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ABSTRACT
We studied the properties of GFAP-expressing cells in adult
mouse striatum using acute brain slices from transgenic
animals expressing EGFP under GFAP promoter. Under
physiological conditions, two distinct populations of GFAP-
EGFP cells could be identified: (1) brightly fluorescent cells
had bushy processes, passive membrane properties, gluta-
mate transporter activity, and high gap junction coupling
rate typical for classical astrocytes; (2) weakly fluorescent
cells were characterized by thin, clearly distinguishable
processes, voltage-gated currents, complex responses to kai-
nate, and low coupling rate reminiscent of an astrocyte sub-
type recently described in the hippocampus. Mild focal cere-
bral ischemia confers delayed neuronal cell death and
astrogliosis in the striatum. Following middle cerebral ar-
tery occlusion and reperfusion, brightly fluorescent cells
were the dominant GFAP-EGFP population observed within
the ischemic lesion. Interestingly, the majority of these
cells expressed voltage-gated channels, showed complex re-
sponses to kainate, and a high coupling rate exceeding that
of brightly fluorescent control cells. A minority of cells had
passive membrane properties and was coupled less com-
pared with passive control cells. We conclude that, in the
adult striatum, astrocytes undergo distinct pathophysiologi-
cal changes after ischemic insults. The dominant population
in the ischemic lesion constitutes a novel physiological phe-
notype unlike any normal astrocyte and generates a large
syncytium which might be a neuroprotective response of
reactive astrocytes. VVC 2008 Wiley-Liss, Inc.

INTRODUCTION

Recent evidence indicates that there is a population of
glial cells in the brain distinct from classical astrocytes,
oligodendrocytes and microglia. These cells are charac-
terized by the expression of proteoglycan NG2 (for
‘‘neuron-glia 2’’) and were first considered precursor cells
in the oligodendrocyte lineage (Bergles et al., 2000), pre-
sumably corresponding to the O2A progenitor cell
described by Raff et al. (1983). Using transgenic mice in
which enhanced green fluorescent protein (EGFP) is

expressed under the control of the glial fibrillary acidic
protein (GFAP) promoter, Matthias et al. (2003) morpho-
logically distinguished these cells from the classical
astrocytes. They are characterized by a low level of
GFAP-promoter activity and have an extended net of
thin processes surrounding the soma as revealed by
intracellular labeling. Physiologically, they are also
distinct from classical astrocytes in that they express
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, voltage-gated ion channels but no
glutamate transporters. While in the hippocampus clas-
sical astrocytes display strong gap junctional coupling,
these weakly fluorescent cells do not (Wallraff et al.,
2004). As originally reported by Bergles et al. (2000),
these cells receive both glutamatergic and GABAergic
synaptic input. Furthermore, synapses between neurons
and NG2 positive cells may undergo activity-dependent
modifications analogous to long-term potentiation at
excitatory synapses (Ge et al., 2006).

The brain responds to injury by an increase in the
number of astrocytes, hypertrophy of these cells, and
upregulation of GFAP. This process is termed astroglio-
sis. Several previous studies have shown that reactive
astrocytes express voltage-gated currents (Hinterkeuser
et al., 2000; MacFarlane and Sontheimer, 1997) which
are affected by proliferation at the site of injury (Bordey
et al., 2000, 2001). An upregulation of Kdr currents in re-
active astrocytes was reported in situ (Bordey and Son-
theimer, 1998; Bordey et al., 2001) and in vitro (Anderova
et al., 2004; MacFarlane and Sontheimer, 1997; Perillan
et al., 1999, 2000). These outwardly rectifying K1 chan-
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nels are thought to be involved in the control of cell pro-
liferation. After focal cortical freeze-lesion, dividing cells
showed an enhanced expression of Kdr channels but did
not express Kir channels (Bordey et al., 2000, 2001).

Here we used short-term middle cerebral artery occlu-
sion (MCAo) followed by reperfusion as a model of mild
brain ischemia to study the impact of ischemia on astro-
cyte physiology. Thirty-minute MCAo/reperfusion confers
delayed neuronal cell death and astrogliosis in the stria-
tum sparing the cortex (Endres et al., 1998; Katchanov
et al., 2001, 2003). We have previously characterized
membrane properties of the nestin1 cell population in
this model: while control nestin1 cells in the striatum
constitute a heterogeneous population with passive and
complex membrane properties, all nestin1 cells exhib-
ited complex membrane currents 4 days after stroke
(Kronenberg et al., 2005). In this study, we further
investigated changes in physiological properties of astro-
cytes in response to mild brain ischemia. In particular,
using whole cell patch-clamp recordings on acute brain
slices obtained from transgenic mice with GFAP-EGFP
expression, we set out to identify subpopulations of
astrocytes in the striatum. Some of these cells were also
filled with biocytin, a molecule which diffuses through
gap junctions between coupled cells, to assess the extent
of gap junction coupling. In view of our previous report
(Kronenberg et al., 2005), we have also investigated cou-
pling properties and glutamate receptor expression in
nestin1 cells after MCAo/reperfusion.

MATERIALS AND METHODS
Animals

All experimental procedures adhered to institutional
guidelines and were approved by an official committee
(LaGeSo). Transgenic mice expressing EGFP under the
control of the human GFAP promoter have been
described in detail elsewhere (Nolte et al., 2001). Mice
expressing GFP under the control of nestin gene regula-
tory regions have been generated as an effective tool for
isolation, morphological, and functional analysis of neu-
ral stem and precursor cells (Fukuda et al., 2003; Yama-
guchi et al., 2000). Mice were bred and maintained in
the animal facility at the Max-Delbrueck Center and
were between 8 and 12 weeks old at the beginning of
the experiments.

Induction of Cerebral Ischemia

Mice were anesthetized for induction with 1.5% iso-
flurane and maintained in 1.0% isoflurane in 69% N2O
and 30% O2 with the use of a vaporizer. Left MCAo was
induced with a silicone-coated 8.0 nylon monofilament
for 30 min, followed by reperfusion as described previ-
ously (Endres et al., 1998). To insure equivalent levels of
ischemia, regional cerebral blood flow was measured
using laser Doppler flowmetry and flexible skull probe.
During the monitoring period until 1 h after reperfusion,
core temperature of the mice was maintained at 36.5�C 6

0.5�C using a heating pad. Na€ıve untreated animals are
referred as controls to distinguish from sham-operated
ones where a filament was inserted into the carotid ar-
tery without further advancement. After a survival time
ranging from 1 to 70 days post-MCAo, animals were sac-
rificed for electrophysiological analysis.

Acute Brain Slice Preparation

Preparation of acute brain slices from GFAP-EGFP
and nestin-GFP transgenic mice was performed as previ-
ously described (Filippov et al., 2003; Kronenberg et al.,
2005; Wang et al., 2005). Briefly, mice were decapitated
and the brains were removed and washed. Coronal brain
slices (150 lm thick) were cut from the forebrain at 4�C
using the Leica VT1000S (Leica, Wetzlar, Germany) or
Microm HM650V vibratome (Microm, Walldorf, Ger-
many). This was performed in ice-cold standard bath
solution containing (in mM): 134 NaCl, 2.5 KCl,
1.3 MgCl2, 2 CaCl2, 1.25 K2HPO4, 26 NaHCO3, and 10
D-glucose equilibrated with 95% O2 and 5% CO2; pH 7.4.
Subsequently, brain slices were gently transferred to a
holding chamber where they were stored in the same
bath solution at room temperature (21–25�C) for at least
30 min before recording.

Patch-Clamp Recordings and Biocytin Dye-Filling

Acute brain slices were gently transferred to a holding
chamber mounted on the stage of an upright microscope
(Axioskop, Carl Zeiss, Oberkochen, Germany). The
chamber was continuously perfused with standard bath
solution. Whole cell patch-clamp recordings were per-
formed using an EPC 9 patch-clamp amplifier in combi-
nation with the TIDA software (HEKA, Lambrecht, Ger-
many). Patch pipettes were pulled from borosilicate
capillaries (inner and outer diameter, 0.87 and 1.5 mm;
Hilgenberg, Malsfeld, Germany) using a P-2000 laser-
based pipette puller (Sutter Instrument, Novato, CA).
Pipette solution consisted of (in mM): 130 KCl, 2 MgCl2,
0.5 CaCl2, 5 EGTA, and 10 HEPES; pH 7.3. To confirm
intracellular access, 10 lg/mL Alexa Fluor 594 (Invi-
trogen, Karlsruhe, Germany) was always added to the
pipette solution. For gap junction coupling experiments,
0.5–0.6% biocytin (Sigma-Aldrich, Munich, Germany)
was also included in the pipette solution. The open re-
sistance of the patch pipettes ranged from 6 to 8 MX.
Slight positive pressure was applied while approaching
cells to avoid contamination of the pipette tips. Cells
were quickly approached and sealed to avoid leakage of
biocytin. Subsequently, cells were filled for 20 min with
continuous perfusion to wash out residue biocytin in the
extracellular space. All drugs were applied via bath per-
fusion. To minimize indirect neuronal effects induced by
neurotransmitter applications, 0.5 lM tetrodotoxin and
0.1 mM CdCl2 were added to the bath solution to block
voltage-gated sodium and calcium channels, respectively.
6-Cyano-7-nitro-quinoxaline-2,3-dione (50 lM) (CNQX)
was also included while measuring glutamate trans-
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porter response to minimize interference by AMPA/kai-
nate (KA) glutamate receptor activity. All experiments
were performed at room temperature (21–25�C). Temper-
ature fluctuated by <1�C during individual experiments.

Immunohistochemistry and Biocytin Staining

Coronal sections (40 lm) were cut from paraformalde-
hyde-perfused mouse brains using sliding microtome
(Leica, Bensheim, Germany). Polyclonal guinea pig anti-
GFAP primary antibodies (AdvancedImmunoChemical,
Long Beach, CA) diluted to 1:1,000 in Tris-buffered sa-
line containing 0.1% Triton X-100 and 3% donkey serum
was used following the peroxidase method with biotinyl-
ated donkey anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA) at 1:500, ABC Elite rea-
gent (Vector Laboratories, Burlingame, CA), and diami-
nobenzidine (DAB; Sigma) as chromogen. For biocytin
staining in acute brain slices, cells were filled with 0.5–
0.6% biocytin via patch pipettes by whole-cell patch-
clamp recording for 20 min. Only a single cell was filled
in a given brain slice. After patch pipettes were carefully
removed, slices were fixed in 4% paraformaldehyde and
0.1% glutaraldehyde for 12 h at 4�C, and subsequently
washed with 0.1 M sodium phosphate buffer (pH 7.4)
and stored at 4�C before biocytin staining. Biocytin-filled
cells were identified according to a previously described
protocol (D’Ambrosio et al., 1998). Briefly, endogenous
peroxidases were suppressed with 1% H2O2 for 2 h. To
reduce nonspecific background staining and to permeab-
ilize membranes, samples were then incubated with 2%
bovine serum albumin (Boehringer, Ingelheim, Ger-
many) and 0.25% dimethysulfoxide (Sigma-Aldrich) for
1 h. Samples were then treated using Elite ABC kit
(Vector Laboratories) for 48 h at 4�C according to manu-
facturer’s instructions. After preincubation with 0.025%
DAB and 0.005% NiCl for 15 min, fresh DAB and NiCl
containing 0.002% H2O2 were added for 60 min. Finally,
0.1 M Tris buffer (pH 7.4) was added to stop the reaction
and sections were mounted, dried, coverslipped on gela-
tin-coated slides. Sections were examined under a light
microscope (Axioplan, Carl Zeiss, Oberkochen, Germany)
and biocytin1 single cells or networks were photo-
graphed by a digital camera (AxioCam, Carl Zeiss) and
images were stored on computer. The number of biocy-
tin-filled cells in a slice was counted.

Identification of GFAP-EGFP
and Nestin-GFP Cells

EGFP1 cells were identified by fluorescence micros-
copy with excitation at 488 nm generated by a mono-
chromator (Polychrome IV, Till Photonics, Graefelfing,
Germany). The emitted light at 530 6 10 nm was visual-
ized with standard fluorescence optics and captured
with a CCD camera QuantiCam (Phase, Luebeck, Ger-
many). Similarly, cells filled with Alexa Fluor 594 were
detected at an excitation and emission wavelength of

589 and 616 6 4 nm, respectively. GFAP1 and nestin1
cells selected for patch-clamp analysis were located
�10–20 lm below the surface of the brain slice.

Analysis and Statistics

All data were analyzed and plotted by TIDA and Ori-
gin (MicroCal, Northampton, MA). Values are expressed
as mean 6 standard error of the mean (SEM). Differen-
ces between groups were evaluated by unpaired Stu-
dent’s t-test. P-values of <0.05 were considered statisti-
cally significant.

RESULTS
Two Populations of GFAP1 Cells can be

Distinguished in the Striatum by Morphology
and Membrane Currents

Astrocytes in striatum were identified by GFAP pro-
moter-driven EGFP fluorescence in 150-lm-thick acute
brain slices obtained from transgenic mice. We could dis-
tinguish two astroglial cell populations by their charac-
teristic EGFP-fluorescence intensity and morphological
features: astrocytes with high fluorescence intensity dis-
played highly ramified processes, whereas cells with low
fluorescence intensity had round somata and few proc-
esses with little, if any branching (see Fig. 1). The mor-
phological features of individual cells were even better
visualized after cells were dialyzed with the hydrophilic
fluorescent dye Alexa Fluor 594 via the patch pipette.
This further revealed that some cells with low fluores-
cence intensity extended few thin processes emanating
from the soma. To quantify the distribution of the two
astrocyte populations, we counted brightly and weakly
fluorescent cells in a given visual field while adjusting
focus to properly account for cells in all different layers
and found 40% brightly and 60% weakly fluorescent
cells (n 5 476 cells; six animals). Cells which could not
be unequivocally classified into one of the groups were
not included. These two populations of GFAP1 cells in
the striatum were visually selected by their distinct fluo-
rescence intensity and morphology and subsequently
approached with patch pipettes. After establishing the
whole-cell recording configuration (Hamill et al., 1981),
membrane currents were recorded with a series of volt-
age jumps from a holding potential of 270 mV to de-
and hyperpolarizing potentials ranging from 2210 to
180 mV (50-ms duration with 10-mV increments). A
total of 91 cells with stable membrane potentials
between 250 and 285 mV were analyzed. All 43
brightly fluorescent cells were found to have passive
membrane currents with no apparent time and voltage-
dependence which resulted in a linear current to voltage
(I/V) curve (I/V curve not shown). The resting membrane
potential and input resistance were 267.4 6 1.4 mV and
49.4 6 4.4 MX, respectively (n 5 43). Among the weakly
fluorescent cells, only four of 48 cells were characterized
by passive currents whereas the majority (44 of 48)
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expressed voltage-gated currents. Outward currents
triggered by depolarization exhibited delayed activation
and subsequent inactivation. Inward currents activated
with hyperpolarizing voltage jumps inactivated in 16 of
48 cells. In the remaining cells, there was no apparent
inactivation (data not shown). The resting membrane
potential of the weakly fluorescent cells was 272.3 6
0.8 mV and input resistance was 57.1 6 3.1 MX (n 5
48). In separate experiments from three GFAP-EGFP
animals, immunohistochemistry revealed that 55% of all
brightly fluorescent cells (n 5 150) and none of the
weakly fluorescent cells (n 5 150) were GFAP protein
positive.

Brightly Fluorescent GFAP1 Cells Form Large,
Weakly Fluorescent Cells Form Small

Coupled Networks

We studied gap junction coupling by dialyzing weakly
and brightly fluorescent cells with Alexa Fluor 594 and
biocytin (0.5–0.6%) during whole-cell recording (see
Fig. 2). Only cells with stable resting potential during
the recording period were evaluated. After dye filling for
20 min during recording, tissue was fixed and stained
for biocytin1 cells. Only biocytin filled structures resem-
bling a cell body in the range of 10 lm were counted.
We also tested whether pipettes without a seal produced

much leak and found that our perfusion system effi-
ciently removed extracellular biocytin. All passive cells
were coupled to a network of other cells. The network of
biocytin1 cells consisted on average of 40 6 7 cells (n 5
27; membrane potential 270.4 6 0.8 mV). We also found
biocytin-spread from the weakly fluorescent cells with
voltage-gated currents. On average, the networks of
these cells consisted of 13 6 3 cells (n 5 16; membrane
potential 271.6 6 1.0 mV). Thus, in contrast to hippo-
campus, the two types of astrocytes are coupled in stria-
tum, albeit to a significantly different extent (P < 0.01).

Weakly Fluorescent GFAP1 Cells Express
Functional AMPA/KA Glutamate Receptors

To test for the functional expression of AMPA/KA glu-
tamate receptors, we applied KA while recording mem-
brane currents from the two types of GFAP1 cells
(Figs. 3 and 4). Series of de- and hyperpolarizing voltage
jumps ranging from 2130 to 190 mV from a holding
potential of 270 mV were applied repeatedly with 6-s
intervals. Bath application of KA (0.5 mM for 30 s) trig-

Fig. 2. Gap junction coupling network of brightly and weakly fluo-
rescent cells. A–C. A brightly fluorescent GFAP-EGFP cell (A) was
filled with 10 lg/mL Alexa Fluor 594 (B) and 0.5–0.6% biocytin for
20 min during patch-clamp recording. The membrane current pattern (C)
in response to a series of voltage jumps is shown in the inset in Fig. 1.
D–F. Similar approach as in A–C for a weakly fluorescent complex cell.
G. Biocytin staining revealed a large coupling network from the passive
cell. The inset shows the center of the image at higher magnification.
H. The biocytin labeling was confined to a single cell. Cellular processes
of the filled cell can be recognized as small dark spots surrounding cell.
See Fig. 6G for statistical quantification of coupling networks. Fluores-
cence intensity among the images is not comparable since the exposure
time was varied to create good images. Scale bar denotes 20 lm.

Fig. 1. Two populations of morphologically and physiologically dis-
tinct astrocytes in striatum. A. EGFP fluorescence in a striatal slice from
an adult GFAP-EGFP transgenic animal (short and long arrows denote
weakly and brightly fluorescent cells, respectively). B, C. Sections from A
are shown at higher magnification. D–F. A brightly fluorescent GFAP-
EGFP cell (D) was filled with 10 lg/mL Alexa Fluor 594 (E). The corre-
sponding membrane currents in response to de- and hyperpolarizing volt-
age steps (see inset in the middle) are shown in F. G–I. Similar approach
as in D–F for a weakly fluorescent cell. Fluorescence intensity among the
images is not comparable since the exposure time was varied to create
good images (i.e. low fluorescent cells were exposed longer). Scale bar
denotes 40 lm in A, 20 lm in B–E, G, and H.
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gered an inward current of 1,057.6 6 91.4 pA in all
weakly fluorescent cells (n 5 27). The difference
between I/V curves obtained at various time points
reflected current components which changed over time.

KA evoked a complex response, which was composed
of three different components. Within few seconds after
application, the resting K1 conductance decreased and
the reversal potential of this blocked conductance was at
270 mV (see Fig. 3). Both the inward and the outward
K1 conductance were affected. Subsequently, a conduct-
ance increase developed which had a reversal potential
of 0 mV indicating that a cationic current was activated.
This conductance increase returned to baseline within
about 4 min after washout of KA. In 10 of 30 cells, an
outward rectifying current developed with a delay of 3–
4 min after washout of KA. The reversal potential of
this current was at 270 mV. This outward K1 conduct-
ance increase was transient and returned to baseline af-
ter about 5 min. The resting K1 conductance, which was
reduced in amplitude at the beginning of the response,
remained reduced in 20 of 30 cells, even after 20-min re-
cording time (Fig. 4A). In conclusion, KA triggered in all
cells, (1) a transient cationic current; (2) a rapid and
sometimes long-lasting blockade of the resting K1 con-

ductance; and in some cells, (3) a transient increase of
an outwardly directed K1 conductance with a significant
delay. A second bath application of KA (0.5 mM for 30 s)
after a 5–10-min wash elicited a second current response
with about half the amplitude of the first one (Supple-
mentary Fig. 1). This complex response to KA was
completely blocked by 50 lM CNQX, the AMPA/KA glu-
tamate subtype receptor blocker (n 5 5/5; Fig. 3A), and
50 lMGYKI 53655, the AMPA receptor antagonist (n5 5/5;
data not shown).

In the brightly fluorescent cells, when compared with
the weakly fluorescent ones, KA triggered a smaller
inward current of 248.8 6 64.9 pA in only 52% of the
cells (12 of 23; Figs. 4B,C). This response consisted of
only one component, namely a conductance increase
with a reversal potential close to 0 mV. Thus, brightly
and weakly fluorescent cells were distinct based on their
response to KA. The multicomponent KA response was
induced in almost all weakly fluorescent cells, while
only a subpopulation of brightly fluorescent cells

Fig. 3. Complex kainate current response in a weakly fluorescent
GFAP-EGFP cell. A. A weakly fluorescent GFAP-EGFP cell was
clamped at 270 mV and currents were recorded in response to series of
de- and hyperpolarizing voltage steps to membrane potentials from
2130 to 190 mV repeated every 6 s. Kainate (KA; 0.5 mM for 30 s)
was applied as indicated by bar on top of the trace and triggered a com-
plex current response. In the presence of 50 lM 6-cyano-7-nitro-qui-
noxaline-2,3-dione (CNQX), KA did not trigger a response (KA 1
CNQX). B. Traces with higher time resolution show one series of volt-
age steps before (1), during (2), and after (3, 4) KA response as indi-
cated in A. C. Current to voltage curves were generated from currents
shown in B by subtracting 1 by 4 to show the long-lasting block of the
resting K1 conductance, 2 to show the cationic current, and 3–4 to
illustrate the transient activation of a K1 outward current. To minimize
indirect effects by neuronal activity, recordings were carried out in the
presence of 0.5 lM tetrodotoxin and 0.1 mM CdCl2.

Fig. 4. Simple kainate current response in weakly and brightly fluo-
rescent GFAP-EGFP cells. A, B. Patch-clamp recordings were per-
formed as described in the legend to Fig. 3. Kainate (KA; 0.5 mM for
30 s) was applied as indicated by bar to a weakly (A) and brightly (B)
fluorescent cell as described in the legend to Fig. 3. Traces with higher
time resolution show the voltage steps before (1) and during (2) KA
response in the brightly fluorescent cell. Current to voltage curve was
generated by subtracting 2 by 1. C. Left: Bar chart showing proportion
of cells responsive to KA for weakly (n 5 27/27) and brightly (n 5 12/
23) fluorescent cells; Right: mean 6 SEM amplitudes of KA-induced
inward currents were determined from weakly and brightly fluorescent
cells which had responded. To minimize indirect effects by neuronal ac-
tivity, recordings were carried out in the presence of 0.5 lM tetrodo-
toxin and 0.1 mM CdCl2. **P < 0.01.
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responded to KA and, moreover, showed only a simple
response. The KA-induced amplitude also differed
between the two cell populations: it was significantly
larger in the weakly fluorescent cells (P < 0.01; Fig. 4C).

Glutamate Transporter Currents are
Predominantly Detected in Brightly Fluorescent

GFAP1 Cells

To test for the functional expression of glutamate
transporters, we applied D-aspartate (D-Asp; 0.5 mM for
30 s), which is a substrate for glutamate transporters
but not a ligand for the glutamate receptor (see Fig. 5).
In the brightly fluorescent cells, D-Asp triggered an
inward current in most cells (85.2%; n 5 23/27), while
among the weakly fluorescent cells only 29% (n 5 9/31)
responded. Moreover, the current amplitude of the
brightly fluorescent cells was 158.9 6 21.3 pA, which is
about twice as much as that detected in the weakly fluo-
rescent cells (85.1 6 9.6 pA; P < 0.01). The I/V curve of
the D-Asp-induced current showed an extrapolated re-
versal potential at high positive potentials. We could

not, however, reverse the current even at potentials as
positive as 100 mV.

MCAo/Reperfusion Results in Morphological
Changes in GFAP1 Cells

To study the impact of mild brain ischemia on astrocyte
properties, we examined the brains of mice 1, 4, 7, 14, 28,
and 70 days after 30-min MCAo/reperfusion (Figs. 6A,B).
The majority of astrocytes in the core or border of the
lesion area showed high EGFP fluorescence, similar to
brightly fluorescent astrocytes in normal striatum. The
morphology of these cells, however, resembled that of the
weakly fluorescent cells in normal striatum: cells had
round somata and long, thin processes without fine

Fig. 5. Glutamate transporter currents in weakly and brightly fluo-
rescent cells. A. Membrane currents were recorded with a protocol as
described in the legend to Fig. 3 with bath application of D-aspartate
(D-Asp; 0.5 mM for 30 s). Traces with higher time resolution show volt-
age steps before (1) and during (2) D-Asp response. Current to voltage
curve was generated by subtracting currents 2 by 1. B. Similar
approach as in A with a brightly fluorescent cell. 3 and 4 denote time
points before and during D-Asp response, respectively. Current to volt-
age curve was generated from 4 to 3. C. Left: Bar chart showing pro-
portion of cells responsive to D-Asp for weakly (n 5 9/31) and brightly
(n 5 23/27) fluorescent cells; Right: mean 6 SEM amplitudes of D-Asp-
induced inward current were determined from weakly and brightly flu-
orescent cells which had responded to D-Asp. To exclude an indirect
contribution from neuronal glutamate receptors, recordings were
carried out in the presence of 0.5 lM tetrodotoxin, 0.1 mM CdCl2 and
50 lM 6-cyano-7-nitro-quinoxaline-2,3-dione. **P < 0.01.

Fig. 6. Unique morphological and physiological properties of cells in
response to 30-min MCAo/reperfusion. A. Image showing uniformly
bright GFAP-EGFP fluorescence from astrocytes in core of stroke
lesion. B. Bar chart indicating percentages of cells with complex versus
passive membrane current pattern (as described in Fig. 1) in control
striatum as well as in the lesion sites 1, 4, 7, 14, 28, 70 days after
stroke. C–E. A GFAP-EGFP1 cell 7 days after MCAo/reperfusion was
filled with 10 lg/mL Alexa Fluor 594 and 0.5–0.6% biocytin for 20 min.
The membrane currents in response to a series of voltage steps as
described in the legend to Fig. 1 is shown in E. F. Biocytin staining
revealed a large network of coupled cells in the same slice as shown in
C and D. The inset shows the center of the image at higher magnifica-
tion. G. Mean 6 SEM numbers of cells coupled to passive and complex
cells were compared in control and lesion sites 4 and 7 days after
MCAo/reperfusion. Fluorescence intensity among the images is not
comparable since the exposure time was varied to create good images.
Scale bar denotes 20 lm. *P < 0.05; **P < 0.01.
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branching. The number of processes appeared to have
increased. In some cases, we found cells which were close
to blood vessels. Some astrocytes even had thickened,
enlarged, and long processes that terminated on blood
vessels. We quantified the distribution of the GFAP-
EGFP positive cells in 12 animals (31 slices) at different
time points after MCAo/reperfusion. Less than 5% of
EGFP1 cells (39 of 818) could be classified, based on mor-
phology and fluorescence level, as typical brightly or
weakly fluorescent astrocytes as in control animals.

Majority of GFAP1 Cells After MCAo/Reperfusion
Express a Complex Current Pattern and

Functional AMPA/KA Receptors

We studied the patterns of membrane currents in the
GFAP1 cells in striatum on 1, 4, 7, 14, 28, and 70 days
after MCAo/reperfusion where three to four animals
were sacrificed at each time point. The majority of cells
(85.1%; n 5 63/74) found in the core or border of the
stroke lesion expressed complex voltage-gated currents.
Depolarization triggered a delayed, inactivating outward
current accompanied by inwardly rectifying currents
recorded with hyperpolarization. The resting membrane
potential and resistance of these complex cells were
272.5 6 0.8 mV and 73.2 6 6.6 MX, respectively (n 5
46). These values were similar to those of control com-
plex cells but significantly different from control passive
cells (P < 0.01). The remainder 14.9% (n 5 11/74) of
cells after stroke expressed passive currents with a lin-
ear I/V relationship similar to the brightly fluorescent
cells in normal striatum (data not shown). The relation
between complex and passive cells is illustrated in
Fig. 6B.

In addition, KA triggered a complex response in all
cells analyzed after stroke (n 5 50). The KA response
was similar to the complex response found in weakly
fluorescent cells in control animals. The KA-induced
inward current recorded at 270 mV was 748.5 6 73.1 pA.
Furthermore, D-Asp induced an inward current only in
51% of cells (n5 22/43). The D-Asp-induced inward current
was 70.06 16.3 pA.

In sham-operated animals, we recorded from brain sli-
ces 4 and 7 days after operation and could distinguish
the two populations of astrocytes as in untreated control
animals. Five of five highly fluorescent cells were pas-
sive and six of six weakly fluorescent cells expressed
voltage-gated currents. This indicates that other factors
associated with the intervention (i.e. anesthesia, skin
incision, stress related to the operation, etc.) did not
result in physiological and morphological changes in the
astrocyte populations.

Altered Pattern of Gap Junction Coupling in
GFAP1 Cells After MCAo/Reperfusion

After MCAo/reperfusion, the majority of GFAP1 cells
in striatum were brightly fluorescent complex cells. To

assess the effect of stroke on gap junction coupling, we
also dye-filled EGFP1 cells 4 and 7 days after MCAo/
reperfusion with biocytin (Figs. 6C–G). Interestingly,
complex cells found 7 days after MCAo/reperfusion
showed an increased cell coupling network compared
with control. In all recorded complex cells (n 5 17) with
resting membrane potential of 275.3 6 1.3 mV during
20 min recording period, tracer spread from single
injected astrocyte to a total of 58 6 14 surrounding cells
(P < 0.01 compared with control). Passive cells found at
the same time point (n 5 11) were coupled to only 17 6
5 cells, significantly lower than control passive cells
(P < 0.05).

Nestin1 Cells Show Complex Responses to KA
and Lack Glutamate Transporter Activity

After MCAo/Reperfusion

We have previously described that nestin-GFP-
expressing cells in striatum have either passive or
complex membrane currents, but that after MCAo/
reperfusion all nestin1 cells express a complex current
pattern (Kronenberg et al., 2005). Now we tested for
the presence of glutamate receptor and transporter ac-
tivity in the nestin-GFP-expressing cells in striatum 1,
2, 4, 7, 28, and 56 days after MCAo/reperfusion (see
Fig. 7). At a holding potential of 270 mV, bath applica-
tion of KA triggered an inward current which reversed
at 0 mV in all cells studied (n 5 21). KA evoked a com-
plex response similar to weakly GFAP-EGFP1 cells
described above consisting of a rapid and long-lasting
blockade of the resting K1 conductance and a transient
cationic current. In about half of the cells (n 5 11/21),
an additional delayed outwardly directed K1 conduct-
ance which reversed at 270 mV developed 3–4 min af-
ter washout. In contrast to GFAP1 cells, no current
response was recorded after D-Asp application (n 5 10).
Thus, we conclude that the complex nestin-GFP-
expressing cells in striatum express functional gluta-
mate receptors of the AMPA/KA subtype, but no gluta-
mate transporter.

Nestin1 Cells are Almost Uncoupled Before
and After MCAo/Reperfusion

Biocytin was injected into nestin-GFP-expressing cells
using the same procedures as for GFAP-EGFP cells. In
contrast to GFAP-EGFP cells, nestin-GFP1 cells showed
very little if any coupling before and after MCAo/reper-
fusion (Fig. 7D). During 20 min of patch-clamp recording
of control nestin-GFP cells, biocytin spread only to 1.0 6
0.4 neighboring cell (n 5 4). This value did not change
significantly either 4 days (1.8 6 1.0; n 5 10) or
7 days (2.6 6 0.8; n 5 9) after MCAo/reperfusion. The
difference in coupling and glutamate transporter
activity indicates that nestin-GFP-expressing cells in
striatum are largely distinct fromGFAP-EGFP-expressing
cells.
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DISCUSSION
Two Types of Astrocytic Cell can be

Distinguished in the Striatum

GFAP-EGFP1 cells are populations of astrocyte-like
glial cells distinct from oligodendrocytes or microglia
(Matthias et al., 2003; Nolte et al., 2001). Similar to pre-
vious studies in hippocampus and hypoglossal nucleus,
two types of astrocytes can be distinguished in the nor-
mal striatum based on GFAP-EGFP expression, mor-
phology, K1 channel profile, and responsiveness to gluta-
mate (Grass et al., 2004; Matthias et al., 2003). The
weakly fluorescent cells are characterized by thin,
clearly distinguishable processes, complex current pat-
terns indicating presence of voltage-gated channels, and
react to KA with a response involving the change in
three different conductances. Brightly fluorescent cells,
in contrast, have bushy processes, passive current pat-
terns, and show glutamate transporter activity. In con-
trast to the hippocampus, some weakly fluorescent cells
also display small transporter currents and some
brightly fluorescent cells showed small responses to KA.
The KA response of the brightly fluorescent cells was

not only much smaller in amplitude, but involved only
the activation of a cationic current, a further distinction
from the response of the weakly fluorescent cells. Simi-
lar to the hippocampus, biocytin spread revealed a large
coupling network in brightly fluorescent cells of the
striatum. However, unlike the hippocampus, the weakly
fluorescent cells in this region were also found to be
coupled but to a significantly smaller extent compared
with the brightly fluorescent cells (Wallraff et al., 2004).
Although the brightly fluorescent cells were expected to
have larger membrane areas, the estimated cell capaci-
tance was similar between the two cell populations
which could be due to the poor voltage clamp conditions
in the passive cells. Taken together, our data indicate
that the striatum harbors distinct types of glial cells
(apart from oligodendrocytes or microglia) with charac-
teristic phenotypic, physiological, and gap junction cou-
pling properties.

Astrocytes Form a Large Syncytium After Stroke

After mild ischemia, the majority of GFAP-EGFP cells
showed uniform physiological properties by expressing
voltage-gated membrane currents and complex current
responses to KA similar to the weakly fluorescent cells
in control animals. In contrast to these cells in control
animals, astrocytes after stroke have increased GFAP-
EGFP fluorescence intensity and are highly coupled
thereby forming a large syncytium. This leads to the
question of whether increased gap junction coupling
plays a role in the survival of striatal tissue. There is, at
present, no consensus whether an increase in astrocyte
coupling is beneficial or detrimental for neuronal sur-
vival (Perez Velazquez et al., 2003). There are several
indications that astrocyte coupling has a positive impact
on long-term neuronal survival, particularly in the con-
text of stroke: Connexin43 (Cx43)-deficient mice show
increased ischemic infarct size (Siushansian et al.,
2001). The apoptosis rate of neurons as measured by
TUNEL labeling and caspase-3 immunostaining is also
increased in heterozygote Cx43 null (Cx43 1/2) mice
when compared with the wild-type when studied 4 days
after stroke (Nakase et al., 2003a,b). In cell culture, the
inhibition of astrocyte gap junctional communication
increased neuronal vulnerability to oxidative injury
(Blanc et al., 1998). Furthermore, decreased Cx43 pro-
tein expression observed only in injured hemisphere
upon photothrombotic lesion in rat brain suggests detri-
mental effects of gap junction coupling impairment
(Haupt et al., 2007). In contrast, Lin et al. (1998) dem-
onstrated that gap junction communication may also
increase ischemic damage by providing a conduit for the
propagation of proapoptotic death signals between dying
and viable astrocytes. Similarly, antisense downregula-
tion of Cx43 significantly decreases ischemic brain
injury, suggesting toxic effects of gap junctions or hemi-
channels in an in vitro trauma model (Frantseva et al.,
2002). Gap junctions between astrocytes remain open
under ischemic conditions both in culture and in acutely
prepared brain slices (Cotrina et al., 1998). In our exper-

Fig. 7. Nestin-GFP cells in striatum after 30 min MCAo/reperfusion
expressed AMPA/kainate receptor but lacked gap junction coupling. A–
C. A nestin-GFP cell (A) 7 days after MCAo/reperfusion was filled with
10 lg/mL Alexa Fluor 594 (B) and 0.5 to 0.6% biocytin for 20 min dur-
ing patch-clamp recording. The membrane current pattern in response
to series of voltage steps as described in the legend to Fig. 1 is shown
in C. D. Biocytin staining revealed no dye spread beyond the patched
cell depicted in A and B. E. Bath application of kainate (KA; 0.5 mM
for 30 s) triggered current recorded with a similar paradigm as
described in the legend to Fig. 3. Numbers denote time points before
(1), during (2), and after (3, 4) KA response. F. Current to voltage
curves were generated from currents shown in E by subtracting 1 by 4
to show the long-lasting block of the resting K1 conductance, 2 to show
the cationic current, and 3–4 to illustrate the transient activation of a
K1 outward current. To minimize neuronal effects, recordings were car-
ried out in the presence of 0.5 lM tetrodotoxin and 0.1 mM CdCl2. Flu-
orescence intensity among the images is not comparable since the expo-
sure time was varied to create good images. Scale bar denotes 20 lm.
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imental model of transient mild brain ischemia, astro-
cytes do not undergo cell death (Katchanov et al., 2001;
Kronenberg et al., 2005). Thus, we hypothesize that the
observed increase in the network is in fact protective.
There may also be different time windows for detrimen-
tal and protective effects in that damage is caused dur-
ing the ischemic episode while the subsequent upregula-
tion of gap junction protein mediates long-term protec-
tion. Indeed, we observed that the change in the
physiological properties lasted for many days.

Reactive Astrocytes Express Glutamate
Receptors After Stroke

After short MCAo/reperfusion, the majority of astro-
cytes in the striatum express voltage-gated ion channels
and show a complex current response to KA application,
but have a reduced glutamate transporter activity.
Unlike the complex cells in the hippocampus (Bergles
et al., 2000), we have no evidence that the striatal com-
plex cells receive synaptic input since we have not
observed spontaneous postsynaptic-like currents. The
response to KA involved the activation and reduction in
three conductances. We observed the classical activation
of a cationic conductance of the glutamate receptor ion
channel. This was accompanied by a blockade of the
resting K1 conductance as first described for oligoden-
drocyte precursor cells (Borges et al., 1994). In addition,
we observed a transient, delayed activation of an out-
ward K1 conductance in about half of the cells which
has not yet been reported before for any other cell type.
It is possible that the initial inward currents is triggered
by an increase in extracellular K1 concentration result-
ing from K1 efflux from neurons depolarized by KA, as
previously described by Ge and Duan (2007). There is
evidence that AMPA/KA receptor expression in astro-
cytes affects glial and neuronal physiology. As reported
for fusiform glial cells from the cerebellum, overexpres-
sion of AMPA receptors using adenoviral vector-medi-
ated gene transfer leads to elongated glial processes
(Ishiuchi et al., 2001). Accordingly, downregulation of
AMPA receptor expression in Bergmann glial cells leads
to a retraction of glial processes (Iino et al., 2001). In
this context, it is interesting to note that the weakly flu-
orescent GFAP-EGFP cells in the control animals and
the astrocytes after stroke have more extended processes
than the brightly fluorescent GFAP-EGFP control astro-
cytes and that this morphology correlates with the
expression of the AMPA/KA receptors.

As we have clearly demonstrated in this study, a pop-
ulation of nestin1 cells exhibiting similar membrane
currents as the GFAP-EGFP1 cells (Kronenberg et al.,
2005), show a complex response to KA similar to the
weakly fluorescent GFAP-EGFP1 cells. In contrast to
GFAP1 cells, however, we found that nestin1 cells are
characterized by a very low coupling rate and a com-
plete lack of glutamate transporter activity even after
stroke. These two differences indicate that nestin1 and
GFAP-EGFP1 cells are distinct populations.

In summary, we demonstrate that following mild
brain ischemia, a novel astrocytic phenotype emerges in
the striatum distinct from those described previously.
This novel astrocyte becomes the dominant astrocytic
population found within the ischemic lesion and is char-
acterized by high fluorescence intensity, expression of
voltage-gated ion channels, a complex response to KA,
and reduced glutamate transporter activity. Most inter-
estingly, such changes are accompanied by a high degree
of gap junction intercellular communication. We specu-
late that the elaboration of a large astrocytic syncytium
contributes to poststroke regeneration and confers long-
term protection against ischemia.
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