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Mechanisms shaping glutamate-mediated excitatory
postsynaptic currents in the CNS

Peter Jonas and Nelson Spruston
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Excitatory postsynaptic currents in neurones of the central nervous system
have a dual-component time course that results from the co-activation of
AMPA/kainate-type and NMDA-type glutamate receptors. New approaches in

electrophysiology

and molecular biology have

provided a better

understanding of the factors that determine the kinectics of excitatory

postsynaptic currents, Recent studies suggest that the time course of

neurotransmitter concentration in the synaptic cleft, the gating properties

of the native channels, and the glutamate receptor subunit composition all
appear to be important factors.
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Introduction

Chemically mediated synaptic transmission results from
the fusion of neurotransmitter-containing synaptic vesi-
cles with the presynaptic plasma membrane, the re-
lease of the vesicular contents into the synaptic cleft,
and the subsequent activation of postsynaptic recep-
tor channels. Although there is little doubt that this
concept — originally established for the neuromus-
cular junction — applies to central synapses, many
details of synaptic transmission in the mammalian cen-
tral nervous system (CNS) remain unclear. The current
thinking is that the majority of excitatory synapses are
glutamatergic, but it is not yet known precisely how
much glutamate is in a synaptic vesicle or what is the
time course of glutamate concentration in the synap-
tic cleft, aithough attempts have been made to simu-
late or measure these [1,2,3*]. We also need to learn
more about the action of glutamate on the postsy-
naptic receptors, since neither the kinetic properties
of these receptors nor their subunit composition are
sufficiently understood. Important information is just
beginning to be obtained about the ultrastructure of
central synapses (e.g. vesicle size, number of release
sites and distance between them, width of the synap-
tic cleft, and size of postsynaptic densities) [4¢]. A more
detailed knowledge of all these cellular and molecular
factors will help us understand more complex aspects
of brain function, such as the integration of synaptic
signals and synaptic plasticity.

In this review, we will summarize recent attempts to
infer, from excitatory postsynaptic current (EPSC) ki-
netics, the mechanisms underlying excitatory synaptic
transmission in the CNS. Whereas the time course of
the excitatory postsynaptic potential (EPSP) is largely

determined by the passive properties of the postsynap-
tic cell, the EPSC amplitude, at any given point in time,
should be proportional to the number of open post-
synaptic receptor channels, which allows one to make
inferences about the molecular mechanisms of synaptic
transmission {5-7]. In order to address such questions,
new techniques have been applied to central neuro-
nes, including patch-clamp methods to record EPSCs
in brain slices, fast application of glutamate to outside-
out patches to mimic EPSCs, and the use of molecu-
lar biology to elucidate the subunit composition of the
postsynaptic receptor channels.

Kinetics of EPSCs at central synapses

In most types of mammalian CNS neurones, EPSCs
consists of two components that differ in kinetics
by almost two orders of magnitude. The fast com-
ponent is selectively blocked by CNCX (a specific
AMPA/kainate receptor channel antagonist), but is in-
sensitive to D-APV (a specific NMDA receptor chan-
nel antagonist). Conversely, the slow component is
blocked by b-APV but not by CNQX; it is also blocked
by Mg2* in a characteristic voltage-dependent manner
[8]. These results strongly suggest that the two com-
ponents of the EPSC are mediated by two different
types of glutamate-gated ion channels: AMPA/kainate-
type (fast) and NMDA-type (slow) glutamate receptor
(GluR) channels [9**,10-13].

Voltage- and space-clamp problems

Patch-clamp techniques allow one to record from cen-
tral neurones in the intact synaptic environment of a
brain slice, at high temporal resolution and with low
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background noise [9*%,10,11,13,14,15*%,16,17]. The ma-
jority of the excitatory synapses in the CNS are located
on dendrites remote from the cell soma, which causes
serious distortions of measured synaptic currents, par-
ticularly of the fast AMPA/kainate component of the
EPSC. Simulations based on realistic models of neu-
ronal morphology reveal that filtering by the dendritic
cable and imperfect somatic voltage clamping (result-
ing from the series resistance of the recording pipette)
severely attenuate and slow the time course of the
recorded current [17-21]. The only way to circumvent
these problems is to focus on excitatory synapses that
are located close to, or at, the cell soma, and to use
patch pipettes with the lowest possible resistance.

Focus on electrotonically close synapses

A number of excitatory synapses that are located elec-
trotonically close to the cell soma have been studied in
brain slices using patch-clamp techniques; the grow-
ing list includes mossy fiber (MF) synapses on cere-
bellar granule cells [9**,14], synapses on neocortical
interneurones [10], calyceal synapses on neurones in
the the cochlear nucleus [15**] and the medial nucleus
of the trapezoid body [11], synapses on medial septal
neurones [16], and MF synapses on hippocampal CA3
pyramidal cells [17]. The fast AMPA/kainate receptor-
mediated components of the EPSCs at these synapses
have rise times that are only a few hundred micro-
seconds; the decay is approximately mono-exponen-
tial, with time constant (1} values that vary between
0.5ms {cochlear nucleus neurones {15**]}) and 3ms
{CA3 pyramidal neurones [17]) at different synapses.
It has been suggested that generally the EPSC decay
may be faster in relay neurones (e.g. cochlear nucleus
neurones [15**]} than in neurones specialized to inte-
grate multiple synaptic signals. Moreover, it has been
noted that the decay of the AMPA/kainate receptor-me-
diated EPSC component is faster in inhibitory than in
excitatory postsynaptic neurones {22°—24°]. Whether or
not these principles apply throughout the CNS remains
to be determined. The kinetics of the NMDA receptor-
mediated EPSC component are much slower than that
of the AMPA/kainate-generated EPSC. The rise time is
around 10 ms (see, however, [25*]). The decay appears
1o be double-exponential with 1 values of about 50 ms
and 250 ms, respectively. When the NMDA component
reaches its peak, the AMPA/kainate component has de-
cayed to a negligible value [9*°,10,25%,26%,274].

Determinants of EPSC kinetics

The rise time of an ideally voltage-clamped synaptic
current is determined by both the rate of rise of neuro-
transmitter concentration and the activation kinetics of
the channels. However, the factors that determine the
rate of the decay of the synaptic current are more com-
plicated; three basic scenarios have been put forward
(Fig. 1). In hypothesis I, it is postulated that the de-
cay of neurotransmitter concentration is very rapid,
and that the synaptic current is terminated by chan-
nel deactivation following removal of neurotransmit-
ter from the synaptic cleft (EPSC t=deactivation 1),

(@) 1 _____________________ 0
Y m
mE h J TmM
5ms
(b

SpA

5ms

© 1994 Current Opinion in Neurabiology

Fig. 1. Influence of the time course of neurotransmitter con-
centration in the synaptic cleft on the shape of the glutamate-
activated current. The three hypotheses discussed in the text
I, I, and 1) are illustrated with the corresponding num-
bers next to the type of curve they refer to. Simulations
are based on the kinetic model of AMPA/kainate-type GluR
chanrel gating described by Jonas et al. [17]: (a) glutamate
concentration plotted against time, and (b) glutamate-activated
current (25 channels, 8 pS, —70 mV, rate constant set 1)
versus time.

as has already been proposed for the neuromuscular
junction [5,6]. In hypothesis II, it is envisioned that the
decay of neurotransmitter concentration is slow, and
the synaptic current is terminated by channel desensi-
tization in the maintained presence of neurotransmit-
ter (EPSC 1= desensitization 1). As AMPA/kainate-type
GluR channels desensitize more rapidly than any other
ligand-gated ion channel, this hypothesis is not un-
reasonable [28]. In hypothesis III, it is proposed that
the neurotransmitter concentration decays with a time
course that is intermediate between these extremes,
implying that the decay of the synaptic current is in-
fluenced by the time course of neurotransmitter con-
centration, deactivation, and desensitization in a com-
plicated manner (deactivation t< apparent EPSC 1<
desensitization T).

Mimicking synaptic events using fast application

At an intact synapse, it is difficult at an intact
synapse to investigate which molecular steps are
rate-limiting for the EPSC time course. Fast ap-
plication of the putative neurotransmitter glutamate
to excised outside-out membrane patches (within
about 100us) allows one to mimic synaptic re-
lease [15%¢,22%-24* 26%,27+,28,29* 30°,31,32**,33]. The
fast application system and the membrane patch may
together be regarded as a surrogate synapse where
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‘presynaptic’ parameters can be readily controlled. The
influence of pulse length and concentration on the time
course of the glutamate-activated current can thus be
investigated systematically, something which is much
more difficult at native synapses.

Which factors determine the rapid kinetics of the
AMPA/kainate component of the EPSC ?

The rapid rise time of the AMPA/kainate receptor-me-
diated membrane currents activated by fast applica-
tion of millimolar glutamate concentrations [15%,22¢—
24% 26 30* 31] is similar to the rise time of the well-
clamped AMPA/kainate EPSCs [9**,10,11,14,15%*,16,17].
Measured rise times in fast application and synaptic ex-
periments, however, represent upper limits rather than
true values, because they appear to be strongly affected
by the speed of solution exchange and the quality of
the voltage clamp, respectively [17-21,29°]. In any case,
the available data allow for the conclusion that the rise
of neurotransmitter concentration in the synaptic cleft
must be very rapid. Whereas it was originally assumed
that instantaneous and complete neurotransmitter re-
lease occurs by fusion of synaptic vesicles [1], recent
data on non-neuronal secretory cells challenge this
view and suggest that partial release via a narrow fu-
sion pore is possible [34,35). If glutamate is discharged
via a fusion pore at central excitatory synapses, the fast
rise of the AMPA/kainate EPSC implies that either the
lifetime of this pore is brief or the conductance is high
[36].

Deactivation and desensitization time constants of
AMPA/kainate receptors have been studied in a va-
riety of CNS neurones with the aim of gaining a bet-
ter understanding of the determinants of EPSC decay.
Rapidly gated AMPA/kainate-type GluRs (deactiva-
tion T=1ms; desensitization T=3 ms) have been found
in cochlear nucleus neurones [15**,31), in cerebellar
granule cells (B Edmonds, RA Silver, D Colquhoun,
SG Cull-Candy, abstract 624.5, 23rd Annual Meeting of
the Society of Neuroscience, Washington DC, Novem-
ber 19933, and in inhibitory interneurones of neocor-
tex [23*,30*) and hippocampus [24*]. More slowly gated
AMPA/kainate-type GluRs (deactivation tT= 2.5 ms; de-
sensitization T=10ms) have been reported in hip-
pocampal granule cells [29°), hippocampal pyramidal
neurones [29*], and neocortical pyramidal neurones
[22+,23*,30*]. A comparison of the kinetics of EPSCs
to that of currents activated by glutamate pulses in the
same cell type reveals that the majority of cells express-
ing rapidly gated AMPA/kainate receptors show rapidly
decaying AMPA/kainate EPSCs ([9**,10,15%*,23¢ 30°,31];
B Edmonds, RA Silver, D Colquhoun, SG Cull-Candy,
abstract 624.5, 23rd Annual Meeting of the Society of
Neuroscience, Washington DC, November 1993). In alt
the cell types investigated, desensitization of GluRs in
membrane patches is two- to four-fold slower than
the decay of the well-clamped AMPA/kainate EPSC
[9+2,10,15%%,17,22%,23°,29* 30*,31]. Under the assump-
tion that the functional properties of postsynaptic GluR
channels and extrasynaptic channels in patches are
identical, this excludes hypothesis I and rules out
desensitization as the major determinant of EPSC de-

cay. In many cell types, the deactivation 1T is very
close to the synaptic decay T, but usually is slightly
slower [10,17,29,30%]. It is difficult to distinguish un-
equivocally between hypothesis I and 111 solely on the
basis of these data, because the apparent EPSC decay
time course may have been slowed by voltage-clamp
imperfections. In addition, the decay of evoked mul-
tiquantal EPSCs, on which the reported 1s are largely
based, may be slower than that of uniquantal EPSCs as
a result of asynchronous release of individual neuro-
transmitter quanta [9°*].

The synaptic glutamate pulse may be prolonged under
some conditions

Pharmacological tools that inhibit the desensitization
of AMPA/kainate-type GluR channels provide an ap-
proach for distinguishing between hypothesis I and
I, Cyclothiazide, which is probably the most potent
and specific agent available, slows the decay of minia-
ture EPSCs in hippocampal neurones [37]. At the ca-
lyceal synapse on cochlear nucleus neurones, which
is characterized by a large number of active zones for
neurotransmitter release, cyclothiazide slows the decay
of evoked multiquantal EPSCs more strongly than that
of miniature EPSCs {15**]. This suggests that the simul-
taneous release of several quanta from nearby sites
may slow the clearance of neurotransmitter from the
cleft at this type of synapse. Interpretation of these
results is, however, complicated by the chservation
that cyclothiazide also affects deactivation kinetics [38],
as has been well established for other desensitization
madifiers, such as aniracetam [22°].

Another approach to distinguish between hypotheses I
and HI is to map the time course of glutamate concen-
tration in the synaptic cleft using low-affinity com-
petitive antagonists of the NMDA receptor [3**,39%).
It has been estimated that under normal conditions
the synaptic glutamate pulse experienced by NMDA
receptors is characterized by a peak concentration of
1.1mM and a decay 1t of 1.2ms [3*¢]. When released
onto AMPA/kainate-type GIuR channels, a glutamate
pulse of this length may be considered prolonged, be-
cause it results in an AMPA/kainate EPSC decay T that
is slightly slower than the deactivation T in response to
a brief pulse of glutamate (see Fig. 1, hypothesis III).
Moreover, under conditions of increased release prob-
ability glutamate remains at an effective concentration
for longer periods of time [39*]. This may occur as a
result of multivesicular release at a single site [39¢],
or, alternatively, as a result of simultaneous release at
neighbouring sites.

In further support of the idea of a prolonged presence
of glutamate in the synaptic cleft (hypothesis III) is the
fact that a high-turnover enzyme for neurotransmit-
ter degradation, analogous to acetylcholinesterase at
the neuromuscular junction, is lacking at glutamatergic
synapses. Experiments with specific inhibitors suggest
that the decay of the AMPA/kainate receptor-mediated
EPSC component is not dependent on glutamate up-
take [40%,41]. Thus, the only mechanism available for
rapid neurotransmitter elimination appears to be dif-



Glutamate-mediated EPSCs in the CNS Jonas and Spruston

fusion. Assuming instantaneous release and free dif-
fusion, the time course of neurotransmitter concentra-
tion in the synaptic cleft is expected to decay with a
multiexponential time course, showing an initial rapid
falling phase followed by more slowly decaying com-
ponents, depending on synaptic geometry [1,42].

The mechanisms shaping EPSCs in the CNS are thus
probably more complicated than at the neuromuscular
junction, where the decay of the endplate current is
suggested to be largely governed by a single rate con-
stant [5,6). Deactivation kinetics of AMPA/kainate-type
GluR channels appears to be the major determinant of
EPSC decay, however, both the time course of neu-
rotransmitter concentration in the synaptic cleft and
GluR channel desensitization may also contribute to
the EPSC falling phase under some conditions. The
functicnal role of desensitization may depend on pre-
and postsynaptic peculiarities of the synapse. Firstly,
the contribution of desensitization to EPSC decay is
probably more significant at synapses comprised of
‘giant’ boutons with several release sites and a high
probability of release (e.g. the calyceal synapse [15**])
than at synapses with only a single release site and a
low probability of release. Secondly, the contribution
of desensitization is possibly also more imponant in
cells that express rapidly desensitizing AMPA/kainate-
type GluR channels, such as cochlear nucleus neurones
[15°,31], than in cells where GluR channel desensitiza-
tion is slow, such as hippocampal granule or pyramidal
neurcnes [29°].

Subunit composition may determine AMPA/kainate GIuR
channel kinetics

Molecular cloning studies have identified a family
of AMPA receptor subunits (GluR-A, GIluR-B, GluR-C
and GluR-D, also known as GluR-1, GluR-2, GluR-3
and GluR-4) and a family of kainate receptor sub-
units (GluR-3, GluR-6 and GluR-7, probably co-as-
sembled with KA-1 or KA-2) [43 44]. These subunits
are widely expressed in the mammalian CNS and
thus constitute the candidate proteins from which
the native AMPA/kainate-type channels in the post-
synaptic density are assembled. The native channels
are probably heteromeric channels, as suggested by
electrophysiclogical [44,45] as well as immunocyto-
chemical [46°] data. The functional characteristics of
native AMPA/kainate-type GluR channels in somata
[30,38,45] and dendrites (N Spruston, P Jonas, B Sak-
mann, abstract 261.1, 23rd Annual Meeting of the Soci-
ety of Neuroscience, Washington DC, November 1993)
of CNS neurones suggest that they are predominantly
assembled from subunits of the GluR-A to GluR-D fam-
ily [47*1.

Experiments on recombinant GIluR channels have
demonstrated that subunit diversity is functionally rel-
evant in determining the kinetics of AMPA/kainate-
type GluR channels. Desensitization is fast for GluR-A
or GluR-D homomeric channels, slow for GluR-B or
GluR-C homomers, and intermediate for heteromeric
channels, e.g. GIuR-A/B [44,48]. In addition, channels
assembled from flip splice version subunits desensitize

more slowly than channels built up from flop version
subunits [44]. Although the deactivation kinetics of re-
combinant channels have not been studied, they may
be affected by subunit composition as well. In native
GluR channels, deactivation and desensitization kinet-
ics vary among different cell types. The putative sub-
unit composition of the native channels has been partly
determined by in situ hybridization [43], immunocyto-
chemistry [49,50], and single-cell mRNA analysis using
the polymerase chain reaction [30%,51,52], and correla-
tions with the kinetic properties of the channels have
been noted [29*,30° 45]. It is thus tempting to speculate
that the large differences in EPSC decay time constant
between different cells (see above) result primarily
from differences in GluR subunit gene expression.

Functional determinants of the slow kinetics of the NMDA
component of the EPSC

Deactivation and desensitization of NMDA receptors
occur much more slowly than for AMPA/kainate re-
ceptors; thus, a neurotransmitter pulse that is long for
AMPA/kainate receptor channels may still be brief for
NMDA receptor channels. On the other hand, the affin-
ity of NMDA receptors for glutamate is much higher
than that of AMPA/kainate receptors [45,53,54*]; thus,
a neurotransmitter concentration that is low for the
AMPA/kainate receptors may be high for the NMDA
receptors. Originally, the slow NMDA EPSC decay was
explained either by the prolonged presence of neuro-
transmitter in the synaptic cleft Chypothesis II) or by the
slow diffusion of glutamate to NMDA receptors located
at remote sites. Several pieces of experimental evi-
dence now argue against these possibilities and favour
deactivation of NMDA receptor channels as the major
determinant of NMDA EPSC decay. Firstly, the appli-
cation of D-APV to excitatory synapses on cultured
neurones during the NMDA EPSC does not change its
time course. This suggests that rebinding of glutamate
does not occur during the NMDA EPSC decay phase
[55]. Secondly, brief pulses of glutamate applied to
membrane patches activate NMDA components with
slow rise and decay times ([26°* 27 32%*55,56*]; N
Spruston, P Jonas, B Sakmann, abstract 261.1, 23rd
Annual Meeting of the Society of Neuroscience, Wash-
ington DC, November 1993). Deactivation kinetics of
NMDA responses are dependent on the type of agonist
(e.g. glutamate, aspartate or cysteate) [32+], as well as
on the channel subunit composition (57]. Thirdly, the
decay of the NMDA EPSC mediated by the false neu-
rotransmitter D-glutamate (loaded into autaptic gluta-
malergic synapses) is much faster than that mediated
by the natural neurotransmitter L-glutamate, which is
consistent with the much lower affinity of NMDA re-
ceptors for D-glutamate {58**]. Fourthly, partial agonists
for the glycine site of the NMDA receptor speed up the
NMDA EPSC decay and the deactivation of NMDA
receptor-mediated currents activated by brief gluta-
mate pulses [33]. Fifthly, kinetics of the NMDA EPSC
and those of currents activated by brief pulses of glu-
tamate in patches change in parallel during develop-
ment or plasticity [26**,27¢]. Finally, the time course of
the neurotransmitter concentration in the cleft that is
experienced by NMDA receptors was estimated for
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excitatory synapses on cultured hippocampal neuro-
nes using competitive antagonists [3**]; the estimated
decay of neurotransmitter concentration is much faster
than that of the NMDA component {peak concentration
1.1 mM, decay t 1.2ms). All lines of evidence thus con-
verge and lead to the conclusion that the deactivation
of NMDA receptor channels alone is sufficiently slow to
explain the decay time course. It seems probable that
postsynaptic AMPA/kainate-type and NMDA-type GluR
receptors sense glutamate pulses with very similar time
courses, suggesting the co-localization of both types of
channels.

Co-localization and co-activation

Further evidence that AMPA/kainate and NMDA chan-
nels are co-localized microscopically, possibly in
the same postsynaptic density, is as follows: firstly,
AMPA/kainate and NMDA components are present
in miniature EPSCs, which are believed to be caused
by the release of a single quantum of neurotrans-
mitter [9*%,12,13]; secondly, AMPA/kainate and NMDA
receptors appear to be co-localized in hot spots corre-
sponding to synaptic sites {59]; thirdly, amplitudes of
AMPA/kainate and NMDA components of fluctuating
unitary EPSCs vary in concert {10]; and finally, brief
pulses of glutamate applied to dendritic membrane
patches co-activate AMPA/kainate and NMDA com-
ponents (N Spruston, P Jonas, B Sakmann, abstract
261.1, 23rd Annual Meeting of the Society of Neuro-
science, Washington DC, November 1993). If the two
types of channels are strictly co-localized, additional in-
formation can be inferred from the amplitude ratio of
the two EPSC components. All tested neurotransmitter
candidates, other than glutamate, either do not co-ac-
tivate AMPA/kainate and NMDA receptor types or do
not mimic the decay of the NMDA component of the
EPSC [32*]; thus, one can hardly escape the conclusion
that glutamate is the natural neurotransmitter. The am-
plitude ratio of the two compoenents of the EPSC is vir-
tually constant when the release probability is changed
experimentally [39*,60°]. This implies that the absolute
value of neurotransmitter concentration in the cleft may
be high enough to nearly saturate both types of recep-
tors [39°].

Conclusions and perspectives

The understanding of excitatory synaptic transmission
in the CNS has greatly increased through the analysis of
the factors that determine the kinetics of AMPA/kainate
and the NMDA components of the EPSC, using combi-
nations of patch-clamping, fast application, and various
molecular biology methods. However, many questions
remain. On the presynaptic side, more needs to be
learned about the exact amount of neurotransmitter
contained in a synaptic vesicle and the nature of the
release process. On the postsynaptic side, more in-
formation is needed about the subunit composition
and the functional properties of the native synaptic
channels. Finally, attempts should be made to inte-
grate these findings into quantitative models of synap-
tic transmission that incorporate detailed descriptions

of GluR channel gating, as well as information about
synaptic geometry.

Acknowledgements

We thank JGG Borst, N Burnashev, M Hiusser, G Stuart and A
Villarroel for critically reading the manuscript and E von Kitzing
and A Roth for doing the simulations and for many helpful dis-
cussions. Supported by the Deutsche Forschungsgemeinschaft (SFB
317-B14) and the Alexander von Humboldt Foundation.

References and recommended reading

Papers of particular interest, published within the annual period of
review, have been highlighed as:

. of special interest

bt of outstanding interest

1. Eccles JC, Jaeger JC: The Relationship Between the Mode
of Operation and the Dimensions of the Junctional Regions
at Synapses and Motor End-Organs. Proc R Soc Lond (Biol]
1958, 148:38-50.

2. Villanueva 8, Fiedler J, Orrego F: A Study in Rat Brain Cor-
tex Synaptic Vesicles of Endogenous Ligands for N-Methyl-
b-Aspartate Receptors. Neuroscience 1990, 37:23-30.

3. Clements JD, Lester RAJ, Tong G, Jahr CE, Westbrook GL:

b The Time Course of Glutamate in the Synaptic Cleft. Sclence
1992, 258:1498-1501.

The time course of glutamate in the synaptic cleft, as experienced

by postsynaptic NMDA receptors, was determined experimentally

using the rapidly dissociating competitive NMDA receptor antago-

nist D-aminoadipate.

4. Lisman JE, Harmris KM: Quantal Analysis and Synaptic

. Anatomy — Integrating Two Views of Hippocampal Plas
ticity. Trends Neurosct 1993, 16:141-147.

Correlation between electrophysiological and anatomical findings.

5. Anderson CR, Stevens CF: Voltage Clamp Analysis of
Acetyicholine Produced End-Plate Current Fluctuations at
Frog Neuromuscular Junction. J Physiol (Lomd) 1973,
235:655-691.

6. Magleby KL, Stevens CF: A Quantitative Description of End-
Plawe Currenus. J Physiol (Lond) 1972, 223:173-197.

7. Finkel AS, Redman $J: The Synaptic Current Evoked in Cat
Spinal Motoneurones by Impulses in Single Group 1a Axons.
J Physiol (Lond) 1983, 342:615-632.

8. Nowauk L, Bregestovski P, Ascher P, Herbet A, Prochiantz A:
Magnesium Gates Glutamate-Activated Channels in Mouse
Central Necuroncs. Nature 1984, 307:462-405.

9. Silver RA, Traynelis SF, Cull-Candy SG: Rapid-Time-Course

had Miniature and Evoked Excitatory Currents at Cerebellar
Synapses in Situ. Nature 1992, 355:163-160,

One of the best demonstrations of fast kinetics of AMPA/kainate

receptor-mediated EPSCs generated at a well-clamped synapse.

10. Stern P, Edwards FA, Sakmann B: Fast and Slow Compo-
nents of Unitary EPSCs on Stellate Cells Elicited by Focal
Sumulation in Slices of Rat Visual Cortex. f Physiof (Lond)
1992, 449:247-278.

11.  Forsythe ID, Barnes-Davies M: The Binaural Auditory Path-
way: Excitatory Amino Acid Receptors Mediate Dual Time-
course Excitatory Postsynaptic Currents in the Rat Medial
Nucleus of the Trapezoid Body. Proc R Soc Lond {Biol] 1993,
251:151-157.

12. Bekkers JM, Stevens CF: NMDA and Non-NMDA Receptors
are Colocalized at Individual Excitatory Synapses in Cul-
tured Rat Hippocampus. Nature 1989, 341:230-233.



Glutamate-mediated EPSCs in the CNS Jonas and Spruston

13.  McBain C, Dingledine R: Dual-Compoenent Miniature Excita-
tory Synaptic Currents in Rat Hippocampal CA3 Pyramidal
Neurons. J Newrophysiol 1992, 68:16-27.

14.  Traynelis SF, Silver RA, Cull-Candy SG: Estimated Conduc-
tance of Glutamate Receptor Channels Activated During
EPSCs at the Cerebellar Mossy Fiber-Granule Cell Synapse.
Neuron 1993, 11:279-289.

15. Trussell LO, Zhang S, Raman IM: Desensitization of AMPA
b Receptors upon Multiquantal Neurotransmitter Release. New-
ron 1993, 10:1185-1190.

In this paper, the role of desensitization of AMPA/kainate-type GluRs
at the calyceal synapse on cochlear nucleus neurons is investi-
gated systematically, using fast application techniques, as well as
cyclothiazide. The results imply that whether or not desensitization
contributes 1o the EPSC decay time course depends on the number of
quanta of neurotransmitter released into the synaptic cleft. Moreover,
the results strongly suggest that a component of synaptic depression
is caused by desensitization of postsynaptic GluR channels.

16.  Schneggenburger R, Lopez-Bameo ], Konnerth A: Excita-
tory and Inhibitory Synaptic Currents and Receptors in Rat
Medial Septal Neurones. J Physiol (Lond) 1992, 445:261-276.

17.  Jomas P, Major G, Sakmann B: Quantal Components of
Unitary EPSCs at the Mossy Fibre Synapse on CA3 Pyra-
midal Cells of Rat Hippocampus. J Physie! (Lond) 1993,
472:615-663.

18. Spruston N, Jaffe DB, Williams SH, Johnston D: Voltage-
and Space-Clamp Errors Associated with the Measurement
of Electrotonically Remote Synaptic Events. [ Neurophysiof
1993, 70:781-802.

19. Spruston N, Jaffe DB, Johnston D: Dendritic Attenuation of
Synaptic Potentials and Currents: the Role of Passive Mem-
brane Properties. Trends Neurosci 1994, 17:161-166.

20.  Major G: Solutions for Transients in Arbitrarily Branch-
ing Cables: III. Voltage Clamp Problems. Biophys [ 1993,
65:465—491.

21. Major G, larkman AU, Jonas P, Sakmann B, Jack JJB: De-
tailed Passive Cable Models of Whole-Cell Recorded CA3
Pyramidal Neurons in Rat Hippocampal Slices. [ Newurosci
1994, 14:in press.

22. Hestrin 8: Activation and Desensitization of Glutamate-Acti-

D vated Channels Mediating Fast Excitatory Synaptic Currents
in the Visual Cortex. Neuron 1992, 9:991-999.

A nice characterization of the kinetic properties of AMPA/kainate-

type GluR channels in neocortical neurcnes.

23, Hestrin 8: Different Glutamate Receptor Channels Mediate
. Fast Excitatory Synaptic Currents in Inhibitory and Excita-
tory Cortical Neurons, Neuron 1993, 11:1083-1091.
Demonstration of a difference in the kinetics of AMPA/kainate-type
GluRs in identified inhibitory interneurones and excitatory principal

neurones of neocorex.

24. Livsey CT, Costa E, Vicini S: Glutamate-Activated Currents in
. Qutside-Out Patches from Spiny versus Aspiny Hilar Neurons

of Rat Hippocampal Slices. J Neurosci 1993, 13:5324-5333.
Demonstration of a difference in kinetics of AMPA/kainate-type
GluRs in identified aspiny interneurones and spiny mossy cells in
the hilar region of the hippocampus.

25,  Perouansky M, Yaari Y: Kinetic Properties of NMDA

] Receptor-Mediated Synaptic Currents in Rat Hippocampal
Pyramidal Cells versus Interncurones. f Physiol (Lond) 1993,
465:223-244.

These authors describe a subset of hippocampal interneurones that

have NMDA EPSC components with an unusually slow rise time (up

1o 50 ms). The molecular basis of this interesting finding requires fur-

ther investigation.

26. Carmignote G, Vicini 8 Activity-Dependent Decrease in

” NMDA Receptor Responses During Development of the
Visual Cortex. Science 1992, 258:1007-1011.

This paper shows that the decay kinetics of the NMDA component

of EPSCs in neurones of the visual cortex are developmentally reg-

ulated, becoming faster with age. This kinetic switch is delayed
when animals are reared in the dark, or when impulse activity is
suppressed with tetrodotoxin. Fast application experiments revealed
a parallel change in NMDA receptor channel kinetics. Whether this
results from a switch in subunit expression, as described for the neu-
romuscular junction, is not known.

27, Hestrin S: Developmental Regulation of NMDA Receptor-

. Mediated Synaptic Currents at a Central Synapse. Nature
1992, 357:686-689.

The author describes the developmental regulation of NMDA recep-

tors in superior colliculus neurones. The kinetics of the NMDA com-

ponent of the EPSC get faster with age, as reported for the visual

cortex [26*%].

28.  Trussell LO, Fischbach GI): Glutamate Receptor Desensiti-
zation and Its Role in Synaptic Transmission. Nettron 1989,

3:209-218.
29, Colquhoun I3, Jonas P, Sakmann B: Acticn of Brief Pulses of
. Glutamate on AMPA/Kainate Receptors in Patches from Dif-

ferent Neurones of Rat Hippocampal Slices. J Physiol (Lond)
1992, 458:261-287.
The authors studied the gating of AMPA/kainate-type GluRs in prin-
cipal neurones of hippocampal slices, using brief (1 ms) as well as
longer pulses of the putative neurotransmitter glutamate,

30.  Jonas P, Racca C, Sakmann B, Seeburg PH, Monyer H: Differ-
. ences in Ca2+ Permeability of AMPA-Type Glutamate Recep-
tor Channels in Neocortical Neurons Caused by Differential
GIluR-B Subunit Expression. Newron 1994, in press.
This paper demonstrates functional differences in AMPA-type GluR
channel gating and permeability between principal neurones and in-
terneurones of neocortex. The authors suggest that the functional
differences are due to differential expression of the GIuR-B subunit
gene,

31. Raman IM, Trussell LO: The Kinctics of the Response to
Glutamate and Kainate in Neurons of the Avian Cochlear
Nucleus. Newron 1992, 9:173-186,

32. Lester RAJ, Jahr CE: NMDA Channel Behaviour Depends on
b Agonist Affinity. J Newroscl 1992, 12:635-043.

These authors describe the fast application of several neurotransmit-
ter candidates on NMDA receptor channels in outside-out membrane
patches. Only glutamate mimics the NMDA EPSC decay, suggesting
that it is the natural neurotransmitter,

33. Lester RAJ, Tong G, Jahr CE: Interactions Between the
Glycine and Glutamate Binding Sites of the NMDA Receptor.
J Neurosci 1993, 13:1088-1096.

34, Chow RH, von Riden L, Neher E: Delay in Vesicle Fusion
Revealed by Electrochemical Monitoring of Single Secretory
Events in Adrenal Chromaffin Cells. Nature 1992, 356:60-63.

35, Alvarez de Toledo G, Ferndndez-Chacdn R, Ferndndez JM:
Release of Secretory Products During Transient Vesicle Fu-
sion. Nature 1993, 363:554-558.

36. Almers W, Tse FW: Transmiiter Release from Synapses: Does
a Preassembled Fusion Pore Initiate Exocytosis? Newron

1990, 4:813-818.

37.  Yamada KA, Tang C-M: Benzothiadiazides Inhibit Rapid Glu-
tamate Receptor Desensitization and Enhance Glutamatergic
Synaptic Currents. J Neurosci 1993, 13:3904-3015.

38.  Patneau DK, Vyklicky L, Mayer ML: Hippocampal Neu-
rons Exhibit Cyclothiazide-Sensitive Rapidly Desensitizing
Responses to Kainate, f Newrosci 1993, 13:3496-3509.

39. Tong G, Jahr CE: Multivesicular Release from Excitatory
. Synapses of Cultured Hippocampal Neurons, Newran 1994,
12:51-59.
Using a rapidly dissociating competitive antagonist of NMDA recep-
tors (L-APV) 1o monitor the concentration of glutamate in the synap-
tic cleft, the authors demonstrate that the absolute concentration of
neurotransmitter in the cleft is increased by manipulations that in-
crease release probability. The authors challenge the ‘one site, one
vesicle’ hypothesis. They suggest that multi-vesicular release of neu-

a7



372

Signalling mechanisms

rotransmitter occurs at single release sites, but that AMPA/kainate
and NMDA receptor channels are normally saturated by the release
of the contents of a single vesicle.

4Q. Sarantis M, Ballerini L, Miller B, Silver RA, Edwards M, At-
. twell D: Glutamate Uptake from the Synaptic Cleft Does
Not Shape the Decay of the Non-NMDA Component of the
Synaptic Current. Neuron 1993, 11:541-549.
Using the fairly potent and specific blocker of glutamate uptake 1-
trans-pyrrolidine-2,4-dicarboxylate, the authors show that glutamate
uptake has no effect on the decay time course of the AMPA/kainate
component of the EPSC. One imponant aspect is that these exper-
iments have been performed in part on well-clamped MF synapses
on cerebellar granule cells.

41.  Isaacson JS, Nicoll RA: The Uptake Inhibitor L-#rans-PDC
Enhances Responses to Glutamate But Fails to Alter the Ki-
netics of Excitatory Synmaptic Currents in the Hippocampus.
J Newrophysiol 1993, 70:2187-2191.

42, Faber DS Young WS, Legendre P, Korn H: In-
trinsic Quantal Variability Due to Stochastic Proper-
ties of Receptor-Transmitter Interactions. Science 1992,
258:1494-1498,

43 Wisden W, Seeburg PH: Mammalian Ionotropic Glutamate
Receptors, Curr Opin Neurobiol 1993, 3:291-298,

44.  Burnashev N: Recombinant Ionotropic Glutamate Receptors;
Functicnal Distinctions Imparted by Different Subunits. Celf
Physiol Biockem 1993, 3:318-331.

45, Jonas P, Sakmann B: Glutamate Receptor Channels in Iso-
lated Patches from CAl and CA3 Pyramidal Cells of Rat
Hippocampal Slices. [ Physiol (Lond) 1992, 455:143-171.

46.  Craig AM, Blackstone CD, Huganir RL, Banker G: The Dis-

. tribution of Glutamate Receptors in Cultured Rat Hippocam-
pal Neurons: Postsynaptic Clustering of AMPA-Selective Sub-
units. Neuwron 1993, 10:1055-1068,

Demonstration of co-localization of GluR-A and GluR-B/C receptor

subunits in the postsynaptic sites of cultured hippocampal neurones

using subunit-specific antibodies.

47. Partin KM, Patneau DK, Winters CA, Maver ML, Buonanno
. A: Selective Modulation of Desensitization at AMPA Ver-
sus Kainate Receptors by Cyclothiazide and Concanavalin
A. Neuron 1993, 11:1069-1082.
Cyclothiazide modifies the desensitization of AMPA-preferring but
not of kainate-preferring receptors. As the native AMPA/kainate
receptors in hippocampal neurones are highly sensitive to cy-
clothiazide {38], they are probably assembled from subunits of the
GluR-A to GluR-D family,

48.  Verdoorn TA, Burnashev N, Monyer H, Seeburg PH, Sak-
mann B: Structural Determinants of Ion Flow Through
Recombinant Glutamate Receptor Channels. Science 1991,
252:1715-1718.

49.  Petralia RS, Wenthold RJ: Light and Electron immunocyto-
chemical Localization of AMPA-Selective Glutamate Recep-
tors in the Rat Brain, J Comp Newrof 1992, 318:329-354.

50.  Martin 1], Blackstone CD, Levey Al, Huganir RL, Price DL:
AMPA Glutamate Receptor Subunits Are Differentially Dis-
tributed in Rat Brain. Neuroscience 1993, 53:327-358.

51. Lambolez B, Audinat E, Bochet P, Crépel F, Rossier J: AMPA
Receptor Subunits Expressed by Single Purkinje Cells. Net-
ron 1992, 9:247-258.

52. Bochet P, Audinat E, Lambolez B, Crépel F, Rossier J, lino M,
Tsuzuki K, OQzzwa S: Subunit Composition at the Single-Cell
Level Explains Functional Propertics of a Glutamate-Gated
Channel. Neuron 1994, 12:383-388.

53.  Pamnecau DK, Mayer ML: Structure-Activity Relationships for
Amino Acid Transmitter Candidates Acting at N-Methyl-D-
Aspartate and Quisqualate Receptors. [ Newrosci 1990,
10:2385-2399.

54.  Sather W, Dieudonné $, Macdonald JF, Ascher P: Activa-

b tion and Desensitization of N-Methyl-D-Aspartate Receptors
in Nucleated Outside-Out Patches from Mouse Neurones. f
Phystol (Lond} 1992, 450:643-672.

A thorough study of NMDA receptors with some technically interest-

ing aspects. The authors report time-dependent changes in NMDA re-

ceptor desensitization, which should be considered in future studies

dealing with NMDA receptor kinetics.

53. Lester RAJ, Clements J[3, Westbrook GL, Jahr CE: Channel
Kinetics Determine the Time Course of NMDA Receptor-
Mediated Synaptic Currents. Nafure 1990, 346:565-567.

56. Edmonds B, Colquhoun D: Rapid Decay of Avecraged
= Single-Channel NMDA Receptor Activations Recorded at
Low Agonist Concentration. Proc R Soc Lond [Bicll 1992,
250:279-286.
A discrepancy between supercluster length of single channels and
macroscopic deactivation T is found, suggesting that the latency to
the first opening of the channel may contribute considerably to the
slow deactivation of the NMDA component of glutamate-activated
currents.

57, Monyer H, Burnashev N, Laurie D], Sakmann B, Seeburg
PH: Developmental and Regional Expression in the Rat Brain
and Functional Properties of Four NMDA Receptors. Neuron
1994, 12:529-540.

58, Pan Z2Z, Tong G, Jahr CE: A False Transmitter at Excitatory
bl Synapses. MNeuron 1993, 11:85-91.

This elegant paper describes the effects of loading cells with the false
neurotransmitter D-glutamate, The authors demonstrate that the time
course of the NMDA component of the EPSC becomes remarkably
faster after loading, consistent with the low affinity of D-glutamate for
the NMDA receptor, This is perhaps the strongest available evidence
that the decay of the NMDA component of the EPSC is controlled
by the slow unbinding of the naturat neurotransmitter, L-glutamate,
from the postsynaptic NMDA receptors.

39.  Jones KA, Baughman RW: Both NMDA and Non-NMDA Sub-
types of Glutamate Receptors are Concentrated at Synapses
on Cerebral Cortical Neurons in Culture. Neuron 1991,

7:593-603.
60.  Perkel D}, Nicoll RA: Evidence for All-Or-None Regulation
. of Neurotransmitter Release: Implications for Long-Term Po-

tentiation, J Physiol (Lond) 1993, 471:481-500,
The authors demonstrate the constancy of the rativ of the
AMPA/kainate receptor-mediated to the NMDA receptor-mediated
amplitude of the dual-component EPSC under a variety of experi-
mental conditions affecting presynaptic glutamate release.

P fonas and N Spruston, Max-Planck-Institut fiir Medizinische
Forschung, Abteilung Zellphysiologie, Jahnstrasse 29, D-69120
Heidelberg, Germany.





