dosage is important because an increase in
the dose limits the adjuvant effect (18).
The amounts of NAGO that produced op-
timal adjuvant effects (~5 pg of GO, <50
ng of NA) are likely to be substantially less
than natural exposure to ubiquitous micro-
bial enzymes. Antibodies reacting with NA
and GO were detectable in normal mouse
serum. Anti-NA titers were unchanged af-
ter single NAGO use, whereas anti-GO
titers were increased fivefold.

Because galactose oxidation does not
compete in the conventional adjuvant path-
ways, it might be used in combination with
conventional adjuvants and vehicles. It was
not compatible with alum but showed good
synergy with muramyl dipeptide (19) in mice
(20). On its own, galactose oxidation was
particularly potent in inducing Ty cell prim-
ing and T cell cytotoxicity and seems well
suited to prophylactic applications where
such responses are important (15, 21-28).
Such use depends, of course, on the sus-
tained absence of adverse reactions, and in
this respect the absence of adverse reactions
in mice looks promising.
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Calcium Entry Through Kainate Receptors and
Resulting Potassium-Channel Blockade in
Bergmann Glial Cells

T. Mdller, T. Mdller, T. Berger,* J. Schnitzer,T H. Kettenmannt

Glutamate receptors, the most abundant excitatory transmitter receptors in the brain, are
not restricted to neurons; they have also been detected on glial cells. Bergmann glial cells
in mouse cerebellar slices revealed a kainate-type glutamate receptor with a sigmoid
current-to-voltage relation, as demonstrated with the patch-clamp technique. Calcium was
imaged with fura-2, and a kainate-induced increase in intracellular calcium concentration
was observed, which was blocked by the non—N-methyl-p-aspartate (NMDA) glutamate
receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and by low concentra-
tions of external calcium, indicating that there was an influx of calcium through the kainate
receptor itself. The entry of calcium led to a marked reduction in the resting (passive)
potassium conductance of the cell. Purkinje cells, which have glutamatergic synapses, are
closely associated with Bergmann glial cells and therefore may provide a functionally

important stimulus.

During the development of the cerebel-
lum, Bergmann glial cells provide the guid-
ing structures for the migrating granule cells
(1). In contrast, little is known about their
function in the adult animal despite the fact
that their complex architecture and inti-
mate contacts with the Purkinje cells sug-
gest an interaction between these two cell
types. Recent studies have challenged the
view of the glial cells as electrically passive
elements in the brain by demonstrating the
presence of many transmitter receptors, in-
cluding those for glutamate (2). In situ
hybridization studies indicate the expres-
sion of kainate-binding proteins on Berg-
mann glial cells (3). Although the subunits
of the a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionate (AMPA)—kainate receptor
channel GluR-A and GluR-D are expressed
in these cells, the ubiquitous GluR-B sub-
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unit was not found (4). Recombinant
GluR-A and GIuR-D receptors exhibit a
behavior distinct from other kainate recep-
tors; namely, they have a doubly rectifying
current-voltage (I-V) relation and high
Ca?’* permeability (4).

We have used isolated slices of the
mouse cerebellum to analyze membrane
properties of Bergmann glial cells in situ
with the patch-clamp technique (5) and
with a fura-2-based Ca’* imaging system
(6). The Bergmann glial cell somata were
recognized by their location in the Purkinje
cell layer and by their small diameter (5 to
10 pm). Filling the cells with the fluores-
cent dyes Lucifer yellow (7) or fura-2 re-
vealed the typical morphology of Bergmann
glial cells: two to six processes extended
through the molecular layer and terminated
at the pia with the formation of glial end
feet (Fig. 1, A and B). Eleven of the cells
injected with Lucifer yellow were positively
stained for glial fibrillary acidic protein,
identifying them as astrocyte-like cells (Fig.
1C) (8).

Patch-clamp recordings demonstrated
that the membrane was characterized by a
large K* conductance with no sign of volt-
age- or time-dependent gating (Fig. 1D).
Currents were observed with depolarizing
and hyperpolarizing voltage steps, and the
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I-V relation was linear (Fig. 1F). As expect-
ed for a K*-selective conductance, the
reversal potential of these currents followed

Fig. 1. Identification of re-
corded Bergmann glial
cells. A Bergmann glial
cell was filled with the flu-
orescent dye Lucifer Yel-
low by dialysis of the cell
with the pipette solution
after the establishment of
a whole-cell patch-clamp
recording. (A) The cam-
era lucida drawing and
(B) the fluorescent photo-
micrograph illustrate the
extension of the cell in the
molecular (ML) and Pur-
kinje cell layer (PC) in a
cerebellar slice from a 20-
day-old mouse. Three of
the four processes form
end feet at the pial sur-
face. Bar, 100 pum. (C) A
double  immunofluores-
cence of the same slice
illustrates the distribution
of glial fibrillary acidic
protein (GFAP), a marker
for astrocytes and Berg-
mann glial cells. The ar-
rows in (B) and (C) point
to corresponding Lucifer
Yellow—filled and GFAP-
positive processes. (D)
Membrane currents were
recorded from a Berg-

the K* gradient; when the extracellular K*
concentration was increased from 5 to 25
mM, the reversal potential shifted from

1(nA)

V(mV)

mann glial cell activated by depolarizing and hyperpolarizing potentials ranging from —160 to 20
mV, with 20-mV increments [inset in (E)]. Currents showed no time-dependent activation or
inactivation. (E) Thirty minutes after exposure to ionomycin (10 uM, 15 s), currents were recorded
from the same cell and with a similar protocol as in (D). (F) An /-V curve was constructed from
recordings in (D) (A) and (E) (@®). The reversal potential shifted from —56 to 26 mV after application

of ionomycin.
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—80 to —40 mV. The membrane potential
measured after establishing the whole-cell
recording configuration was between —60
and —70 mV (n = 50) and thus was close to
the K* equilibrium potential. Although the
K*-channel blockers Ba?* (10 mM in the
bathing solution), Cs* (130 mM in the
pipette solution), and apamin (107° M in
the bathing solution) were not effective or
were only slightly effective in reducing
these passive currents, they were markedly
blocked when cytosolic Ca?* was increased
by adding the Ca?* ionophore ionomycin
(Figs. 1E, 2B, and 3A). The effectiveness of
ionomycin varied among cells. In some
cells 80% of the current was blocked after 3
min; in others a 50% blockade was observed
after 30 min.

Glutamate (n = 5; 107> M; range, 20 to
174 pA) and kainate (n = 50; 1073 M;
range, 71 to 1574 pA) induced an inward
current in Bergmann glial cells. We deter-
mined the reversal potential of the kainate-
induced current while the resting K* con-
ductance was blocked by exposing the slice
for 30 min to ionomycin. The membrane
was clamped from a resting value of —70
mV to —40, —20, 0, 20, 40, 60, 100, and
—105 mV for 100-ms durations separated
by 100-ms intervals. This clamp protocol
was repetitively used (every 2 s) before,
during, and after addition of kainate (Fig.
2). The kainate-induced currents were ob-
tained by subtracting currents at a specific
membrane potential in the presence of
kainate from those recorded before the ap-
plication of kainate. The resulting I-V re-
lation was sigmoidal; that is, it was out-
wardly rectifying at positive potentials and
inwardly rectifying at negative potentials
(Fig. 2C), similar to that described for the
recombinant GluR-A-GluR-D receptor
(4). The kainate-induced currents reversed

Fig. 2. Effect of kainate on membrane currents.
(A) Membrane currents were recorded from a
Bergmann glial cell before, during, and after
application of kainate (10~2 M). Holding poten-
tial, —70 mV. With a voltage-clamp protocol, the
membrane was depolarized or hyperpolarized
for 100-ms intervals to —40, —20, 0, 20, 40, 60,
100, and —105 mV (inset). With this voltage-
clamp protocol, I-V curves were constructed at
2-s intervals. Three -V curves were averaged
before (A) and at the peak of the kainate
response (@) and are displayed at the bottom.
The kainate-induced current was obtained by
subtracting the current before from that at the
peak of the kainate response (@®). There is no
apparent kainate-induced conductance in-
crease. (B) A recording protocol similar to that
in (A) was obtained from the same cell 5 min
after application of the Ca?* ionophore ionomy-
cin (10 pM, 15 s). (C) Current and /-V curve 40
min after application of ionomycin. The mem-
brane conductance was 18% of its original
value.
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Fig. 3. (A) Effect of ionomycin on resting cur-
rents. Membrane currents were recorded as
described in Fig. 2 while the membrane was
clamped to depolarizing and hyperpolarizing
values from a resting value of —70 mV. lono-
mycin (10 uM, 15 s) was applied (bar). (B)
Kainate-induced currents in different extracel-
lular Ca2* concentrations. With a similar re-
cording protocol as in (A), kainate (10~3 M) was
applied in bathing solution containing normal
extracellular Ca2* (2 mM, upper trace). Extra-
cellular Ca2* was then increased to 30 mM
(lower trace). The recording was interrupted for
5 min as indicated by the parallel bars.

at 0 mV (Fig. 2C) (n = 5; range, —15to 5
mV).

A different type of result was obtained
when the resting K* current was present:
kainate also induced an inward current, but
the conductance significantly decreased af-
ter application of kainate, and it was not
possible to determine a clear reversal poten-
tial of the kainate-induced current (Fig.
2A). In some cases the conductance de-
crease was not fully reversible, and, with
repetitive applications of kainate, the mem-
brane conductance decreased in discrete
steps to values similar to those observed
after a exposure to ionomycin. Under such
conditions, a reversal potential of the kain-
ate-induced current could again be deter-
mined, which was then close to 0 mV.
Figure 2 illustrates the changes in the mem-
brane conductance and kainate-induced
currents; in addition, ionomycin was added
at a defined time. At —70 mV, kainate
always induced an inward current of similar
amplitude. However, the voltage jumps to
depolarizing potentials revealed a marked
reduction of the membrane conductance
after the first application of kainate that was
only partially reversible. After 40 min of
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Fig. 4. (A) Kainate-induced changes in intracellular Ca2*. A Bergmann glial cell was filled with
fura-2 by dialysis with the patch pipette solution. The bar on the left indicates the change in the
fluorescence ratio (F,,0/s0) (colors on the bottom indicate low Ca2+ concentrations). The diagram
on the right outlines the extension of the Bergmann glial cell with the pipette still attached on the
soma. Three processes can be distinguished. Bar, 20 um. The color-coded pictures illustrate the
increase in Ca2* concentration during application of kainate (1 mM, middle) as compared to the
control before (left). In the presence of kainate, the tips of the processes disappear because of
saturation of the Ca2+ imaging system. (B) Effect of low extracellular Ca?* concentration. From a
series of Ca2* images as described in (A), continuous traces of changes in intracellular Ca2*
concentration were constructed by averaging the changes in the cell processes. (Top) Application
of kainate leads to an increase in the fluorescence ratio, indicative of an increase in Ca2*
concentration (F,4g0) (left trace). In the Ca2*-free bathing solution, the kainate-induced change in
Ca2* concentration is blocked (right trace). (Bottom) The current recordings were obtained
simultaneously with the patch-clamp technique. The kainate-induced inward current was not
blocked in the Ca2*-free bathing solution. (C) Effect of CNQX. As described in (B), the effect of the
kainate receptor antagonist CNQX (45 wM) was analyzed. The current and intracellular Ca?*

concentration recordings were obtained from two different cells.

exposure to ionomycin, the resting mem-
brane conductance was decreased to 18% of
its initial value and the kainate-induced
current reversed at 0 mV. This result can be
explained by the entry of Ca’* via the
Ca?* ionophore and a resulting blockade of
the resting K* conductance by the in-
creased intracellular Ca?* concentration.
To further strengthen this hypothesis, we
increased the extracellular Ca** concentra-
tion from 2 to 30 mM (Fig. 3B). The
resting K* conductance was not affected by
this increase until kainate was applied; then
the conductance substantially decreased
and did not recover (Fig. 3B) (mean de-
crease, 42.4%; n = 5). These results sug-
gested that kainate triggers an influx of
Ca?*, as described for the recombinant
GluR-A-GluR-D receptor (4).

To record the changes in intracellular
Ca?* concentration, we used a fura-2—
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based imaging system. Bergmann glial cells
were voltage-clamped with the patch-clamp
method and filled with fura-2 by dialysis of
the cell from the patch pipette. The cells,
including their processes, were filled within
10 to 40 min (Fig. 4A). We were thus able
to simultaneously record membrane cur-
rents and changes in intracellular Ca?*
concentration. Application of kainate in-
duced an increase in intracellular Ca?*

concentration (n = 10) (Fig. 4A). This
increase was reversibly blocked in the
Ca’*-free bathing solution, indicating an
influx of Ca?* from the extracellular space,
whereas the kainate-induced inward cur-
rent was still observed (n = 3) (Fig. 4B).
Application of 45 pM 6-cyano-7-nitroqui-
noxaline-2,3-dione (CNQX) blocked both
the Ca’* entry and the membrane current
(n = 5) (Fig. 4C). To exclude participation
of voltage-gated Ca?* channels, we depo-
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larized the membrane by current injection
from —70 to 20 mV (n = 10) (data not
shown) or by an increase of extracellular
K* from 5 to 50 mM (n = 3) (data not
shown). None of these experiments led to
an increase in intracellular Ca?* concen-
tration, nor did we observe Ca?* inward
currents with the patch-clamp technique.
We thus conclude that kainate triggers the
entry of Ca?* through the intrinsic pore of
the kainate receptor channel.

We have demonstrated that Bergmann
glial cells respolhd with complex behavior to
the excitatory receptor ligand glutamate or
to the more specific ligand kainate. This
behavior includes the activation of an in-
ward current that leads to a membrane
depolarization, the entry of Ca?*, and a
concomitant blockade of the resting K*
conductance. Although Ca’*-dependent
K* channels in most cell types are activated
by an increase in cytosolic Ca®*, adenosine
5’'-triphosphate (ATP)—sensitive K* chan-
nels in the heart are inhibited by an in-
crease of intracellular Ca?* concentration
from nominally 0 to 1 pM (9). Purkinje
cells receive glutamatergic input, and the
Bergmann glial cells are in intimate contact
with these synaptic areas (10); excitation of
the Purkinje cells may simultaneously trig-
ger a cascade of events in the adjacent
Bergmann glial cells. Such events could
occur locally but also propagate along the
cell. The functional consequences of the
glial response are not known. However, the
approach of assessing Bergmann glial cells
in situ helps to elucidate such neuron-glia
interactions.
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Calcium-Permeable AMPA-Kainate Receptors in
Fusiform Cerebellar Glial Cells

N. Burnashev, A. Khodorova, P. Jonas, P. J. Helm, W. Wisden,
H. Monyer, P. H. Seeburg, B. Sakmann* ‘

Glutamate-operated ion channels (GluR channels) of the L-a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA)—kainate subtype are found in both neurons and glial
cells of the central nervous system. These channels are assembled from the GluR-A, -B,
-C, and -D subunits; channels containing a GluR-B subunit show an outwardly rectifying
current-voltage relation and low calcium permeability, whereas channels lacking the
GIuR-B subunit are characterized by a doubly rectifying current-voltage relation and high
calcium permeability. Most cell types in the central nervous system coexpress several
subunits, including GluR-B. However, Bergmann glia in rat cerebellum do not express
GIuR-B subunit genes. In a subset of cultured cerebellar glial cells, likely derived from
Bergmann glial cells, GluR channels exhibit doubly rectifying current-voltage relations and
high calcium permeability, whereas GluR channels of cerebellar neurons have low calcium
permeability. Thus, differential expression of the GluR-B subunit gene in neurons and glia
is one mechanism by which functional properties of native GIuR channels are regulated.

Glutamate-operated channels are present
in both neurons and glial cells. In most
types of neurons (1) and in astrocytes (2,
3), the GluR channels of the AMPA-
kainate type are characterized by outwardly
rectifying steady-state current-voltage (I-V)
relations and low divalent-cation perme-
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ability. In recombinant GluR channels,
transiently expressed in a mammalian cell
line or in amphibian oocytes, both proper-
ties have been traced to the presence of an
arginine residue in the putative TM2 trans-
membrane segment of the GluR-B subunit.
Recombinant GluR channels containing a
GIluR-B (GluR-2) subunit show an out-
wardly rectifying I-V relation and a low
permeability ratio P /P, whereas chan-
nels lacking a GluR-B subunit are charac-
terized by a doubly rectifying I-V relation
and a high permeability ratio P,/P-, (4)-
In accordance with the finding that native
GluR channels in most neurons and glial
cell types show outward rectification and






