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Gap junctions are highly conductive channels that allow the
direct transfer of intracellular messengers such as Ca21 and
inositol triphosphate (IP3 ) between interconnected cells. In
brain, astrocytes are coupled extensively by gap junctions. We
found here that gap junctions among astrocytes in acutely
prepared brain slices as well as in culture remained open during
ischemic conditions. Uncoupling first occurred after the termi-

nal loss of plasma membrane integrity. Gap junctions therefore
may link ischemic astrocytes in an evolving infarct with the
surroundings. The free exchange of intracellular messengers
between dying and potentially viable astrocytes might contrib-
ute to secondary expansion of ischemic lesions.
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When local cerebral blood flow declines to ,15–20% of normal,
anoxic depolarization ensues (Astrup et al., 1977). Within min-
utes both neurons and astrocytes are depleted of cellular energy
metabolites and lose their ability to regulate transmembrane ion
gradients (Hansen, 1985). Ionic homeostasis is lost, and all cell
types are killed during the resultant ischemic infarction (Siesjo,
1992; Ginsberg, 1995). Several lines of evidence indicate that the
evolving infarct gradually expands: cells in the ischemic core lose
viability first, whereas more peripherally located, better perfused
regions are recruited to the infarct only at a later stage (Hoss-
mann, 1996). It has been estimated that an ischemic lesion
achieves its final size 4–8 hr after arterial occlusion in rodents but
that the same process lasts several days in human brain (Ginsberg,
1995). It is possible to limit the extent of infarction without
changing either the duration or degree of ischemia. A variety of
interventions may control an ischemic lesion, including blocking
NMDA receptor-linked calcium channels (Park, 1988; Siesjo,
1992), increasing cellular calcium buffers (Tymianski et al., 1993),
lowering brain temperature (Dietrich et al., 1996), reducing free-
radical formation (Pelligrini-Giampietro et al., 1990; Chan, 1994),
and decreasing the frequency of spontaneous waves of spreading
depression (Nedergaard and Astrup, 1986; Mies et al., 1993).
Thus, the blood flow threshold below which infarction proceeds
can be modulated operationally.

A key step in understanding why an ischemic infarct gradually
expands may be to determine how dying cells communicate with
their counterparts in surrounding nonischemic tissue. This ave-
nue of investigation has been neglected, because both the infarct
and its surrounding tissue are electrically silent. Neuronal activity
is abolished at cerebral blood flow levels ,35% of normal
(Astrup et al., 1981; Hossmann, 1994). However, nonelectrical
interastrocytic communication might proceed undetected during
the first critical hours of ischemia. Such astrocytic communication

is expressed as oscillations in cytosolic Ca21 concentrations
([Ca21]i) and as slowly propagating waves of intracellular [Ca 21]i

increase (Smith, 1994). Astrocytic calcium waves activate sur-
rounding neurons (Nedergaard, 1994; Parpura et al., 1994), which
in turn can trigger astrocytic calcium waves by releasing gluta-
mate (Cornell-Bell et al., 1990; Dani et al., 1992; Porter and
McCarthy, 1996). As a result, a signaling loop is formed between
neurons and astrocytes in normal brain that might be an impor-
tant regulator of local activity. How this process can be perturbed
in ischemia remains unknown. For instance, glutamate released
from ischemic neurons might initiate calcium waves in adjacent
astrocytes. Astrocytic calcium waves then may increase [Ca 21]i

levels in neurons beyond the ischemic focus to a degree that
causes irreversible injury. Thus, aberrant [Ca21]i signaling in
tissue surrounding the evolving infarct could contribute to the
extension of an ischemic lesion.

Astrocytic [Ca21]i excitability is signaled from cell to cell by
secondary messenger diffusion across gap junctions (Jaffe, 1991;
Sanderson, 1995). Here we asked how astrocytic gap junctional
permeability is affected by ischemia. Our observations indicate
that astrocytic gap junctions remain open during ischemic condi-
tions both in acutely prepared brain slices as well as in cell
culture. As a result, secondary messengers can traffic freely
through them. Such local gap junction-mediated transfer of sec-
ondary messengers might be especially harmful in the acute phase
of stroke, when the partial reduction in blood flow endangers cells
at the infarct border.

MATERIALS AND METHODS
Electrophysiology in cortical and hippocampal slices. Brain slices were
prepared from 13- to 16-d-old (P13–P16) Sprague Dawley rats of both
sexes. Brains were removed rapidly and glued with the posterior surfaces
down. Coronal slices of 300 mm were cut on a vibratome (TPI, St. Louis,
MO), using a slice-cutting solution containing (in mM) 2.5 KCl, 1.25
NaH2PO4 , 10 MgSO4 , 0.5 CaCl2 , and 10 glucose. Slices were incubated
in a standard slice solution containing (in mM) 126 NaCl, 2.5 KCl, 1.25
NaH2PO4 , 2 MgCl2 , 2 CaCl2 , 10 glucose, and 26 NaHCO3 , gassed with
5% CO2 /95% O2 at room temperature (21–23°C), and mounted in a
tissue chamber (1.5 ml vol) at the microscope stage, as described earlier
(Kang et al., 1995). Cells were identified by using differential interfer-
ence contrast (DIC) microscopy with a 403 water immersion lens (Olym-
pus BX50WI, Olympus, Japan). Two cameras, an intensified CCD (IC-
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100; PTI) for fluorescence imaging and a CCD (COHU, San Diego,
Ca) for visualizing DIC, were used. Fluo-3 and Lucifer yellow were
excited at 480 nm, and emission was collected at .530 nm. Fluorescent
images were sampled every 5 sec with Axon Image Workbench (Foster
City, CA) installed in a Pentium PC computer. Whole-cell recordings
were obtained by using an Axopatch 200B amplifier connected to a
separate Pentium PC computer. Recording electrodes with resistances
of 3–7 MV were pulled from KG-33 glass capillaries, using a P-97
micropipette puller (Sutter Instrument, Novato, CA). The intracellular
solution for filling whole-cell electrodes contained (in mM) 117
K-gluconate, 13 KCl, 2 MgCl2 , and 10 HEPES, pH-adjusted to 7.2
with KOH (osmolarity 280). Seal resistance of ,3 GV was rejected.
Lucifer yellow (4%) was added to the intracellular solution in some of
the experiments; diffusion of Lucifer yellow was visualized 10 min
later. In other experiments, fluo-3 free acid (20 mM) was added to the
pipette solution. Ischemic conditions were induced by deoxygenating
the slice solution (0 mM glucose) with 5% CO2 /95% N2 at room
temperature. Octanol was dissolved in DMSO (1 M) and added in a
final concentration of 5 mM to either the regular or deoxygenated
recording solution.

Total current, Ito , recorded from a coupled astrocyte is determined
by both gap junction resistance (Rj ) and membrane resistance (Rm ).
Assuming that gap junction conductance between astrocytes is equal
and that the Rm of individual astrocytes is identical, the current
passing through gap junctions of the recorded cells into one coupled
cell can be determined by: Ij 5 V/(Rj 1 Rm ), where Ij is gap junction
current and V is the voltage step. If there are n cells coupled to the
recorded cell, the recorded current can be described by the equation:
Ito 5 V/Rm 1 nV/(Rj 1 Rm ). If there are m cells coupled second in
series and p cells third in series, then Ito 5 V/Rm 1 nV/(Rj 1 Rm ) 1
mV/(2 Rj 1 Rm ) 1 pV/(3Rj 1 Rm ). Thus, the fraction of total current
that passes through gap junctions of the recorded cells can be deter-
mined by: Ij 5 (Ito 2 Im )/Ito , where Im is current passing through the
plasma membrane of the recorded cell. Of note, although octanol did
not detectably reduce hyperpolarization-activated current in superfi-
cially located astrocytes, we observed that currents evoked by depo-
larization steps were reduced by 5 mM octanol in accordance with the
knowledge that conductances through both voltage- and transmitter-
activated channels are affected by octanol (Terrar and Victory, 1988;
McLarnon et al., 1991). Coupling during resting conditions and re-
sponses to ischemia were qualitatively similar in cortical and hip-
pocampal astrocytes; therefore, the data are pooled in Figure 4 B.

Biocytin staining. Pairs of DIC-identified interneurons and astrocytes
were stained with biocytin in selected experiments to verify their iden-
tity. In these experiments, 0.5% biocytin was added to the pipette
solution. Both cells were patched in the current-clamp configuration, and
biocytin was allowed to equilibrate for 15 min. Without removing the
patch pipettes, we perfused the slices with 4% paraformaldehyde, 0.2%
picric acid, and 0.1% glutaraldehyde, pH 7.4. Twenty minutes later, the
pipettes were withdrawn carefully, and the slices were post-fixed for
another 10–12 hr at 4°C. After several washes with 0.1 M PBS, slices were
treated with 0.3% H2O2 for 15 min and incubated in 0.2% Triton X-100
and 0.2% albumin for 45 min at 4°C. Then the slices were stained with
the ABC kit (Vectastain Elite, Vector Laboratories, Burlingame, CA)
according to the manufacturer’s directions, and the slices were mounted
in Permount.

Glial fibrillary acidic protein immunoreactivity. Slices were fixed in 4%
paraformaldehyde for 3 hr before staining against glial fibrillary acidic
protein (GFAP). After several washes, the slices were incubated over-
night in 2% Triton X-100 and 1% normal goat serum in phosphate buffer,
followed by a 2 d incubation in anti-GFAP (polyclonal, 1:100; Sigma, St.
Louis, MO) in the presence of 2% Triton X-100. Subsequently, the slices
were rinsed and incubated in the secondary antibody (goat anti-rabbit;
1:200) overnight and mounted in Slowfade (Molecular Probes, Eugene,
OR) after several washes. GFAP staining and DIC of selected fields were
visualized with an Olympus Confocal microscope attached to an inverted
microscope (IX-50). The images were analyzed by Adobe Photoshop 4.0
on a PowerComputer.

Tissue dissociation and culture. Mixed forebrain cultures were derived
from 16-d-gestation rat embryos and prepared as previously described
(Nedergaard et al., 1991). We plated 8 3 10 5 cells on poly-L-lysine- and
gelatin-coated 25-mm-round coverslips or on similarly treated 35 mm
Corning dishes. The cultures were kept at 37°C in 5% CO2 humidified
air. The culture medium consisted of 10% fetal calf serum and 90% of an
equal mixture of DMEM and F12, supplemented with 8 mg/ml

D-glucose, 20 U/ml penicillin G, 20 mg/ml streptomycin, and 50 ng/ml
amphotericin. Medium was added, but not removed, every third day of
culturing. When these culturing procedures were followed, .95% of the
substrate cells stained positively for GFAP after 14 d in vitro (DIV).

Experimental procedure. The cultures were exposed to the various
insults after 14–21 DIV. Neuron-free areas were selected for observa-
tion. All exposures were performed in HBSS containing 10 mM HEPES,
pH 7.3, at 37°C (Life Technologies, Gaithersburg, MD) with or without
calcium (1.6 mM). Unless otherwise stated, the calcium-free HBSS always
contained 1 mM EGTA. All groups were incubated for 4 hr in HBSS
before being returned to fresh culture medium.

Metabolic inhibition. Fresh solutions of 1 mM KCN and 0.2 mM iodoac-
etate were prepared before use in HBSS with or without Ca 21. The
cultures were exposed to KCN and iodoacetate for 2 hr before three
washes and then returned to fresh culture medium after 2 hr. We chose
to study metabolic inhibition rather than O2 depletion in cultured astro-
cytes, because the exceedingly low oxygen consumption of cultured cells
makes it difficult to obtain anoxic conditions outside an anaerobic cham-
ber, resulting in various degrees of injury.

Ionophore exposure. Lasalocid is a lipophilic calcium ionophore that
passively inserts into cellular membrane. The actions of lasalocid are
similar to the calcium ionophore ionomycin, commonly used to cali-
brate calcium indicators in situ. A 10 mM stock solution of lasalocid
(Sigma) was prepared in dry dimethylformamide (DMF). The final
concentration of 0.4% DMF had no effect on cell survival or gap
junction permeability. The cultures were exposed to 40 mM lasalocid
for 5 or 15 min in HBSS with or without calcium. After the 15 min
exposure, cultures were washed in HBSS (6 calcium) every 20 –30 min
to remove the ionophore completely and then were returned to fresh
culture medium at 4 hr.

Nonlethal calcium increments. One group of cultures was exposed to 1
mM thapsigargin. Another group was exposed to lasalocid for 5 min and
after several washes was returned to culture medium. A 5 min exposure
to 40 mM lasalocid was not associated with cell damage.

Viabilit y criteria. Loss of membrane integrity, as determined by trypan
blue or propidium iodide inclusion, was used as a marker of cell death
(Phillips, 1973; Goldman et al., 1989; Nedergaard, 1991; Tymianski et al.,
1993). In selected cultures, loss of cytoplasmic dicarboxy-
dichlorofluorescein diacetate (CDCF) also was used as a marker of cell
death (see Figs. 7, 12). Loss of CDCF fluorescence and nuclear staining
with propidium iodide occurred simultaneously. However, when pro-
pidium iodide was used in low concentrations (2 mM) and/or when the
laser power was filtered to ,10% of full power, detecting propidium
iodide lagged behind the loss of CDCF fluorescence by several minutes.
CDCF and propidium iodide were excited by the 488 and 567 nm line,
respectively, and emission was collected at 617 nm. The second criterion
used to determine loss of viability was positive staining for DNA frag-
mentation detected by the binding of biotin-dUTP [catalyzed by terminal
deoxynucleotidyl transferase (TdT) to 39-OH ends of DNA; Boehringer
Mannheim, Indianapolis, IN]. The kit was used according to the manu-
facturer’s instructions.

Viabilit y determination. The cultures were exposed to the various
insults after 12–17 DIV. During the first 4 hr they were incubated in
HBSS 6 Ca 21 and then returned to fresh culture medium. To quantif y
injury, we selected and photographed (203, phase contrast) two to
eight fields in each culture before exposure. After 0.5–24 hr postexpo-
sure, cells were stained with trypan blue (0.2% in HBSS for 15 min
before two washes in HBSS). The same fields were identified and
photographed (bright field and phase contrast). Then the cultures were
fixed in 4% paraformaldehyde for 5 min and stained for DNA frag-
mentation. After staining, the fields of interest were photographed
(bright field and phase contrast). Quantification was done by using
either a slide projector or Universal Imaging software. In each region
the total number of trypan blue- and dUTP-stained cells was counted
as illustrated in Figure 6. A total of 657 cultures were exposed to
insults, as noted above.

Measurement of intracellular Ca 21 in cultured astrocytes. The cultures
were loaded with 2 mM fura-2 AM in their culture medium for 1 hr and
washed in HBSS supplemented with 10 mM HEPES, pH 7.3, for 30 min
at 37°C. The culture-bearing coverslip was mounted in a Leiden incuba-
tion chamber containing 1 ml of HBSS on the stage of an inverted
microscope (Olympus IX70). The microscope was equipped with a
xenon/mercury bulb (OptiQuip, Highland Mills, NY) and a filter wheel
(Lambda 10, Sutter Instrument) controlled by Universal Imaging soft-
ware. Bandpass filters (340 6 5; 380 6 5) and an emission filter 510 were
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Figure 1. Astrocytes in the stratum radiatum of the hippocampal CA1 region. A, Differential interference contrast (DIC) microscopy was used to identify
both astrocytes and neurons before electrophysiological recordings. Astrocytes were identified by their characteristically small rounded cell bodies and
poorly defined irregular processes (arrowheads). Scale bar, 10 mm. B, Immunoreactivity against glial fibrillary acidic protein (GFAP) in the same field as
A. Three cells identified as astrocytes by DIC microscopy were GFAP-positive. C, Another hippocampal slice visualized by DIC microscopy. Two cells, one
with a morphology typical of astrocytes (arrowhead) and one interneuron (impaled by patch electrode), are indicated. D, Biocytin was injected into both
of these cells to compare DIC with cellular morphology. The cell identified by DIC as an astrocyte was (Figure legend continues)
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purchased from ChromaTech (Brattleboro, VT). The cultures were
viewed with a 203, 0.75 numerical aperture fluor objective. Measuring
the fluorescence signal in terms of free [Ca 21]i was based on the
procedure described by Grynkiewicz et al. (1985). At pH 7.0, Rmin and
Rmax were found to be 0.14 and 5.43, respectively, in our system. A KD 5
194 nM was used (Lattanzio, 1990). For each measurement the back-
ground signal was obtained by determining emission signal in a repre-
sentative field of the same size in an unloaded sister culture. This
background level then was subtracted from each experimental measure-
ment. The binding affinity of calcium indicators, including fura-2, is
reduced by acidosis (Nedergaard, 1995). We determined Rmax and Rmin at
pH 7.0, 6.5, and 6.0, as described by Grynkiewicz et al. (1985), and used
a KD of 299 nM for calcium measurement at pHi 6.5 and a KD of 471 nM
for pHi 6.0 (Lattanzio, 1990).

Intracellular pH. Cytosolic pH (pHi ) was determined in cultures loaded
with pH-sensitive fluorescent dyes. The cells were loaded for 5–15 min
with a 5 mM concentration of either 29,79-bis-(2-carboxyethyl)-5 (and -6)
carboxyfluorescein AM (BCECF; Molecular Probes) or 5-[and 6-] car-
boxyfluorescein (DCF; Molecular Probes). BCECF has a pKa of 7.0
(Rink et al., 1982), and DCF has a pKa of 6.4 (Thomas, 1986). Excitation
wavelengths of 490 6 5 nm (pH-sensitive) and 440 6 5 nm (pH-
insensitive) were used. Emissions of .510 nm were measured for each
excitation wavelength every 10 sec cycle. The ratio of emission intensities
at the 490 and 440 nm excitation wavelengths was calculated. Then the
following equation was used to transform the 490/440 nm ratios into pHi:

pHi 5 pKa 1 log[(R 2Rmin)/(Rmax 2R)],

where R was the ratio measured at the given pH, and Rmin and Rmax were
the limiting values of this ratio at extremes of acidic and alkaline pH,
respectively. BCECF and DCF were used in the pH range of 6.5–7.5 and
5.7–6.9, respectively. Both probes were calibrated by the end of each
experiment. Intracellular calibration was conducted with a 10 mM con-
centration of the K 1/H 1 exchanger nigericin (Molecular Probes) in a
potassium Ringer’s solution containing (in mM) 100 KCl, 10 glucose, 1
CaCl2 , 2.5 K2HPO4 , 10 HEPES, 1 MgSO4 , and 90 sucrose. Nigericin
exposure will, when combined with high levels of extracellular potassium,
equilibrate extra- and intracellular pH (Nedergaard et al., 1991).

Fluorescence recovery af ter photobleach (FR AP). Cultures were incu-
bated with 2 mM CDCF for 5 min and postincubated with HBSS, free of
CDCF for another 20 min to allow complete deesterification. Bio-Rad
(Richmond, CA) confocal scanning microscopes MRC600 and
MRC1000, both attached to an inverted microscope (Diaphot, Nikon,
Tokyo, Japan), were used for imaging the CDCF signal. Excitation was
provided by the 488 nm line of a krypton/argon laser. Emission was
collected at its emission maximum of 509 nm with the confocal aperture
set to its maximum opening (7 mm). After a baseline fluorescence image
of the culture was obtained, the area of laser scanning was reduced by
103 zooming. Complete or almost complete photobleaching occurred
after three to four scans, each lasting 1 sec at full laser power. Subse-
quently, the microscope settings were returned to recording configura-
tion, and refills were monitored for 2 min. Images were recorded on a
Pinnacle drive and analyzed by a Bio-Rad software package for image
analysis. Refills after photobleach were normalized against control levels
and mapped individually against time in Figures 8 and 11 (middle panels).
However, for statistical comparison, normalized mean values of refill
during the periods of 0–25, 25–50, 50–75, 75–100, 100–125, and 125–150
min were calculated. ANOVA was used to compare mean values, whereas
Tukey’s multiple range test was used to determine which groups signif-
icantly differed from control values.

Metabolic measurements. ATP concentrations were measured by the
enzyme fluorometric method described by Lowry and Passonneau (1972)
and expressed as micromolars per gram of protein. Briefly, 0.1 ml of
ice-cold 3 M perchloric acid was added to each well for 15 min and then
diluted with 20 ml of 8 mM EDTA. The mixtures were removed from the
dish and centrifuged at 5000 3 g for 10 min; the supernatant was

neutralized to pH 6.8–7.0 with a mixture of 2 M KOH, 0.4 M imidazole,
and 0.4 M KCl. Then the mixtures were centrifuged at 5000 3 g for 10
min, and the supernates were stored at 280°C until being analyzed.
Protein content was measured in sister cultures by the Bio-Rad
Coomassie-based protein assay, with a bovine serum albumin standard.
Protein was collected by applying 0.4 ml of boiling distilled water to each
cell well; then the contents were suctioned off and boiled for 5 min before
frozen storage and measurement.

Immunocytochemistry. Immunocytochemical staining for Cx43 was
performed according to the procedure described by Zhu et al. (1991). A
polyclonal antibody directed against the cytoplasmic C-terminal of Cx43
was kindly provided by Bruce Nicholson.

Western blotting for Cx43. Cultured astrocytes were collected directly
in 13 SDS gel-loading buffer. Aliquots of homogenate were resolved
by SDS-PAGE on 10% gels and transferred to nitrocellulose (Sam-
brook et al., 1989). Nitrocellulose sheets were blocked by incubation in
a nonfat dry milk-containing buffer before incubation in a 1:1000
dilution of rabbit antiserum against Cx43 (kindly provided by B.
Nicholson). Then the nitrocellulose sheets were washed, and a Cx43
antibody binding was visualized by using the ECL system (Amersham,
Arlington Heights, IL).

RESULTS
Identification of astrocytes in acutely prepared
brain slices
Cells were visualized in acutely prepared cortical or hippocampal
slices by using DIC microscopy. Astrocytes were identified by
their characteristically small cell bodies and few processes. By
comparison, neuronal cell bodies were large, with clearly visible
relatively thick processes under DIC microscopy. To test the
validity of cell identification by DIC microscopy, we first com-
pared DIC-determined morphology with several traditional ap-
proaches for astrocyte identification. First, immunoreactivity
against GFAP was mapped. Figure 1A shows a representative
field under DIC microscopy containing three cells having a mor-
phology typical of astrocytes. These cells stained brightly against
GFAP, confirming astrocytic identity (Fig. 1B). Second, DIC
microscopy was compared with biocytin staining. Figure 1C illus-
trates two representative cells, an astrocyte and a interneuron,
under DIC microscopy. These cells were patch-clamped and
injected with biocytin. The biocytin staining confirmed cell iden-
tity (Fig. 1D). The biocytin-stained astrocyte was characterized
by an abundance of short, heavily branched, unevenly sized pro-
cesses, whereas neuronal processes were few, but characteristi-
cally elongated and unbranched. In addition, neuronal cell bodies
were considerably larger than the astrocytes. Third, electrophys-
iological properties of cells having a morphology typical of astro-
cytes under DIC microscopy were characterized (Fig. 1E). The
cells were patch-clamped in the whole-cell current-clamp config-
uration and stimulated by current pulses delivered through the
patch pipette. All recordings from cells having a morphology
typical of astrocytes were characterized by large negative resting
membrane potentials (285 6 0.5 mV, n 5 60) and the absence of
action potentials after depolarization (Fig. 1F). By contrast, neu-
ronal membrane potential was lower (272.5 6 0.6 mV, n 5 64),
and the cells fired repeatedly when depolarized (Fig. 1F).

4

characterized by an extensive array of branched short processes, phenotypical for astrocytes. In contrast, the presumed interneuron had few, but evenly
sized, unbranched processes—a morphology stereotypical for neurons. All eight pairs of biocytin-injected astrocytes and neurons had similar patterns
of cellular morphology. E, A representative field containing one interneuron (impaled by patch electrode) surrounded by two representative astrocytes
(arrowheads). Scale bar, 50 mm for C–E. F, Astrocytes and neurons also were identified by their electrophysiological properties. Shown are representative
tracings from an astrocyte (AST ) with a resting membrane potential of 281 mV. No action potentials were evoked by depolarization pulses. All 60
astrocytes identified by DIC microscopy lacked depolarization-evoked action potentials. In contrast, trains of action potentials were evoked by
depolarization pulses in an interneuron (INT ) with a resting membrane potential of 270 mV.
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Astrocytic gap junctions remain open during ischemic
conditions in brain slices
To evaluate the extent of astrocytic coupling during ischemic
conditions, we first injected the gap junction-permeable fluores-
cent indicator Lucifer yellow (MW 446) during control and isch-
emic conditions. When astrocytes located 50–100 mm below the
surface of slices were patch-clamped in the whole-cell current-
clamp configuration and injected with 4% Lucifer yellow during
normoxic control conditions, it resulted in the staining not only of
the injected cell but also of several surrounding cells, in accordance
with earlier reports (Fig. 2B) (Connors et al., 1984). Surprisingly,
when Lucifer yellow was injected during ischemic conditions,

neighboring cells also stained. Lucifer yellow was injected after the
slices had been perfused with a glucose-free slice solution deoxy-
genated with 95% N2/5% CO2 for 15 min (Fig. 2D). Collectively,
nine of nine Lucifer yellow injections during ischemic condition all
resulted in the staining of two or more neighboring cells, whereas
eight of eight injections during normoxic control condition resulted
in the staining of two or more adjacent astrocytes.

Astrocytes at the slice surface are
functionally uncoupled
Cells having an astrocyte-typical morphology by DIC from slice
surface were patch-clamped in the whole-cell current-clamp con-

Figure 2. Intercellular injection of Lucifer yellow disclosed that astrocytic gap junctions remain open during ischemic conditions in brain slices. A, A
representative field containing three cells with a morphology typical for astrocytes under DIC microscopy. One cell was patched by an electrode; the two
remaining cells are indicated by arrows. B, Dye coupling during normoxic control conditions in the same field. Lucifer yellow (4%) was injected into the
patched cell (resting membrane potential, 281 mV). After 10 min, several neighboring cells (arrows) were brightly fluorescent, indicating that Lucifer
yellow had diffused from the injected cell to surrounding coupled cells. C, A representative field containing four cells with a morphology typical for
astrocytes during ischemic conditions. D, Diffusion of Lucifer yellow in the same field. Lucifer yellow was injected into the patched astrocyte 15 min after
the induction of ischemia. Ten minutes later, three neighboring cells stained brightly with Lucifer yellow. Thus, astrocytic coupling persisted during
ischemic conditions. Intercellular Lucifer yellow diffusion was observed in eight other slices during ischemic conditions. Scale bar, 20 mm.
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figuration (Fig. 3A). Lucifer yellow injected into these cells did
not stain neighboring cells, which suggests that superficial astro-
cytes were functionally uncoupled during slice preparation (Fig.
3B; n 5 15). Also, current injection resulted in significantly larger
voltage changes than in deeper astrocytes (compare Figs. 1F and
3C), most likely reflecting the uncoupled state of surface cells. We
cannot exclude the possibility that some of the surface cells
studied were oligodendrocytes. Oligodendrocytes also are char-
acterized by large negative resting membrane potential but are, in
contrast to astrocytes, poorly coupled (Sontheimer and Waxman,
1993).

Ischemic conditions rapidly reduce astrocyte coupling
in situ
These experiments established that Lucifer yellow can diffuse
among ischemic astrocytes located deeply within the slice; hence
astrocytes remain coupled during ischemia. To quantify the de-
gree of coupling during ischemia relative to control values, we
repeated these experiments, but we used the magnitude of
hyperpolarization-evoked current as a relative measure of cou-
pling. Astrocytes located 50–100 mm below the surface of slices
were patch-clamped in the whole-cell voltage-clamp configuration
and stimulated by voltage steps delivered through the patch
pipette. All recordings were characterized by a large negative
resting membrane potential (285.1 6 0.5 mV, n 5 60) and the
absence of action potentials after depolarization. Characteristi-
cally, very large currents were obtained by varying the applied
voltage during resting conditions (Fig. 4A), as would be expected
from cells that are coupled extensively (Sontheimer et al., 1990;
Bordey and Sontheimer, 1997). For example, a 60 mV hyperpo-
larization activated a current of 21.23 6 0.16 nA (n 5 7). After
the slices were made ischemic by superfusion with a glucose-free
recording solution deoxygenated with 95% N2/5% CO2 for ;5
min, the current had decreased to 20.43 6 0.05 nA (n 5 7) or
;35% of resting values. Prolonging the ischemia for an additional
20–40 min did not change this current–voltage relationship. How-
ever, subsequent exposure to the gap junction inhibitor octanol (5
mM) reduced the current to 20.17 6 0.03 nA (n 5 7). The same
result was obtained when nonischemic astrocytes were exposed
directly to an octanol-containing recording solution (20.18 6
0.04 nA, n 5 2). Ten mM octanol decreased current more effi-
ciently than did 5 mM but were not tolerated by the cells. The
relative inefficiency of gap junction blockers in slices has been
reported previously (Largo et al., 1996).

Whole-cell current recorded from coupled astrocytes is a func-
tion of both their gap junction conductance and conductance
through other membrane channels, in particular K-channels
(Sontheimer et al., 1990; Sontheimer and Waxman, 1993). To
establish the relative contribution of gap junctions to whole-cell
current, we next patch-clamped astrocytes from the slice surface
(Fig. 4B) that had been uncoupled mechanically (either com-
pletely or partially) from neighboring astrocytes during slice
preparation (see Fig. 3). In these cells, a 60 mV hyperpolarization
step activated a current averaging only 20.05 6 0.01 nA (n 5 7).
Ischemic conditions did not affect this current (20.05 6 0.02 nA,
n 5 2). Moreover, octanol had no effect (20.05 6 0.02 nA, n 5
3), as would be expected in uncoupled cells. Assuming that
conductance through channels other than gap junctions are com-
parable in superficial and more deeply located astrocytes, we can
conclude that at least 96% of current triggered by a 60 mV
hyperpolarization step (1.23–0.05/1.23) passes through gap junc-
tions during control conditions (see Materials and Methods).
That hyperpolarization-induced current in surface astrocytes was
considerably less than current during the ischemic condition in
deeper (coupled) astrocytes further supports the notion that gap
junctions only partially uncoupled during ischemic condition.

We next examined the relation between [Ca 21]i and gap junc-
tion coupling during ischemia (Fig. 4A). In selected experiments
the calcium indicator fluo-3 was added to the electrode solution.
Fluo-3 emission increased ;5 min after superfusion of a glucose-
free deoxygenated slice solution, in accordance with earlier re-
ports (Duffy and MacVicar, 1996). This [Ca21]i increase coin-
cided with the decrease in hyperpolarization-evoked current that

Figure 3. Surface astrocytes in acutely prepared slices do not transfer
Lucifer yellow. A, DIC micrograph of a representative field containing
two surface cells with a morphology typical for astrocytes (one cell is
patched). B, Lucifer yellow was injected into one cell and allowed to
diffuse for 10 min during normoxic control conditions. No dye diffusion to
surrounding cells was detected. Absence of dye diffusion was observed in
all eight injections in surface astrocytes. C, Tracing from the same cell
with a resting membrane potential of 280 mV. Input resistance was
several orders of magnitude higher than deeper astrocytes (compare with
Fig. 1F). Scale bar, 30 mm.

Cotrina et al. • Astrocytic Gap Junctions in Ischemia J. Neurosci., April 1, 1998, 18(7):2520–2537 2525



was observed (Fig. 4A). To test the role of calcium in ischemic
uncoupling, we added the calcium chelator BAPTA (20 mM) to
the recording solution. Current activated by 60 mV hyperpolar-
ization steps was increased significantly during resting condition
in the presence of BAPTA (23.34 6 0.43 nA, n 5 6; Fig. 5A),
likely reflecting the opening of additional gap junctions caused by
the lowering of resting [Ca 21]i. Importantly, current amplitude
was not reduced significantly after 15 min of ischemia in the
presence of BAPTA (23.06 6 0.28, n 5 6), as demonstrated in
Figure 5, A and B. As a result, the relative changes in current
evoked by ischemia differed significantly between the non-
BAPTA and the BAPTA group (Fig. 5C). Thus, buffering of
Ca21 attenuated the ischemic-induced reduction in coupling
strength.

Overall, these electrophysiological studies demonstrated that
astrocytic coupling is lowered to ;35% of resting level during
ischemia and that Ca21 appears to be an important regulator of
gap junction permeability in that condition.

Astrocytes in culture remain coupled during the
death process
To relate more precisely the functional changes in coupling with
the extent and progression of cellular injury, we repeated our
study in cultured astrocytes. Metabolic inhibition was accom-
plished by exposure to KCN, an inhibitor of oxidative metabo-
lism, and iodoacetate, a blocker of glycolysis (see Materials and
Methods). ATP concentrations decreased from a control level of
24 6 6 mM/gm protein (n 5 22) to undetectable levels within 5

Figure 4. Quantification of gap junction
coupling during ischemic conditions in
acutely prepared slices. In vitro ischemic
conditions reduced, but did not block, as-
trocytic gap junctions in brain slices. A,
An astrocyte in stratum radiatum of the
hippocampal CA1 region was patched in
the whole-cell voltage-clamp configura-
tion, and current was activated from a
holding potential of 280 mV (step proto-
col, see inset). The patch pipette contained
the calcium indicator fluo-3. Anoxic agly-
cemia induced a twofold increase in the
emission signal of fluo-3 within 5 min of
ischemia. Inset, Map DF/F as a function of
time in the same astrocyte. Line indicates
ischemic conditions. Large currents were
activated in the same cell during resting
conditions, as expected in a gap junction-
coupled cell. Ischemic conditions de-
creased currents when both depolariza-
tion and hyperpolarization steps from
180 to 260 mV were delivered. The ob-
served decrease in activated current oc-
curred concomitantly with the increase in
fluo-3 signal. Octanol (5 mM) decreased
the current further, indicating that isch-
emia reduced, but did not block, astrocytic
gap junctions. B, Current recordings from
an isolated surface astrocyte revealed an
even lower amplitude of activated current
than in octanol-treated coupled cells, sug-
gesting that 5 mM octanol did not block
gap junction coupling completely. Right
panel summarizes the mean current acti-
vated when 60 mV hyperpolarization steps
were delivered during resting condition
(RES), ischemic condition (ISC; 20–40
min), subsequent octanol treatment of the
ischemic astrocytes (OCT ), and in iso-
lated astrocytes patched at the surface of
the slice (ISO). Recordings during control
and ischemic conditions as well as during
octanol exposure were obtained in the
same cells (n 5 7), whereas isolated cells
were recorded separately (n 5 9). Cou-
pling during resting condition and re-
sponses to anoxic aglycemia were qualita-
tively similar in cortical and hippocampal
astrocytes, and the data have been pooled.
Values are mean 6 SD. *Denotes differ-
ent from control condition; **denotes dif-
ferent from ischemic condition; ***de-
notes different from octanol treatment at
p , 0.001, using Student’s t test. Scale bar,
20 mm.
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min (n 5 8). [Ca21]i increased shortly thereafter and continued
to increase during the remaining observation period (Fig. 6E–I).
Accordingly, most cells stained with trypan blue within 2 hr (Fig.
6B), whereas DNA fragmentation developed slowly and incom-
pletely (Fig. 6D).

Gap junction permeability was quantified in dying astrocytes,
using FRAP (Wade et al., 1986; Giaume et al., 1991). This
technique capitalizes on the observation that, when a culture is
loaded with a low-molecular-weight fluorescence probe (,1
kDa), the recovery of fluorescence in a bleached target cell will
reflect the influx of dye from surrounding unbleached cells. As
such, the rate of refill is a measure of gap junction permeability.
For these studies, cultures were loaded with CDCF (445 Da;
Nedergaard et al., 1990). After a baseline fluorescence image of
the culture was obtained by confocal microscopy, the area of laser
scanning was reduced to include only one cell. Photobleaching
was complete or almost complete after three or four scans, each
lasting 1 sec at full laser power. Subsequently, the microscope
settings were returned to recording configuration, and the refill
was monitored (Fig. 7B–D, top panels). In control cultures, astro-
cytes were interconnected extensively by gap junctions. Fluores-
cence recovery after photobleach at 2 min averaged 38% 6 4%
(mean 6 SEM; range, 22–56%) (Figs. 7B–D, top panels). Octanol
(0.5 mM) blocked this refill (2 6 4%, n 5 21). The variability in

coupling strength observed is in accordance with previous reports
(Kettenmann and Ransom, 1990; Sontheimer et al., 1991).

In metabolically inhibited cultures we found that coupling was
reduced but never abolished; photobleach of single astrocytes
resulted in significant refill after hours of metabolic inhibition
(Fig. 7, middle panel). Mapping of normalized refill as a function
of time confirmed that, within 15 min, coupling decreased to
;30% of control levels and remained at that level during the
subsequent 2 hr (Fig. 8A, middle panel). Concurrent with evalu-
ation of gap junction function, loss of viability was visualized by
the loss of CDCF fluorescence and nuclear staining with pro-
pidium iodide. This approach allowed us to quantify gap junction
coupling just before irreversible membrane damage on a single-
cell level. Contrary to what is generally believed, we noted that
significant refill occurred up to the final loss of membrane integ-
rity (see Fig. 7).

Measurements of [Ca21]i in fura-2-loaded sister cultures re-
vealed that the decrease in coupling was accompanied by an
increase in [Ca 21]i (Fig. 8A, top panel). To test whether the
[Ca21]i increase directly reduced coupling, we repeated the ex-
periment in the absence of extracellular Ca21, which forces
[Ca21]i to remain at resting or subnormal values (Fig. 8B, top
panel) (Nedergaard et al., 1990). We observed that gap junction
function was relatively preserved when metabolic inhibition oc-
curred in the absence of [Ca21]i increments (FRAP values plot-
ted in Fig. 8B, middle panel). Mean values of refill, 25–125 min
after metabolic inhibition, averaged 31 6 3% (n 5 35) and 59 6
6% of control values (n 5 48; p . 0.0001) in the presence and
absence of [Ca21]i , respectively. By the end of the observation
period (125–150 min), [Ca21]i no longer had any significant effect
on coupling: refill was in this period reduced to 33 6 3% (1Ca21;
n 5 4) and 48 6 6% (2Ca21; n 5 7) of control values. The cells
at this time point were in an advanced stage of degradation.
Morphological changes included cellular shrinkage, process re-
traction, and nuclear condensation in both sets of exposures.
Remarkably, uncoupling was not observed in any of the experi-
ments (Fig. 8A,B, middle panels).

Ca21, but not H1, is a major regulator of astrocytic
coupling in vitro
Ischemia induces an increase not only in intracellular Ca 21 but
also in H1 ions. We manipulated the intracellular concentrations
of H1 to examine the effect of acidosis on gap junctions. Intra-
cellular acidosis was achieved by exposure to an acidified HBSS
containing lactic acid, a weak acid that promotes intracellular
acidification (Nedergaard et al., 1991). First, to establish the
relationship between intracellular pH (pHi ) and extracellular pH
(pHe) during acidic conditions, we quantified pHi in cells loaded
with either the fluorescence pH indicator BCECF (pKa , 7.0; Rink
et al., 1982) or DCF (pKa , 6.4; Thomas, 1986; Nedergaard et al.,
1991) and exposed them to an acidified HBSS (pHe range, 5.9–
7.3). We observed a resting pHi of 7.03 6 0.03 (n 5 11) that was
poorly regulated during acidic conditions. Thus, pHi was a direct
function of pHe, in agreement with earlier reports (Fig. 9A)
(Nedergaard et al., 1991). Lowering pHi caused no detectable
decrease in gap junction permeability; control cultures with pHi

7.0 recovered 37 6 6% of fluorescence within 2 min, whereas
acidic astrocytes recovered 35 6 7% and 40 6 6% of original
fluorescence at pHi 6.0 and 6.4, respectively. Normalized values
of fluorescence recovery are plotted in Figure 9B. Thus, low pHi

in these in vitro studies did not reduce gap junction conductance.
We then tested the effect of Ca21 in isolation. Selective in-

Figure 5. Buffering intracellular Ca 21 attenuates the uncoupling effect
of ischemia. A, A single astrocyte was patched with an electrode solution
containing a 20 mM concentration of the calcium chelator BAPTA. The
amplitude of activity-induced current was considerably higher in the
presence than in the absence of BAPTA, suggesting that the lowering of
[Ca 21]i increased coupling during the resting condition. Anoxic aglyce-
mia was induced 15 min later. In contrast to the previous figure (see Fig.
4), activated current did not decrease in BAPTA-loaded cell recordings
during ischemic conditions. B, Summarized amplitude of current acti-
vated by a 60 mV hyperpolarization step in BAPTA-loaded astrocytes
during resting and ischemic conditions (n 5 6). The amplitude of current
did not decrease significantly in the presence of BAPTA (paired Student’s
t test). C, Comparison of the relative decrease in current (DI/I ) evoked by
ischemia in the absence (CON ) and presence of BAPTA in the recording
electrode. BAPTA loading significantly reduced the uncoupling effect of
ischemia ( p , 0.01, Student’s t test).
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creases in intracellular calcium levels ([Ca21]i ) were accom-
plished by exposure to a calcium ionophore, lasalocid, which
permits free calcium entry into cells (Chattopadhyay et al., 1992).
During ionophore exposure [Ca 21]i levels peaked at 1800 6 432
nM (n 5 24) from a resting level of 54 6 11 nM (n 5 52) (Fig.
10A). As judged by FRAP, this [Ca21]i increase was associated
with a rapid reduction in gap junction permeability; within a few
minutes refill was reduced to ;30% of control values (Fig. 7,

bottom panel) (Fig. 8C, middle panel). Thus, increments in
[Ca21]i rapidly reduced, but did not block, astrocytic gap junc-
tions both in vivo and in vitro.

It has been reported that protons and calcium ions can act
synergistically to decrease conductance in muscle cells (Spray et
al., 1981; Burt, 1987). To address the possibility of a similar
cooperation between hydrogen and calcium ions in the regulation
of astrocytic gap junctions, we increased [Ca21]i levels in acidi-

Figure 6. Pattern of astrocytic death after metabolic inhibition during culture conditions. A, Phase-contrast photomicrograph of a representative field
of astrocytes during the resting condition. B, The same field after metabolic inhibition. Most cells stained with trypan blue 24 hr after exposure, indicating
irreversible loss of viability. C, Corresponding phase-contrast photomicrograph 24 hr after exposure. Cell shrinkage and retraction of processes are
evident. D, TUNEL stain of the same field. Only three cells were dUTP-positive. E–H, Pseudocolor display of [Ca 21]i changes in the same field. I,
[Ca 21]i changes in individual cells mapped as a function of time. [Ca 21]i increased uniformly in all cells studied. Gap junction function was evaluated
in cultures treated similarly (see Fig. 7). The uniform cellular reaction to metabolic inhibition, both with regard to [Ca 21]i changes and irreversible
membrane damage, allowed gap junction permeability to be evaluated as a function of both [Ca 21]i and viability. Scale bar, 15 mm.
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fied astrocytes. [Ca21]i increments evoked by ionophore expo-
sure were, as expected, not altered significantly by intracellular
acidosis, and acidified cells experienced the same amplitude of
[Ca21]i increments as did control cells (Fig. 10A). Importantly,
the reduction in gap junction permeability during ionophore
exposure was not enhanced by concurrent acidosis. At pHi 6.4 and
pHi 6.0, ionophore exposure decreased refill to the same extent as
that observed at pHi 7.0 (Fig. 10B). Thus, acidosis did not
potentiate the effect of increased [Ca 21]i on gap junction con-
ductance. Of note, ionophore exposure by itself was not associ-
ated with changes in pHi (data not shown). Collectively, these
results indicate that gap junctions in cultured cortical astrocytes
are not sensitive to acidosis either alone or in combination with
the elevation of [Ca21]i.

Gap junctional function can recover after lethal
[Ca21]i overload
We asked whether or not gap junction coupling was suppressed
permanently during the death process when energy metabolism
was not inhibited. Exposure to the calcium ionophore lasalocid

was used to evoke a lethal [Ca 21]i increase. Generalized death
occurred after 15 min of exposure to 40 mM lasalocid. Most
astrocytes stained with trypan blue within 2 hr, whereas DNA
fragmentation evolved slowly (see Fig. 8C, bottom panel). The
[Ca21]i increments during ionophore exposure resulted, as de-
scribed previously, in a rapid decrease of junction permeability to
;30% of control values (see Fig. 7E, bottom panel). This decline
in conductance was not permanent. After ionophore exposure,
gap junction permeability slowly normalized to ;60% of control
values (see Fig. 8C, middle panel). Thus, astrocytes can improve
and thereby modulate their gap junction coupling during the
process of cell death. Recovery of gap junction permeability was
not a direct function of [Ca 21]i. [Ca21]i normalized within
minutes, but the partial recovery of gap junctional function oc-
curred slowly and peaked ;85 min after ionophore exposure (see
Fig. 8C, middle panel). Coupling might, however, be regulated by
other modulators of gap junction permeability activated by the
death process or the transient [Ca21]i increase, such as protein
kinase C (Enkvist and McCarthy, 1992; Reynhout et al., 1992),

Figure 7. Astrocytic gap junctions remain open during the process of cell death. Cultured astrocytes were loaded with CDCF ( green). CDCF is plasma
membrane-impermeable, and cell death defined by loss of membrane integrity thus can be detected as a rapid loss of CDCF fluorescence. Concomitantly,
propidium iodide (red) gains access to the cell interior and stains the nuclei of dead cells red. Additionally, the small molecular weight of CDCF allows
it to diffuse freely across gap junctions so that gap junction permeability can be evaluated by fluorescence recovery after photobleach (FRAP) just before
the loss of membrane integrity. Top panels, Fluorescence recovery after photobleach in a healthy culture. A, Fluorescence before photobleach. All cells
have intact membranes and therefore do not incorporate propidium iodide but are CDCF-positive ( green). B, CDCF fluorescence before photobleach
( gray color scale). C, CDCF fluorescence immediately after photobleach. The white square indicates the target area of photobleach. D, The cell has partly
regained fluorescence because of influx of CDCF from surrounding gap junction-coupled cells 2 min later. E, Percentage of refill as a function of time
in the same cell. Forty percent recovery of fluorescence occurred within 2 min. F, All cells remain viable in this control culture when observed 15 min
later (propidium iodide2/CDCF1). Middle panels, Photobleach in a dying culture exposed to KCN and iodoacetate for 80 min. A, Several astrocytes have
lost viability in this field (propidium iodide1/CDCF2). B–D, Photobleach in a still viable cell. E, Fluorescence recovered by 21% within 2 min. F,
Thirteen minutes later the target cell has lost viability (propidium iodide1/CDCF2). Thus, dying astrocytes remain coupled during the process of cell
death. Bottom panels, Photobleach in a dying culture exposed to the calcium ionophore lasalocid 40 min earlier. A, All cells are still propidium
iodide2/CDCF1, indicating that no loss of viability has occurred yet. B–D, Photobleach in a still viable cell. E, Fluorescence recovered by 31% within
2 min. F, Seventeen minutes after photobleach, the cell has lost viability (propidium iodide1/CDCF2). Thus, refill occurred minutes before irreversible
membrane injury. Scale bar, 15 mm.
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tyrosine protein kinases (Atkinson and Sheridan, 1988), cAMP
(Bennett et al., 1991), or arachidonic acid (Giaume and Venance,
1996).

Nonlethal calcium increments do not alter gap
junction permeability
To test whether surges in [Ca 21]i not associated with cell death
affected coupling, we exposed cultured astrocytes to either thap-
sigargin (1 mM) or lasalocid (40 mM 3 5 min). Both inhibitors
induced transient [Ca21]i increases to mM levels, yet neither was
associated with a loss of viability (Fig. 11). No significant changes
in gap junction permeability were observed during or after these
exposures. Thus, astrocytic coupling was not regulated by tran-
sient, nonlethal increments in [Ca 21]i ; as a result, calcium incre-

ments within the physiological range are unlikely to influence
astrocytic coupling.

Uncoupling occurs only on the terminal loss of plasma
membrane integrity
Cellular demise was visualized by a loss of CDCF fluorescence
concomitant with propidium iodide and/or trypan blue incorpo-
ration. These changes in cell staining reflect the loss of membrane
integrity, a commonly used death criterion (Phillips, 1973).
CDCF fluorescence was lost rapidly (,2 min) from dying cells. Of
interest, CDCF fluorescence was retained in cells neighboring the
dying cells. When a field of dying astrocytes was imaged by
time-lapse, as individual cells lost membrane integrity, it was
clear that CDCF fluorescence was retained in viable cells despite

Figure 8. Calcium decreases, but does not block, astrocytic coupling during the process of cell death. Comparison of [Ca 21]i (top panels), gap junction
coupling normalized against control values (middle panels), and loss of viability (bottom panels) during and after lethal injury. Control cultures were
characterized by a resting [Ca 21]i averaging 50–100 nM and by substantial refill. A, Top panel, A rapid increase in [Ca 21]i and a corresponding decrease
in gap junction coupling with no sign of recovery (middle panel ) occurred when energy metabolism was inhibited by KCN (inhibitor of oxidation chain)
and iodoacetate (blocker of glycolysis). Refill after photobleach in separate experiments is mapped individually (squares) and the data fit by four-order
regression. Arrows indicate refill during resting control conditions in the same cultures. Bottom panel, The percentage of cell death after the same
procedure. Almost complete loss of viability was observed at 2–3 hr. Trypan blue staining was detected within 1–3 hr (white bars), whereas DNA
fragmentation (dUTP staining, black bars) developed slowly and incompletely after metabolic inhibition. B, Top panel, Ca 21 did not increase when
astrocytes were inhibited metabolically in the absence of extracellular Ca 21. Middle panel, Uncoupling was less pronounced when metabolic inhibition
was not associated with [Ca 21]i increments. Bottom panel, The pattern of astrocytic death evoked by metabolic inhibition proceeded independently of
concomitant [Ca 21]i changes. C, Top panel, Fifteen-minute exposure to the calcium ionophore lasalocid is associated with a surge in [Ca 21]i. Middle
panel, The increase in [Ca 21]i is associated with a transient decrease in refill after photobleach. After normalization of [Ca 21]i to near resting levels,
coupling slowly improved but declined again concomitant with a terminal increase in [Ca 21]i. Bottom panel, Ionophore exposure resulted in generalized
death within 3 hr. These observations indicate that the permeability of astrocytic gap junctions is lowered, but not blocked, after lethal injury and that
increments in Ca 21 partially are responsible for the decrease in coupling. *FRAP values compared with control values; p . 0.01. Data obtained 0–25,
25–50, 50–75, 75–100, 100–125, and 125–150 min after metabolic inhibition or ionophore exposure were pooled; two-way ANOVA was used to compare
mean values, and Dunnett’s multiple range test was used to establish significant differences between control values and treatment values. §FRAP values
compared with FRAP values 0–25 min after initiation of ionophore exposure [31 6 5% (0–25 min), n 5 25 vs 65 6 8% (50–75 min), n 5 12 and 51 6
10% (75–100 min), n 5 11; p . 0.01]. Thus, coupling increased significantly after ionophore exposure in astrocytes destined to die and was significantly
higher 50–100 min after ionophore exposure than during the initial 0–25 min. The calcium tracings in the top panels plot data from representative cells.
A total of 150 cells were analyzed in 15 individual experiments in A–C.
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the death of their immediate neighbors (see Figs. 7, 12). Thus,
gap junctions connecting dying and viable cells must close. If
these junctions remained open, CDCF fluorescence would be
expected to decline gradually in the still viable cells. To the
contrary, the intensity of CDCF fluorescence in individual cells
was unaffected by the loss of membrane integrity in adjacent cells
(Fig. 12). Likewise, no transfer of propidium iodide (668 Da)
from dead to viable cells was detected.

Another common observation was that astrocytic death was not
random in the culture dish. Rather, the death of a few astrocytes
triggered the death of their immediate neighbors, which again
triggered the death of their neighbors. This pattern of death, with
successive recruitment of cells, resulted in a gradual expansion of
regions comprising dead cells. This wave-like extension of injury
spread with a velocity of ;2–6 mm/min (Fig. 12).

Astrocytic Cx43 immunoreactive plaques aggregate
with death
Astrocytes are strongly immunoreactive for Cx43 (Dermietzel et
al., 1991; Giaume et al., 1991). In normal viable astrocytes, the
Cx43 staining appears as punctate junctional plaques on the
membrane surface at points of intercellular contact. After lethal
injury, whether because of ionophore exposure or metabolic
inhibition, Cx43 immunoreactive plaques rapidly enlarged but
remained in the membrane. Concurrent with the increase in
plaque size, plaque number decreased, suggesting that existing
plaques had aggregated. This pattern remained essentially un-
changed during the subsequent hours (Fig. 13 and Table 1). That
Cx43 immunoreactive plaques remain in the membrane during

the process of astrocytic death is consistent with the observation
that the same cells remain functionally coupled.

Cx43 dephosphorylates during the process of
cell death
Several lines of evidence have suggested a functional relationship
between Cx43 phosphorylation and gap junctional communica-
tion. Cx43 is synthesized as a single 42 kDa species that first is
converted to a 44 kDa (Cx43-P1) and then to a 46 kDa (Cx43-P2)
species by phosphorylation on serine. Processing of Cx43 to the
P2 form is correlated strongly with its incorporation into junction
plaques (Musil et al., 1990; Musil and Goodenough, 1991). We
observed that lethal insults, including both ionophore exposure
and metabolic inhibition, triggered a rapid loss of Cx43-P2 (Fig.
14). The time course of Cx43-P2 loss (Fig. 14) closely paralleled
the loss of functional coupling, supporting the notion that func-
tional channels are composed of Cx43-P2.

DISCUSSION
Astrocytes are electrically nonexcitable cells that communicate
with each other by means of calcium signaling across gap junc-
tions (Smith, 1994). We explored the possibility that astrocytic
gap junctions are functional during the process of cell death. The
uniformity of the observed response, using two different prepa-
rations and several fatal insults, suggests that astrocytes stereo-
typically decrease coupling but that they do not uncouple during
or after lethal injury. Thus, secondary messengers can migrate
freely among dying astrocytes. The observation raises the intrigu-
ing possibility that astrocytic signaling across gap junctions per-
sists, perhaps in aberrant versions, during the acute phase of focal
stroke and may contribute to the extension of focal injury.

Figure 9. Acidosis does not modulate astrocytic coupling in vitro. A, To
quantify coupling as a function of pHi , we first evaluated the relation of
pHi and pHe in astrocytes loaded with the pH indicators BCECF and
DCF. Exposure to an acidified lactic acid-containing solution resulted in
a parallel reduction in pHi and pHe. Thus, pHi is a direct function of pHe
in cultured astrocytes. B, Fluorescence recovery after photobleach was
not altered significantly when pHi was lowered from 7.0 during control
conditions to either pHi 6.4 or 6.0.

Figure 10. Acidosis does not potentiate the uncoupling effect of high
[Ca 21]i. A, [Ca 21]i increments evoked by ionophore treatment were not
affected significantly by concomitant acidosis. Controls were exposed to
vehicle (0.4% DMF). B, Gap junction coupling detected by FRAP. The
[Ca 21]i increase evoked by ionophore treatment reduced refill to 42 6
6% of control values at pHi 7.0. Intracellular acidosis (pHi 6.0 and 6.4) did
not decrease coupling further. Thus, intracellular acidosis does not po-
tentiate the action of Ca 21 in reducing gap junction function. Two-way
ANOVA was used to compare mean values, and Dunnett’s multiple range
test was used to establish significant differences between treatment groups
and controls. *Denotes significant difference at p , 0.01 relative to
control. Error bars represent the mean 6 SEM.
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Calcium and hydrogen ions as modulators of gap
junctional permeability
Because the concentrations of Ca 21 and H1 change dramatically
during ischemia, we first established to what extent these ions
contribute to the modulation of gap junction permeability in
astrocytes. Ca21 is a well known regulator of junction conduc-
tance (Unwin and Ennis, 1980; Loewenstein, 1981). Ca21 might
not always interact directly with gap junctions but rather via a
cytoplasmic intermediate. The sensitivity to Ca21 disappeared
after internal perfusion of, for example, crayfish segmented axons
but recovered when calmodulin was added (Johnston and Ramon,
1981; Arellano et al., 1988). Conditions favoring phosphorylation
of the channel protein also increased the sensitivity to calcium in
the same preparation (Arellano et al., 1990). To our knowledge,
there are no published reports of the effect of Ca 21 on astrocytic
gap junctions. Astrocytes uniformly express a single-unit conduc-
tance of 50–60 pS or multiples thereof, consistent with their
expression of Cx43 (see Fig. 13) (Giaume et al., 1991; Dermietzel
and Spray, 1993). We found here that, when the patch pipette
contained BAPTA (20 mM), astrocytic coupling increased three-
fold during resting conditions in brain slices. In contrast,
BAPTA-AM loading (20 mM) of cultured astrocytes did not
reduce resting [Ca 21]i and was not associated with an increase in
the coupling strength during resting conditions (Wang et al.,
1997). Brief nonlethal increments of [Ca21]i did not alter detect-
ably the extent of coupling in cultures (see Fig. 11), suggesting
that the increases in [Ca 21]i concentration of 300–1000 nM ob-

served during the propagation of intercellular calcium waves
(Cornell-Bell et al., 1990) did not perturb astrocytic coupling
significantly. Ischemic-induced increments in [Ca21]i were con-
sistently associated with a decrease in coupling in both prepara-
tions, indicating that lethal [Ca 21]i increments reduced coupling
strength. Combined, the observations suggest that astrocytic gap
junctions only are sensitive to sustained (.5–10 min) pertuba-
tions of [Ca21]i .

Data about the sensitivity of astrocytic junctions to pH are
conflicting. Anders et al. (1988) found that astrocytic uncoupling
first occurred when extracellular pH was lowered to 4.5 by expo-
sure to a lactic acid-containing solution. The degree of intracel-
lular acidosis that develops during this exposure is lethal to
cultured astrocytes (Nedergaard et al., 1991), suggesting that pH
in the physiological range does not regulate coupling. By contrast,
CO2 elevation triggered a partial uncoupling within the pH range
from 6 to 7 among cultured astrocytes (Dermietzel et al., 1991;
Pappas et al., 1996). Also, astrocytic coupling in slices was
blocked by CO2 elevation (Connors et al., 1984). In our study, in
which the concentrations of both [Ca 21]i and pH were controlled
in vitro, astrocytic junctions were insensitive to pH changes within
the physiological range (see Fig. 9). Indeed, additional experi-
ments confirmed that coupling was unaffected by severe acidosis.
We used the knowledge that CDCF is also a pH indicator with a
pKa of 4.2; a 20% reduction of the 495/440 nm ratio corresponds
approximately to pHi 4.6 (Nedergaard et al., 1991). At this low
pHi , refill was 30 6 9% (n 5 5) or not significantly different from

Figure 11. Nonlethal [Ca 21]i incre-
ments are not associated with a signifi-
cant decrease in astrocytic coupling.
Shown is a comparison of [Ca 21]i (top
panels), gap junction coupling normal-
ized against control values (middle pan-
els), and loss of viability (bottom panels)
during and after nonlethal [Ca 21]i in-
crements. A, Top panel, A rapid increase
in [Ca 21]i was evoked by thapsigargin (1
mM). No sign of decrease in coupling was
observed (middle panel ). Refill after
photobleach in separate experiments is
mapped individually (squares) and the
data fit by four-order regression. Bottom
panel, The percentage of cell death after
the same procedure. No loss of viability
was observed by either trypan blue stain-
ing (white bars) or TUNEL stain (dUTP
staining, black bars) at any time point. B,
Top panel, [Ca 21]i increments during 5
min exposure to ionophore (lasalocid, 40
mM). Middle panel, Uncoupling was not
observed when ionophore exposure was
not associated with the loss of viability.
Bottom panel, No astrocytic death was
evoked by short-term ionophore expo-
sure. These observations indicate that
nonlethal increments in Ca 21 do not
significantly lower the permeability of
astrocytic gap junctions.
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Figure 12. Astrocytic gap junctions close concurrently
with the loss of membrane integrity. These photos depict
the temporal and spatial pattern of cell death after expo-
sure to ionophore. The culture was preloaded with CDCF,
and the HBSS contained propidium iodide (2 mM). A,
Phase-contrast micrograph of a field shortly before expo-
sure to the calcium ionophore. B, C, CDCF fluorescence
digitally overlaid on the phase image of the same field
before (B) and immediately after (C) ionophore exposure.
All cells remained viable at this stage, but a general loss of
CDCF fluorescence occurred during ionophore exposure.
D, At 40 min after exposure, two cells have lost membrane
integrity, and thereby CDCF fluorescence, but have not
yet incorporated propidium iodide (arrows). E, At 70 min,
injury has progressed to include four cells. Nuclear stain-
ing with propidium iodide (red) is now detectable in two
cells. F–J, After 80–128 min, injury progressed with the
recruitment of additional dying astrocytes. With further
progression, cells began lifting from the substrate layer,
leaving the plane of focus (top lef t corner). The gradual
expansion of injury continued for the most part contigu-
ously and moved across the field with a velocity of ;3
mm/min. Note that CDCF fluorescence was retained until
membrane integrity was lost, even in cells surrounded by
dead cells (arrowhead). K, Relative emission intensity of
CDCF in six labeled cells (B) during progression of injury.
CDCF fluorescence is mapped as a function of time.
Fluorescence remains relatively constant until membrane
ruptures. Scale bar, 50 mm.
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control values, indicating directly that astrocytic gap junctions are
functional even during severe acidosis. It is likely that differences
in regional origin, cellular differentiation, and culture conditions
contribute to the seemingly divergent observations on pH sensi-
tivity of gap junctions.

Collectively, these observations indicate that astrocytic gap
junctions, at least in culture, are insensitive to short-lasting incre-
ments of Ca21 and H1 within physiological range. Sustained
lethal Ca21 elevations decreased permeability but did not uncou-
ple astrocytic gap junctions.

Astrocytes remain coupled during cell death
Having established that Ca21 decreases, but does not close, gap
junctions, we asked if other factors in the process of cell death
affect astrocyte coupling. Astrocyte death was evoked either by
ionophore exposure or by metabolic inhibition. Death proceeded
according to a schedule that could not be characterized by the
classical criteria as either typically necrotic or apoptotic. Mem-
brane and cytoplasmic changes occurred before nuclear changes
(see Fig. 8, bottom panel), and DNA laddering was absent (results
not shown), suggesting necrotic cell death. However, other signs
of necrosis, such as cell swelling, were not present. On the
contrary, cell size and nuclear diameter were reduced after injury
(see Fig. 13 and Table 1). This mixed pattern of cell death has an

Table 1. Size of nuclei and Cx43 immunoreactive plaques during the
process of astrocytic death (mm2)

Ionophore
Nuclear size Plaque size Number of plaques

Controls 164 6 14 0.84 6 0.09 33 6 5
15 min 154 6 8 0.84 6 0.11 33 6 5
30 min 112 6 12 0.95 6 0.18 27 6 6
1 hr 63 6 11 1.48 6 0.10 24 6 5
2 hr 56 6 8 1.36 6 0.11 23 6 6
4 hr 45 6 11 1.29 6 0.06 21 6 4

Metabolic inhibition
Nuclear size Plaque size Number of plaques

Controls 155 6 11 0.91 6 0.08 35 6 4
15 min 147 6 15 1.08 6 0.10 36 6 6
30 min 95 6 20 1.35 6 0.16 31 6 9
1 hr 54 6 8 1.52 6 0.20 28 6 6
2 hr 50 6 7 1.38 6 0.14 22 6 4
4 hr 42 6 8 1.49 6 0.12 23 6 3

Figure 13. Loss of astrocytic viability is
associated with the aggregation of Cx43
immunoreactive plaques. A, Cx43 im-
munoreactive plaques (fluorescein) are
localized in the plasma membrane, with
preference for sites of cell-to-cell con-
tact. The culture was counterstained
with propidium iodide (red) after fixa-
tion to quantify the number of plaques
per nucleus. The fluorescence images
were superimposed on DIC so that the
distribution of gap junction plaques
could be visualized. B, Two hours after
metabolic inhibition, the number of
Cx43 immunoreactive plaques had de-
creased concurrently with an increase in
plaque size. Plaques remained in the
plasma membrane. Note the decrease in
nuclear size associated with the loss of
viability.
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in vivo correlate: typically, shrinkage and membrane degradation
become apparent before DNA breakdown in ischemic brain
(Petito, 1996).

Dynamic changes in coupling were noted after injury that
primarily were an inverse function of cytosolic [Ca21]. When
astrocytic death was evoked by ionophore exposure, junction
coupling reached its lowest level just after the initial peak in
[Ca21]i , and a secondary decrease in coupling coincided with the
terminal increase in [Ca21]i (see Fig. 8C, middle panel). Simi-
larly, when death was induced by metabolic inhibition, gap junc-
tion permeability declined concurrently with a progressive in-
crease in [Ca21]i , and the decrease in coupling was less
pronounced when [Ca21]i was low (see Fig. 8B). These in vitro
observations were corroborated by electrophysiological measure-
ments in intact brain, when the ischemic condition decreased
astrocyte coupling to ;35% of resting levels. Indeed, buffering
astrocytic [Ca21]i by BAPTA attenuated the uncoupling effect of
ischemia (see Fig. 5). Immunolabeling against Cx43 revealed that
gap junction plaques aggregated but remained in the membrane
during the process of astrocytic death (see Fig. 13B). The plaques
were composed primarily of the unphosphorylated Cx43 species,
because Cx43 dephosphorylated slowly after injury (see Fig. 14).
The time course of dephosphorylation paralleled the decrease in
functional coupling, suggesting that the phosphorylated moiety of
Cx43 is required for gap junction function (Musil et al., 1990;
Musil and Goodenough, 1991). No aggregation of immunoreac-
tive plaques or dephosphorylation of Cx43 occurred after nonle-
thal calcium exposure (results not shown).

Functional significance of coupling between dying and
viable astrocytes
Few studies have addressed the issue of coupling between dying
and viable cells during and after cerebral injury. Such communi-
cation might be adaptive with regard to regeneration. Wolszon et
al. (1994) found that, when a neuron in embryonic leech was
ablated by UV irradiation, a calcium wave traversed gap junctions
to include the coupled axon of a neighboring neuron. The re-
maining neuron responded by accelerating the extension of its
previously coupled axon, thereby taking over territory vacated by
its ablated partner. In contrast, gap junction diffusion also might
amplify the extent of injury. For instance, among cells transfected
with the thymidine kinase gene from herpes simplex virus, not
only the transfectants but also their neighbors were killed by
gangliovir (Mesnil et al., 1996). Gangliovir acts as a terminator of

DNA replication after phosphorylation by the transfecting thymi-
dine kinase. This effect was not observed when the cells were not
connected by gap junctions or when the cells were cultured
without direct cell-to-cell contact, demonstrating that “bystander
death” required gap junctions. Indeed, time-lapse studies of our
cultures confirmed that astrocytes did not die randomly but,
rather, in groups. The death of a few astrocytes triggered their
neighbors’ death, which in turn triggered their neighbors’ death.
The successive involvement of neighboring cells resulted in a
slowly progressing wave of death (see Fig. 12). Cellular interac-
tions, among those gap junction-mediated diffusion, might be an
important factor in progression of death among astrocytes.

Several lines of evidence have indicated that an ischemic
infarct also expands during the first few hours of ischemia (for
review, see Hossmann, 1994). Could signaling across astrocytic
gap junctions contribute to this secondary extension of brain
injury? A network of gap junctions that connect dying astro-
cytes in the deeply ischemic core with astrocytes in less isch-
emic surroundings might serve as a necessary shuttle for re-
moving ischemic products such as excess intracellular Ca 21

and inositol triphosphate (IP3 ). However, a continuous influx
of Ca 21 into glia located in the ischemic border zone might
trigger aberrant astrocytic Ca 21 waves. Indeed, it is possible
that waves of spreading depression may represent an in vivo
correlate to aberrant astrocytic calcium signaling within isch-
emic tissue (Nedergaard et al., 1995). Spontaneous waves of
spreading depression are evoked within the ischemic peri-
infarct zone during the acute phase of stroke (Nedergaard and
Astrup, 1986; Iijima et al., 1992; Siesjo et al., 1995). These
waves of spreading depression have multiple origins but always
are generated in the immediate surroundings of an evolving
infarct. Tissue bordering the infarct does not repolarize after
the invasion of spreading depression but remains depolarized
and eventually is incorporated into the evolving infarct (Hoss-
mann, 1994). As a result, the infarct grows stepwise after each
episode of spreading depression (Mies et al., 1993). Further
studies are required to establish whether astrocytic calcium
waves are an in vitro correlate to spreading depression. How-
ever, our demonstration that astrocytic gap junctions remain
open in ischemic brain tissue provides a basis for glial signal-
ing, as well as a direct conduit for the passage of lethal agents
among ischemic and nonischemic astrocytes.

Figure 14. Western blot analysis of Cx43. A 20 min meta-
bolic inhibition did not change the ratio between unphospho-
rylated Cx43 (Cx43-NP) and phosphorylated Cx43 (Cx43-P2),
as compared with control. However, a partial dephosphory-
lation had taken place at 75 min and progressed by 120 min.
Dephosphorylation parallels functional uncoupling (see Fig.
8A, middle panel ), supporting the notion that Cx43-P2 is
required for the formation of functional channels. Two con-
trol samples, one collected directly and one incubated in
HBSS for 2 hr, are shown. Prolonged incubation in HBSS was
not associated with detectable changes in phosphorylation
pattern.
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