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A population of neurons in the caudal medulla generates the rhythmic activity underlying breathing movements. Although this neuronal
network has attracted great attention for studying neuronal aspects of synaptic transmission, functions of glial cells supporting this
neuronal activity remain unclear. To investigate the role of astrocytes in the respiratory network, we applied electrophysiological and
immunohistochemical techniques to characterize astrocytes in regions involved in the generation and transmission of rhythmic activity.
In the ventral respiratory group and the hypoglossal nucleus (XII) of acutely isolated brainstem slices, we analyzed fluorescently labeled
astrocytes obtained from TgN(GFAP-EGFP) transgenic mice with the whole-cell voltage-clamp technique. Three subpopulations of
astrocytes could be discerned by their distinct membrane current profiles. A first group of astrocytes was characterized by nonrectifying,
symmetrical and voltage-independent potassium currents and a robust glutamate transporter response to D-aspartate. A second group of
astrocytes showed additional A-type potassium currents, whereas a third group, identified by immunolabeling for the glial progenitor
marker NG2, expressed outwardly rectifying potassium currents, smaller potassium inward currents, and only minimal D-aspartate-
induced transporter currents. Astrocytes of all groups showed kainate-induced inward currents.

We conclude that most of the astrocytes serve as a buffer system of excess extracellular glutamate and potassium; however, a distinct
cell population (NG2-positive, A-type potassium currents) may play an important role for network plasticity.
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Introduction
Neurons in the caudal medulla participate in the generation of
the rhythmic activity of breathing (Smith et al., 1991; Richter and
Spyer, 2001; Del Negro et al., 2002). The neuronal activity of this
network is transmitted synaptically to respiratory motor outputs
that include cranial motoneurons, thereby controlling breathing
movements. A striking feature of the brainstem respiratory net-
work, localized within the pre-Bötzinger complex, are rhythmic
bursts of action potentials leading to repetitive increases of po-
tassium ions in the extracellular space in vitro and in vivo (Richter
et al., 1978; Brockhaus et al., 1993). In addition, rhythmic motor
activity depends on synaptic interactions within the network in-
volving phasic release of neurotransmitters that include gluta-
mate (Greer et al., 1991; Koshiya and Smith, 1999; Richter and
Spyer, 2001). It follows that extracellular potassium (Rybak et al.,
2003) and glutamate will control neuronal bursting by setting

and modulating the membrane potential. Indeed, abundant ex-
pression of different ionotropic and metabotropic glutamate re-
ceptors has been described for the brainstem (Robinson and El-
lenberger, 1997; Dong and Feldman, 1999).

Astrocytes are predestined to maintain the homeostasis of the
extracellular space as an efficient sink for potassium and by pre-
venting spillover of neurotransmitters such as glutamate (Kull-
mann and Asztely, 1998; Rusakov and Kullmann, 1998; Hüls-
mann et al., 2000a). Neuronal network activity also depends on
metabolic support from neighboring astrocytes (Hülsmann et al.,
2000b); however, many aspects of the role of astrocytes in the
vital respiratory regions of the medulla are still unknown. In the
present study, we performed a systematic analysis of astrocytes in
respiratory-related regions of the medulla, including the ventral
respiratory group (VRG), with the pre-Bötzinger complex, and
the hypoglossal motor nucleus. Identification of astrocytes was
performed by GFAP promoter-controlled enhanced green fluo-
rescent protein (EGFP) labeling of astrocytes in transgenic mice
(Nolte et al., 2001). In particular, we focused our interest on those
glial properties that modulate synaptic transmission, i.e., their
membrane potassium conductances and their responsiveness to
glutamate. Specifically, our study addressed the question of
whether astrocytes in respiratory-related regions of the brainstem
fulfill the requirements of potassium buffering and regulation of
the extracellular glutamate concentration.
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Materials and Methods
Electrophysiology. Acute brainstem slices from TgN(GFAP-EGFP) mice
from postnatal day 0 –11 were prepared as described previously (Hüls-
mann et al., 2000a; Nolte et al., 2001). Briefly, animals were decapitated,
and the brainstem was prepared and placed in ice-cooled, carbogen-
saturated (95% O2, 5% CO2) artificial CSF (ACSF) containing (in mM):
118 NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2, 1 NaH2PO4, 25 NaHCO3, and 30
D-glucose; 330 mOsm/l, pH 7.4. The brainstem was glued to an agar block
with cyanacrylate glue (Loctite Deutschland GmbH, Munich, Germany),
and transverse slices (200 �m) were cut from the caudal medulla at the
level of the pre-Bötzinger complex with a vibroslicer (Campden Instru-
ments, Loughborough, UK). Slices were stored in ACSF at room temper-
ature (20 –23°C) for at least 30 min before experiments were started.
Subsequently, slices were transferred to the recording chamber and kept
submerged by nylon fibers (Edwards et al., 1989) for mechanical stabili-
zation. The chamber was mounted on an upright microscope (Axioscope
FS, Zeiss, Oberkochen, Germany) and perfused continuously with ACSF
(20 –23°C) at a flow rate of 5–10 ml/min. Astrocytes were identified by
their green fluorescence in the epifluorescence illumination (excitation
488 nm; dichroic mirror 495 nm; Polychrome II, TILL Photonics,
Gräfelfing, Germany). Images of astrocytes were taken with a CCD cam-
era (MicroMax, Princeton Instruments, Trenton, NJ), and the Imaging
software was from Axon (Imaging workbench 2.0, Axon Instruments,
Inc., Foster City, CA). Whole-cell voltage-clamp recordings were ob-
tained with a discontinuous single-electrode voltage-clamp amplifier
(NPI SEC-05L; Tamm, Munich, Germany) at switching frequencies of
40 –50 kHz (duty cycle, 25%) or with a Multiclamp 700A amplifier (Axon
Instruments). Patch electrodes were pulled from borosilicate glass capil-
laries (Biomedical Instruments, Zülpich, Germany) on a horizontal pi-
pette puller (Zeitz-Instrumente, Munich, Germany) and filled with (in
mM): 125 KCl, 1 CaCl2, 2 MgCl2, 4 Na2ATP, 10 EGTA, 10 HEPES (pH
adjusted to 7.2 with KOH). Their resistance was 2– 6 M�.

Currents were low-pass filtered at 3 kHz, sampled at 10 kHz, and
recorded with “Pulse” software (v.8.53; HEKA, Lambrecht, Germany),
Axograph 4.6 software, or Clampex 8.2 software (Axon Instruments) and
stored for off-line analysis. Astrocytes were voltage clamped to �80 mV
and exposed to different voltage-step protocols (see Figs. 2, 3).

For local pressure application, kainate (to activate AMPA-type gluta-
mate receptors without desensitization) or glutamate was dissolved in
HEPES-buffered ACSF containing (in mM): 118 NaCl, 3 KCl, 1.5 CaCl2,
1 MgCl2, 25 HEPES, 30 glucose, pH 7.4, put into a glass pipette with a tip
diameter of 2 �m, and pressure ejected (0.2 bar, 0.2– 0.5 sec) onto the
cells at a distance of �30 –50 �m. D-aspartate was bath applied for 20
sec. Indirect neuronal effects induced by local kainate application
were minimized by adding 0.5 �M TTX and 0.1 mM CdCl2 to block
voltage-gated sodium and calcium channels, respectively. During
D-aspartate application, 50 �M 6-cyano-7-nitro-quinoxaline-2,3-
dione (CNQX; to block AMPA-type glutamate receptors), 0.5 �M

TTX, and 0.1 mM CdCl2 were added to ACSF. Local glutamate appli-
cation was performed under blockade of synaptic transmission by 0.5
�M TTX, 0.1 mM CdCl2, 50 �M DL-2-amino-5-phosphopentanoic acid
(AP5; block of NMDA-type glutamate receptors), 20 �M bicuculline,
and 10 �M strychnine (block of the inhibitory GABAA and glycine
receptors, respectively).

Data were analyzed with IGOR Pro (WaveMetrics) and expressed as
mean � SEM (SE). Student’s t tests were used to determine statistical
significance (Sigma Plot software, SPSS Inc., Chicago, IL). Results were
considered significant if p � 0.05.

Immunohistochemistry and morphological analysis. TgN(GFAP-EGFP)
mice from postnatal day 2–23 were anesthetized with 2.5% 2,2,2-
tribromoethanol in H2O (100 �l/10 gm) and perfused transcardially with
HBSS followed by perfusion with 4% paraformaldehyde in 100 mM phos-
phate buffer for 15 min. The brainstem was removed and incubated in
4% paraformaldehyde in 100 mM phosphate buffer for 2– 6 hr at 4°C. A
series of transversal sections (40 – 60 �m) were cut from the caudal me-
dulla with a Vibratome (Leica VT 1000S, Leica Instruments, Nussloch,
Germany). Immunohistochemical labeling was performed on free-
floating slices (60 �m) at room temperature. Cells were permeabilized

with 0.4% Triton X-100 in PBS for 30 min and then blocked for 30 min in
10% fetal calf serum (FCS) with 0.2% Triton X-100 in PBS. The slices
were incubated overnight at 4°C in 2% FCS and 0.05, 0.1, or 0.5% Triton
X-100 in PBS with one or in case of double-stainings two of the following
first antibodies: polyclonal antibody against glutamate–aspartate trans-
porter (GLAST) (guinea pig, 1:2000), glial glutamate transporter
(GLT-1) (guinea pig, 1:2000), or monoclonal antibody against NG2 (rat,
1:100), TUC-4 [ToAD (turned on after division)/Ulip/CRMP] (rabbit,
1:2500), and GFAP (rabbit, 1:250). Slices were washed twice in PBS for 5
min and incubated with secondary, Cy3-conjugated as well as Cy5-
conjugated antibodies (1:1000) for 2 hr. After washing in PBS, slices were
mounted on object slides with aqua-polymount (Polysciences, War-
rington, PA) or Immu-Mount (Shandon, Pittsburgh, PA). First antibod-
ies were obtained from Chemicon International (Temecula, CA), except
the GFAP antibody, which was purchased from Dako Cytomation
(Glostrup, Denmark), and the NG2-antibody, which was a gift from Dr.
J. Trotter (Department for Molecular Cell Biology, University of Mainz,
Mainz, Germany) (Diers-Fenger et al., 2001). Secondary antibodies for
GLAST and GLT-1 stainings were obtained from Chemicon; those used
for double-staining experiments were obtained from Dianova (Ham-
burg, Germany). Immunostainings were visualized using a con-
focal laser-scanning microscope (LSM 510, Axiovert 200, Zeiss,
Oberkochen, Germany). EGFP was excited at 488 nm and detected
through a 500 –550 nm bandpass filter. Cy3 was excited at 543 nm and
detected with a 565– 615 nm bandpass filter. Cy5 was exited at 633 nm
and detected with a 650 nm longpass filter. All confocal images were
stored and processed with the Zeiss LSM Software. NG2-positive cells in
the ventral respiratory group were counted in 2-�m-thick z-stacks;
counting of EGFP-expressing cells was done in 50-�m-thick z-stack im-
ages obtained by two-photon laser microscopy (Axoscope FS2mot,
LSM510 NLO, Zeiss) using a 5 W Verdi pump laser and a Mira titanium–
sapphire infrared laser (Coherent, Dieburg, Germany). Two investi-
gators, advised to assign single cells into either group, performed the
evaluation of fluorescence intensity: bright cells versus weakly fluo-
rescent cells.

During electrophysiological experiments, selected cells were filled with
the fluorescent dye Alexa Fluor 568 (Molecular Probes, Eugene, OR) for
5–10 min. After filling, slices were fixed in 4% formaldehyde for 2 hr and
visualized by confocal microscopy as described above or by CCD camera.

Results
To assess the function of astrocytes in respiratory-related regions
of the brainstem and their potential in regulating synaptic trans-
mission and rhythmic neuronal activity, we performed an elec-
trophysiological study on astrocytes of the ventral respiratory
group and the hypoglossal nucleus.

Appearance of astrocytes in the respiratory network
Identification of astrocytes was unequivocal in brain slice prepa-
rations from the TgN(GFAP-EGFP) mouse line (Nolte et al.,
2001). Interestingly, the level of EGFP expression as indicated by
fluorescence intensity varied among astrocytes of both the ventral
respiratory group (Fig. 1A, VRG) and the hypoglossal motor
nucleus (Fig. 1B). In principle, two astroglial populations could
be distinguished as being either brightly or weakly fluorescent. To
quantify the distribution of differently labeled astrocytes, we
counted the number of each group within three-dimensional
stacks of images of a volume of 150 � 150 � 50 �m (n � 4)
recorded by two-photon laser scanning microscopy. This re-
vealed a balanced distribution of highly (46.7 � 4.0%) and
weakly (53.3 � 4.0%) EGFP-expressing cells. Morphologically,
astrocytes with high fluorescence intensity were characterized by
round or multipolar somata with numerous highly ramified pro-
cesses (Fig. 1A), whereas the identification of processes in cells
with low EGFP expression was more difficult. For this purpose,
several cells with weak (n � 8) (Fig. 1C–E) and high (n � 11) (Fig.
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1G–I) fluorescence intensity were filled
with the red fluorescent dye Alexa Fluor
568 via the patch pipette. With this proce-
dure, process extensions of �20 �m in
each direction in all cell types were re-
vealed by laser scanning microscopy (Fig.
1) and CCD camera images (Fig. 2). Al-
though the extension of processes was sim-
ilar in both cell types, the branching of
processes was higher in cells with high
EGFP expression.

Electrophysiological analysis
of astrocytes
To analyze for differences in whole-cell
membrane currents, EGFP-labeled astro-
cytes were voltage clamped to potentials
ranging from �150 to 70 mV by changing
the voltage stepwise in 10 mV increments,
whereas corresponding currents were re-
corded to determine current–voltage
(I–V) relations (Fig. 2). Three populations
of astrocytes could be distinguished, ac-
cording to their potassium currents.

(1) Astrocytes with almost symmetri-
cal, inwardly and outwardly directed po-
tassium currents resulting in a linear I–V
curve (for both the initial part and the
steady state of the current response) were
designated as passive (n � 85) (Fig. 2A–
D). The resting membrane potential of
these astrocytes was �84 � 0.9 mV (Fig.
2M). Consistently, the input resistance in-
dicative for high resting potassium con-
ductances around the resting membrane
potential was 31 � 3 M� (Fig. 2N). The
amplitude of the noninactivating inward
current resulting from a voltage step to
�150 mV was �2.8 � 0.2 nA.

(2) Astrocytes that showed an initial
transient outward current during voltage
steps to potentials that were more positive
than �50 mV and a linear I–V curve dur-
ing the steady state (n � 64) (Fig. 2E–H) were designated as
intermediate astrocytes. These cells had an average resting mem-
brane potential of �84 � 1.1 mV. The input resistance (33 � 3
M�) and the inward current at �150 mV (�2.6 � 0.2 nA) were
comparable with passive astrocytes.

(3) A third group of cells was characterized by an outwardly
rectifying I–V curve and lack of inward currents. The initial cur-
rent–response showed characteristics of an A-type potassium
current (see below), whereas there was also a noninactivating
outwardly rectifying steady-state current (n � 34) (Fig. 2 I–L).
The resting membrane potential was less negative (�66 � 4 mV)
as compared with passive and intermediate astrocytes ( p �
0.001) (Fig. 2M), reflecting a significantly higher input resistance
of 319 � 43 M� ( p � 0.001) (Fig. 2N). The inward currents at
�150 mV were significantly smaller than in passive astrocytes
(�0.4 � 0.1 nA; p � 0.001). These cells were designated out-
wardly rectifying astrocytes.

Transient outward currents, especially A-type potassium cur-
rents, have been described in different preparations for astrocytes
and progenitor cells of various brain regions (Jabs et al., 1994;

Stewart et al., 1999; Bordey and Sontheimer, 2000; Filippov et al.,
2003). We quantified the A-type potassium currents in the differ-
ent types of astrocytes by a specific prepulse protocol (Fig. 3). The
transient outward current started to be activated at �40 mV and
inactivated after 50 – 80 msec. The largest amplitudes of the
A-Type K	 current (1.75 � 0.31 nA) at a membrane potential of
	70 mV were detected in outwardly rectifying astrocytes (n �
24). Application of 1 mM 4-aminopyridine reversibly reduced the
transient outward current by 70.1 � 7.7% (n � 3; data not
shown). The I–V curve of the remaining current was comparable
with delayed rectifier potassium current. The A-type current in
intermediate astrocytes was significantly smaller as compared
with outwardly rectifying cells (0.72 � 0.17 nA; n � 46; p � 0.01).
The subtraction protocol revealed almost no A-type currents in
passive astrocytes (0.13 � 0.04 nA; n � 55; p � 0.001) (Fig. 3E).

Correlation between EGFP fluorescence and I–V relation
Identified astrocytes were compared with respect to their EGFP
fluorescence and I–V relations. Of 70 astrocytes with high fluo-
rescence intensity (recorded by a CCD camera during electro-
physiological characterization) (Fig. 2), 48 astrocytes (69%) were

Figure 1. Different expression levels of EGFP fluorescence in astrocytes in the ventral respiratory group. A, B, Maximum-
intensity projections of stacks of images recorded by confocal laser scanning microscopy from EGFP-expressing astrocytes in the
ventral respiratory group ( A) and the hypoglossal nucleus ( B). In both regions, weakly fluorescent astrocytes (arrowheads) appear
to have fewer processes than brightly stained cells (arrows). To visualize process extension more precisely, cells were filled during
patch-clamp recording with a red fluorescent dye (Alexa Fluor 568), and confocal images were recorded after fixation. C–E, Filling
of a highly fluorescing astrocyte with Alexa Fluor 568 revealed a dense process extension of several tens of micrometers
(maximum-intensity projection). F, Membrane currents evoked by 100 msec voltage steps from �150 to 	70 mV of the highly
fluorescent astrocyte filled in C–E. G–I, Filling of weakly fluorescent astrocytes with Alexa Fluor 568 revealed a similar extension
of processes, but the overall density of the processes was smaller. J, Corresponding membrane currents evoked by 100 msec
voltage steps from �150 to 	70 mV of the astrocyte filled in G–I. Scale bars, 20 �m.
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passive, 21 (30%) were intermediate, and only 1 single cell had
outwardly rectifying properties. As evident from data described
above, high EGFP fluorescence was highly predictive for cells
with a more negative resting membrane potential and a high
resting potassium conductance, as typical for passive and inter-

mediate cells. In contrast, low fluorescence
was less predictive for the individual cell
type. From 72 cells selected for their low
fluorescence, 20 cells (28%) were passive,
25 (34%) were intermediate, and 27 cells
(38%) had outwardly rectifying proper-
ties. Almost all cells (one exception) with
outward rectification and lack of inward
currents belonged to the group of weakly
fluorescent astrocytes.

Astrocytes differentially express
functional glutamate transporters
Because glutamate is the major excitatory
transmitter of the respiratory network in
the brainstem, we assessed the responsive-
ness of astrocytes to glutamate by analyz-
ing the expression of functional glutamate
transporters in the different astrocyte sub-
populations. Astroglial removal of gluta-
mate from the extracellular space is known
to modulate synaptic transmission (Men-
nerick et al., 1999). Membrane currents
were recorded in response to application
of the glutamate transporter agonist
D-aspartate. To minimize indirect effects
from neighboring neurons, voltage-gated
sodium and calcium channels as well as
AMPA-type glutamate receptors were
blocked by 500 nM TTX, 100 �M CdCl2,
and 50 �M CNQX, respectively, added to
the bath solution. At a holding potential of
�80 mV, application of D-aspartate (1
mM) elicited inward currents (Fig. 4A–C).
In passive astrocytes, D-aspartate evoked
an inward current of 241 � 56 pA (n � 8)
(Fig. 4A,D). There was no significant dif-
ference of the D-aspartate current in inter-
mediate astrocytes (169 � 28 pA; n � 12).
In contrast, outwardly rectifying astro-
cytes showed only small inward currents
(39 � 17 pA; n � 11; p � 0.001) (Fig.
4C,D).

In addition, we detected high expres-
sion levels of glutamate transporters on
passive astrocytes by immunostaining.
Positive immunoreactivity for both of the
glia-specific glutamate transporters,
GLT-1 (Fig. 5A–C) and GLAST (Fig. 5D–
F), was almost evenly distributed on pro-
cesses and somata of astrocytes with inten-
sive EGFP fluorescence. In astrocytes with
low fluorescence, however, expression of
GLT-1 or GLAST was not detectable.

Presence of AMPA– kainate currents
Ionotropic glutamate receptors, especially
AMPA-type glutamate receptors, and out-

wardly rectifying potassium channels are co– expressed in astro-
cytes of different brain regions, e.g., in young Bergmann glial cells
of the cerebellum (Müller et al., 1992, 1994) and astrocytes of the
hippocampus (Jabs et al., 1994; Matthias et al., 2003). Concerted
action of ionotropic glutamate receptor-mediated depolarization

Figure 2. Different I–V relations of astrocytes in the ventral respiratory group. A–D, Whole-cell voltage-clamp recordings ( A),
I–V curve ( B), and corresponding CCD camera images (C, D) from a passive astrocyte in the ventral respiratory group. E–L,
Corresponding data from an intermediate cell ( E–H) and from an outwardly rectifying cell ( I–L). CCD images in C, G, and K
represent EGFP fluorescence; images in D, H, and L represent Alexa Fluor 568 filling of the cells in C, G, and K, respectively. A–L,
Whole-cell membrane currents were recorded by stepping the holding potential from �150 to 	50 mV (10 mV increments)
starting at a holding potential of �80 mV. For I–V relations, current amplitudes at the beginning (closed symbols) and at the end
of the voltage pulses (open symbols) were plotted against the holding potential. M, N, Resting membrane potential ( M ) and input
resistance ( N) in different astrocytes as distinguished in A–L (data are given as mean � SE; *p � 0.05). Scale bars, 20 �m.
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and outwardly rectifying, voltage-gated potassium channel acti-
vation was found to be involved in the gene regulation of glial
progenitor cells (Pende et al., 1994). AMPA receptor and out-
ward rectifier expression could therefore serve as a marker for
immature, undifferentiated, or progenitor cells [but see Matthias
et al. (2003)].

Conclusive with this hypothesis, kainate application (1 mM)
elicited inward currents in outwardly rectifying astrocytes (242 �
93 pA; n � 7) (Fig. 6). The inward current in intermediate astro-
cytes was also comparable (192 � 47 pA; n � 12). In passive
astrocytes, kainate also evoked an inward current, although it was
slightly smaller (103 � 41 pA; n � 7); these differences, however,
were not statistically significant. In all three types of astrocytes,
kainate-induced inward currents were reversibly blocked by

Figure 3. Expression of A-type K 	 currents in astrocytes of the ventral respiratory group.
A–D, Whole-cell voltage-clamp recordings in an intermediate astrocyte from the ventral respi-
ratory group exposed to voltage pulses from �70 to 	80 mV for 400 msec after prepulses to
�110 mV (A, open circles in D) and �50 mV (B, filled circles in D). Point-by-point subtraction
of the two recordings reveals the isolated transient current, which has the properties of an
A-type K 	 current ( C). D, Calculated A-type currents (black triangles) determined 10 msec after
the beginning of the voltage pulses are plotted against membrane potential. I–V curves show
an activation potential of the K 	 channels at �40 mV that is characteristic for A-type current.
E, Amplitudes of A-type K 	 currents derived from subtraction protocol (at 	70 mV) in differ-
ent types of astrocytes (data are given as mean � SE).

Figure 4. Transporter current expression in different types of astrocytes. A–C, Whole-cell
voltage-clamp recordings of an intermediate astrocyte from the VRG during application of 1 mM

D-aspartate. TTX (500 nM), CdCl2 (100 �M), and CNQX (50 �M) were added to prevent indirect
effects by neighboring neurons. D, Amplitudes of current responses to 1 mM D-aspartate in the
three types of astrocytes (data are given as mean � SE).

Figure 5. Immunohistochemistry for glial glutamate transporters. The expression of the
glial glutamate transporters GLT-1 (A–C) and GLAST (D–F ) is restricted to astrocytes with high
expression levels of EGFP. A–C, Brainstem slices of P9 TgN(GFAP-EGFP) mice expressing EGFP in
astrocytes ( A) were stained for GLT-1 ( B). As evident from the merged image ( C), astrocytes
with high EGFP fluorescence (arrows) show overlapping GLT-1 labeling and EGFP fluorescence,
whereas astrocytes with lower EGFP expression (arrowheads) do not show any expression of
GLT–1. D–F, EGFP ( D) and GLAST ( E) expression in astrocytes. Simultaneous expression ( F) of
EGFP and GLAST was found in brightly fluorescent astrocytes (arrow); staining for GLAST was
not detectable in astrocytes with low EGFP expression (arrowheads). Images are single optical
sections of confocal microscopy. Scale bars: (in C, F ) A–F, 20 �m.

Figure 6. Effects of local application of kainate. All types of astrocytes responded to direct
application of 1 mM kainate. A–C, Whole-cell voltage-clamp recordings of the three different
types of astrocytes in the VRG during application of 1 mM kainate for 0.5 sec by pressure pulses;
500 nM TTX and 100 �M CdCl2 were added to the bath to exclude indirect effects on recorded
astrocytes. D, Amplitudes of current responses to 1 mM kainate in different types of astrocytes
(n.s. � not significant; data are given as mean � SE).
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CNQX (50 �M, block to 24.9 � 5.3% of control; n � 6; data not
shown).

To substantiate the data obtained with agonists of glutamate
transporters and AMPA receptors and to simultaneously visual-
ize the time course of transporter and receptor currents, we re-
corded glutamate-induced currents in the presence of 500 nM

TTX, 100 �M CdCl2, 100 �M AP5, 10 �M strychnine and 20 �M

bicuculline to block synaptic transmission and minimize indirect
effects from neighboring neurons (Fig. 7). Glutamate (1 mM)
elicited inward currents with amplitudes of �112.0 � 54.2 pA in
passive astrocytes and �90.2 � 35.6 pA in outwardly rectifying
astrocytes. In passive astrocytes only 50.8 � 13.9% of the
glutamate-induced current was blocked by CNQX (50 �M; n �
3). In outwardly rectifying astrocytes the effect of the glutamate
receptor antagonist was larger: 78 � 1.3% of the glutamate-
induced current was blocked by CNQX (n � 3). Additional
blockade of glutamate uptake led to further reduction of the cur-
rent. Coapplication of dihydrokainate (DHK; 300 �M) and
��threo-hydroxy-aspartate (THA; 50 �M) had a larger effect in
passive astrocytes than in outwardly rectifying astrocytes. In pas-
sive astrocytes, the glutamate transporter antagonists DHK and
THA caused an additional reduction of 20.0 � 2.6% (n � 3) of
initial glutamate current. This effect was significantly larger ( p �
0.05) than in outwardly rectifying astrocytes, in which only 9.0 �
1.3% (n � 3) of the glutamate current was blocked by THA and
DHK (Fig. 7A–C). Point-by-point subtraction revealed the faster
kinetics of CNQX-sensitive currents (i.e., the AMPA receptor
component) as compared with the THA–DHK-sensitive (i.e.,
transporter) currents (Fig. 7D).

Outwardly rectifying astrocytes represent a distinct astroglial
cell population
The strong response to glutamate receptor agonist, almost no
glutamate transporter current, a generally lower EGFP expres-
sion, the existence of A-type potassium currents, and lack of po-
tassium inward currents in outwardly rectifying astrocytes sug-
gested that they not only have different functions, but rather
represent a distinct population or a different developmental state
of astrocytes. To validate this assumption, we performed an im-
munohistochemical analysis of the expression of markers defin-
ing other differentiation stages; indeed, expression of the proteo-
glycan NG2, which identifies glial progenitor cells (Diers-Fenger
et al., 2001), was found in astrocytes with a low EGFP expression
(Fig. 8B,F,K). Astrocytes with high levels of EGFP did not show
immunoreactivity for the NG2 antigen. NG2-positive weakly
EGFP-fluorescent cells were found in postnatal day (P) 2–23
mice. At P2, 53% of weakly fluorescent GFAP-positive cells were
NG2 positive. At P23, the number of NG2-positive cells with low
EGFP fluorescence was comparably high (63%). To learn more
about the apparently exclusive position of the outwardly rectify-
ing astrocytes in the brainstem, we performed additional immu-
nohistochemistry. Double staining against NG2 and GFAP at
early postnatal ages (P2) revealed no GFAP staining in NG2-
positive cells of weak EGFP fluorescence within the ventral respi-
ratory group, but there was a strong GFAP expression in bright
cells (Fig. 8A–D). Additionally, we searched for the early neuro-
nal marker TUC-4 (Quinn et al., 1999) to determine whether
outwardly rectifying cells represent a neuronally differentiated
cell population. In the ventral respiratory group (Fig. 8E–I) and
in the hypoglossal nucleus (data not shown), we were unable to
detect TUC-4-positive cells. Immunolabeling for TUC-4 de-
tected in other brainstem nuclei, including the inferior olive, did
not colocalize with either EGFP or NG2 (Fig. 8 I–M).

Discussion
Stabilization of synaptic transmission by astrocytes
Our experiments in the ventrolateral medulla, incorporating
the respiratory network, and the hypoglossal nucleus revealed
a functional diversity of astrocytes. Three main populations
of EGFP-labeled cells differed with respect to their expression of
voltage-dependent currents, glutamate transporter, and surface
membrane protein expression. Two of these populations (passive
and intermediate astrocytes) share many morphological and
functional characteristics. Apart from the expression of A-type
potassium currents, there were no differences between passive
and intermediate cells, suggesting that these cells represent a vari-
ation of a population of mature cell types that supports synaptic
transmission. A large number of cells serve as stabilizing elements
for synaptic transmission because they express functional gluta-
mate transporters to clear neurotransmitter from the extracellu-
lar space. Additionally, these cells provide a sink for extracellular
potassium by expressing a high resting membrane conductance
for potassium. K	 buffering and regulation of excitatory trans-
mitter levels determine the ongoing rhythmic activity of respira-
tory neurons and, for that matter, any other type of nonrespira-
tory neurons that are intermingled with respiratory neurons.

Putative role of outwardly rectifying astrocytes
In contrast to the supportive function of astrocytes for synaptic
function observed in passive and intermediate astrocytes, we
identified outwardly rectifying astrocytes that cannot substan-

Figure 7. Glutamate-induced inward currents in passive and outwardly rectifying cells. Pas-
sive and outwardly rectifying astrocytes show a different sensitivity to glutamate receptor and
transporter blockers. A, Current traces elicited by local application of 1 mM glutamate in a
passive astrocyte under control conditions (500 nM TTX, 100 �M CdCl2 , 50 �M AP5, 20 �M

bicuculline, 20 �M strychnine) after blockade of AMPA receptors with 50 �M CNQX and after
additional blockade of glutamate transporters by 300 �M DHK plus 50 �M THA. B, Same exper-
imental protocol in an outwardly rectifying astrocyte. C, Point-by-point subtraction of the re-
cordings depicted in A reveals different kinetics of the DHK–THA-sensitive and CNQX-sensitive
currents. D, Reduction of glutamate current induced by receptor (CNQX) and transporter
(THA	DHK) blockers in different types of astrocytes (data are given as mean � SE).
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tially contribute to K	 buffering and
transmitter uptake. High expression of
A-type K	 channels, ionotropic glutamate
receptors from the AMPA type, and ex-
pression of the NG2 proteoglycan are
characteristics of migrating and proliferat-
ing progenitor cells (Pende et al., 1994;
Knutson et al., 1997; Wang et al., 2000;
Diers-Fenger et al., 2001). We observed
outwardly rectifying astrocytes in the ven-
tral respiratory group and the hypoglossal
nucleus of brainstem preparations, inde-
pendent of their age. This is in line with
recent data from hippocampus (Zhou and
Kimelberg, 2001; Matthias et al., 2003).
NG2-positive cells were found to be pro-
genitors that could differentiate not only
into astrocytes or oligodendrocytes
(Diers-Fenger et al., 2001; Mallon et al.,
2002) but also into neurons (Belachew et
al., 2003). The lack of the early neuronal
marker TUC-4 in NG2-expressing EGFP-
positive cells suggests that outwardly rec-
tifying astrocytes do not belong to a neu-
ronally differentiated cell population,
which favors an astroglial relationship of
these cells. The lack of GFAP expression in
NG2-positive weakly fluorescent cells, on
one hand, and the fact that these cells ap-
pear independent of age, on the other
hand, suggest that these cells are not a
functional specialization of mature astro-
cytes but rather represent a distinct, spe-
cialized cell type. Correspondingly, astro-
cytes with almost identical physiological
properties exist in the hippocampus and
were termed “astron” (Matthias et al., 2003) to indicate an inter-
mediate status of these cells between neurons and glia.

The data presented here still do not exclude the possibility that
outwardly rectifying cells represent a cellular differentiation stage
of the glial or neuronal cell lineage as suggested by Belachew et al.
(2003). In either case, both options are potentially relevant to the
postnatal development of the ventral respiratory group. This part
of the brainstem, which is harboring a vital neuronal circuitry,
has to be wired effectively to allow coordinated network interac-
tions controlling breathing and other visceral functions immedi-
ately after birth. In this context, it is noteworthy that we did not
detect TUC-4 labeling in the ventral respiratory group of the early
postnatal brainstem (P2), indicating that neuronal network for-
mation and principal wiring have been completed at birth. Reor-
ganization and adaptation of the synaptic architecture, however,
have to be tailored to functional requirements during postnatal
development (for review, see Hilaire and Duron, 1999; Richter
and Spyer, 2001). Especially during the first 2 postnatal weeks,
there are ongoing changes in the density of glutamate receptors
on respiratory neurons (Liu and Wong-Riley, 2002). Together
with postnatal growth of the brainstem and the extension of den-
drites, there is an obvious necessity for functional adaptation of
synapses and remodeling of glial processes. Our study does not
exclude the possibility of postnatal replacement of cells in the
VRG; however, it favors astroglial plasticity rather than ongoing
replacement of neurons.

Functional relevance of coexpression of transporters
and receptors
In the present study, EGFP fluorescence was variable in the astro-
cytes of the respiratory network. Similar variability was found in
hippocampus (Matthias et al., 2003) but not in Bergmann glia
(Nolte et al., 2001). Matthias et al. (2003) found a one-to-one
correlation of fluorescence intensity and cellular parameters, e.g.,
expression of glutamate receptors (low fluorescence) versus ex-
pression of glutamate transporter (high fluorescence). Addition-
ally, they excluded coexpression of AMPA receptors and gluta-
mate transporters in hippocampal astrocytes (Matthias et al.,
2003). In contrast to hippocampal astrocytes, we observed coex-
pression of glutamate receptor and transporter currents in astro-
cytes with high EGFP fluorescence, both passive and intermediate
astrocytes. These findings correspond to studies in Bergmann glia
cells (Clark and Barbour, 1997), which interestingly also show
high GFAP promoter-induced EGFP fluorescence (Nolte et al.,
2001). This coexpression could well be of functional significance
for the postnatal development of the respiratory network, be-
cause it has been shown in Bergmann glia that calcium-
permeable AMPA receptors regulate the ensheathing of synapses
by glial processes (Iino et al., 2001). Correspondingly, we have
identified astrocytes in the respiratory network, e.g., passive and
intermediate, that like Bergmann glia do combine properties for
glutamate uptake and K	 buffering, which can stabilize synaptic
transmission, with receptive properties, e.g., AMPA receptors
that potentially regulate synaptic plasticity. Additionally, other

Figure 8. Immunohistochemistry for NG2, GFAP, and TUC-4. A–D, Double immunostaining in brainstem slices of P2 mice
expressing EGFP ( A), in astrocytes against the proteoglycan NG2 ( B), a glial progenitor marker, and GFAP ( C) in the ventral
respiratory group. The NG2 expression appears to be restricted to astrocytes with low expression levels of EGFP (arrowheads),
whereas GFAP expression is limited to astrocytes with high levels of EGFP expression (arrows). D, No overlap of NG2 and GFAP
expression was found in astrocytes with low levels of EGFP fluorescence (arrowheads). E–M, Double staining for NG2 (F, K ) and for
the early postmitotic neuronal marker TUC-4 (G, I, L) in the VRG ( E–H) and the inferior olive (IO) (J–M ). I, The expression of TUC-4
was restricted to nonrespiratory regions of the brainstem like the IO and trigeminal nuclei (SP5) but was absent in the ventral
respiratory group (I, G). Fluorescence staining for TUC-4 in the overview I is depicted as inverted gray scale image. In the inferior
olive, a region with TUC-4 expression (J–M, asterisks), no overlap of NG2 and TUC-4 expression was found in astrocytes with low
levels of EGFP fluorescence (arrowheads). Images represent single optical sections recorded by confocal microscopy. Scale bars: (in
D, H, M ) A–H, J–M, 20 �m; I, 200 �m.
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aspects of AMPA receptor-regulated adaptation of astroglial
function have been discussed, e.g., glutamate transporter expres-
sion, potassium conductances, and gap-junctional coupling
(Müller et al., 1992, 1996; Gegelashvili et al., 1996).

Concluding remarks
Our data show that astrocytes of the respiratory network repre-
sent a heterogeneous population of cells. Subsets of these cells,
intermediate and passive astrocytes, fulfill the requirements nec-
essary for stabilization of synaptic network activity. In addition,
there is a distinct group of astroglial cells that could play a more
dynamic role, allowing reorganization of the respiratory network
during postnatal ontogeny and synaptic plasticity.
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