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AMPA receptors and glutamate transporters expressed by cer-
ebellar Bergmann glial cells are activated by neurotransmitter
released from climbing fibers (Bergles et al., 1997). Based on
anatomical evidence, this is most likely the result of glutamate
diffusing out of the climbing fiber–Purkinje cell synaptic clefts
(Palay and Chan-Palay, 1974). We used the change in the EC50

of the Bergmann glia AMPA receptors produced by cyclothia-
zide (CTZ) to estimate the concentration of glutamate reached
at the glial membrane. The decrease of the EC50 gives rise to a
concentration-dependent potentiation of the AMPA receptor-
mediated responses (Patneau et al., 1993). By comparing the
increase in amplitude of the AMPA receptor response in the

Bergmann glia (840 6 240%; n 5 8) with the shift in the
glutamate dose–response curve measured in excised patches
(EC50, 1810 mM in control vs 304 mM in CTZ), we estimate that
the extrasynaptic transmitter concentration reaches 160–190
mM. This contrasts with the concentration in the synaptic cleft,
thought to rapidly rise above 1 mM, but is still high enough to
activate glutamate receptors. These results indicate that the
sphere of influence of synaptically released glutamate can ex-
tend beyond the synaptic cleft.
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Vesicular release of the neurotransmitter glutamate from presyn-
aptic terminals results in millimolar levels of glutamate in the
synaptic cleft (Clements et al., 1992; Clements, 1996; Diamond
and Jahr, 1997). The close apposition of the presynaptic and
postsynaptic membranes limits the dilution of neurotransmitter
before reaching the postsynaptic receptors and thereby ensures
that a high concentration of glutamate activates these receptors.
The actions of the glutamate that diffuses out of the synaptic cleft
are less clear. Eventually, high affinity Na1-dependent transport-
ers in the surrounding membranes take up the glutamate (Ni-
cholls and Attwell, 1990; Kanai et al., 1993). Although glutamate
transporters are capable of reducing extracellular glutamate to
submicromolar levels, attaining such low concentrations is not
instantaneous (Zerangue and Kavanaugh, 1996). For example,
release of glutamate at excitatory synapses in both cerebellum
and hippocampus results in transporter activation in surrounding
glia for .10 msec (Bergles and Jahr, 1997; Bergles et al., 1997;
Clark and Barbour, 1997). The concentration reached outside of
parallel and climbing fiber synapses on cerebellar Purkinje cells is
sufficient to activate low-affinity AMPA receptors on the sur-
rounding Bergmann glia (Bergles et al., 1997; Clark and Barbour,
1997).

The emerging picture of the perisynaptic space is that of a
region in which the concentration of transmitter can be transiently
elevated with synaptic activity. These increases in extrasynaptic
glutamate can result in modulation of synaptic transmission via

activation of both metabotropic (Scanziani et al., 1997) and iono-
tropic (Clarke et al., 1997) receptors. The concentration of glu-
tamate reached outside of the cleft after synaptic release is critical
in determining the extent of extrasynaptic receptor activation.
Recent estimates based on the concentration dependence of the
kinetics of AMPA receptor responses in outside-out patches
indicated that the glutamate concentration peaks at ,250 mM at
the Bergmann glia membranes (Bergles et al., 1997). However,
the responses below this concentration were too small to analyze,
limiting the measurement. By using cyclothiazide (CTZ) to alter
the dose–response relationship of glutamate at Bergmann glia
AMPA receptors, we report that the glutamate concentration
transiently peaks at 160–190 mM in the extrasynaptic space. This
concentration is sufficient for activation of perisynaptic glutamate
receptors.

MATERIALS AND METHODS
Slices and solutions. Parasagittal slices of 13- to 15-d-old rat cerebella
were cut at a thickness of 300 mm using a vibratome in an ice-cold
external solution containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2 , 1.3
MgCl2 , 1 NaH2PO4 , 26.2 NaHCO3 , and 11 glucose, bubbled with 95%
O2–5% CO2. The slices were placed in the same solution warmed to 34°C
for 15–30 min and then stored at room temperature. During recordings,
the slices were perfused with the above solution with the addition of
100 mM picrotoxin and 5 mM (DL)-3-(2-carboxypiperazin-4-yl)-propyl-1-
phosphonic acid (CPP). Patch experiments were performed in the pres-
ence of 200 mM DL-threo-b-hydroxy-aspartic acid (THA) to isolate the
AMPA receptor response, with an extracellular solution containing (in
mM): 135 NaCl, 5.4 KCl, 5 HEPES, 1.8 CaCl2 , and 1.3 MgCl2 , pH 7.4.
THA has been shown previously to have no direct effect on AMPA
receptors (Tong and Jahr, 1994). For the synaptic and dose–response
experiments in Bergmann glia, the pipette solutions contained (in mM):
130 KNO3 , 20 HEPES, 10 EGTA, and 1 MgCl2 , pH 7.2. For the voltage
jump experiments, the internal solution had (in mM): 100 Cs-
methanesulfonate, 20 TEA-Cl, 20 HEPES, 10 EGTA, 1 MgCl2 , 3.1
Mg-ATP, 0.3 Na2-GTP, and 4 phosphocreatine, pH 7.2; this solution
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approximately doubled the input resistance (28 6 14 MV with KNO3 to
58 6 18 MV with Cs-methanesulfonate). For the synaptic and patch
experiments in Purkinje cells, the pipette solution contained (in mM):
107.5 Cs-gluconate, 10 TEA-Cl, 20 HEPES, 10 EGTA, 0.3 Na2-GTP, 4
Mg-ATP, and 8 NaCl, pH 7.2. The sources of the chemicals are as follows:
L-glutamate, HEPES, EGTA, Mg-ATP, phosphocreatine, THA, CaCl2 ,
and MgCl2 (Sigma, St. Louis, MO); NaCl, KCl, NaH2PO4 , NaHCO3 , and
glucose (Mallinckrodt, Paris, Kentucky); Na2-GTP (Boehringer Mann-
heim, Mannheim, Germany); 6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3-
dione (NBQX) (Tocris, Ballwin, MO); CPP, CTZ, and picrotoxin, (Re-
search Biochemicals, Natick, MA).

Recording and perfusion techniques. Bergmann glia were identified by
their size (;10 mm soma diameter) and location (near the Purkinje cell
bodies) using a 403 water-immersion objective on an upright microscope
(Axioskop; Zeiss, Oberkochen, Germany) equipped with infrared–dif-
ferential interference contrast optics. Further confirmation of their iden-
tity was provided by their large negative membrane potential (290 to
280 mV), low input resistance (28 6 14 MV with KNO3 ), and lack of
action potentials. Bergmann glia currents were recorded at their resting
potential. Purkinje cell bodies were identified by their large size (20–30
mm), layered arrangement, and large dendritic tree. Purkinje cell EPSCs
were recorded at approximately 210 mV to minimize the current am-
plitude. Patch pipettes were pulled from World Precision Instruments
(Sarasota, FL) glass number PG10165–4 and had resistances of 1.5–3
MV. Climbing fibers were stimulated with a theta glass pipette (catalog
#TGC150–10; Warner Instruments, Hamden, CT) pulled to a 4–6 mm
tip and filled with external solution. The stimulating electrode was placed
in the granule cell layer between 10 and 50 mm from the Purkinje cell
layer. A constant current stimulator (Weco, Millbrae, CA) was used to
supply a 100 msec pulse of 10–100 mA. The pipette was repositioned, and
stimulus intensity was adjusted until the current required to elicit an all
or none response was minimized. This was done to eliminate any signif-
icant parallel fiber activation. We tested for parallel fiber activation by
stimulating at an intensity near threshold that produced some climbing
fiber failures and only proceeded when the failures were complete; that
is, when no residual response was evident. Synaptic currents were filtered
at 1 kHz and sampled at 10 kHz, and outside-out patch currents were
filtered at 2–5 kHz and sampled at 50 kHz. A theta glass flow-pipe
mounted on a piezoelectric bimorph (Vernitron, Bedford, OH) was used
for agonist applications to outside-out patches as described previously
(Lester and Jahr, 1992; Tong and Jahr, 1994). The ability to change the
solution flowing through both sides of the flow-pipe was added via
miniature manifolds (Warner Instruments). The solutions were allowed
to flow for at least 2 min between conditions to allow complete exchange
through the manifold and tubing. Two to three concentrations with and
without CTZ present were tested in each patch, and the amplitudes were
normalized to the response to 3 mM glutamate without CTZ. Data were
acquired, and some analysis was done using AXOBASIC software (Axon
Instruments, Foster City, CA), and further analysis was preformed using
Origin 5.0 (Microcal Software, Northampton, MA), Igor Pro (Wave-
metrics, Lake Oswego, OR), and InStat (Graph Pad Software, San
Diego, CA). Most experiments were performed at room temperature
(22–24°C). In some experiments, the bath temperature was elevated with
an in-line heating device (Warner Instruments). Values are given as
mean 6 SD, and p values are for paired Student’s t tests unless noted
otherwise.

Voltage jump protocol. A novel method to estimate the time course of
synaptic conductances introduced by Pearce (1993) has been formalized
by Häusser and Roth (1997), and the experiments illustrated in Figure 6
were based on that method. Each trial consisted of a single climbing fiber
stimulation combined with a voltage step from 250 to 280 mV. There
were 32 trials in a single run through the experiment, and the voltage was
stepped at a different time in each trial; 1 msec increments were used at
times near the climbing fiber stimulus, and 4 msec increments were used
at earlier and later times. The process was repeated several times (5–14)
for averaging purposes, and 200 mM CTZ was used to increase the size of
the currents. Interleaved voltage jump trials without synaptic stimulation
were subtracted, and the charge transfer was calculated by integration.
The recovered charge was plotted versus time relative to the stimulation.
The resulting curve was fitted with the following equation, where s is the
time of the jump relative to the stimulus, tepscrise and tepscdecay are the
time constants of the conductance approximated by the sum of two
exponentials, tv is the time constant of the voltage change at the con-

ductance, A is a constant, and Q is the recovered charge.
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The fits were performed using custom Igor macros written by Dr.
Michael Häusser (Department of Physiology, University College Lon-
don, London, UK). Two controls were performed to confirm the linear-
ity of the membrane between 250 and 280 mV. Holding at 270 mV and
stepping 65, 10, 15, and 20 mV resulted in currents that overlapped
exactly when scaled by the command voltage (data not shown). In
addition, Bergmann glia AMPA receptor responses recorded at 50 mV
had the same time course as those recorded at 280 mV (see Fig. 6C).

NEURON simulation. Using the Windows version of the program
NEURON (Hines, 1993), a template for a Bergmann glial cell was
constructed with the following parameters: soma, 10 mm long, 10 mm
diameter, 10 segments; 12 processes, 300 mm long, 0.5 mm diameter, 100
segments; and end feet, 5 mm long, 5 mm diameter, 10 segments (Palay
and Chan-Palay, 1974; de Blas, 1984; Bergles et al., 1997). Two identical
neighboring cells were connected to the recorded cell via cylinders 1 mm
long and 1 mm in diameter. The electrical parameters were Ra 5 150
V z cm, Cm 5 1 mF/cm 2, and gm 5 100 mS/cm 2 in the soma and processes,
and gm 5 500 mS/cm 2 in the end feet for simulations of recordings using
the Cs-methanesulfonate-based internal solution. For the KNO3-based
internal solution, the passive membrane conductances were made four
times higher. The reversal potential for the passive conductances was set
at 290 mV.

The model parameters above were determined by an iterative process.
In addition to the general morphology of the Bergmann glial cell (Palay
and Chan-Palay, 1974; de Blas, 1984; Bergles et al., 1997), the passive
response of the Bergmann glia to a square 1 nA current injection was
reproduced along with the amount of filtering estimated by the Häusser
voltage jump analysis. The simulated passive response was constrained to
an input resistance of 28 MV and a single exponential rise of 1.4 msec
using the KNO3 internal solution. With the Cs-methanesulfonate solu-
tion, the rise was 5.8 msec, and the input resistance was 59 MV. The
simulation was further constrained to filter a synaptic conductance that
decays with a tau of 5.9 msec such that the EPSC recorded at the soma
decays with a tau of 8.4 msec, using the Cs-methanesulfonate internal
solution. The synaptic conductance was simulated with a point process
consisting of a sum of one rising and one decaying exponential placed on
each process. The location of the synapse was one of the parameters
altered in the development of the model, and in the final model each
synapse was located 210 mm from the soma.

This model was used to estimate the error in the peak amplitude of the
Bergmann glia AMPA receptor response to climbing fiber stimulation in
the presence and absence of CTZ. To reproduce the experimental data,
the synaptic conductance parameters were set as follows: in CTZ, trise 5
1.22 msec, tdecay 5 8.34 msec, and gmax 5 570 pS; and in control, trise 5
0.4 and 0.7 msec, tdecay 5 3.85 msec, and gmax 5 67 and 64 pS. A range
of values was used for the rise time in control because it was not uniquely
defined by the system; values down to 100 msec were slowed by cable
filtering to near the 0.83 6 0.27 msec 20–80% rise time measured at the
soma. In patches from Bergmann glia somata, the 20–80% rise time of
a response to 250 mM glutamate was 0.6 msec (Bergles et al., 1997). Thus,
a range at approximately this value was used for the synaptic conduc-
tance to account for differences in concentration and speed of agonist
application.

AMPA receptor kinetic model. To simulate the activation of the AMPA
receptor by glutamate, a kinetic model of the AMPA receptor (see Fig.
8 A) was developed using Simulation Control Program (Simulation Re-
sources, Berrien Springs, MI). Details of the model are given in Results
and in the legend of Figure 8.
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RESULTS
CTZ increases the Bergmann glia AMPA
receptor response
CTZ increases the apparent affinity of AMPA receptors (Patneau
et al., 1993; Yamada and Tang, 1993; Partin et al., 1994, 1996). We
used this property of CTZ to measure the concentration of
glutamate reaching the AMPA receptors in the Bergmann glial
cell membrane.

As reported previously (Bergles et al., 1997), climbing fiber
stimulation in cerebellar slices activates currents in Bergmann
glia mediated by both AMPA receptors and glutamate transport-
ers. After establishing a stable baseline of the combined AMPA
receptor–transporter current for 5 min (stimulating every 15–20
sec), a saturating concentration of CTZ (200 mM) was applied
while continuing to stimulate. Over a period of minutes, the
amplitude of the response increased dramatically (Fig. 1A,B).

Figure 1. The effects of CTZ and temperature on the response of the Bergmann glial cell to climbing fiber activation. A, A plot of the peak amplitude
of the Bergmann response to climbing fiber stimulation every 20 sec. After 5 min of stable baseline, 200 mM CTZ was applied in the perfusate, followed
10 min later by 10 mM NBQX. The resting–holding potential of the cell was 288 mV. B, Averages of five sweeps under control conditions, in CTZ, and
in NBQX. C, Comparison of the time course of the different components of the response isolated by subtraction of the synaptically activated transporter
current (STC), the current remaining in NBQX. Averages of five sweeps were scaled to their peaks. D, The AMPA receptor-mediated response in CTZ
at 35°C, at 25°C, and again at 35°C. E, The AMPA receptor-mediated response (STC subtracted) at 35°C under control (CONT ) conditions and with
200 mM CTZ present (CTZ). The responses in D and E are from a different cell than in A–C and are averages of five responses. This resting–holding
potential of the cell was 282 mV.
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After the response stabilized, the AMPA receptor antagonist
NBQX (10 mM) was applied to isolate the transporter current
(Fig. 1A,B) (Bergles et al., 1997; Clark and Barbour, 1997).
Separation of the AMPA receptor-mediated response in the
presence and absence of CTZ was achieved by subtracting the
transporter current from the combined responses (Fig. 1C). For
this subtraction to be valid, the transporter current must be
unaffected by CTZ, as will be shown below.

CTZ increased the peak amplitude of the AMPA receptor
component 840 6 240% ( p , 0.0001; n 5 8) and slowed the time
course. The 20–80% rise time of the response in CTZ was 1.6 6
0.5 msec compared with 0.8 6 0.3 msec for the control response,
and the half-decay time was 9.4 6 2.8 msec in CTZ versus 4.3 6
2.9 msec in control (n 5 8). This slowing is caused by, at least in
part, the relief of desensitization that, under control conditions, is
likely to truncate the rising phase and speed the decay of the
response. An increased affinity would also prolong the response,
as receptors may remain occupied longer and be sensitive to lower
concentrations of glutamate diffusing to more remote receptors.

There is evidence that the effects of extrasynaptic glutamate
are reduced at physiological temperatures (Asztely et al., 1997;
Kullmann and Asztely, 1998). The strong temperature depen-
dence of transport (Wadiche et al., 1995) and the expression of
glutamate transporters in the postsynaptic Purkinje cells (Roth-
stein et al., 1994) may decrease the glutamate diffusing to the
Bergmann glia membranes at physiological temperatures. How-
ever, consistent with the hippocampal astrocyte recordings of
Bergles and Jahr (1998), the glial transporter and AMPA
receptor-mediated currents were present in the Bergmann astro-
cytes at elevated temperatures. Raising the bath temperature
from 25 to 35°C slightly increased the amplitude and speeded the
kinetics of the Bergmann glia responses (Fig. 1D). At 35°C, the
20–80% rise time and half-decay time for the control AMPA
receptor-mediated responses were 0.6 6 0.2 and 3.0 6 1.9 msec
respectively, and in 200 mM, CTZ they were 0.8 6 0.1 and 5.5 6
0.3 msec (n 5 3). The effect of CTZ on the amplitude of the
AMPA receptor-mediated response at 35°C was not significantly
different from that seen at room temperature (740 6 150%
increase; p 5 0.53; unpaired t test) (Fig. 1E). The remainder of
the experiments were performed at room temperature.

The Bergmann glia transporter current as a monitor of
climbing fiber release probability
There is evidence that, at some synapses, CTZ can increase the
probability of release (Barnes-Davies and Forsythe, 1995; Dia-
mond and Jahr, 1995), which would complicate our analysis of
transmitter concentration. Several findings indicate that CTZ
alters climbing fiber release probability very little. First, the
paired-pulse ratio (30 msec interval) of the Bergmann glia
AMPA receptor-mediated response to climbing fiber activation
was unaffected by CTZ (0.15 6 0.08 in control vs 0.14 6 0.06 in
CTZ; p 5 0.60; n 5 7). Second, the transporter currents recorded
at the end of experiments in which CTZ was present were the
same proportion of the initial control dual-component response
as those recorded at the end of experiments in the absence of
CTZ (40.4 6 18.3%; n 5 8; vs 44.3 6 13.4%; n 5 17; p 5 0.55;
unpaired t test). Third, the transporter current isolated with
NBQX was not affected by the addition of 200 mM CTZ (101 6
10% of control p 5 0.94; n 5 3) (Fig. 2A). These results suggest
that the probability of release is not altered by CTZ at this
synapse. However, it is possible that the transporter current is
insensitive to changes in release because of saturation of the

transporters. To demonstrate that they are sensitive to such
changes, the release probability was altered while monitoring the
transporter current (Fig. 2B). Transporter currents were reduced
to 63 6 12% of control ( p , 0.0001; n 5 8) by adding 5 mM CdCl2
and increased to 116 6 3% of control ( p , 0.003; n 5 4) by
raising external Ca12 to 7.5 mM. A large increase was not ex-
pected because the probability of release at this synapse is already
very high (Dittman and Regehr, 1998; Silver et al., 1998).

Purkinje cell AMPA receptor response as a monitor of
climbing fiber release probability
CTZ was also ineffective in altering the climbing fiber release
probability as measured by Purkinje cell responses. The ampli-
tude of the Purkinje cell EPSC resulting from climbing fiber
stimulation was unchanged by application of 200 mM CTZ (100 6
7% of control; p 5 0.96; n 5 5) (Fig. 3). The paired-pulse ratio of
the climbing fiber–Purkinje cell EPSC was also not altered by
CTZ (0.44 6 0.16 in control vs 0.38 6 0.06 in CTZ; p 5 0.46; n 5
4) (Fig. 3C). Consistent with the lack of a CTZ effect on the
amplitude of the Purkinje cell EPSCs, the amplitude of patch

Figure 2. The Bergmann glia transporter current indicates no effect of
CTZ on climbing fiber release. A, Top, Peak amplitude plot of the
Bergmann glia response. The AMPA response was blocked with 10 mM
NBQX, and no increase in amplitude of the remaining transport current
was seen after application of 200 mM CTZ. Bottom, Averages of 10 traces,
with the last trace located at the time points indicated in the amplitude
plot. The membrane potential of the cell was 280 mV. B, The transporter
current (isolated with 10 mM NBQX) of a different cell showing the effects
of adding 5 mM Cd 12 or 5 mM Ca 12 to the external solution. Averages of
5–15 traces. The membrane potential of this cell was 278 mV.

5268 J. Neurosci., July 1, 1999, 19(13):5265–5274 Dzubay and Jahr • Measurement of Extrasynaptic Glutamate



responses to a saturating dose (3 mM) of glutamate were also
unaffected by CTZ (109 6 10% of control; p 5 0.55; n 5 4).
These results argue that the large increase in amplitude of the
Bergmann glia AMPA receptor response caused by CTZ is not
the result of an increase in climbing fiber release probability but
rather is caused by a direct effect of CTZ on the apparent affinity
of the AMPA receptors.

Estimation of transmitter concentration at the
Bergmann glia membrane
To estimate the peak transmitter concentration at Bergmann glia
AMPA receptors, we have compared the CTZ-induced increase
in peak amplitude of the climbing fiber response with the ratio of
AMPA receptor dose–response relationships in the presence and
absence of CTZ. Dose–response relationships were determined
with rapid applications of glutamate to outside-out patches taken
from Bergmann glia somata. CTZ caused a dose-dependent po-
tentiation of the glutamate response, concomitant with a relief of
receptor desensitization. As an example of the concentration
dependence, the average response to 300 mM glutamate was

increased 7.0-fold, whereas the 3 mM response increased by only
2.3-fold (Fig. 4).

As shown in Figure 5A, there was an increase in both the
apparent affinity for glutamate (control, EC50 5 1810 mM; CTZ,
EC50 5 304 mM) and the maximal response (1.5-fold) in CTZ.
Measurements were made at the peak of the responses. Using the
ratio of the two dose–response curves, we generated a curve that
indicates the expected fold increase in the receptor response for
concentrations ranging from 3 mM to 30 mM (Fig. 5B). The
climbing fiber-evoked Bergmann glia response increased 8.4-fold,
which corresponds to 192 mM on the ratio curve. The 95%
confidence interval for the fold increase is 10.4 to 6.4, indicating
a range of 80–372 mM glutamate. This estimation of the concen-
tration of glutamate at the Bergmann glia AMPA receptors (190
mM) is consistent with our earlier estimates (,250 mM) based on
a kinetic analysis (Bergles et al., 1997).

Voltage jump analysis of somatic recordings
In the presence of CTZ, AMPA receptor currents in patches do
not desensitize (Fig. 4). If CTZ affects synaptically activated
AMPA receptors on Bergmann glia similarly, the time course of
the AMPA-mediated conductance should reflect the period over
which clearance of glutamate from the extracellular space occurs.
This is because the intrinsic kinetics of the receptors, as demon-
strated by patch recordings (Fig. 4), are rapid relative to the
synaptic responses (Bergles et al., 1997). To determine whether
the current recorded at the soma accurately reflects the kinetics of
the conductance, a voltage jump analysis introduced by Pearce
(1993) and formalized by Häusser and Roth (1997) was used in
the presence of CTZ. This method not only extracts information
about the amount of filtering of the recorded signals but also gives
an indication of the average electrotonic distance of the conduc-
tances from the soma.

The method is based on the observation that a change in the
driving force will affect the amount of charge transfer only if it
occurs during the active conductance. This is illustrated in Figure
6A, which shows the voltage jump procedure at three separate

Figure 3. The Purkinje cell EPSC shows no increase of climbing fiber
release in CTZ. A, Peak amplitude plot of the Purkinje cell EPSC evoked
by climbing fiber stimulation. After a stable baseline period, 200 mM CTZ
was added to the external solution. The cell was held at 26 mV. B,
Averages of five responses under control conditions and in the presence of
200 mM CTZ. C, The above averages along with the second of a pair of
responses isolated by subtraction of the single responses. The paired
stimuli were delivered 30 msec apart.

Figure 4. CTZ increased Bergmann glia patch responses to glutamate in
a dose-dependent manner. Responses of an outside-out patch to 300 (A)
and 3000 (B) mM glutamate (GLU ) under control conditions (thin lines)
and in the presence of 200 mM CTZ (thick lines). The 300 mM response was
increased 9.6-fold by CTZ, whereas the 3000 mM response was only
increased 2.5-fold. The responses are averages of 20–40 traces. To ac-
count for a small amount of rundown, the conditions were repeated two
to three times interleaving the various conditions. The patch was held at
280 mV. The applications were 10 msec long and separated by 10 sec.
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time points (relative to the synaptic stimulation) applied to a
Bergmann glial cell in the presence of 200 mM CTZ. In Figure 6B,
the time integral of the AMPA receptor response (the charge
transfer) is plotted versus the time at which the voltage was
jumped. The charge recovery curves were made up of 32 time
points; each point was an average of 5–14 measurements in a
single cell. The curve was fitted with an analytical function (see
Materials and Methods; Häusser and Roth, 1997) in which the
exponential time constant for the charging of the membrane (at
which the conductance occurs) and the decay of the synaptic
conductance were allowed to vary. The smallest interval mea-
sured was 1 msec, so the time constant for the rise time was fixed
at 1 msec (a rise time of 0.5 or 1.5 msec did not affect the results
of the fitting).

The average time constant of the decay of the conductance
calculated from the full analytical fit of the charge recovery
curves was 5.9 6 1.6 msec (n 5 7). This is not significantly
different from single exponential fits to the charge recovery curves
starting 4 msec after the synaptic stimulation (5.8 6 1.4 msec; p 5
0.657; n 5 7). This was significantly faster than the decay of the

Bergmann glia AMPA receptor response recorded with a somatic
recording electrode (8.4 6 1.0 msec; p 5 0.004; n 5 7), demon-
strating that there is some filtering of the conductance (a 42%
slowing of the decay). The average time constant for the charging
of the membrane at the active conductance was 4.4 6 1.9 msec,
indicating the average conductance is electrotonically distant
from the soma. This is consistent with the observation that most
of the climbing fiber synaptic contacts are out in the dendritic tree
of the Purkinje cell (Palay and Chan-Palay, 1974) and with the
filtering of the decay time course.

Our estimation of the transmitter concentration reaching the
Bergmann glial membranes depends on our somatic measure-
ment of the amplitude ratio of the receptor responses in the
presence and absence of CTZ. Although taking a ratio eliminates
concerns of a uniform error in the amplitude measurement, the
slowing and large increase in amplitude of the AMPA receptor
response in CTZ may lead to differential amounts of filtering and
voltage escape. We were unable to apply the voltage jump analysis
to the Bergmann responses under control conditions because of
their small size and variability. Therefore, we used the informa-
tion on filtering gained from the voltage jump analysis in CTZ to
construct a simple NEURON simulation addressing these
concerns.

The model was constructed based on the general morphology
of Bergmann glial cells (Palay and Chan-Palay, 1974; de Blas,
1984), the passive response of the cells to a square current
injection, and the extent of filtering indicated by the voltage jump
analysis. The inclusion of end feet with a conductance five times
higher than the rest of the cell (Newman, 1986) was critical in
reproducing the electrical properties of the Bergmann glia. Hold-
ing the other model parameters constant, the synaptic conduc-
tance kinetics and maximum value were altered so that the
simulated AMPA receptor responses monitored at the soma
matched the experimental data in the presence and absence of
CTZ (Fig. 7). The unfiltered current flowing at the conductance
under perfect voltage clamp can by calculated by the NEURON
simulation. The perfectly clamped synaptic current peaked at
207–217 pA (see Materials and Methods) in control (experimen-
tal value recorded at soma, 34 pA) (Fig. 7A) and 1850 pA in CTZ
(experimental value recorded at soma, 286 pA) (Fig. 7B). Ac-
counting for cable filtering and voltage escape, the fold increase
in the amplitude of the AMPA receptor response with CTZ
should be adjusted from 8.4-fold (corresponding to 192 mM) to
8.5- to 8.9-fold, indicating a range of 160–186 mM glutamate on
the ratio curve.

An AMPA receptor kinetic model
An untested assumption in the preceding analysis is that the
dose–response relationships constructed from rapid applications
of glutamate to outside-out patches accurately represent receptor
activation by synaptically released glutamate in situ. For instance,
if the rise time of the synaptic glutamate transient is longer than
that at the patch membrane, the dose–response relationship in
control conditions may be significantly altered by rapid desensi-
tization. To address this issue, we have modified a simple kinetic
model of the AMPA receptor (Diamond and Jahr, 1997) to fit the
data from Bergmann glia patches and then used the model to
determine a driving function representing the synaptic glutamate
transient that produces responses that fit the Bergmann glia
climbing fiber response. The model replicates both the kinetics
(Bergles et al., 1997) and amplitudes of the patch responses over
a wide glutamate concentration range (Fig. 8). To fit the CTZ

Figure 5. Quantification of the glutamate reaching the Bergmann glia
AMPA receptors. A, Dose–response curves were constructed using data
from a total of 18 patches. Two or three concentrations with or without
CTZ were tested in each patch. The patch responses, including those in
CTZ, were all normalized to 3 mM glutamate under control conditions.
The control EC50 for glutamate was 1810 mM, and in the presence of CTZ
it was 304 mM. The dotted line is the fit of the control data multiplied by
the increase in maximal amplitude (1.5-fold), illustrating what the data
would look like with no change in affinity. B, The ratio of the CTZ fit over
the control fit plotted against concentration. The average fold increase of
the Bergmann glia AMPA response (8.4-fold) falls at 192 mM on the
x-axis.
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patch data, the unbinding rate was slowed from 16 to 6 per
millisecond, and the rates into both desensitized states were
zeroed. The ratio of the modeled dose–response curves is in close
agreement with the patch data, giving an 8.4-fold increase at
205 mM.

A “synaptic” glutamate transient was approximated using a
ramp rising phase to a given concentration and a single exponen-
tial falling phase. The rise time, peak concentration, and decay
time were altered to fit the climbing fiber responses recorded in
control and in the presence of CTZ. First, the rise and decay
times of the glutamate transient were varied to fit the kinetics of
the Bergmann glia responses while keeping the peak concentra-
tion at 190 mM. A rise time (time-to-peak) of 1.2 msec and a decay
time constant of 10 msec fitted the climbing fiber responses in
both conditions. Both the rising phase of the synaptic responses
(Fig. 9) and the decay times (simulations not shown) were very
sensitive to alterations in the kinetics of the driving function.
Although changing the peak concentration of the glutamate driv-
ing function did not greatly alter the kinetics of the synaptic
responses, the amplitude ratio of 8.4 was obtained with a peak
concentration of 190 mM. The amplitude ratio versus concentra-
tion relationship of the modeled synaptic conductances was less
steep than either the ratio of the patch data or the simulated patch
data. Nevertheless, 300 mM yielded a ratio of 7.8, whereas 100 mM

resulted in a ratio of 9. Thus, whereas the sensitivity was lower,
the amplitude ratio was still well defined. Clearly, this model
oversimplifies the gating mechanism underlying the AMPA re-
ceptor currents. However, the modeling does suggest that the
method used to estimate the average peak concentration of glu-
tamate at Bergmann glia membranes is not greatly degraded by
the ambiguities introduced by desensitization.

Figure 7. Simulation of somatic recordings of the Bergmann glia AMPA
receptor responses. A, Simulated recordings under control conditions.
Top, Membrane voltage at the synapse. Bottom, Current measured at the
soma (thick line), flowing at the synapse (dotted line), and flowing at the
synapse under perfect voltage clamp (thin line). B, Simulated recordings in
the presence of CTZ. Top, Membrane voltage at the synapse. Bottom,
Current measured at the soma (thick line), flowing at the synapse (dotted
line), and flowing at the synapse under perfect voltage clamp (thin line).

Figure 6. Voltage jump analysis of the Bergmann glia response. A, Three example time points superimposed to illustrate the voltage jump protocol. Top,
Currents resulting from jumping the holding voltage from 250 to 280 mV at 244, 8, and 38 msec relative to the stimulus time point. Middle, The
command voltages are the same, and climbing fiber stimulation is added at t 5 0. Bottom, Subtractions of the currents in the top panel from the middle
panel. These are integrated to calculate the charge transferred. These experiments were performed in the presence of 200 mM CTZ to maximize the
amount of charge recovered. B, The resulting charge recovery curve fit with the full analytical function (see Materials and Methods) and with a single
exponential fit to the data to the right of 3 msec. The tvoltage was 3.2 msec, the tdecay was 6.0 msec, and the single exponential fit gave a t of 5.5 msec.
A single exponential fit to the average response recorded at the soma had a time constant of 6.6 msec. C, Averages of five responses at 250 and 280
mV. The response at 250 mV is also scaled up to the peak of the 280 mV response to compare their time course.
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DISCUSSION
Our results, indicating that 160–190 mM glutamate reaches the
Bergmann glia membrane after climbing fiber stimulation, de-
pend on the modulation of the Bergmann glia AMPA receptor
response by CTZ. CTZ has been shown to greatly reduce desen-
sitization and to increase the apparent affinity of the AMPA
receptors (Patneau et al., 1993; Yamada and Tang, 1993; Partin et
al., 1994, 1996). The mechanism of its action is not completely
understood but is thought to occur via a destabilization of the
desensitized state or a stabilization of the closed nondesensitized
state (Trussell et al., 1993, 1994; Yamada and Tang, 1993; Partin
et al., 1994, 1996). The important property of the action of CTZ
for this study is that it produced a concentration-dependent
increase in the response of the receptors. This allowed the quan-
tification of the glutamate concentration at the Bergmann glia
membrane by comparing the CTZ-induced increase of the syn-
aptic response with that of the patch responses to a range of
glutamate concentrations.

In contrast to Bergmann glia responses, the amplitudes of
Purkinje cell EPSC and patch responses were not altered by CTZ.
This result is similar to that of Dittman and Regehr (1998), who
found that climbing fiber–EPSC peak amplitudes measured in
Purkinje cells were slightly reduced by CTZ. The high concen-
trations of glutamate in the Purkinje cell experiments (.1 mM in

the cleft, and 3 mM for patches) can partially explain this result,
because an increase in affinity would have less effect near satura-
tion. However, even at the top of the dose–response curve, there
was a fifty percent increase in the Bergmann glia patch response.
This difference between Purkinje cell patch and Bergmann glia
patch responses may be caused, in part, by the faster desensitiza-
tion kinetics of the Bergmann AMPA receptors leading to more
desensitization at the peak of the response in control conditions.
In addition, AMPA receptors are susceptible to channel block by
CTZ, the magnitude of which may be altered by different subunit
combinations (Patneau et al., 1993; Stern-Bach et al., 1998).

The observation that CTZ increased the peak amplitude of the
Bergmann glia climbing fiber response to the same degree at 35
and 25°C (740 6 150 vs 840 6 240%; p 5 0.53) suggests that a
similar peak concentration of glutamate reaches the glial AMPA
receptors at the two temperatures. Despite the strong tempera-
ture dependence of transport (Wadiche et al., 1995), it is possible
that the initial bolus of glutamate that reaches nearby Bergmann
glia AMPA receptors is relatively unaffected by the faster trans-
port at physiological temperatures. The turnover time for gluta-
mate transporters at elevated temperatures may be as fast as 12
msec (Bergles and Jahr, 1998), much slower than the time to peak
of the Bergmann glia AMPA receptor response at 35°C (;2
msec). Therefore, although binding of glutamate by transporters

Figure 8. Simulations of AMPA receptor responses to brief applications of glutamate. A, State diagram used to reproduce AMPA receptor kinetics.
Rates were as follows [units are micromolar per millisecond (for ka ) or per millisecond]: ka , 0.009; k2a, 16.0 (6.0 in cyclothiazide); k21, 0.0025; k2 , 5.0;
k22, 0.006 (0 in cyclothiazide); a, 1.3; b, 13.0. k1 was set to 2.08 (0 in cyclothiazide) to satisfy microscopic reversibility. B, Simulated responses to 10 msec
pulses of glutamate at 0.1, 0.3, 1.0, 3.0, 10.0, and 30.0 mM. C, Simulated responses to 10 msec pulses of glutamate at the same concentrations as in B but
with k2a set to 6 msec and k1 and k2 set to 0 to mimic the effects of cyclothiazide. D, Simulated dose–response curves superimposed on the data from
Figure 5A. E, The amplitude ratio of the CTZ simulation over the control simulation plotted against concentration (solid line). The ratio of the logistic
fits to the patch data given in Figure 5 is superimposed (dotted line).
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expressed by both Purkinje cells and Bergmann glia undoubtedly
lowers the concentration of glutamate reaching Bergmann glial
AMPA receptors, it is unlikely that the binding capacity during
the response rise time will be significantly altered by the increased
transporter cycling rate at higher temperatures. It would appear,
then, that the initial wave of glutamate reaching the Bergmann
glia AMPA receptors is too fast to be altered significantly by
elevating temperature to near physiological values.

The variability in the degree of potentiation by CTZ of the
Bergmann glia AMPA response (840 6 240%; n 5 8) may
indicate some biological variability in the concentration of gluta-
mate seen by the Bergmann glia. The spatial arrangement of the
receptors around the cleft, the degree of synapse envelopment,
the maturity of the cell being recorded from, and other factors
may vary from cell to cell and give rise to different average
concentrations seen by a given Bergmann glia. Interestingly, in
searching for the primary all-or-none climbing fiber response in
the Bergmann glia, there was occasionally a secondary all-or-none
input. Because Bergmann glia processes are not planar like Pur-
kinje cell dendrites (de Blas, 1984), each Bergmann glial cell may
interact with more than one climbing fiber.

Previously CTZ has been linked to an increase in the proba-
bility of release at some synapses (Barnes-Davies and Forsythe,
1995; Diamond and Jahr, 1995; but see Mennerick and Zorumski,
1995; Isaacson and Walmsley, 1996). In contrast, we show here
that the climbing fiber release probability was not significantly
altered by CTZ. This difference might be explained by the high
release probability of the climbing fiber terminal (Dittman and
Regehr, 1998; Silver et al., 1998). The strong paired-pulse depres-
sion seen at this synapse, along with little increase in synaptic
strength with elevated external calcium, indicate that release
probability is near maximal (Dittman and Regehr, 1998; Silver et
al., 1998). Consistent with our results, Dittman and Regehr
(1998) recently showed little effect of CTZ on the paired-pulse

ratio of climbing fiber-evoked EPSCs recorded in Purkinje cells.
The presynaptic action of CTZ on terminals with a low proba-
bility of release was confirmed in one of our Purkinje cell record-
ings in which we monitored the effects of CTZ on a parallel fiber
input. These inputs have a low release probability, as demon-
strated by their paired-pulse facilitation (Atluri and Regehr,
1996). In contrast to the climbing fiber-evoked response in Pur-
kinje cells, the parallel fiber EPSCs increased approximately
sixfold, and the paired-pulse ratio switched from facilitation to
depression in CTZ. The variability in the presynaptic effects of
CTZ with different pathways may also reflect differential expres-
sion of CTZ receptivity in the terminals.

In the presence of CTZ, we estimate that the Bergmann glia
AMPA receptor conductance decays with a time constant of 6
msec. This should reflect the decay of the glutamate concentra-
tion at these receptors because there is no desensitization in CTZ
and the intrinsic kinetics of the receptors are rapid. This is faster
but not inconsistent with our previous report of a 17 msec decay
of extrasynaptic glutamate based on the Bergmann glia trans-
porter current (Bergles et al., 1997). Our current estimate is in
part faster because it accounts for the cable filtering and voltage
escape inherent in somatic voltage-clamp recordings. In addition,
the lower apparent affinity of the AMPA receptors would make
them less sensitive than the transporters to reduced concentra-
tions of glutamate diffusing to more distant areas. It is also
possible that the AMPA receptors may be more localized to the
membranes surrounding the synaptic clefts (Baude et al., 1994),
whereas the transporters may cover more surface area of the
Bergmann glia.

The main result of this paper is that glutamate escapes from the
climbing fiber–Purkinje cell cleft and can reach perisynaptic
membranes at concentrations of 160–190 mM. This concentration
is sufficient to activate all classes of glutamate receptors, includ-
ing metabotropic, NMDA, and non-NMDA receptors. There is a

Figure 9. Simulated Bergmann glia re-
sponses to synaptically released gluta-
mate. A, Synaptic simulations in control
(k2a, 16.0 msec) and cyclothiazide (k2a,
6.0 msec; k1 and k2 set to 0) with rise
time of the driving function (glutamate
transient) set to 0.5, 1, 2, 4, and 8 msec.
Decay time constant was set at 10 msec
and peak concentration at 190 mM. B,
Synaptic simulations in control and cy-
clothiazide as in A with the peak concen-
tration set to 100, 200, 300, and 500 mM.
Decay time constant was 10 msec, and
the rise time was 1.2 msec.
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growing body of evidence indicating that synaptic transmission
can be modulated by glutamate that escapes from the synaptic
cleft (Clarke et al., 1997; Forsythe and Barnes-Davies, 1997;
Scanziani et al., 1997). There is also evidence that the high-
affinity NMDA receptors at one synapse may sense glutamate
released from neighboring synapses (Kullmann and Asztely,
1998; Rusakov and Kullmann, 1998). The results presented here
demonstrate a basic requirement of both of these phenomena,
that glutamate can escape the synaptic cleft and reach the sur-
rounding membranes at a concentration sufficient to activate
glutamate receptors. This alters the standard view of the actions
of glutamate in the CNS, expanding the sphere of influence of
synaptically released glutamate beyond the postsynaptic
membrane.
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