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ABSTRACT Glial fibrillary acidic protein (GFAP) is the main component of intermedi-
ate filaments in astrocytes. To assess its function in astrocyte swelling, we compared
astrocyte membrane properties and swelling in spinal cord slices of 8- to 10-day-old wild-
type control (GFAP1/1) and GFAP-knockout (GFAP2/2) mice. Membrane currents and K1

accumulation around astrocytes after a depolarizing pulse were studied using the whole-cell
patch-clamp technique. In vivo cell swelling was studied in the cortex during spreading
depression (SD) in 3 to 6-month-old animals. Swelling-induced changes of the extracellular
space (ECS) diffusion parameters, i.e., volume fraction a and tortuosity l, were studied by
the real-time iontophoretic tetramethylammonium (TMA1) method using TMA1-selective
microelectrodes. Morphological analysis using confocal microscopy and quantification of xy
intensity profiles in a confocal plane revealed a lower density of processes in GFAP2/2

astrocytes than in GFAP1/1 astrocytes. K1 accumulation evoked by membrane depolariza-
tion was lower in the vicinity of GFAP2/2 astrocytes than GFAP1/1 astrocytes, suggesting
the presence of a larger ECS around GFAP2/2 astrocytes. Astrocyte swelling evoked by
application of 50 mM K1 or by hypotonic solution (HS) produced a larger increase in [K1]e
around GFAP1/1 astrocytes than around GFAP2/2 astrocytes. No differences in a and l in
the spinal cord or cortex of GFAP1/1 and GFAP2/2 mice were found; however, the applica-
tion of either 50 mM K1 or HS in spinal cord, or SD in cortex, evoked a large decrease in a
and an increase in l in GFAP1/1 mice only. Slower swelling in GFAP2/2 astrocytes indicates
that GFAP and intermediate filaments play an important role in cell swelling during
pathological states. GLIA 35:189–203, 2001. © 2001 Wiley-Liss, Inc.

INTRODUCTION

Glial fibrillary acidic protein (GFAP) represents the
major constituent of intermediate filaments (IFs) and
is specifically expressed in astrocytes (Eng et al., 1971,
2000; Bignami et al., 1972; Uyeda et al., 1972; Bignami
and Dahl, 1977).

To study the function of GFAP, mutant mice lacking
GFAP (GFAP2/2) have been introduced (Gomi et al.,
1995; Pekny et al., 1995; Liedtke et al., 1996; McCall et
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al., 1996). These animals reproduce and develop nor-
mally, with no obvious anatomic, behavioral, or histo-
logical abnormalities, and GFAP deficiency does not
cause upregulation of other intermediate filament pro-
teins, such as vimentin or nestin. On the contrary, due
to the inability of vimentin to assemble into IFs on its
own, the absence of GFAP leads to an absence of inter-
mediate filaments in nonreactive astrocytes in vivo
(Pekny et al., 1998a; Eliasson et al., 1999). It was
demonstrated that GFAP is not crucial for the morpho-
genesis of the CNS and that its absence does not have
any major effect on the formation of a posttraumatic
glial scar (Pekny et al., 1999) or on the cause of prion
disease (Gomi et al., 1995; Tatzel et al., 1996). Inter-
estingly, GFAP-deficient mice were found to be more
sensitive to percussive head injury with a weight drop
device, implying a role for GFAP in the mechanical
resistance of brain tissue (Nawashiro et al., 1998). One
study showed that GFAP2/2 mice displayed enhanced
long-term potentiation (LTP) of both population spike
amplitude and excitatory postsynaptic potential slope
in the hippocampus following tetanic stimulation (Mc-
Call et al., 1996), while another report showed normal
LTP in GFAP–deficient mice (Shibuki et al., 1996). The
study of Shibuki et al. (1996) also indicated that GFAP-
negative mice are deficient in long-term depression at
distinct sites in the brain as well as in eyeblink condi-
tioning, suggesting modulation of neuronal functions
by astrocytes. It was therefore suggested that GFAP is
important for astrocyte-neuronal interactions and that
astrocytic processes play a vital role in modulating
synaptic efficacy in the CNS. It was also demonstrated
by Liedtke et al. (1996) that GFAP expression is essen-
tial for normal white matter architecture and blood-
brain barrier (BBB) integrity in aged mice, and its
absence may lead to a late onset of CNS demyelination.
A significant decrease in BBB induction by GFAP2/2

astrocytes was shown in aortic endothelial cells in vitro
(Pekny et al., 1998b). These results suggest that GFAP
may play a role in the induction of BBB properties in
endothelial cells.

A number of studies have shown that astrocytes reg-
ulate the ionic and volume homeostasis of the extracel-
lular space in a wide range of pathological states af-
fecting the central nervous system (CNS), including
ischemia, hypoxia, and trauma (Chiang et al., 1968;
Bourke et al., 1980; Long, 1981; Kimelberg et al., 1992;
Syková et al., 1999). Astrocyte swelling can be evoked
by elevated extracellular potassium concentration
([K1]e) in a perfusing solution or hypo-osmotic saline
(Walz, 1989, 1992). Both in vivo and in vitro studies
have shown that cell swelling results in a compensa-
tory ECS volume decrease and in alterations of the
ECS geometry (Svoboda and Syková, 1991; Syková,
1997; Vořı́šek and Syková, 1997; Nicholson and
Syková, 1998; Syková et al., 1999). Pronounced but
transient cell swelling also occurs during pathological
states, such as Leao’s cortical spreading depression
(Leao, 1944), which is characterized by a wave of depo-
larization propagating slowly over the cerebral cortex,

a rise in [K1]e up to 60 mM, and suppression of neuro-
nal activity (Bureš et al., 1974). Our previous studies
have shown that K1 accumulation is determined by the
ECS volume in the vicinity of the cell and is larger
around oligodendrocytes than around astrocytes
(Chvátal et al., 1999). It was previously shown that the
lack of IFs in reactive astrocytes in vitro following
hypotonic stress, a situation resembling hypoxia-in-
duced cytotoxic edema in the brain, leads to diminished
taurine release (Ding et al., 1998). This study implied
that astrocytic IFs may play a role in volume regula-
tion in situations such as stroke.

In the present study, we examined the role of GFAP
during cell swelling, which is accompanied by an ECS
volume decrease and by an increase in ECS diffusion
barriers, in GFAP1/1 and GFAP2/2 mice. Astrocyte
membrane currents and ECS diffusion parameters
were studied in spinal cord slices. A model of spreading
depression in the somatosensory cortex was used to
study the role of GFAP during cell swelling in patho-
logical states in vivo.

MATERIALS AND METHODS
Spinal Cord Slices

GFAP1/1 and GFAP2/2 mice (Pekny et al., 1995)
were sacrificed under ether anesthesia at postnatal
days 8 to 10 (P8–10) by decapitation. Spinal cord slices
were prepared as described previously (Chvátal et al.,
1995). In brief, spinal cords were dissected and washed
in artificial cerebrospinal fluid (ACF) at 8–10°C. A 4–5
mm long segment of the lumbar cord was embedded in
1.7% agar at 37°C (Purified Agar, Oxoid, U.K.). Trans-
verse 200 mm thick slices were made using a vibroslice
(752M, Campden Instruments, U.K.) for patch-clamp
recording, while for ECS diffusion measurements 400
mm thick slices were used. The recording chamber (; 2
ml volume) was continuously perfused with oxygenated
ACF at the rate of 5 ml/min. All experiments were
carried out at room temperature (;22°C).

The artificial cerebrospinal fluid (ACF) contained (in
mM): NaCl 117.0, KCl 3.0, CaCl2 1.5, MgCl2 1.3,
Na2HPO4 1.25, NaHCO3 35.0, D-Glucose 10.0, osmola-
lity 300 mmol/kg. The solution was continuously
gassed with a mixture of 95% O2 and 5% CO2 to main-
tain a final pH of 7.4. To keep the solutions iso-osmolar,
ACF containing 50 mM K1 had a reciprocally reduced
Na1 concentration (300 mmol/kg). Hypo-osmotic solu-
tion (200 mmol/kg) had a reduced concentration of
NaCl (to 69 mM). Osmolality was measured using a
vapor pressure osmometer (Vapro 5520, Wescor, Lo-
gan).

Animal Preparation for In vivo Measurements

Three- to 6-month-old GFAP1/1 and GFAP2/2 mice
were anesthetized with sodium pentobarbital (90 mg/
kg, injected i.p.) and placed in a rat head holder. Mice
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were breathing room air spontaneously. Body temper-
ature was maintained with a heating pad at 37°C 6
1°C. One small trephination hole for TMA1 diffusion
measurements was made over the somatosensory cor-
tex. Another opening for eliciting spreading depression
(SD) was made 1.5–2 mm caudal to the first hole.
During the experiment, the exposed cortex was super-
fused with ACF containing 1 mM TMA1 chloride (tet-
ramethylammonium). The solution was warmed to
37°C. SD was evoked by pricking the upper cortical
layers with the tip of a 0.5 mm spinal needle (Mazel et
al., 2001).

Patch-Clamp Recordings

Glial membrane currents were recorded with the
patch-clamp technique in the whole-cell configuration
(Hamill et al., 1981). Recording pipettes with a tip
resistance of 4–6 MV were made from borosilicate
capillaries (Rückl Glass, Otvovice, Czech Republic) us-
ing a Brown-Flaming micropipette puller (P-97, Sutter
Instruments Company, Novato). Electrodes were filled
with a solution containing (in mM): KCl 130.0, CaCl2
0.5, MgCl2 2.0, EGTA 5.0, HEPES 10.0. The pH was
adjusted with KOH to 7.2. The intracellular solution
contained 1 mg/ml Lucifer Yellow Dilithium salt
(Sigma).

In the spinal cord slices, the cell somata were ap-
proached by the patch electrode using an INFRA-
PATCH system (Luigs and Neumann, Ratingen, Ger-
many). The slices were placed in a chamber mounted
on the stage of a fluorescence microscope (Axioskop FX,
Carl Zeiss, Germany) and fixed using a U-shaped plat-
inum wire with a grid of nylon threads (Edwards et al.,
1989). Selected cells with a membrane potential more
negative than 265 mV (n 5 115) had a clear, dark
membrane surface and were located 5–10 mm below the
slice surface. The cells with membrane potential more
positive than 265 mV (n 5 4) were located on the
surface and were therefore excluded from further anal-
ysis, because their processes could have been damaged
during the slice preparation. The cells and the record-
ing electrode were imaged with an infrared-sensitive
video camera (C2400-03, Hamamatsu Photonics,
Hamamatsu City, Japan) and displayed on a standard
TV/video monitor. Current signals were amplified with
an EPC-9 amplifier (HEKA Elektronik, Lambrecht/
Pfalz, Germany), lowpass-filtered at 3 kHz and sam-
pled at 5 kHz by an interface connected to an AT-
compatible computer system, which also served as a
stimulus generator. Data acquisition, storage, and
analysis were performed with TIDA (HEKA Elek-
tronik).

Membrane potential (Vm) was measured by switch-
ing the EPC-9 amplifier to the current clamp mode.
Two stimulation paradigms were used to activate
membrane currents. To distinguish between glial cell
types, the cell membrane was clamped from the hold-
ing potential of 270 mV to values ranging from 2160

mV to 120 mV at intervals of 10 mV. For tail current
analysis, the glial membrane was first briefly depolar-
ized using a prepulse with an amplitude of 90 mV, i.e.,
by changing the holding potential from 270 mV to 120
mV for 20 ms (Fig. 1A–C). After the depolarizing pre-
pulse, a series of 20 ms de- and hyperpolarizing pulses
ranging from 2130 mV to 120 mV was applied. The
reversal potential (Vrev) of tail currents (Itail) was de-
termined from the current/voltage (I/V) relationship
measured 5 ms after the offset of the depolarizing pre-
pulse.

Measurements of Extracellular Space
Diffusion Parameters

The real-time iontophoretic method was used to de-
termine ECS diffusion parameters, namely volume
fraction a (ECS volume/total tissue volume), tortuosity
l (l2 5 free/apparent diffusion coefficient), and nonspe-
cific cellular uptake k9 (nonspecific TMA1 uptake char-
acterizing the clearance of TMA1 from the ECS), in the
ECS of the spinal cord slice gray matter and cortex in
vivo (Nicholson and Phillips, 1981; Nicholson and
Syková, 1998). In brief, a substance to which cell mem-
branes are relatively impermeable, i.e., TMA1, was
administered using an iontophoretic electrode into the
ECS of the nervous tissue. Iontophoretic electrodes
were made from theta glass tubing (Clark Electromedi-
cal Instruments, England) and filled with 100 mM
TMA1. The concentration of TMA1 was then measured
by means of a double-barreled TMA1-sensitive micro-
electrode (TMA1-ISM) at a fixed distance from the tip
of the iontophoretic electrode. TMA1-ISMs were pre-
pared by a procedure described previously (Syková et
al., 1994). The ion exchanger was Corning 477317 and
the ion-sensitive barrel was back-filled with 100 mM
TMA1 chloride. The reference barrel contained 150
mM NaCl. Electrodes were calibrated using the fixed-
interference method before and after each experiment
in a sequence of solutions containing increasing con-
centrations of TMA1. Each calibration was fitted to the
Nikolsky equation to determine electrode slope and
interference (Nicholson and Philips, 1981). The shank
of the iontophoretic electrode was bent so that it could
be aligned parallel to the TMA1-ISM. Both TMA1-ISM
and iontophoretic electrodes were glued together using
dental cement with an intertip distance of 120–200 mm
(Fig. 1D and E). To calibrate the microelectrode array,
TMA1 diffusion curves were first recorded in 0.3% agar
(Special Noble Agar, Difco, Detroit, MI) dissolved in a
solution containing 150 mM NaCl, 3 mM KCl, and 1
mM TMACl. Typical iontophoretic parameters were
120 nA bias current continuously applied to keep a
constant transport number of the iontophoretic elec-
trode with an 180 nA current step of 60 s duration
applied every 3–5 min to generate a diffusion curve.
The microelectrode array was then lowered into the
spinal cord slice, perfused with ACF containing 0.1 mM
TMACl, to a depth of 200 mm or into the brain cortex to
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a depth of 400 mm. The diffusion curves were recorded
with a PC-based computer and analyzed by fitting the
data to a solution of a modified diffusion equation (Ni-
cholson and Phillips, 1981) to yield the diffusion pa-
rameters a, l, and k9 (Fig. 1E).

Cell Morphology and Immunohistochemistry

During electrophysiological measurements cells
were filled with Lucifer Yellow by dialyzing the cyto-
plasm with the patch pipette solution. The morphology

of Lucifer Yellow (LY)-filled cells was studied in an
unfixed spinal cord slice using a fluorescence micro-
scope (Axioskop, Zeiss) equipped with a fluorescein iso-
thiocyanate filter combination (band pass 450–490 nm,
mirror 510 nm, long pass 520 nm).

For immunohistochemical analysis, 200 mm spinal
cord slices with LY-injected cells were fixed with 4%
paraformaldehyde in 0.1 M phosphate-buffer (PB; pH
7.5) for 4 h, washed and kept in 0.1 M PB. GFAP1/1

astrocytes were identified using a mouse monoclonal
antibody against GFAP coupled to Cy3 (Sigma). GFAP
antibodies were diluted 1:200 in PB saline (PBS) con-

Fig. 1. Tail current analysis in astrocytes (A–C) and ECS diffusion
parameters measurements in GFAP1/1 and GFAP2/2 mouse spinal
cord slices (D and E). For the tail current analysis, the membranes of
astrocytes were clamped from a holding potential of 270 mV to 120
mV for 20 ms, which triggered an efflux of K1 from the astrocyte into
the vicinity of the astrocyte membrane (A). After this prepulse, the
membrane was clamped for 20 ms to increasing de- and hyperpolar-
izing potentials (pattern of voltage commands in inset) ranging from
2130 mV to 120 mV, at 10 mV increments (B). From traces as shown
in B, currents (I) were measured 5 ms after the onset of the de- and
hyperpolarizing pulses (dashed line) and plotted as a function of the
membrane potential (Vm). The reversal potentials (Vrev) in GFAP1/1

and GFAP2/2 astrocytes are indicated in the graphs by arrows (C).

Experimental setup of the real-time TMA1 iontophoretic method (D)
and a typical diffusion curve of TMA1 in the gray matter of a mouse
spinal cord slice (E). TMA1 was administered into the gray matter of
the spinal cord slice using an iontophoretic electrode (D). The concen-
tration of TMA1 was then measured in the ECS by means of a
double-barreled TMA1-sensitive microelectrode (ISM). TMA1-ISM
and iontophoretic electrodes were glued together and lowered into the
gray matter of the spinal cord slice with an intertip distance of
120–200 mm. The diffusion curves obtained from the spinal cord slices
were analyzed by fitting the data to a solution of a modified diffusion
equation to yield the diffusion parameters of the spinal cord nervous
tissue, namely volume fraction a and tortuosity l (E).
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taining 1% bovine serum albumin (BSA; Sigma) and
0.5% Triton X-100 (Sigma). After overnight incubation,
the slices were visualized using a fluorescence micro-
scope equipped with filters 09 (Axioplan 2, Zeiss, band
pass 450–490 nm for LY-injected cells) and 15 (Zeiss,
H 546 for GFAP immunostaining).

To quantify morphological differences between
GFAP1/1 and GFAP2/2 astrocytes, the spectral confo-
cal microscope LEICA TCS SP system equipped with
Arg/HeNe lasers was used. The number and thickness
of processes were determined from the intensity pro-
files measured in three circles situated 20, 40, and 60
mm from the center of cell soma. The number of glial
processes corresponded to the number of peaks in the
xy intensity profile exceeding a threshold value of 50 on
the 0–250 gray scale. The width of each process was
determined from the corresponding width of the inten-
sity profile peak at a distance of 40 mm from the center
of cell soma. The height of each peak was divided in
half and its width was taken at this point (Fig. 2).

Statistical Analysis

Results are expressed as mean 6 SEM. Statistical
analysis of the differences between groups was evalu-
ated using a t-test. Values of P , 0.05 were considered
significant.

RESULTS
Morphology of GFAP1/1

and GFAP2/2 Astrocytes

Mouse spinal cord astrocytes were identified on the
basis of previously described electrophysiological and
morphological properties typical for rat spinal cord as-
trocytes (Chvátal et al., 1995, 1999; Pastor et al., 1995).
Immunohistochemical analysis of glial cells in
GFAP1/1 mice confirmed that two out of eight glial
cells with passive, symmetrical, and nondecaying K1

conductance showed positive staining when tested with
anti-GFAP antibody (Chvátal et al., 1995), and there-
fore glial cells with passive K1 conductance were con-
sidered to be astrocytes in both wild-type and knockout
animals (Fig. 3).

As revealed by LY fluorescence, astrocytes in unfixed
spinal cord slices were characterized by round or ellip-
tical cell bodies 10–15 mm in diameter with very fine
processes, which formed a diffuse network around the
cell. Morphological analysis of 23 astrocytes from
GFAP1/1 mice revealed that about 74% of cells (n 5 17)
were characterized by multiple, long, branched pro-
cesses that exceeded a 60 mm radius from the center of
the cell soma; 26% of astrocytes (n 5 6) exhibited only
short processes with less branching, not exceeding a 60
mm radius from the center of the cell soma. In contrast
to GFAP1/1 astrocytes, 63% of GFAP2/2 astrocytes
(n 5 22) had short processes with less branching and
only 37% of astrocytes (n 5 13) had long processes with

branching similar to that observed in GFAP1/1 astro-
cytes. Analysis of astrocyte morphology using confocal
microscopy and quantification of xy intensity profiles in
a confocal plane revealed a lower density of processes
in GFAP2/2 astrocytes than in GFAP1/1 astrocytes
(Fig. 2A and B). In GFAP1/1 astrocytes, the number of
processes measured 20 and 40 mm from the center of
the cell soma was 34 6 3 and 16 6 2, respectively (n 5
7). In GFAP2/2 astrocytes, the number of processes was
significantly lower, 20 6 2 and 10 6 1, respectively (n 5
8). The number of processes at 60 mm was not signifi-
cantly different, 7 6 1 in GFAP1/1 and 4 6 1 in
GFAP2/2 astrocytes. The width of processes measured
40 mm from the center of cell soma was significantly
smaller in GFAP2/2 astrocytes (0.47 6 0.01 mm; n 5
43) than in GFAP1/1 astrocytes (0.52 6 0.02 mm; n 5
30, Fig. 2C). The number of dye-coupled astrocytes in
GFAP1/1 and GFAP2/2 mice was not significantly dif-
ferent; 21% of GFAP1/1 and 17% of GFAP2/2 astro-
cytes were dye-coupled to another cell.

Membrane Properties of GFAP1/1

and GFAP2/2 Astrocytes

Patch-clamp recordings were made from astrocytes
located in the dorsal horn gray matter of GFAP1/1 and
GFAP2/2 mice. The following membrane properties
were compared: membrane potential (Vm), membrane
currents activated by de- or hyperpolarizing voltage
steps, and reversal potential (Vrev) of the tail currents
(Itail) observed after the offset of the de- or hyperpolar-
izing prepulse.

Both GFAP1/1 and GFAP2/2 astrocytes were char-
acterized by similar large, symmetrical outward and
inward, nondecaying K1-selective currents during the
voltage jump (Fig. 3A and B). Table 1 shows that no
significant differences were observed between the Vm of
GFAP1/1 and GFAP2/2 astrocytes. In addition, we
found no differences in the amplitude of the outward
(Iout) or inward (Iin) currents evoked by de- and hyper-
polarizing pulses measured at the end of the 50 ms
voltage pulse. K1 accumulation in the vicinity of the
glial membrane was studied using tail current analysis
after the depolarizing prepulse (Chvátal et al., 1999).
Vrev of Itail in GFAP1/1 astrocytes was about 263 mV,
while Vrev of Itail in GFAP2/2 astrocytes was more neg-
ative, i.e., about 266 mV (Table 1). Since the astrocytic
membrane is almost exclusively permeable to K1, the
Vrev of the membrane may be calculated using the
Nernst equation Vrev 5 Vm 5 (RT/F)ln([K1]e/[K

1]i)
(Kuffler et al., 1966; Berger et al., 1991; Chvátal et al.,
1997). The extracellular K1 concentrations before
([K1

m]e) and after the depolarizing prepulse ([K1
rev]e)

were therefore calculated using the Nernst equation
from the corresponding values of Vm and Vrev of Itail.
The net increase in [K1]e (D[K1]e) induced by a depo-
larizing prepulse was determined by subtracting the
values of [K1

m]e from [K1
rev]e (Chvátal et al., 1999). In

GFAP1/1 astrocytes, the mean increase in [K1]e in-
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Figure 2.
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duced by a depolarizing prepulse was 4.85 mM, while
in GFAP2/2 astrocytes, the increase was significantly
smaller, i.e., 3.37 mM (Table 1), suggesting the pres-
ence of a larger ECS in the vicinity of GFAP2/2 astro-
cytes.

Effect of 50 mM K1 and Hypotonic Solution on
Membrane Properties of GFAP1/1

and GFAP2/2 Astrocytes

The effect of astrocytic swelling on extracellular K1

accumulation evoked by a depolarizing prepulse was
studied during superfusion of the spinal cord slice ei-
ther with an iso-osmotic solution containing 50 mM K1

or with a hypotonic solution with reduced NaCl (200
mmol/kg). Vm and Vrev of Itail in GFAP1/1 and GFAP2/2

astrocytes were measured at 2-min intervals before,
during, and after the application of 50 mM K1 or hy-
potonic solution.

Astrocyte swelling induced by a 20-min perfusion of
the spinal cord slice in 50 mM K1 shifted the Vm and
Vrev of Itail in both GFAP1/1 and GFAP2/2 astrocytes to
more positive values (Fig. 4A and C) without any sig-
nificant differences. In GFAP1/1 astrocytes, Vm
changed from 275.83 6 0.40 mV to 218.45 6 0.45 mV
(n 5 5) and in GFAP2/2 astrocytes from 276.40 6 1.03
to 217.78 6 0.56 mV (n 5 7). Vrev of Itail shifted from
259.73 6 1.88 mV to 210.68 6 1.99 mV in GFAP1/1

astrocytes and from 264.64 6 1.65 mV to 215.77 6
0.32 mV in GFAP2/2 astrocytes. However, [K1]e
changes calculated from the Nernst equation revealed
a smaller accumulation of K1 induced by a depolarizing
prepulse in the vicinity of GFAP2/2 astrocytes than in
the vicinity of GFAP1/1 astrocytes (Fig. 4B and D).
During the application of 50 mM K1, D[K1]e increased
in GFAP1/1 astrocytes from 5.92 6 0.79 to 23.80 6 7.00
mM, while in GFAP2/2 astrocytes D[K1]e increased
only from 3.81 6 0.89 to 6.53 6 0.96 mM. When the
application of 50 mM K1 was discontinued, Vm and Vrev
of Itail slowly returned toward control values, showing
no significant differences in K1 accumulation between
GFAP1/1 and GFAP2/2 astrocytes. Twenty minutes
after 50 mM K1 washout, D[K1]e around GFAP1/1 and
GFAP2/2 astrocytes was 4.04 6 0.93 mM and 4.40 6
0.58 mM, respectively.

During cell swelling induced by hypotonic solution,
Vm of GFAP1/1 and GFAP2/2 astrocytes shifted to
more negative values, while Vrev of Itail shifted to more
positive values (Fig. 5A and C). In both GFAP1/1 and
GFAP2/2 astrocytes, the maximal change of Vm was
observed approximately 4 min after the onset of super-
fusion with hypotonic solution, reaching values of
about 283 mV and 286 mV, respectively. During a
20-min application of HS, Vm returned toward control
values. Vm changed from 275.6 6 1.25 mV to 276.6 6
0.75 mV (n 5 5) in GFAP1/1 astrocytes and from
278.64 6 1.50 mV to 278.68 6 1.87 mV (n 5 7) in
GFAP2/2 astrocytes. In contrast to Vm, a significant
shift in Vrev of Itail was observed. In GFAP1/1 astro-
cytes, it changed from 259.92 6 1.80 mV to 235.73 6
1.43 mV and in GFAP2/2 astrocytes from 264.87 6
2.84 mV to 246.53 6 4.04 mV. Similarly to astrocyte
swelling evoked by 50 mM K1, the net increase in K1 in
the vicinity of the cell induced by a depolarizing pre-
pulse was smaller in GFAP2/2 than in GFAP1/1 astro-
cytes (Fig. 5B and D). During the application of hypo-
tonic solution, D[K1]e in GFAP1/1 astrocytes increased
from 5.71 6 1.03 mM to 25.52 6 1.73 mM, while in
GFAP2/2 astrocytes it increased only from 4.51 6 0.94
mM to 16.24 6 3.02 mM. When the hypotonic solution
was replaced with normal ACF, Vm slowly returned to
control values, while Vrev of Itail remained increased in
both GFAP1/1 and GFAP2/2 astrocytes; therefore,
D[K1]e remained increased at 7.82 6 1.12 mM and
6.98 6 0.97 mM, respectively.

Effect of 50 mM K1 and Hypotonic Solution
on ECS Diffusion Parameters

Three ECS diffusion parameters (volume fraction a,
tortuosity l, and nonspecific cellular uptake k9) were
determined in the spinal dorsal horn of GFAP1/1 and
GFAP2/2 mice. In ACF, the mean values of the ECS
diffusion parameters were similar in GFAP1/1 and
GFAP2/2mice, a 5 0.27–0.28 and l 5 1.55 (Table 2).

The application of 50 mM K1 or hypotonic solution
had a different effect in GFAP1/1 and GFAP2/2 ani-
mals (Fig. 6, Table 2). In GFAP1/1 mice, 50 mM K1 led
to a decrease in ECS volume (a 5 0.07), to an increase
in l to about 1.92, and to an increase in k9 (8.94 3 1021

s23). In GFAP2/2 mice, the changes in ECS diffusion
parameters were significantly smaller than in
GFAP1/1 mice: a decreased to 0.12, l increased to 1.72,
and k9 only increased to 6.99 3 1023 s21 (Fig. 6A and C;
Table 2). As compared to GFAP1/1 mice, the decrease
in a was substantially slower in GFAP2/2 mice. After
superfusion of the spinal cord slice with normal ACF, a,
l, and k9 returned toward control values.

The application of a hypotonic solution (200 mmol/
kg) for 20 min also had different effects on ECS diffu-
sion parameters in GFAP1/1 and GFAP2/2 animals
(Fig. 6B and D; Table 2). In GFAP1/1 mice, a decreased
to 0.12, l increased to 1.63, and k9 increased to 8.58 3
1023 s21, while in GFAP2/2 mice a decreased to only

Fig. 2. Morphology and intensity profile of processes in GFAP1/1

and GFAP2/2 astrocytes. Typical morphology of GFAP1/1 astrocyte
(left) and GFAP2/2 astrocyte (right) with circles at 20 mm and 40 mm
from the center of the cell soma (A). The number and the width of
astrocyte processes were quantified using a spectral confocal micro-
scope (see text). Number of processes is expressed as the number of
peaks in the xy intensity profile measured at 40 mm from the center of
the cell soma. An intensity of 50 on the 0–250 gray scale was taken as
the threshold (B). The width of each process was determined at a
distance of 40 mm from the center of the cell body from the correspond-
ing width of the intensity profile peak. The height of each peak was
divided in half and its width was measured at this point (C). The trace
in C shows an example of five intensity profile peaks (d1–d5) that
correspond to five astrocyte processes.
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0.16, l increased to 1.66, and k9 increased to 11.26 3
1023 s21. Beside differences in a, we also noted differ-
ences in the recovery of a and l to control values (Fig.
6D). In GFAP1/1 mice, l and k9 quickly returned to
their original values and a only slightly overshot the
control values, while in GFAP2/2 mice, a overshot the
control values up to 0.41 and l did not return to control
values. Our data show that the changes in ECS diffu-
sion parameters induced by cell swelling in 50 mM K1

or in hypotonic solution are smaller and slower in
GFAP2/2 than in GFAP1/1 mice. This suggests that
cell volume regulation is more efficient in GFAP1/1

astrocytes.

ECS Diffusion Parameters During Spreading
Depression in Cortex of GFAP1/1

and GFAP2/2 Mice

ECS diffusion parameters were measured in vivo in
the cerebral cortex of GFAP1/1 and GFAP2/2 mice 3–6
months old. The ECS diffusion parameters were first
compared under resting conditions. The mean values of
the ECS diffusion parameters in mice differed from
those described in the rat cortex: both a and l were
higher (Nicholson and Syková, 1998). In the cortex of
GFAP1/1 mice, the diffusion parameters were a 5 0.24,
l 5 1.71, and k9 5 4.0 3 1023 s21, while in GFAP2/2

mice they were a 5 0.23, l 5 1.62, and k9 5 4.0 3 1023

s21. Tortuosity in GFAP1/1 mice was significantly
higher than in GFAP2/2 mice.

The changes in ECS diffusion parameters during
spreading depression, elicited by fine-needle pricking
of the cortex, also revealed differences between
GFAP1/1 and GFAP2/2 mice. For the measurement of
ECS diffusion parameters during SD, at the time of
maximal change we used microelectrode arrays with a
smaller intertip distance (50–100 mm) and shorter dif-
fusion times (current step duration of 6 s). We found no
significant differences in the volume fraction and tor-
tuosity obtained using either a 60-s or 6-s current step.
Only the nonspecific TMA1 uptake was higher when
using a 6-s application. SD led to a decrease in a to 0.04
in GFAP1/1 and to 0.08 in GFAP2/2 mice, l increased
to 2.18 in GFAP1/1 and to 1.97 in GFAP2/2 mice (Fig.
7A, Table 3). The shrinkage of ECS led to a rapid
increase in the TMA1 baseline concentration (Fig. 7B).
The time course of a and l changes was almost two
times slower in GFAP2/2 mice (150 6 20 s) than in
GFAP1/1 mice (88 6 13 s, Fig. 7B). Our results show
that the changes in ECS diffusion parameters induced
by cell swelling during SD are slower in GFAP2/2 than
in GFAP1/1 mice.

DISCUSSION

In the present study performed on spinal cord gray
matter of GFAP1/1 and GFAP2/2 mice, we have shown
that the majority of GFAP2/2 astrocytes filled with
Lucifer Yellow have shorter and thinner processes in
comparison to GFAP1/1 astrocytes. Our data suggest
that K1 accumulates less in the close vicinity of the cell
membrane around GFAP2/2 astrocytes after a depolar-
izing prepulse under resting conditions than it does
around GFAP1/1 astrocytes. Similar differences in K1

accumulation were found during cell swelling evoked
by 50 mM K1 or hypotonic solution. Under resting
conditions, the ECS diffusion parameters of spinal cord
gray matter in GFAP1/1 and GFAP2/2 mice are simi-
lar; however, their changes during cell swelling evoked
by high K1 or hypotonic stress are slower in GFAP2/2

mice.

Identification of Astrocytes

In our experiments, astrocytes in GFAP1/1 as well as
in GFAP2/2 mice were characterized by symmetrical
nondecaying inward and outward currents in response
to de- and hyperpolarizing voltage steps (Chvátal et al.,
1995; Pastor et al., 1995). Two out of eight cells (25%)
previously characterized electrophysiologically in
GFAP1/1 mice were identified as astrocytes by positive
immunostaining with anti-GFAP antibodies. In the rat
spinal cord, the number of cells positively stained with
anti-GFAP antibodies was 14% (Chvátal et al., 1995).
Such a small percentage of successfully stained cells is
not surprising, since it was shown by Ludwin et al.
(1976) that intact astrocytes located in the gray matter
of the CNS stain for GFAP less intensely than those in

Fig. 3. Typical membrane current patterns of GFAP1/1 and
GFAP2/2 astrocytes (A and B), morphology (C and D), and immuno-
staining of astrocytes for GFAP (E and F) in GFAP1/1 and GFAP2/2

mice spinal cord slices. Typical membrane currents of astrocytes
recorded in response to voltage steps from a holding potential of 270
mV (A and B). To activate currents, the membrane was clamped for 50
ms from the holding potential of 270 mV to increasing de- and
hyperpolarizing potentials ranging from 2160 to 120 mV, at 10 mV
increments. During the electrophysiological recording, the cell was
filled with Lucifer Yellow and then examined with a confocal micro-
scope (C and D). Lucifer Yellow injected cells shown in C and D were
immunostained for GFAP (E and F). Arrows indicate similar patterns
in both images. Bars in C, D, E, and F denote 10 mm.

TABLE 1. Electrophysiological Parameters of GFAP1/1 and
GFAP2/2 Astrocytes in Mouse Spinal Cord Slices*

GFAP1/1 GFAP2/2

Vm [mV] 277.46 6 0.59 276.62 6 0.52
Km

1 [mM] 6.13 6 0.14 6.32 6 0.13
Vrev [mV] 263.48 6 1.10 266.27 6 0.81a

Kr
1 [mM] 10.98 6 0.48 9.70 6 0.31a

D[K 1 ]e [mM] 4.85 6 0.42 3.37 6 0.27b

Iout [nA] 1.86 6 0.16 1.77 6 0.14
Iin [nA] 1.77 6 0.16 1.75 6 0.14
n 55 56

*Vm, membrane potential; Km
1 , extracellular K 1 concentration calculated from

the values of Vm; Vrev, reversal potential of the tail current; Kr
1 , extracellular

K 1 concentration calculated from the value of Vrev; D[K 1 ]e 5 Kr
1 2 Km

1 ; Iin,
inward current evoked by hyperpolarization; Iout, outward currents evoked by
depolarization; n, number of measurements. Statistical significance was evalu-
ated as the difference between GFAP1/1 and GFAP2/2 mice (two-tail t-test).
aP , 0.05.
bP , 0.01.
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the white matter. In addition, diluting the intracellular
contents of astrocytes with artificial intracellular solu-
tion via the patch electrode during electrophysiological
recordings may decrease the immunoreactivity of
GFAP due to possible conformational changes.

Morphology of GFAP2/2 Astrocytes
Is Affected by Lack of GFAP

The morphology of astrocytes in GFAP2/2 mice was
not evaluated in previous studies performed in vivo or
in situ because the identification of astrocytes was dif-
ficult in the absence of their specific marker, GFAP. In
our experiments performed on spinal cord slices, astro-
cytes were filled with fluorescent dye LY and thus could
be visualized. The appearance of astrocytes with a re-
duced number of thinner processes in GFAP2/2 mice is
consistent with a smaller accumulation of K1 around
the astrocytes after a depolarizing prepulse. It is also in
agreement with the previously observed reduction in
cross-sectional diameter of astrocytes lacking GFAP in

the optic nerve (McCall et al., 1996). In our study, we
cannot exclude the possibility that GFAP2/2 astrocyte
processes with a small diameter were not sufficiently
visualized with LY. However, a direct role for GFAP in
controlling the outgrowth of astrocyte processes has
been suggested in a number of studies (Weinstein et
al., 1991; Rutka and Smith, 1993; Chen and Liem,
1994; Rutka et al., 1994), albeit not confirmed by using
in vitro cocultures of neurons and GFAP2/2 astrocytes
(Pekny et al., 1998a). We can therefore conclude that
GFAP, as a structural protein, affects the morphology
of astrocytes in the mouse spinal cord, particularly the
number and width of processes.

Membrane Properties of GFAP2/2 Astrocytes
and ECS Diffusion Parameters in Spinal Cord

Gray Matter Under Resting Conditions

We found that membrane potential, current pattern,
and membrane conductance, as revealed by the behav-
ior of inward and outward currents evoked by hyper- or

Fig. 4. The effect of 50 mM K1 on the membrane potential and
reversal potential of tail currents in GFAP1/1 (A and B) and GFAP2/2

(C and D) astrocytes. The time course of membrane potentials (Vm,
open circles) and reversal potentials of the tail currents (Vrev, circles)
in GFAP 1/1 and GFAP2/2 astrocytes before, during, and after expo-

sure of the spinal cord slice to 50 mM K1 (A and C). Using the Nernst
equation, [K1]e was calculated from the values of Vm (K1

m) and Vrev
(K1

r) and their difference, which is equal to the net increase in [K1]e
after a depolarizing prepulse DK1 5 K1

r 2 K1
m (B and D).
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depolarization stimuli, of GFAP2/2 and GFAP1/1 as-
trocytes are similar. Both types of astrocytes show typ-
ical symmetrical, passive, and nondecaying K1-selec-
tive currents, similar to those observed in the rat and
frog spinal cord slices and mouse cerebellum (Chvátal
et al., 1995, 2001; Pastor et al., 1995; Chvátal and
Syková, 2000).

It was shown by Orkand et al. (1966) that the
astrocytic membrane is almost exclusively perme-
able to K1. Previous studies revealed that depolar-
ization of the glial membrane evokes an efflux of K1

into the ECS and that K1 accumulation depends on
the ECS volume in the vicinity of the cell (Berger et
al., 1991; Chvátal et al., 1997, 1999; Chvátal and
Syková, 2000). [K1]e was calculated from Vrev of Itail
using the Nernst equation. We did not consider K1

gradients inside the cells, changes in [K1]i (Ketten-
mann et al., 1983), or the permeability of astrocyte
membranes for other ions under resting conditions
(Ballanyi et al., 1987; Lascola et al., 1996, 1998),
because their contribution to the estimate of [K1]e is

TABLE 2. Values of a, l, and k9 During a 20-min Application of 50
mM K1 or Hypotonic Solution in the Gray Matter of Spinal Cord

Slices of GFAP1/1 and GFAP2/2 Mice*

Control 50 mM K 1 Hypotonic

GFAP1/1

a 0.27 6 0.01 0.07 6 0.01a 0.12 6 0.01a

l 1.54 6 0.02 1.92 6 0.03a 1.63 6 0.01b

k9 5.41 6 0.74 8.94 6 0.60b 8.58 6 0.56c

n 10 5 5
GFAP2/2

a 0.28 6 0.01 0.12 6 0.01a,d 0.16 6 0.01a,c

l 1.55 6 0.02 1.72 6 0.04b,d 1.66 6 0.02b

k9 6.31 6 0.87 6.99 6 2.00 11.26 6 1.45b

n 9 5 5

*The values of extracellular volume fraction a, tortuosity l, and nonspecific
uptake k9 (31023 s21) before (control) and at the time of maximal change evoked
by the application of 50 mM K 1 or hypotonic solution (200 mmol/kg) in GFAP1/1

and GFAP2/2 mice. Statistical significance was evaluated as the difference
between GFAP1/1 and GFAP2/2 mice (d and e, unpaired, two-tailed t-test) and
as the difference between ACF and either 50 mM K1 or hypotonic solution (a, b,
and c, unpaired, two-tailed t-test).
aP , 0.0001.
bP , 0.01.
cP , 0.05.
dP , 0.005.
eP , 0.05.

Fig. 5. The effect of hypotonic solution on the membrane potential
and reversal potential of tail currents in GFAP1/1 (A and B) and
GFAP2/2 astrocytes (C and D). The time course of membrane poten-
tials (Vm, open circles) and reversal potentials of the tail currents
(Vrev, circles) before, during, and after the application of hypotonic

solution (A and C). Using the Nernst equation, [K1]e was calculated
from the values of Vm (K1

m) and Vrev (K1
r) and their difference, which

is equal to the net increase in [K1]e after a depolarizing prepulse
DK1 5 K1

r 2 K1
m (B and D).
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small in relation to the resting K1 conductance. Our
experiments show that [K1]e after a depolarizing
prepulse is lower in the vicinity of GFAP2/2 astro-
cytes than around GFAP1/1 astrocytes, and thus re-
veal the regional differences in the ECS around these
cells. After the offset of a depolarizing prepulse, at
least two events are involved in the clearance of
increased K1 from the vicinity of the astrocyte mem-
brane: diffusion of K1 into the ECS and K1 uptake
into the cells. Astrocytes are characterized by small
tail currents after the offset of depolarization, there-
fore we suggest that only a small amount of K1

re-enters the astrocyte and most of the K1 released
by depolarization diffuses into the ECS and is prob-
ably taken up by other glial cells. Our suggestion is
supported by previous observations that large tail
currents after the offset of a depolarizing prepulse in
oligodendocytes are caused by an influx of K1 into
the cell (Berger et al., 1991; Chvátal et al., 1999).

Because the conductance of the membrane during a
depolarizing prepulse in GFAP2/2 and GFAP1/1 as-
trocytes is comparable, it is possible to assume that
the depolarizing prepulse causes an efflux of the
same amount of K1 from the cell. A smaller increase
in [K1]e around GFAP2/2 astrocytes after a depolar-
izing prepulse could therefore be explained by faster
diffusion of K1 from the immediate vicinity of the
astrocyte membranes, probably resulting from fewer
diffusion barriers around GFAP2/2 astrocytes. Our
hypothesis of faster K1 flow through the less compact

Fig. 6. Typical diffusion curves (A and B) and the time course of
changes in volume fraction (a) and tortuosity (l) during the applica-
tion of 50 mM K1 (C) and hypotonic solution (D) in dorsal horn gray
matter of spinal cord slices of 8- to 10-day-old GFAP1/1 and GFAP2/2

mice. The normalized diffusion curves obtained in ACF (c) and at the
time of maximal changes evoked by the application of 50 mM K1 (K1)
or hypotonic solution (HS) are shown with the corresponding values of
a and l (A and B). Each data point of a and l was recorded at 5-min
intervals before, during, and after the application of 50 mM K1 (C)
and hypotonic solution (D). Stars indicate significant difference of P ,
0.05.

Fig. 7. The time course of changes in ECS volume fraction (a) and
tortuosity (l) during and after spreading depression (A) in the so-
matosensory cortex of adult GFAP1/1 and GFAP2/2 mice and typical
diffusion curves (A inset). A inset: Normalized diffusion curves ob-
tained before (c 5 control) and during spreading depression (SD) are
shown with corresponding values of a and l (array spacing r 5 138
mm, transport number n 5 0.336). A: a and l were recorded at 5-min
intervals before, during, and after spreading depression. Statistically
significant differences between the values obtained in GFAP1/1 and
GFAP2/2 mice are marked with asterisks (unpaired t-test, P , 0.05).
B: Changes in TMA1 extracellular concentration before, during, and
after spreading depression. A certain nonzero concentration of TMA1

in the tissue was maintained by continuous application of a small bias
current (20 nA). Spreading depression (evoked by needle prick) is
accompanied by an increase in TMA1 extracellular concentration due
to cell swelling. Diffusion curves (iontophoretic current of 200 nA) are
superimposed and their respective diffusion parameters shown. Note
that the duration of spreading depression in GFAP2/2 mice is pro-
longed.
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ECS in the vicinity of GFAP2/2 astrocytes is sup-
ported by the fact that most GFAP2/2 astrocytes
exhibited a reduced number and width of processes
in comparison to GFAP1/1 astrocytes. Therefore, the
smaller cross-sectional diameter of GFAP-deficient
astrocyte processes, also shown by McCall et al.
(1996), and the reduced number of processes ob-
served in our experiments may result in reduced K1

accumulation after a depolarizing prepulse. It is also
reasonable to assume that not only astrocytic pro-
cesses but also the proteins of the extracellular ma-
trix or adhesion molecules produced by astrocytes
(Viggiano et al., 2000) might affect the ECS in the
close vicinity of the astrocytic membrane and thus
the flow of K1 from the cell.

In contrast to the smaller K1 accumulation in the
vicinity of GFAP2/2 than GFAP1/1 astrocytes, we
found no differences in the ECS diffusion parameters of
spinal cord gray matter between GFAP1/1 and
GFAP2/2 mice under physiological conditions. This
may result from the fact that changes in [K1]e are
measured in the close vicinity of the astrocyte mem-
brane, while diffusion parameters are measured over a
volume of the order of 1023 mm3, which includes glial
cells, neurons, cell processes, and macromolecules of
the extracellular matrix forming diffusion barriers. In
the cortex, l was significantly lower in GFAP2/2 mice,
a and k9 were similar to controls.

Effect of Cell Swelling on Membrane Properties
and ECS Diffusion Parameters

During cell swelling, evoked either by 50 mM K1 or
by hypo-osmotic stress, the difference between K1 ac-
cumulation in the vicinity of GFAP2/2 and GFAP1/1

astrocytes evoked by a depolarizing prepulse and ECS
diffusion parameter changes became more pronounced.
In GFAP1/1 astrocytes, D[K1]e calculated during the

application of 50 mM K1 or hypotonic solution was
similar to that observed in astrocytes in the dorsal horn
of rat spinal cord slices (Chvátal et. al. 1999); however
D [K1]e observed in the vicinity of GFAP2/2 astrocytes
was much smaller. Since the amplitude of the depolar-
izing prepulse and the intracellular concentration of
K1 remained unchanged, one possible explanation for
this finding could be restricted swelling of GFAP2/2

astrocytes and therefore a smaller decrease in the ECS
volume available for K1 accumulation in the vicinity of
the cell.

Swelling of astrocytes in isotonic ACF containing
high K1 or in hypotonic ACF has been described for
many tissue cultures (Moller et al., 1974; Walz and
Mukerji, 1988; Petito et al., 1991; Walz, 1992; Kimel-
berg et al., 1995). In our experiments, the application of
hypo-osmotic solution evoked a hyperpolarization of
astrocytes in contrast to the depolarization observed
under the same conditions in cell culture experiments
(Kimelberg and O’Connor, 1988; Kimelberg and Ket-
tenmann, 1990; Vargová et al., 2001). In addition to
increased membrane conductance during the applica-
tion of hypo-osmotic solution, cell volume regulation
involves a number of distinct ionic channels, transport-
ers, and carriers, which can be different in astrocytes in
situ and in vitro, and therefore the observed difference
in their response to hypo-osmotic solution may arise
from the different membrane properties of glial cells in
culture and in acute brain slices. In experiments per-
formed in vivo or in situ in relatively thick slices (400
mm in our experiments), it was shown that during cell
swelling water moves from the extra- to the intracellu-
lar compartments and produces a decrease in ECS
volume and an increase in tortuosity (Syková, 1997;
Nicholson and Syková, 1998; Syková et al. 1999).
Smaller ECS volume changes around GFAP2/2 astro-
cytes during cell swelling, as calculated from Vrev of
Itail, are therefore in agreement with the changes in the
ECS diffusion parameters, in which a larger decrease
in a was observed in GFAP1/1 than in GFAP2/2 slices.
These data are also compatible with previously re-
ported findings showing 25%–46% lower release of tau-
rine following hypotonic stress in primary cultures of
reactive astrocytes devoid of IFs (GFAP2/2 vimen-
tin2/2) (Ding et al., 1998).

Cortical spreading depression evoked changes in
ECS diffusion parameters similar to those observed
after K1 application in vitro. This is not surprising,
since the elevation of [K1]e to 60 mM is a hallmark of
this phenomenon. Similarly, the changes in GFAP2/2

mice tended to be less pronounced than in GFAP1/1

mice. The most interesting finding was the prolonged
duration of the phenomenon. After superfusion of the
slice with 50 mM K1 and after SD, l always returned
to its control values in both GFAP1/1 and GFAP2/2

mice, while after application of a hypotonic solution l
remained increased in GFAP2/2 slices. This might be
explained by two different mechanisms of cell swelling,
evoked by 50 mM K1 or hypotonic solution, which may
reflect differences in the ECS, including astrocytes

TABLE 3. Values of a, l, and k9 Before, During, and After
Spreading Depression (SD) in the Cerebral Cortex of GFAP1/1

and GFAP2/2 Mice*

Control SD
20 min

after SD
40 min

after SD

GFAP1/1

a 0.23 6 0.02 0.05 6 0.01a 0.26 6 0.01 0.25 6 0.02
l 1.67 6 0.04 2.29 6 0.10a 1.69 6 0.04 1.70 6 0.04
k9 10 6 3 37 6 5a 14 6 8 9 6 2
n 6 3 6 5

GFAP2/2

a 0.22 6 0.01 0.08 6 0.02b 0.23 6 0.02 0.24 6 0.03
l 1.59 6 0.03 1.97 6 0.07b,c 1.61 6 0.03 1.60 6 0.04
k9 10 6 4 28 6 8a 13 6 5 11 6 5
n 7 7 7 6

*The values of the extracellular volume fraction a, tortuosity l, and nonspecific
uptake k9 (31023 s21) before, at the time of maximal change evoked by spreading
depression, and 20 and 40 min after SD in GFAP1/1 and GFAP2/2 mice. Sta-
tistical significance was evaluated as the difference between GFAP1/1 and
GFAP2/2 mice (c, unpaired, two-tailed t-test) and as the difference between
control values before SD and the values during and after SD (a and b, paired,
two-tailed t-test).
aP , 0.05.
bP , 0.01.
cP , 0.05.
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with their processes, neurons, proteins of the extracel-
lular matrix, and adhesion molecules (Syková and
Chvátal, 2000).

In GFAP1/1 and GFAP2/2 mice, the application of 50
mM K1 results in a greater decrease in ECS volume
and in much greater changes in ECS tortuosity than
the application of a hypotonic solution. Syková et al.
(1999) showed that the large increase in tortuosity
found during cell swelling evoked by high K1 is related
to astrogliosis. It has also been reported that exposure
to high K1 results in increased immunoreactivity for
GFAP (Canady et al., 1990; Del Bigio et al., 1994; Del
Cerro et al., 1996). Furthermore, hypotonic solution
results in hyperpolarization of glial cells to approxi-
mately 280 mV, while high K1 results in depolariza-
tion of glial cells to 218 mV (Figs. 4 and 5). Such a
depolarization may result in the activation of intracel-
lular pathways and/or the release of neuroactive sub-
stances, e.g., ions and neurotransmitters, which may
affect the composition of the ECS and may also explain
the greater changes in ECS volume and tortuosity ob-
served during the application of high K1 in comparison
to hypotonic stress.

Using GFAP2/2 mice as a model system, we have
shown that GFAP and intermediate filaments affect
the ability of astrocytes to control their volume during
swelling and therefore may play an important role
during repetitive neuronal activity and pathological
states such as spreading depression, seizures, and an-
oxia/ischemia.
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