normoxic conditions and 0 nM estradiol. Values are means �
SE of 6 experiments. *Significantly different from control by ANOVA, P �
0.05.

Fig. 3. Effect of acute estradiol treatment on oxygen
glucose deprivation (OGD)-induced astrocyte swelling.
Cultured rat astrocytes were exposed to normoxia (con-
trol, with or without estradiol) for 30 min or to 2% O2

in glucose-free DMEM HEPES (OGD, with or without
estradiol) for 30, 90, or 180 min. Cell volume was
assessed as described in MATERIALS AND METHODS. Val-
ues are means � SE of 6 experiments. Dashed line
represents cell volume observed with normoxic condi-
tions and 0 nM estradiol. *Significantly different from
matched control by paired Student’s t-test, P � 0.05.
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(chronic exposure). Cell lysates were then examined for AQP4
abundance by Western blot and quantitative densitometric
analysis, as described in MATERIALS AND METHODS. When the
astrocytes were exposed to estradiol for either 2 or 3 h, no
statistically significant changes in AQP4 abundance relative to
control (vehicle only, 0 nM estradiol) were detected for any of
the estradiol concentrations tested (Fig. 5, A and B). Astrocyte
AQP4 abundance was also not changed by estradiol in cells

also exposed to AVP or aglycemia (n � 8 for both AVP and
aglycemia, data not shown). However, exposing the astro-
cytes to estradiol (100 nM) for 7 days produced a significant
reduction in abundance of AQP4 protein (Fig. 5, C and D).
The estradiol-induced reduction of astrocyte AQP4 protein
was observed only for 100 nM estradiol, with 1 and 10 nM
estradiol 7-day exposures having no significant effect. In
these studies, we also evaluated the effects of estradiol on
abundance of NKCC and NHE in the astrocytes. For NHE
experiments, we focused on NHE1, the isoform form pre-
viously reported to be present in astrocytes (34) and also the
isoform our laboratory found previously to be reduced in
BBB endothelial cells exposed to estradiol (14, 50). Here,
we found that neither abundance of NKCC nor NHE1 was
altered in the cells following 3-h exposure to hypoxia (7.5%
O2), aglycemia, or AVP (100 nM) (n � 7–9 for NKCC and
7– 8 for NHE1, data not shown). Furthermore, estradiol (100
nM, 3 h) was without effect on either NKCC or NHE1
abundance in astrocytes also exposed to 3 h of hypoxia,
aglycemia, or AVP (n � 7–9 for NKCC and 7– 8 for NHE1,
data not shown).

DISCUSSION

Previous studies have shown that estradiol is neuroprotective
in ischemic stroke (19, 20, 23, 50, 59, 63, 65, 68, 69), reducing
both cerebral edema (50, 57) and infarct (19, 20, 50, 65).
Formation of ischemia-induced cerebral edema results, in part,
from BBB endothelial cell transport of Na, Cl, and water from
blood into brain (8, 9, 32, 51, 56) and swelling of astrocytes as
they take up ions and water (11, 31, 33). While we have
demonstrated previously that estradiol reduces ischemic factor
stimulation of BBB ion transporters (37, 50), little is known
about estradiol effects on astrocyte swelling during ischemia.
Our present study demonstrates that estradiol reduces astro-
cyte swelling caused by hypoxia and AVP, but not that
caused by aglycemia or OGD. Furthermore, we show here
that AVP- but not aglycemia-induced swelling of astrocytes
is attenuated by bumetanide and HOE-642, inhibitors
NKCC and NHE, respectively. Finally, we present evidence
that estradiol reduces AQP4 water channel abundance in
astrocytes following a 7-day exposure. These studies sup-
port the hypothesis that the neuroprotective effects of estra-
diol include attenuation of edema-forming processes, in
regions of mild to moderate hypoxic insult (penumbral
region), occurring at both the BBB and astrocytes.

A number of studies have shown that astrocytes swell in the
presence of cerebral ischemia. While there are many factors
known to contribute to astrocyte swelling, including elevated
brain interstitial [K] and glutamate (42, 54), the extent to which
hypoxia, aglycemia, and AVP, three prominent factors present
during ischemic stroke, each contribute astrocyte swelling has
not been well understood. The results of our studies reveal that
significant astrocyte swelling occurs within 30 min of exposing
the cells to either AVP or aglycemia and within 60 min of
exposure to moderate hypoxia (7.5% O2). The combination of
severe hypoxia (2% O2) plus aglycemia (OGD) also causes
significant swelling of the cells within 30 min, but does not
produce greater swelling than any of the individual factors
alone. Thus it appears that moderate hypoxia and AVP, both
factors present in the ischemic penumbra (5), are by them-

Fig. 4. Effects of bumetanide and HOE-642 on AVP- and aglycemia-induced
astrocyte swelling. A: cultured rat astrocytes were exposed to 100 nM AVP
(�AVP) or vehicle (�AVP) in the presence or absence of bumetanide (10
�M) and/or HOE-642 (20 �M) for 30 min under normoxic (19% O2)
conditions. Cell volume was assessed as described in MATERIALS AND METHODS.
Values are means � SE of 5 experiments. Significantly different from control
*without AVP and #with 100 nM AVP: P � 0.05 by paired Student t-test.
B: cultured rat astrocytes were exposed to glucose-containing (normoglyce-
mia) or glucose-free DMEM HEPES (aglycemia) in the presence or absence of
bumetanide (10 �M) and/or HOE-642 (20 �M) for 30 min under normoxic
(19% O2) conditions. Cell volume was assessed as described in MATERIALS AND

METHODS. Values are means � SE of 5 experiments. *Significantly different
from corresponding normoglycemia condition, P � 0.05 by paired Student’s
t-test.
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selves sufficient to induce swelling of astrocytes, with the
magnitude of swelling not significantly different than that
found with aglycemia and severe hypoxia, conditions present
in the ischemic core. Our finding that OGD increases intracel-
lular volume of rat astrocytes is consistent with previous
reports that OGD also induces swelling in mouse astrocytes
(34, 41). It should be noted that those studies assessed cell
volume indirectly, either by cross-sectional area using morpho-
metric differential interference contrast microscopy or by
changes in calcein fluorescence intensity. Our present study
also reveals that AVP, released from extrahypothalamic neu-
ronal processes during ischemia (18, 29, 38, 60), increases

astrocyte volume within 30 min to a similar degree as that
induced by hypoxia, aglycemia, or OGD. Our finding is con-
sistent with a previous report that astrocytes swell in response
to AVP, although in that study astrocytes were exposed to a
significantly higher dose of AVP (1 �M), and the 3-O-methyl-
D-[3H]glucose space was not corrected for trapped extracellular
space (39) as in the present study. Previous studies have also
demonstrated that an AVP V1 receptor antagonist reduces
edema and infarct following MCAO in mice (44, 66). Collec-
tively, these findings underscore the importance of cerebral
AVP as a significant contributor to edema formation during
ischemia.

Fig. 5. Western blot analysis of aquaporin-4 (AQP4) protein expression in cells exposed to acute or chronic estradiol. A: cultured astrocytes were exposed to
media containing 0 (vehicle), 1, 10, or 100 nM estradiol for 2 or 3 h. At the end of the incubation period, cells were lysed and prepared for gel electrophoresis
and Western blotting, as described in MATERIALS AND METHODS. Blots were probed with AQP4 antibody (Chemicon), and bands were detected by enhanced
chemiluminescence. Data shown are representative Western blots for cells exposed to vehicle (control), 1, 10, or 100 nM estradiol for 2 or 3 h. B: Western blots
generated as described above were subjected to densitometric analysis. Values are means � SE of 3 experiments for each estradiol treatment. C: rat astrocytes
were exposed to media containing 0 (vehicle), 1, 10, or 100 nM estradiol for 7 days, and then lysates were subjected to Western blotting, as described in
MATERIALS AND METHODS. Blots were probed with AQP4 antibody (Chemicon), and bands were detected by enhanced chemiluminescence. In the representative
Western blot shown, double bands at �34 kDa, which represent the two-splice variants of AQP4, M1, and M2, can be seen (58). D: Western blots generated
as described above were subjected to densitometric analysis. Values are means � SE of 5 experiments for each estradiol treatment. *Significantly different from
control without estradiol by ANOVA, P � 0.05.
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Our studies demonstrate that astrocyte swelling observed
following exposure to moderate hypoxia is abolished in the
presence of estradiol at doses of 1 nM and greater, as is
swelling induced by AVP. This effect occurs when the cells are
exposed to estradiol acutely, i.e., concurrently with 30 or 60
min hypoxia/AVP exposure, suggesting that the underlying
signaling pathways involved are nongenomic. Our studies also
show that the same acute exposures to estradiol (1–100 nM) do
not significantly reduce aglycemia- or OGD-induced astrocyte
swelling. This suggests that acute estradiol is more likely to be
effective in attenuating swelling in the ischemic penumbra, but
not the ischemic core where severe hypoxia and aglycemia are
present. Our findings also suggest that mechanisms underlying
hypoxia and AVP-induced swelling differ from mechanisms
responsible for aglycemia-induced astrocyte swelling. The rea-
son for lack of estradiol effect on astrocyte swelling in the
presence of aglycemia and OGD is not clear. However, it has
been shown previously that, under aglycemic conditions, gly-
cogen stores are mobilized to support neuronal activity (13),
and that the resulting increase in lactate causes astroglial
swelling (28, 61). This would suggest that estradiol is without
effect on swelling caused by accumulation of lactate in the
cells. Future studies are needed to identify mechanisms respon-
sible for aglycemia-induced astrocyte swelling, including those
using 1,4-dideoxy-1,4-imino-D-arabinitol, recently shown to be
an effective inhibitor of glycogen phosphorylase activity in
brain (67).

Our laboratory’s previous studies have shown that ischemic
factors stimulate NKCC and NHE activities in cultured bovine
CMECs in a manner that is abolished by estradiol (37, 50).
While activity of these CMEC Na transporters is increased
within minutes of exposure to hypoxia, aglycemia, and/or
AVP, the endothelial cells swell only in response to hypoxia
(moderate or severe), not aglycemia or AVP, and, furthermore,
significant swelling does not occur until 3–5 h. This is consis-
tent with both NKCC and NHE participating in secretion of
Na, Cl, and water across the BBB from blood into brain during
ischemic stroke. However, we have also found that the CMEC
swelling that occurs after 5 h of hypoxia is attenuated by
bumetanide and HOE-642, suggesting that both Na transport-
ers also participate in the eventual swelling of the BBB
endothelial cells (12). In the present study, we report that
bumetanide and HOE-642, alone and in combination, also
attenuate the rapid swelling of astrocytes induced by AVP, but
not swelling induced by aglycemia. Thus, like estradiol, the
NKCC and NHE inhibitors appear to be effective in reducing
swelling induced by conditions found in the ischemic penum-
bra, but not the core. This suggests that both NKCC and NHE
of the astrocytes are targets for reducing astrocyte swelling in
the ischemic penumbra. In previous studies of mouse astro-
cytes, it was reported that bumetanide or genetic ablation of
NKCC reduced OGD-induced astrocyte swelling (41), as did
HOE-642 or genetic ablation of the NHE1 isoform of NHE
(34). It should be noted that swelling was assessed in the
mouse studies by morphometry or calcein fluorescence meth-
ods vs. the radioisotopic equilibration determination of intra-
cellular volume used in the present study. Whether bumet-
anide and HOE-642 might attenuate swelling induced by
aglycemia in combination with severe hypoxia (OGD) or
attenuate swelling after initiation of ischemic insult in our
rat astrocytes remains to be determined. In previous studies,

our laboratory has shown that NKCC activity of cultured rat
primary astrocytes is reduced by a 5-min exposure to 10 nM
estradiol (50). Whether estradiol attenuates ischemic factor-
stimulated astrocyte NKCC and NHE activities, as it does in
CMEC, will require further investigation. Furthermore, de-
termining whether bumetanide and HOE-642 attenuation of
ischemic factor-induced astrocyte swelling is solely due to
inhibition of Na transporter activity or might also include a
decrease in NKCC or NHE1 transporter protein abundance
should also be addressed in future studies.

There is good evidence that the rapid movement of water
and electrolytes underlying formation of edema during cerebral
ischemia involves not only BBB endothelial cell and astrocyte
ion transporters, but also AQP4 water channels present in
perivascular astrocyte endfeet (2–4, 40, 52, 55). In the present
study, we have presented evidence that neuroprotection ob-
served following chronic exposure to estradiol may include
attenuation of astrocyte swelling during ischemia by reduction
of AQP4 abundance in the astrocytes. While 7-day exposure to
100 nM estradiol decreases astrocyte AQP4 abundance, our
studies show that acute estradiol exposure (2–3 h) does not
appear to alter AQP4 abundance, regardless of dose (1–100
nM). These findings are consistent with chronic, but not acute,
estradiol treatment-induced attenuation of edema formation
during ischemia occurring, in part, by reduced astrocyte end-
foot water permeability. Further investigation will be needed to
fully evaluate the time course and dose effects of estradiol on
astrocyte AQP4 abundance. Our previous studies demonstrated
that both chronic (7-day) and acute (30 min) estradiol treat-
ments significantly reduce edema and infarct in the rat MCAO
model of stroke. This, together with the present findings,
suggests that the edema-reducing effects of acute estradiol
treatment do not involve changes in astrocyte AQP4 abun-
dance. It should be noted that our findings do not rule out the
possibility of acute estradiol exposure causing an in vivo AQP4
redistribution away from the endfeet into the astrocyte cell
body, thus decreasing local water permeability at the BBB-
astrocyte endfoot interface without decreasing total AQP4
abundance in the astrocytes, as has been demonstrated previ-
ously to occur in the ischemic core of mice 24 h following
ischemia-reperfusion (22). Other studies have demonstrated
erythropoietin, a known neuroprotectant, reduces glutamate-
induced increases in AQP4 permeability (26). This suggests
the additional possibility that acute estradiol could alter AQP4
permeability in the astrocytes, decreasing the rate of water
uptake into the astrocytes, thereby reducing edema formation.

In summary, we demonstrate, for the first time, that acute
treatments of estradiol effectively reduce astrocyte swelling
induced by moderate hypoxia and by AVP, factors present in
the ischemic penumbra, whereas they are without effect when
aglycemia or OGD are present, conditions associated with the
ischemic core. We also demonstrate that chronic treatments of
estradiol reduce astrocyte AQP4 abundance. These findings
suggest that estradiol, which readily penetrates into the brain
and can, therefore, target astrocytes as well as BBB endothelial
cells, deserves further attention as a therapeutic approach to
reduce cerebral edema in the ischemic penumbra.
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