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Abstract

The NMDA receptor-mediated excitatory postsyﬁaptic current (EPSC) is one of
the clearest examples of an excitatory synai)tic event whose time course is determined by
the kinetics of the receptor channels. The goal of Section I of this dissertation is to better
understand those kinetics. In the central nervous system, vesicular release of the
neurotransmitter glutamate quickly increases the concentration of glutamate to millimolar
levels at the postsynaptic receptors. We investigated the actions of glutamate on the
NMDA class of glutamate receptors under similar conditions using rapid applications of a
saturating concentration of glutamate to outside-out patches taken from cultured
hippocampal neurons. The behavior of NMDA receptors in response to these
concentration jumps is different from their behavior in the presence of a low
concentration of transmitter at steady state, conditions that have been used in previous
studies. We found that under conditions similar to those at the synapse, the receptor
channels open faster than originally thought (in the first 10 - 20 ms) and with a relatively
high open probability of 0.3 at the peak of the response.

At most central synapses, after the postsynaptic receptors have been activated, the
glutamate concentration rapidly falls due to diffusion out of the cleft and uptake by high
affinity transporters. In Sections II and IIT of this dissertation we investigate these
processes at the climbing fiber — Purkinje cell synapse in the cerebellum. Whole-cell
recordings in the surrounding Bergmann glial cells revealed that the escaping glutamate
resulted in AMPA receptor and glutamate transporter currents in the glial cells. Further

investigation using outside-out patch techniques and the drug cyclothiazide (CTZ)

vi



indicated that the glutamate reached a peak concentration of 160-190 pM at the glial
membranes and decayed over many milliseconds. These results demonstrate that the fast
transmitter glutamate quickly rises to significant levels outside the synaptic cleft,

potentially acting as a modulator of synaptic transmission.
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Introduction

Throughout the nervous system there are efficient and effective processes which
determine the time course of synaptic events. This dissertation examines a few of those
processes involved in ekcitatory transmission in the central nervous system. Knowledge
of the time course of synaptic events and their determinants is important for a basic
understanding of how the brain functions in health and in disease. The processing of
information in the brain involves synaptic integration, and fhe time course of synaptic
inputs is a critical factor in their summation. In this introduction I will first review the
general mechanisms which are thought to determine the time course of excitatory
synaptic events. Then I will discuss some inore specific issues that pertain to the three

manuscripts to follow.

The mechanisms determining the time course of synaptic events.

A diversity of mechanisms underlying the time course of synaptic events have
evolved at the many different types of synapses in the nervous system. At the
profotypical ligand-gated synapse, the neuromuscular junction, an enzyme
(acetylcholinesterase) quickiy breaks down the transmitter acetylcholine (ACh). The
response to a single quanta of transmitter is greatly prolonged by inhibitors of
acetylcholinesterase (on average the 1.5 ms decay was increased to 10 ms long) (Katz
and Miledi, 1973). When the enzyme is inhibited, diffusion is the primary means of
reducing the ACh concentration. The clearance of transmitter appears to be slower than
free diffusion partly because of rebinding to receptors along the way (Eccles and Jaeger,

1958; Katz and Miledi, 1973). The enzymatic degradation of ACh is so rapid that the



resulting synaptic current decay follows the deactivation kinetics of the receptors.
Analysis of the lifetime of the receptor activations indicate they deactivate with a time
course similar to that of the synaptic current (around 1 ms) and have a similar voltage and
temperature dependence (Magleby and Stevens, 1972; Anderson and Stevens, 1973; Katz
and Miledi, 1973). Therefore, at the neuromuscular junction, the events which determine
the time course of the synaptic current include the fast enzymatic degradation of
transmitter followed by receptor deactivation (Magleby and Stevens, 1972; Anderson and
Stevens, 1973; Katz and Miledi, 1973).

The time course of glutamate in the synaptic cleft at central synapses. In the
central nervous system, there is no enzyme in the cleft to breakdown the neurotransmitter
glutamate. It appears that at many central excitatory synapses simple diffusion is the
primary means of reducing the levels of glutamate in the cleft (Eccles and Jaeger, 1958;
Hestrin et al., 1990; Clements et al., 1992; Isaacson and Nicoll, 1993; Sarantis et al.,
1993; Clements, 1996). The geometry of central synapses is more favorable than the
- neuromuscular junction for the rapid clearance of transmitter by diffusion alone. The
cleft of a central synapse can be approximated as a disk approximately 15 - 20 nm thick
and 0.2 - 1 pm in diameter (Eccles and Jaeger, 1958; Clements, 1996; Rusakov and
Kullmann, 1998). In contrast to this simple geometry, the cleft at the neuromuscular
junction is made up of several adjacent junctional folds 1 um deep and 2 - 4 pm across
resulting in a much longer diffusional path to the extrasynaptic space (Eccles and Jaeger,
1958; Clements, 1996; Rusakov and Kullmann, 1998). In addition to diffusion, high
affinity glutamate transporters aid in the removal of transmitter from the cleft at central

synapses (Mennerick and Zorumski, 1994; Tong and Jahr, 1994; Otis et al., 1996;



Diamond and Jahr, 1997). The relative importance of uptake depends on the morphology
of the synapse and the level of activation of the synapse (Mennerick and Zorumski, 1994;
Tong and Jahr, 1994; Otis et al., 1996; Diamond and Jahr, 1997). The peak concentration
of glutamate and its time course has been estimated both theoretically and
experimentally. Early estimates of the time course based on a mathematical treatment of
free diffusion predict a very rapid clearance of glutamate with a time constant of 0.3 ms
(Eccles and Jaeger, 1958). The problem with a mathematical approach is the necessity of
several simplifying assumptions about the cleft geometry, the absence of diffusional
barriers, and the difficulty in including binding phenomena which can slow transmitter
diffusion as shown by Katz and Miledi (1973) at the neurqmuscular junction. Monte-
Carlo computer analysis has enabled investigators to include all of these details in
simulations of the time course of glutamate, and have shown that such details do affect
the clearance and spread of glutamate (Clements, 1996). However, there is still
considerable uncertainty in many of the parameters used to create the models (Clements,
1996).

The first experimental estimate demonstrated that on average the glutamate
concentration peaks at 1.1 mM soon after vesicular release and then falls with an
exponential time constant of 1.2 ms (Clements et gl.a 1992). These experiments were
based on the non-equilibrium displacement of a low-affinity antagonist, D-aminoadipate
(D-AA), from NMDA receptors by synaptically released glutamate in cultured
hippocampal neuron pairs. By driving a kinetic model of the receptor channel complex
with a glutamate transient of instantaneous rise and exponential decay, the authors were

able to reproduce the observed deviation from equilibrium predictions in the amount of



block produced by D-AA. The original experimental data was reanalyzed in light of the
findings of modeling studies that suggest clearance is biphasic with a very fast (~100 us)
component (Clements, 1996). Using a double exponential decay the optimal parameters
were 2.7 mM and 0.4 mM for peak concentrations and 100 ps and 2.1 ms for the decay
time constants of the two components (Clements, 1996).

The low-affinity antagonist technique has recently been used on AMPA receptor-
mediated EPSCs using the rapidly dissociating AMPA receptor antagonist kynurenate
(KYN) (Diamond and Jahr, 1997). The faster time-scale of the AMPA receptor response
provides for a better resolution measurement. The experimental data was most closely
reproduced by a double exponential decay with a large fast component (3.2 mM, tau =
100 us) and a slower second component (0.525 mM, tau = 1.0 ms) (Diamond and Jahr,
1997). In the presence of KYN, block of transporters slowed the rise time of mEPSCs.
This indicates that transporters can speed the clearance of glutamate in the first hundred
microseconds after release. Based on the relatively slow tumover time for transporters
(12 - 70 ms), it is thought that they may shape the decay of the glutamate transient by
binding free glutamate rather than by the subsequent transport step (Tong and Jahr, 1994,
Wadiche et al., 1995; Diamond and Jahr, 1997, Bergles and Jahr, 1998). Thus, the
experimental evidence suggests that diffusion aided by binding to high affinity
transporters leads to a very rapid clearance of glutamate from the cleft.

The rise and fall of transmitter in the cleft is not the main determinant of the time
course of a synaptic response. The intrinsic kinetics of the vreceptor channels that
transduce the chemical signal back into an electrical signal can alter the kinetics of the

synaptic signal. At central excitatory synapses glutamate acts on AMPA receptors and



NMDA receptors which are found co-localized in the postsynaptic membrane (Bekkers
and Stevens, 1989; Hestrin et al., 1990; Traynelis et al., 1993). AMPA receptor-mediated
EPSCs have rapid kinetics, rising to a peak in less than 1 ms and decaying in just a few
milliseconds. In contrast NMDA receptor-mediated EPSCs have a rise time of 10 - 20
ms and can last for hundreds of milliseconds (Bekkers and Stevens, 1989; Hestrin et al.,
1990; Traynelis et al., 1993). Both of these receptors respond to the same or similar
(Somogyi, 1998) glutamate transients, and so the difference in their kinetics is attributed
to the receptors themselves.

The kinetics of the NMDA receptor-mediated EPSC are determined by the
length of the interaction of the ligand with the receptor. Continuous re-binding of
transmitter does not underlie synaptic channel activity because a competitive NMDA
receptor antagonist (+)-2-Amino-5-phosphonopentanoic acid (AP5) can only block the
response if applied before the synapse is activated (Lester et al., 1990). A very brief
(1ms) pulse of glutamate applied to an outside-out patch results in a current that lasts
over a hundred milliseconds, a time course that closely follows that of the EPSC (Lester
et al., 1990). When different affinity NMDA receptor agonists are applied to excised
patches they give rise to currents that decay with distinct time courses; the higher affinity
ligands resulting in longer responses (Lester and Jahr, 1992). This agonist dependence of
the decay was demonstrated at the synapse by loading the vesicles with a false transmitter
D-glutamate, which has a lower affinity for the NMDA receptor than L-glutamate (Pan et
al., 1993). As expected if the EPSC time course was determined by the length of time the

ligand remains bound to the receptor, the EPSCs decayed faster with the false transmitter.



The AMPA receptor-mediated EPSC is much faster than the NMDA receptor-
mediated EPSC, and thus closer to the estimated time course of transmitter in the cleft. It
is therefore more difficult to discern the primary determinant of its time course. Another
aspect of intrinsic channel kinetics, desensitization, may play a role in shaping the AMPA
receptor-mediated EPSC at some synapses (Trussell and Fischbach, 1989; Trussell et al.,
1993; Trussell et al., 1994; Otis et al., 1996). Desensitized states are bound non-
conducting states that may curtail the AMPA receptor response (Trussell and Fischbach,
1989; Trussell et al., 1993; Trussell et al., 1994; Otis et al., 1996). There is a large
amount of variation in the speed and extent of desensitization of AMPA receptors found
i different brain regions and cell types, giving it a more or less important role in shaping
the EPSC depending on the particular receptors being studied (Raman et al., 1994).

An additional mechanism contributing to the shape of excitatory EPSCs is release
asynchrony (Van der Kloot, 1988; Van der Kloot, 1988; Diamond and Jahr, 1995;
Isaacson and Walmsley, 1995). Synaptic transmission in the central nervous system is
quantal 1n nature as at the nmj. This means that the large EPSC recorded upon synaptic
activation is the combined effect of numerous release sites. It has been shown that the
evoked AMPA receptor-mediated EPSC is much slower (at least at room temperature)
than the responses at individual sites and this is in part because there is some dispersion
in the timing of individual release events after the stimulus (Diamond and Jahr, 1995;
Isaacson and Walmsley, 1995).

There are regional variations in the determinants of the time course of the AMPA
receptor-mediated EPSC. The time course of the glutamate concentration has only been

explicitly measured in cultured hippocampal neurons (Clements et al., 1992; Clements,



1996; Diamond and Jahr, 1997). However, the determinants of the time course of the
AMPA receptor-mediated EPSC have been studied at a diversity of synapses. The
relative importance of channel deactivation, desensitization, cleft geometry, diffusion,
uptake, and binding events appears to depend on the particular synapse being studied.
The low-affinity antagonist experiments discussed above demonstrate that at
cultured hippocampal synapses the diffusion of glutamate out of the cleft approaches the
rate calculated for free diffusion (Eccles and Jaeger, 1958; Clements et al., 1992;
Clements, 1996; Diamond and Jahr, 1997). Block of glutamate transporters slows the
glutamate transient but does not alter the decay time of either spontaneous miniature or
evoked AMPA EPSCS (Tong and Jahr, 1994; Diamond and Jahr, 1997). This suggests
that, like the NMDA EPSC, the decay of the AMPA receptor-mediated miniature EPSC
is determined by deactivation of the receptors. Diamond and Jahr (1995) have shown
that the slower AMPA receptor-mediated EPSC time course reflects the asynchrony of
the release process. They argued against the pooling of transmitter from adjacent release
sites because the EPSC kinetics were the same at low and high release probabilities
(Diamond and Jahr, 1995). However, there is evidence in a similar preparation
suggestive of a much longer glutamate transient especially under conditions of high
release probability (Mennerick and Zorumski, 1994; Mennerick and Zorumski, 1995).
Mennerick and Zorumski (1994, 1996) found that the decay time course of AMPA
receptor-mediated EPSCs was correlated with the amount of release and that inhibition of
glial uptake could prolong the EPSC decay (Mennerick and Zorumski, 1995). These
differences may be explained by morphological differences in the preparations. The

plating techniques used by Mennerick and Zorumski promote the envelopment of the



neurites by the accompanying glial cells, while Diamond and Jahr used a two step
process plating the neurons on top of a layer of ghal cells. In addition the Diamond and
Jahr cultures were made from CA1 cells which may have promoted terminals with a
single active zone similar to those found at Schaffer collateral synapses onto CA1 cells in
situ. The Mennerick and Zorumski cultures, which included cells from the entire
hippocampus, may have had more boutons with multiple closely spaced active zones, like
those of mossy fiber synapses onto CA3 cells in situ, promoting the overlap of transmitter
domains (Mennerick and Zorumski, 1995).

A large number of studies have examined the physiology of the Schaffer
collateral-commissural fiber synapse onto the pyramidal CA1 cells in hippocampal slices.
The large effect of temperature on the kinetics of the AMPA receptor-mediated EPSC in
these cells argues against diffusion limiting its time course (Hestrin et al., 1990). Uptake
blockers did not prolong the EPSC decay, suggesting that glutamate transporters do not
determine the EPSC time course (Hestrin et al., 1990; Isaacson and Nicoll, 1993; Sarantis
et al., 1993). Measurements in outside-out patches indicated that the desensitization
kinetics of these receptors were much slower than the deactivation kinetics (Colquhoun et
al., 1992). Furthermore, the deactivation kinetics in patches were similar to the decay of
the CA1 EPSCs (Colquhoun et al., 1992). Taken together, this evidence suggests that
consistent with the concentration time course estimates made in culture (Clements et al.,
1992; Clements, 1996; Diamond and Jahr, 1997), the glutamate transient is very rapid
and the AMPA receptor-mediated EPSC decay of CA1 cells in Hippocampal slice

reflects channel deactivation.



In the chick auditory nucleus magnocellularis there are specialized giant calyceal
synapses in which there are multiple release sites in a single cleft that is enveloped by the
presynaptic membrane. At these synapses the glutamate transient appears to be slow
enough and the receptor kinetics fast enough that the desensitization of the receptors is a
critical determinant of the AMPA receptor-mediated EPSC time course (Trussell et al.,
1993; Otis et al., 1996). The decay of an outside-out patch response to a step into
glutamate closely matched that of the EPSC when fit with a bi-exponential function
(Raman and Trussell, 1992, Trussell et al., 1993, Otis et al., 1996). A large prolongation
of the EPSC was observed with the drug cyclothiazide (CTZ), which blocks AMPA
receptor desensitization (Trussell et al., 1993). The size of this effect was correlated with
the amount of release (Trussell et al., 1993). The decay kinetics of the EPSC and
desensitization kinetics in patches were slowed to a similar de;gree by depolarization, and
again the effect was correlated with the amount of release (Otis et al., 1996).
Interestingly the decay of mEPSCs closely matched that of the deactivation kinetics in
patches, so it appears that a single quantum is cleared from the synaptic cleft before the
receptors desensitize. However, with the multiquantal release associated with normal
transmission at this synapse there is a delayed clearance of transmitter such that
desensitization helps shape the decay (Otis et al., 1996). In fact, an even slower
component of clearance limited by glutamate uptake was detected which can lead to
rebinding of transmitter and a very slow tail on the EPSC (Otis et al., 1996).

In the cerebellum at both the climbing fiber and parallel fiber inputs to the
Purkinje cell there appears to be enough diffusional barriers to prevent the rapid

clearance of glutamate. There is release from numerous afferent terminals, which may



promote the pooling of transmitter (Barbour et al., 1994; Takahashi et al., 1995). The
synaptic clefts are enveloped by the surrounding Bergmann glial cells, especially at the
climbing fiber synapse (Palay and Chan-Palay, 1974). The AMPA receptor-mediated
EPSC of both the parallel (t = 7.3 ms) and climbing fiber ( T = 7.3 ms) inputs decay
slower than the receptors desensitize ( t = 4.1 ms ) and much slower than they deactivate
(t=0.8 ms ) (Barbour et al., 1994). A partial role of desensitization was indicated by a
similar voltage dependence of desensitization and the EPSC decay, as well as a
prolongation of the responses by aniracetam or diazoxide (compounds that reduce
receptor desensitization) (Barbour et al., 1994; Takahashi et al., 1995). Glutamate uptake
blockers (PDC and D-aspartate) have been shown to slow the EPSC decay 10-100 %,
with a larger effect found with the parallel fiber EPSC (Barbour et al., 1994; Takahashi et
al., 1995; Takahashi et al., 1996). In addition, reducing transmitter release with baclofen
or adenosine speeded the decay of the response, while postsynaptic reduction of the
EPSC with the AMPA receptor antagonist 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX) did not change the kinetics (Takahashi et al., 1995). This suggests some
pooling of transmitter at these synapses due to either multivesicular release or
| overlapping transmitter domains combined with restricted diffusion away from the
receptors. The result is a relatively slow decline of glutamate in the synaptic cleft and a
contribution of receptor desensitization to the decay of the EPSC (Barbour et al., 1994;
Takahashi et al., 1995; Takahashi et al., 1996).

Overall, it appears that multiple processes shape the AMPA receptor-mediated
EPSC in the central nervous system including diffusion, deactivation, desensitization,

binding of glutamate to transporters, synaptic geometry, and glial ensheathment. Which
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processes predominate depends on the morphology of the synapse, the type of receptors

present, and the intensity of release.

The NMDA receptor kinetics controversy

While it is clear that the decay of the NMDA receptor-mediated EPSC is shaped
by the length of time the transmitter remains bound to the receptor (see above) there is
disagreement about the underlying microscopic kinetics of the response. In particular,
the speed of channel opening after glutamate binds to the receptor (the first latency) is
controversial. In Section I of this dissertation this issue is addressed using rapid
application techniques and the open channel blocker MK-801.

Two competing schemes describing the activation of NMDA receptors evolved
out of contrasting methodologies. One approach has been to study openings and closings
of channels in on-cell patch recordings using nanomolar concentrations of agonist under
steady-state conditions. These conditions make it possible to observe the single channel
openings and closings during the lifetime of a single receptor-ligand interaction (Gibb
and Colquhoun, 1991; Gibb and Colquhoun, 1992). Separate binding events are
distinguished by very long (>1 s) closed periods which are concentration dependent
(Gibb and Colquhoun, 1991; Gibb and Colguhoun, 1992). To obtain information about
the first latency of the channels it is necessary to average the receptor-ligand interactions
(aligned by their first opening) and then deconvolve this waveform from the average
response of a patch to a brief high concentration of glutamate (Edmonds and Colquhoun,
1992). The results of this technique indicated that most channels don’t open for many

tens of milliseconds, and thus the slow decay of the response is due to these delayed
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~ openings (Edmonds and Colquhoun, 1992). A major assumption of this approach is that
the steady state channel behavior at low concentrations is identical to that during a jump
into a high concentration of glutamate.

The second approach directly measures the NMDA channel first latency in
excised patches under the non-equilibrium conditions of a jump into a saturating
concentration of glutamate, similar to synaptic activation of the receptors. In the
presence of MK-801, the channels get blocked irreversibly soon after opening for the first
~ time, giving rise to a current which decays with the time course of the first latency
distribution (Jahr, 1992; Jahr, 1994). In the first manuscript to follow, we test this
interpretation of the current in the presence of MK-801. The distribution decays
relatively quickly ( T = 13 ms ) indicating that most of the channels open for the first time
early in the response (Jahr, 1992; Jahr, 1994). We compare the amount of block
produced during a brief application of glutamate in a background of MK-801 to the
amount of block when MK-801 is only allowed to block the early part of the response.
The similar amount of block found indicates the channels that open do so for the first

time early in the response.

Monitoring glutamate escaping from the cleft using Bergmann glial cells

As discussed, the clearance of glutamate from the synaptic cleft in the central
nervous system involves both diffusion and high affinity transport. The relative
importance of these two processes depends on the cleft geometry, the location and
density of receptors and transporters, the tortuosity of the extrasynaptic space, and the

amount of glial ensheathment, among other factors. In Sections IT and III of this



dissertation these processes are investigated at the climbing fiber — Purkinje cell synapse.
The Bergmann glial cells provide an ideal sensor of the glutamate that escapes the
synaptic cleft, because of the intimate relation of the Bergmann glial cell with these

- synaptic contacts. They are also large enough to make whole cell and outside-out
recordings using the patch clamp technique. In addition, they have both AMPA receptors
and glutamate transporters on their surface membrane.

Early in development Bergmann fibers serve as guide wires for migrating granule
cells, as other radial glia do throughout the brain (Palay and Chan-Palay, 1974; Muller
and Kettenmann, 1995). Later in development Bergmann glia grow into complex
lamellar structures which completely envelop Purkinje cells (Palay and Chan-Palay,
1974; Muller and Kettenmann, 1995). Many of the functions of Bergmann glia in the
adult brain remain unclear. Originally ascribed solely to the isolation of individual
synaptic contacts, they are beginning to be viewed as an integral part of the signaling
circuitry of the cerebellum (Ortega et al., 1991; Muller and Kettenmann, 1995).
Calcium-permeable AMPA receptors are primarily responsible for the potential signaling
role of Bergmann glial cells (Burnashev et al., 1992; Muller et al., 1992). Supporting this
possibility, AMPA receptor-mediated and glutamate transporter currents recorded in
Bergmann glia are activated by synaptically released glutamate which escapes into the
extrasynaptic space (Bergles et al., 1997; Clark and Barbour, 1997; Linden, 1997). In
Sections II and IIT of this dissertation we capitalized on these phenomena, and used the
Bergmann glial cell to study the time course and concentration of the glutamate diffusing

from the cleft.
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Abstract

%ne period required for N-methyl-D-aspartate (NMDA) channels to open for the first time
after agonist binding, the first laténcy, was estimated in outside-out patch recordings from
rat hippocampal neurons ‘usin>g fast application techniques and the open channel blocker
MK-801. In the presence of MK-801, brief applications of L-glutamate or the low
affinity agonist L-cysteate resulted in a similar amount of block despite the much shorter
period of channel activation by L-cysteate. A brief co-application of L-glutamate and
MK-801 resulted in a block sifnﬂar to that found with an application of L-glutamate in a
background of MK-801. These results, along with our findings that MK-801 does not
block desensitized receptors, indicate that NMDA channels have a mean first latency of
about 10 ms, consistent with a peak open probability near 0.3. If NMDA channels at
synapses behave similarly, relétively few channels would be required to produce the
postsynéptic calcium transient associated with synaptic plasticity and developmental
regulation.

[Key words: ion channels, NMDA , kinetics, open probability, first latency, EPSC time

course]

In the vertebrate central nervous system, synaptic release of the excitatory
neurotransmitter L-glutamate results in activation of NMDA receptor channels in the
postsynaptic membrane that can last fdf several huhdred milliseconds (Hestrin et al.,
1990; Lester et al., 1990) . The NMDA receptor's high affinity for L-glutamate results in
this prolonged channel activity Because of the slow unbinding of agonist (Lester et al.,

| 1990; Patneau and Mayer, 1990; Clements and Westbrook, 1991; Gibb and Colquhoun,
1991; Gibb and Colquhoun, 1992; Lester and Jahr, 1992) . Two schemes describing the
single channel] events which underlie a macroscopic response to a brief pulse of L-
glutamate have developed in parallel.
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In the first scheme NMDA channels open, on average, about 10 ms after agonist
binding. The scheme is based on experiments using MK-801 (Jahr, 1992) which blocks
NMDA channels very rapidly after they open but unblocks very slowly at negative
holding potentials, and then only when agonist is bound (Huettner and Bean, 1988) . In
the presence of 20 uM MK-801, a brief application of a saturating concentration of L-
glutamate results in channel activity reflecting the first openings of individual channels.
This is because any channel that opens for more than about 2 ms will be blocked
essentially irreversibly by 20 uM MK-801. Therefore, in a patch containing many
NMDA channels, the macroscopic current recorded in MK-801 approximates a first
latency distribution (Jahr, 1992) .

This distribution can be fitted with a single exponential with a time constant of
about 13 ms, indicating that most channels open for the first time soon after agonist
binding. If this first latency distribution is deconvolved from a response in the absence of
MK-801, the resuiting distribution represents the conditional probability that a channel is
open at time t given that it was open at t = 0. This distribution decays slowly, lasting
several hundred milliseconds. Taken together, these distributions describe channel
behavior in which openings occur with moderately high probability soon after agonist
binding and repeatedly open and close until dissociation of agonist hundreds of
milliseconds later (Jahr, 1994) . It was also estimated that at the peak of the patch
reéponse to L-glutamate about 30% of the channels in the patch were simultaneously
open. This agrees well with dther patch measurements (Lin and Stevens, 1994,
Benveniste and Mayer, 1995; Rosenmund ~et al., 1995; Wyllie et al., 1997) and some
whole cell (Benveniste and Mayer, 1995) and synaptic measurements (Hessler et al.,
1993) .

In the second scheme most NMDA chaﬁnels open after a considerable delay. The
distribution describing the conditional probability that a channel is open at time t given it

was open at t = 0 was constructed for this scheme by aligning groups of channel
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openings, called "super-clusters" (Gibb and Colquhoun, 1991; Gibb and Colquhoun,
1992) , recorded at low agonist concentrations (Edmonds and Colquhoun, 1992) . In
contrast to the first scheme, this conditional open probability distribution decays quickly,
from 1 to 0.26 in 10 ms, indicating that after the initial burst or cluster of openings, the
likelihood of subsequent openings is very low (Edmonds and Colquhoun, 1992) .
Deconvolving the conditional open probability distribution from the response of a patch
to a brief pulse of L-glutamate gives rise to a first latency distribution which predicts that
the majority of the channels open for the first time over 100 milliseconds after binding
agonist and that the channels have a very low P,. The low open probability is consistent
with estimates using steady state agonist applications (Huettner and Bean, 1988;
Traynelis and Cull-Candy, 1990) and some synaptic measurements (Rosenmund et al.,
1993; Rosenmund et al., 1995) .

The present experiments were undertaken to determine which of these schemes

best describes NMDA channel behavior in outside-out patches.

Materials and Methods

Cell cuiture. Experiments were conducted on outside-out patches of rat
hippocampal neurons grown in primary cﬁlture. Cells were taken from P1-3 rats and
maintained in culture for 1-3 weeks (Lester et al., 1989) .

Solutions. Recording pipettes were filled with a solution containing 140 mM
cesium gluconate, 10 mM NaCl, 10 mM HEPES, 10 mM EGTA, and 5 mM MgATP,
adjusted to pH 7.2 with CsOH and kept on ice until use. External solutions contained 160
mM NaCl, 3 mM KCl, 10 mM HEPES, 0.2 mM CaCl,, 5 pM NBQX, and 20 pM
glycine, adjusted to pH 7.4 with NaOH. High purity salts were used in the external
solution to minimize contaminating divalents. Internal and external solution osmolalities
were 305-315 mosms. Sources of chemicals: L-glutamate, L-cysteate, HEPES, EGTA,
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Mg-ATP, and gluconic acid, SIGMA (St. Louis, MO); NaCl, Mallinckrodt (Paris,
Kentucky); high purity (Gold Label) NaCl, KCl and cesium hydroxide, Aldrich
Chemical (Milwaukee, WI); CaCly, Johnson Matthey (Ward Hill, MA); glycine, Bio-Rad
Laboratories (Hercules, CA); MK-801, RBI (Natick, MA). NBQX was a gift from Novo
Nordisk (Denmark).

Recording and perfusion techniques. Outside-out patch recordings were made
with borosilicate glass pipettes (WPI, Sarasota, FL) pulled to a "bubble number" of 7.4 -
7.8 and occasionally lightly polished to final tip resistance of 1-4 MOhms. Currents were
sampled at 2 kHz and low-pass filtered at 1 kHz using an Axopatch 200A, AxoBasic
software and a TL-1 DMA 1nterface (Axon Instruments, Foster City, CA). Solution
exchanges were made with flow tubes attached to piezoelectric bimorphs (Vernitron,
Bedford, OH), as described previously (Lester and Jahr, 1992; Tong and Jahr, 1994) .
Open tip measurements were made at the end of each experiment to test the speed and
consistency of the solution exchange. Data from patches with questionable exchange
were not analyzed. The open tip solution exchanges had a 10-90% rise time of < 500 us,
the sampling interval. Patches were held at 0 mV between agonist applications and at -60
mV during responses to agonists. Trials were separated by 15-20 s to allow recovery
from desensitization. Statistical analysis was performed using InStat (Graph Pad
Software, San Diego, CA). Reported values are given as mean + standard deviation. All

experiments were performed at room temperature.

Results

Block by MK-801 is independent of agonist affinity

NMDA channels activated by short pulses of high affinity agonists remain active
‘for longer periods than when bound by low affinity agonists (Lester and Jahr, 1992)
because ligand-gated ion channels can generally open only while agonist is bound (Hille,

1992) . Responses activated by brief applications of the low affinity agonist L-cysteate
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decay much faster (11 = 31 ms, 95%; 12 = 164 ms) than responses to L-glutamate (t; = 68
ms, 80%; T2 = 553 ms, from Lester and Jahr, 1992). If NMDA channels open only after
prolonged bound times (the long first latency scheme), then far fewer channels would be
blocked by MK-801 during an L-cysteate response than during an L-glutamate response
because L-cysteate would unbind before most channels could open for the first time.
However, if NMDA channels open soon after agonist binding (the short first latency
scheme), receptor activation by L-cysteate and L-glutamate should result in a similar
degree of block. This prediction requires the behavior of the channels to be comparable
while either agonist is bound, as evinced by the similarity of responses to long
applications of the two agonists (Lester and Jahr, 1992) .

It was necessary to determine the minimum application duration of saturating L-
cysteate required to give a maximal response because the unbinding rate of L-cysteate is
much faster than that of L-glutamate. A response with maximal amplitude was achieved
with a 15 ms pulse of 10 mM L-cysteate (Figure 1). The charge transfer during the first
20 ms of the response was 89 = 10% of that produced by a 5 ms pulse of 10 mM L-
glutamate, while the total charge transfer with L-cysteate was only 23 + 9% of that with
L-glutamate (n=6). L-cysteate appears to be slightly less efficacious than L-glutamate at
NMDA receptors since 10 mM L-cysteate is a saturating concentration (Patneau and
Mayer, 1990) . | '

Control responses were elicited with a 5 ms pulse of 10 mM L-glutamate before
and then after a single friél éoﬁsisting ofa 15 ms ;;ulée of 10 mM L-cysteate applied after
equilibrating the patch in 20 uM MK-801 (Figure 2). L-glutamate was used for the
control responses to allow comparisdn with thé block using L-glutamate (Jahr, 1992) .
Charge transfer (Q) was measured'by integrating the averages of five of the control
résponses before and after the MK-801 trial, and the percent block was calculated as

(Qbefore-Qafter)” Qbefore-‘ Consistent with the short first latency scheme, the block
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Figure 1. Decay time of NMDA channel responses depends on the agonist.

(A) Superimposed responses of a patch to 5, 10, 15, and 20 ms applications of 10 mM L-
glutamate (glu). Each trace is an average of five sweeps; the different length applications
were made successively and then repeated in a cyclic manner. (B) Superimposed
responses to 5, 10, 15, and 20 ms applications of 10 mM L-cysteate (cys) using the same
protocol as in (A). (C) The average NMDA receptor response to a 15 ms application of
10 mM L-cysteate superimposed on the average response to a 5 ms application of 10 mM
L-glutamate in the same patch. Parts (A), (B), and (C) are from different patches. Open
tip traces of the various length applications are superimposed above the patch responses.

Vp=-60 mV.
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Figure 2. The magnitude of block by 1MK-8?1 is comparable for L-cysteate and L-
glutamate responses. |

(A) The average NMDA receptor response of an oufside-out patch to a 5 ms pulse of 10
mM L-glutamate (glu) pﬁor to MK-801 exposﬁre.- Above the response is the open tip
trace measured at the end of thé experiment. (B) A 15 ms cofapplication of I0 mM L-
cysteate in a background of 20 uM‘MK-801: the blocking trial. (C) Averaged responses
to 5 ms pulses of 10 mM L-glutamate before and after the MK-801 exposure,
superimposed. (D) Responses in (C) scaled to their peaks. All traces are from the same

patch.
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observed using L-cysteate (79 £ 11%, n=7) was not significantly different (p>0.1,
Student's unpaired two tailed t-test) to that using L-glutamate (70 + 10%, n=8; from Jahr,

1992).

MK-801 does not block desensitized channels

A concern with the previous experiments, in which MK-801 was continuously
present, is the possibility that MK-801 may block receptors that are bound by ligand but
in a nonconducting (e.g., desensitized) state, thereby resulting in an overestimate of fhe
number of channels that open before agonist unbinding. To address this concern, a1l s
application of L-glutamate (10 mM) was used to desensitize a population of receptors.
An application of this length results in an NMDA response that decays markedly while
agonist is present (Figure 3 A, top trace). During this long application of L-glutamate, 20
uM MK-801 was co-applied for 20 ms either 905 ms into the application (Figure SA) or5
ms into the application (Figure 3B). Five control responses to L-glutamate before and
after the MK-801 trial were averaged and integrated to calculate the reduction in charge
transfer caused by the exposure to MK-801 at the two times. The amount of block
((Qbefore-Qafter)/Qbefore) was significantly less when MK-801 was applied at 905 ms
(19 £+ 16% block) than at 5 ms (51 £ 17% bloék; p=0.009, Student's two tailed paired t-
test, n=6). The amount of block was corrélated with the charge transfer at the time of the
block, as would be expected if MK-801 could only block open receptors. The ratio of the
block at 905 ms to the block at 5 ms (38 = 32%) was not significantly different from the
ratio of the charge transfer from 905-925 ms to the charge transfer from 5-25 ms (26 +
14%,; p=0.27, Student's two téiled 'paiféd f—test, n=6). These results indicate that

desensitized receptors are unavailable for block by MK-801.
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Figure 3. MK-801 does not block desensitized NMDA channels.

(A) top: The average NMDA receptor response of an outside-out patch to a 1 second
application of 10 mM L-glutamate (glu). middle: a 1 second application with a
concomitant 20 ms jump into 10 mM L-glutamate plus 20 pM MK-801 (mk), 905 ms
after the beginning of the long application. The open-tip current is displayed above the
response. bottom: The supeﬂmppsed averages of 5 responses to 1 s applications of 10
mM L-glutamate before and after the single MK-801 sweep. (B) The same experiment as
shown in (A) except the 20 ms jump into L-glutamate plus MK-801 is 5 ms after the start
of the long L-glutamate application. The responses in this figure are all from a single

patch.
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MK-801 blocks most channels in the first 10 ms

To estimate more directly the average first latency of NMDA channels, patches
were exposed to MK-801 only during a brief agonist application. If the short first latency
scheme is correct, a transient simultaneous exposure to L-glutamate and MK-801 should
produce a significant biock. However, if the long first latency scheme is correct, the
majority of openings occur later in the response and little block should occur. The
amount of block caused by a single 10 ms pulse of 10 mM L-glutamate and 20 pM MK-
801 was measured as above by integrating the charge transfer under control conditions (5
ms pulse of 10 mM L-glutamate, five sweeps in each average) before and then after the
exposure to MK-801 (Figure 4). This protocol resulted in an average block of 62 £ 10%
measured in ten patches. This amount of block is comparable (p>0.10, Student's two
tailed unpaired t-test) to the 70 + 10% (n=8; from Jahr, 1992) measured when the MK-
801 was present throughout the blocking trial, and indicates that a large percentage of
channels open within 10 ms of binding L-glutamate.

It is possible that MK-801 can bind to a low affinity site on the closed channel
(e.g., in the external vestibule) from which it could block the channel once the pore opens
tens of milliseconds after the end of the application. This would result in an
underestimate of the average first latency. To address this possibility, a 4 ms application
of 10 mM L-glutamate was preceded at decreasing intervals by a 4 ms pulse of 20 uM
MK-801 (Figure 5). With each patch, three types of applications were made in
succession and then repeated in a cycliceil'fashio’n three to six times: first a control trial
with no pulse of MK-801, followed by a trial with a pulse of MK-801 completed 30 ms
before the start of the L-glutamate pulse, and finally a test trial with a pulse of MK-801
ending either 20, 15, 10, 5, or 3 ms before the pulse of L-glutamate. Except for two long-
lived patches, only one of the test times was attempted per patch.

In 17 patches, the trials with an application of MK-801 ending 30 ms before the

L-glutamate test pulse were 101 £ 9.6% of the control response. A one way ANOVA

32



glu

I8

B | olu+mk

glu

after

iﬁ

Figure 4. Brief exposure to Léglutatﬁate plus MK-801 produces an amount of block
similar to that found by’ applying L-glutamate in a background of MK-801 .

(A) An average of five NMDA‘receptor respbnses of an outside-out patch to 5 ms pulses
of 10 mM L-glutamate (glu) before exposure to MK-801. The open-tip current is
displayed above the response. (B) The response of the same patch to a 10 ms pulse of 10
mM L-glutamate and 20 pM MK-801 (mk). (C) The average in (A) and an average of

five responses after exposure to MK-801, superimposed.
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Figure 5. Rapid washout of MK-801.

(A) Three types of trials made in succession and then repeated cyclically: (top) control
trial, a single 4 ms pulse of 10 mM L-glutamate (glu), (middle) a 4 ms pulse of 20 uM
MK-801 (mk) followed by a 4 ms pulse of 10 mM L-glutamate with a 30 ms interval
between the two pulses, (bottom) same as the middle trace but with a 3 ms interval
between the MK-801 pulse and the L-glutamate pulse. Each trace is the average of three
sweeps. The open-tip currents are displayed above each trace. (B) The three traces
shown in (A), superimposed. All traces are from the same patch. (C) A plot of the mean
response for each time interval, expressed as a percent of the control response in the patch
the measurement was made. The numbers below the data points indicate the number of

patches contributing to each mean, and the error bars are standard deviations.
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was performed with post hoc comparisons between the decreasing test intervals and the
responses of the 30 ms interval, all expressed as percentages of the control response in the
same patch. The ANOVA gave a p value of 0.182 indicating the difference among the
means was not significant. In addition, the Bonferroni p values for individual

comparisons with the 30 ms interval were not significant.

Discussion

Our results using concentration jumps with outside-out patches support the short
first latency scheme presented above. We have found that block by MK-801 is
independent of agomnist affinity; transient NMDA channel activity evoked by L-cysteate
results in a block by MK-801 comparable to that of longer lasting I-glutamate induced
activity. We have also shown that a brief co-application of MK-801 and L-glutamate is
sufficient to produce a block similar to that found when MK-801 is present throughout
the trial. In addition, we have demonstrated that the block of desensitized receptors by
MK-801 1s unlikely to account for the large block produced by MK-801 during a patch
response. These results indicate that most of the channels that open before agonist
dissociation do so for the first time within ten milliseconds, and that the long decay of
NMDA channel responses to brief pulses of L-glutamate is due to repeated openings of
channels and not to long first latencies. This is consistent with the channels having a
peak open probability near 0.3 in response to brief saturating concentrations of agonist
(Jahr, 1992; 1994) .

The conclusions of this study contrast with those of low concentration steady-state
studies which require a low probability of opening and long first latencies to explain the
slow NMDA response (Edmonds and Colquhoun, 1992) . The disparity may be due to
differences in the behavior of the channels under contrasting recording conditions. As
has been suggested previously (Edmonds and Colquhoun, 1992) , quick jumps into high

concentrations may give rise to activations with a higher P, than those found in steady
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state low concentration experiments . Preliminary evidence to this effect was reported by
Edmonds and Colquhoun (1992) and was explained by possible differences in the initial
occupancies of the various kinetic states. An example of a kinetic model which could
account for the differences between the experimental results is one which includes
openings of receptors with one ligand bound.

Mono-liganded receptor openings are not likely to occur at physiological
concentrations of transmitter (Patneau and Mayer, 1990; Clements and Westbrook, 1991).
However, the low agonist concentrations used in the steady state experiments may
increase the likelihood of such events, analogous to what is found with acetylcholine
receptors (Dionne et al., 1978, Colquhoun and Sakmann, 1985; Colquhoun and Ogden,
1988) and GABA receptors (Twyman et al., 1990) . The saturating concentrations of
agonists used in the present study result in doubly-liganded receptors which may be more
likely than mono-liganded receptors to enter into the "high P, periods" seen by many
researchers (Jahr and Stevens, 1987; Howe et al., 1988; Gibb and Colquhoun, 1991; Gibb
and Colquhoun, 1992) . These periods of intense activity, with a P, of about 0.8 (Gibb
and Colquhoun, 1992) , can last for hundreds of milliseconds and may contribute
significantly to the macroscopic response evoked by brief applications of high
concentrations of L-glutamate. In steady state experiments using low concentrations of
L-glutamate but high concentrations of glycine, the periods of high P, occurred about
once a minute during continuous recording and yet contributed 22% of the openings
(Gibb and Colquhoun, 1991) . It is not known whether high P, periods are dependent on
agonist concentration, but this could explain the brevity of the aligned single channel
activations observed by Edmonds and Colquhoun (1992). In that study high P, periods
were not reported, perhaps because of the very low concentrations of both L-glutamate
and glycine used. These periods of intense activity could result in significant charge
transfer late in the response, slowing the decay of the conditional open probability

distribution.
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Correlations in channel activity apparent in single channel recordings (Gibb and
Colquhoun, 1992, Edmonds et al., 1995) may be indicative of channel properties which
could result in the discrepancy between the concentration jump experiments and those
under steady state conditions. Strong correlation between adjacent openings, between
adjacent shut periods, and an inverse correlation between adjacent open and shut periods
indicate that long openings are more often found near other long openings and brief
closings. The extreme of this trend would be the high P, periods mentioned above, and
this behavior may result from a kinetic state favored by jumps into high agonist
concentrations.

A recent study by Benveniste and Mayer supports the short first latency / high P,
scheme. Using co-applications of the open channel blocker 9-aminoacridine (9-AA) and
L-glutamate they measured an absolute limit of 75 ms on the first latency of NMDA
receptors (Benveniste and Mayer, 1995) . Co-applications of longer durations collected
no additional channels in the open-blocked state, as measured by the amplitude of tail
currents evoked by a depolarizing pulse at the end of the application. In addition, after a
20 ms co-application, they noted a rise in inward current upon returning to the control
solutions which they interpreted as first openings of channels, similar to a response to L-
glutamate in the absence of 9-AA. This response was only 27% of control which
suggests that 73% of the channels that would open in response to L-glutamate, opened
within 20 ms of agonist presentation.

The single channel behavior in agreement with our findings consists of an average
first latency of about 10 ms, a peak Py near 0.3, and a significant number of channels
exhibiting long lasting bursting. If synaptic NMDA channels behave similarly to those in
outside-out patches (Hessler et al., 1993; but see Rosenmund et al., 1993; Rosenmund et
al., 1995) , this short first latency / high P, scheme suggests that relatively few channels
(c. 5 - 30) are required at individual synaptic sites to account for the small NMDA

component of miniature excitatory synaptic currents (Bekkers and Stevens, 1989;
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Robinson et al., 1991; McBain and Dingledine, 1992; Silver et al., 1992) . Very recently,
it has been reported that calmodulin can regulate the P, of NMDA channels (Ehlers et al.,
1996) . This may account for the differences in estimates of P, in different preparations

(Jahr, 1992; Hessler et al., 1993; Rosenmund et al., 1993; Rosenmund et al., 1995) .
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Abstract

Glutamate transporters in the central nervous system are expressed in both
neurons and glia, they mediate high affinity, electrogenic uptake of glutamate, and they
are associated with an anion conductance that is stoichiometrically uncoupled from
glutamate flux. Although a complete cycle of transport may require 50 to 100
milliseconds, previous studies suggest that transporters can alter synaptic currents on a
much faster time scale. We find that application of L-glutamate to outside-out patches
from cerebellar Bergmann glia activates anion-potentiated glutamate transporter currents
which activate in less than a millisecond, suggesting an efficient mechanism for the
capture of extrasynaptic glutamate. Stimulation in the granule cell layer in cerebellar
slices elicits all or none AMPA receptor and glutamate transporter currents in Bergmann
glia which have a rapid onset, suggesting that glutamate released from climbing fiber
(CF) terminals escapes synaptic clefts and reaches glial membranes shortly after release.
Comparison of the concentration dependence of both AMPA receptor and glutamate
transporter kinetics in patches with the time course of CF-evoked responses indicates that
the glutamate transient at Bergmann glial membranes reaches a lower concentration than
attained in the synaptic cleft and remains elevated in the extrasynaptic space for many

milliseconds.

Introduction
Termination of the actions of synaptically released glutamate requires uptake by
high affinity glutamate transporters. These transporters are expressed by both neurons

and glia and maintain low extracellular glutamate levels by coupling translocation to the

electrochemical gradients for Na™, K*, and H™ (Robinson and Dowd, 1997). The
importance of these transporters in restricting glutamate neurotoxicity is evidenced by the
physiological, behavioral and anatomical abnormalities which result when their

expression 1s reduced (Rothstein et al., 1996) or eliminated (Tanaka et al., 1997). On a



faster time scale, glutamate transporters appear to be important in limiting the duration of
synaptic excitation at some synapses (Sarantis et al., 1993; Mennerick and Zorumski,
1994; Otis et al., 1996; Takahashi et al., 1996; Tanaka et al., 1997) by rapidly lowering
the concentration of glutamate in the synaptic cleft following exocytosis; however,
transporter antagonists do not prolong EPSCs at all synapses (Hestrin et al., 1990;
Isaacson and Nicoll, 1993; Sarantis et al., 1993) suggesting that other factors which vary
between synapses such as receptor kinetics, location and density of transporters, and
diffusional barriers may also be important in shaping the glutamate transient in the cleft.
Glutamate transporters located near release sites have also been shown to slow the
activation of postsynaptic ionotropic receptors (Tong and Jahr, 1994; Diamond and Jahr,
1997) suggesting that glutamate may bind to transporters within a millisecond after
release. Such rapid binding kinetics have recently been demonstrated for glutamate
transporters expressed in Purkinje cells (Otis et al., 1997). However, the lack of subtype-
selective antaéonists has hampered assessment of the relative contribution of neuronal
and glial transporters to the uptake of glutamate on this time scale.

In the cerebellum, Bergmann glial processes ensheath excitatory synapses on
Purkinje cells (Palay and Chan-Palay, 1974; Spacek, 1985), express high levels of the
glutamate transporter GLAST (Rothstein et al., 1994; Lehre et al., 1995), and accumulate
radiolabelled glutamate (de Barry et al., 1982); they are therefore ideally positioned to
capture glutamate that escapes from the synaptic cleft. Synaptic activation of glutamate
transporters in Bergmann glia has been recently demonstrated in cerebellar slices (Clark
and Barbour, 1997) and are similar to the glutamate transporter currents elicited in
cultured glial cells following neuronal stimulation (Mennerick and Zorumski, 1994,
Linden, 1997). These synaptic transporter currents begin shortly after stimulation
suggesting that glutamate reaches sites on glial membranes within a millisecond after
exocytosis. This observation is consistent with estimates of the diffusion rate of

glutamate (Wahl et al., 1996) as well as the decay rate of the glutamate transient in the



cleft (Clements et al., 1992; Diamond and Jahr, 1997). However, the amount of
glutamate which escapes the cleft and the time that it remains elevated in the
extrasynaptic space are not known. We describe the intrinsic kinetics of glial transporters
in outside-out patches from Bergmann glial cells and compare these to AMPA receptor
and transporter currents activated through CF stimulation in cerebellar slices to estimate
the time course of glutamate in the extrasynaptic space. Our results indicate that the
glutamate concentration at glial membranes peaks at a level much lower than the 1 - 3
mM achieved in the synaptic cleft (Clements et al., 1992; Diamond and Jahr, 1997) and

persists in extrasynaptic regions for more than 10 milliseconds following release.

Materials and methods

Whole cell recordings and outside-out patches were obtained from Bergmann glia
in cerebellar slices (300 pm) prepared from postnatal day (P) 11 - P15 rats. Bergmann
glia were visualized using a 40x water-immersion objective on an upright microscope
(Zeiss Axioskop) equipped with IR/DIC optics. Patch pipettes had resistances of 2 - 4
MQ when filled with K gluconate. The bath solution contained (in mM) 119 NaCl, 2.5
KCl, 2.5 CaClp, 1.3 MgClp, 1 NaH2PO4, 26.2 NaHCO3, and 11 glucose, saturated with

95% 02/5% CO3. Pipette solutions contained (in mM) 130 K™ A-, 20 HEPES, 10

EGTA, and 1 MgClp, pH 7.2. A- denotes NO3-, SCN-, gluconate or methanesulfonate.

Isolated AMPA responses were recorded in patches with an internal solution composed of

(in mM) 100 Cs2S04, 20 HEPES, 10 EGTA, 4 MgATP, and 0.3 GTP, pH 7.2. CFs were

stimulated (30 - 140 pA, 100 ps) with a theta glass pipette filled with bath solution that
was placed in the granule cell layer. Synaptic currents were filtered at 1 - 2 kHz and

digitized at 10 kHz, and patch currents were filtered at 5 kHz and digitized at 30 - 50
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kHz. Current-clamp responses were recorded with an Axoclamp-2A, while synaptic and
patch currents were recorded with an Axopatch-200A. When recording synaptic currents,
access resistance was monitored throughout the experiment and averaged 5.5 & 2.3 MQ;
if it changed more than 20%, the experiment was discarded. Holding potentials have
been corrected for junction potentials. For morphological identification, Bergmann glia
were filled with 1.5 mM Cy5-EDA (Amersham Life Science) in KNO3 via the patch
pipette and imaged on a confocal microscope (Noran Odyssey XL). Rapid agonist
applications to outside-out patches were performed as described previously (Tong and
Jahr, 1994) using an extracellular solution containing (in mM) 135 NaCl, 5.4 KCl, 5
HEPES, 1.8 CaClp, 1.3 MgCly, at pH 7.2. Concentration-response was performed on
individual patches by connecting a 4-barrel miniature manifold (Warner Instruments) to
one side of a theta pipette. Artifacts arising from voltage steps applied to the bimorph
have been blanked. Values are given as mean + S.D. All experiments were performed at

room temperature (22 - 24°).

Results

Bergmann glial cell bodies were initially identified in slices of rat cerebellum by
their small size (~ 10 pm in diameter) and their location in the Purkinje cell layer.
Whole-cell recordings from these cells revéaled their characteristic low input resistances
(30 £ 21 MQ, n = 24), high resting membrane potentials (-87 = 6 mV, n = 24), and lack
of voltage dependent currents (Fig. 14). Biexponential fits to the passive membrane
responses to current steps yielded time constants of: tfast = 0.43 = 0.25 ms, 51 £ 12%;

Tslow = 2.4 = 0.4 ms; n = 6). Cells exhibiting these electrophysiological properties were

filled the dye, CyS-EDA, revealing that they typically had 5 or more thin, apically

projecting processes which were interrupted along their length by irregular protrusions
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Figure 1. Identification of a Bergmann glial cell.

(4) Voltage responses of a Bergmann glia cell to 50 ms current steps (-200 pA to 700
pA) from a resting potential of -87 mV. Fitting the rising phases of these responses with
two exponentials gave a fast time constant of 0.36 ms (47.3 % amplitude) and a slower
time constant of 3.3 ms. The time constants for the rise and decay phases were not
significantly different (p > 0.05). This cell had an input resistance of 27 MQ. (B) The

cell was recorded with a patch pipette filled with 1.5 mM Cy5-EDA in KNO3 internal

solution and simultaneously imaged on a confocal microscope. Image is a composite of

11 optical sections taken at 5 um steps. Bar =25 pm.
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before terminating at the pial surface with rounded expansions (Fig. 1B). These
morphological features are characteristic of Bergmann glia (Palay and Chan-Palay, 1974).
Rapid application of L-glutamate (10 mM) to outside-out patches from Bergmann glial
cells activated both an AMPA receptor-mediated current that was blocked by NBQX and

GYKI-52466, and a current that was insensitive to these antagonists when the pipette

contained SCN-, which 1s highly permeant through glial glutamate transporters (Wadiche
et al., 1995)(Fig. 24); in the absence of a permeant anion, the current remaining in

AMPA receptor antagonists was very small (<5 pA; n= 7). Glutamate transporters,
unlike ionotropic receptors, show a near absolute dependence on external Na™ (Robinson

and Dowd, 1997). When external Na™ was replaced by Li™ (135 mM) the NBQX/GYKI-
insensitive current was blocked (n = 5; F<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>