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Presynaptic Influence on the Time Course of Fast Excitatory
Synaptic Currents in Cultured Hippocampal Cells
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Since the lifetime of synaptically released glutamate is
thought to be very brief, reflecting diffusion and glutamate
uptake, the decay of synaptic currents is thought to rep-
resent the average elementary lifetime of a receptor chan-
nel bound only once by transmitter molecules. We show
here that the decay of evoked non-NMDA synaptic currents
can reflect presynaptic factors, in particular, the prolonged
action of transmitter at postsynaptic receptors under con-
ditions of enhanced transmitter release. We show that dif-
fusion, high-affinity glutamate uptake, and non-NMDA re-
ceptor desensitization are insufficiently rapid to limit the
decays of evoked synaptic currents to those of miniature
synaptic currents in microcultures of rat hippocampal
cells. Our results are consistent with recent studies sug-
gesting that during evoked release, multiple glutamate
quanta can interact with overlapping postsynaptic receptor
domains.

[Key words: glutamate uptake, non-NMDA, synaptic
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It is important to understand the factors contributing to the time
course of synaptic currents, since the rate of synaptic current
decay is likely to influence information processing in the CNS.
At the vertebrate neuromuscular junction (NMJ), individual
quanta of acetylcholine are rapidly hydrolyzed by acetylcholin-
esterase following synaptic release so that quantal synaptic cur-
rents are normally dictated by the elementary lifetime of acti-
vated postsynaptic receptor channels rather than by rebinding of
transmitter to receptors (Anderson and Stevens, 1973). Acetyl-
cholinesterase also normally serves to isolate individual quanta
of transmitter during evoked release so that interaction between
acetylcholine released by adjacent synaptic sites (spill over) is
normally prevented (Hartzell et al., 1975). Therefore, presyn-
aptic influences upon the decay of evoked postsynaptic currents
are minimal, and evoked synaptic currents of large quantal con-
tent decay with a similar time course to quantal synaptic currents
(Kordas, 1972; Magleby and Stevens, 1972; Anderson and Ste-
vens, 1973; Hartzell et al., 1975).
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At vertebrate CNS glutamatergic synapses, rapid diffusion
(Eccles and Jaeger, 1958) and high-affinity glutamate uptake
(Curtis et al., 1970; Mennerick and Zorumski, 1994) are thought
to limit the concentration of glutamate in the synaptic cleft to
an extremely brief transient (Lester et al., 1990; Clements et al.,
1992). These considerations have focused attention primarily
upon postsynaptic determinants of decay time course of fast ex-
citatory postsynaptic currents (EPSCs). While some evidence
suggests that the closing rate of non-NMDA receptor channels
is a primary determinant of the decay of fast non-NMDA re-
ceptor-mediated EPSCs (Colquhoun et al., 1992; Hestrin, 1992,
1993), it is also possible that non-NMDA receptor desensitiza-
tion is sufficiently fast to play a role in non-NMDA EPSC de-
cays (Trussell and Fischbach, 1989; Isaacson and Nicoll, 1991;
Vyklicky et al., 1991; Thio et al., 1992; Trussell et al., 1993).
Little attention has been given to possible presynaptic influences
upon non-NMDA EPSC decays, although recent evidence from
hippocampal microcultures (Tong and Jahr, 1994) suggests that
effective glutamate concentrations can last longer under condi-
tions where the probability of evoked transmitter release is high.
However, the physiological implications of such findings are un-
clear. In particular, it is unclear whether changes in glutamate
concentration transients are sufficient to alter the EPSC time
course.

In this work, we characterize both evoked and miniature non-
NMDA EPSCs of postnatal rat hippocampal cells in a microis-
land environment convenient for the study of synaptic transmis-
sion between CNS neurons (Bekkers and Stevens, 1991; Segal,
1991). We show that decays of evoked non-NMDA EPSCs at
microisland synapses can reflect prolonged actions of glutamate
even when glutamate uptake and fast receptor desensitization are
intact.

Materials and Methods

Cultures. Microisland cultures were prepared as previously described
(Mennerick and Zorumski, 1994; Mennerick et al. 1994). Briefly, hip-
pocampal slices 500-800 p.m thick were prepared from 1-3 d postnatal
Sprague-Dawley rats and treated with 1 mg/ml papain in oxygenated
Leibovitz’s L-15 medium. After transfer to Eagle’s MEM containing
5% horse serum, 5% fetal calf serum, 17 mm D-glucose, 400 pM glu-
tamine, S0 U/ml penicillin, and 50 p.g/ml streptomycin, slices were
gently triturated by passage through Pasteur pipettes of decreasing di-
ameter until a single cell suspension of approximately 20,000 cells per
ml was obtained. Plastic culture dishes (35 mm diameter) had been
previously coated with 0.15% agarose, dried overnight, then sprayed
with collagen (0.5 mg/ml rat tail, Sigma Type I) droplets using a mi-
croatomizer (Thomas Scientific). After 3 d in culture, all cells were
treated with 10 M cytosine arabinoside to halt glial proliferation. Cells
were used for experiments 8-16 d following plating.

Solutions and drugs. The extracellular recording solutions consisted
(in mMm) of 138 NaCl, 4 KCI, 10 HEPES, 10 glucose. Divalent cation



concentrations were manipulated in various experiments as indicated in
the figure legends and text. Osmolarity was maintained at 310 mOsm
by addition of sucrose, and pH was adjusted to 7.25 with NaOH. Unless
otherwise specified, D-amino-5-phosphonovaleric acid (D-APV) was
present at 30-50 puM to block contributions of NMDA receptors to
synaptic currents. These concentrations were found in pilot studies to
block NMDA contributions completely under the conditions of these
experiments. In experiments in which solution changes were made, cells
were continuously perfused at a rate of 0.1 ml/min with baseline or
drug-containing solutions using a multibarrel local perfusion system.
Complete solution exchanges could be obtained in 750 msec.

Pipette solutions used for stimulating presynaptic cells, for eliciting
autaptic responses, and for glial cell recordings usually contained (in
mm) 140 potassium gluconate, 4 NaCl, 5 EGTA, 2 MgATP, 10 HEPES,
pH 7.25 with KOH. In some of the experiments of Figure 1, a Nystatin
perforated patch technique was used to stimulate presynaptic cells and
to elicit evoked autaptic currents. This solution contained (in mm) 125
potassium gluconate, 10 KCI, 5 NaCl, 3 MgCl,, 10 HEPES, pH 7.25.
Nystatin, Pluronic F127, and DMSO were present at 300 pg/ml, 250
wg/ml, and 0.35%, respectively. No systematic differences in responses
elicited with this solution versus the standard whole-cell solution were
noted, so results were pooled. Pipette solutions used for recording
EPSCs or. mEPSCs usually consisted of (in mm) 140 cesium methane-
sulfonate, 5 NaCl, 5 BAPTA, 2 MgATP, 10 HEPES, with pH adjusted
to 7.25 with CsOH.

All chemicals and drugs for experiments were from Sigma (St. Louis,
MO) except D-APV (Cambridge Research Biochemicals, Wilmington,
DE), NBQX (2,3-dihydroxy-6-nitro-7-sulphamoylbenzo(F)quinoxaline,
generous gift of John Olney, Washington University), 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX; Cambridge), cyclothiazide (CYZ; gift of
Lily Pharmaceuticals, Indianapolis, IN), (—)baclofen (gift of CIBA-
GEIGY, Summit, NJ), Pluronic F127 (Molecular Probes, Eugene, OR).
CNQX, NBQX, GYKI 52466, and CYZ were stored as concentrated
stock solutions in dimethylsulfoxide. All solutions in experiments em-
ploying these drugs were routinely matched for final dimethylsulfoxide
concentration, which was usually below 0.15%.

Synaptic current recordings. Cells selected for study usually had
large, rounded phase-bright somata typical of excitatory neurons in mi-
crocultures (Bekkers and Stevens, 1991; Segal, 1991). Except for ex-
periments in Figure 3, autaptic currents were evoked using a discontin-
uous single electrode voltage clamp (Axoclamp 2 A amplifier, 8-11
kHz switching frequency). Presynaptic cells were stimulated using the
same amplifier in either the discontinuous single electrode voltage-
clamp or discontinuous current-clamp modes. Stimulation of cells was
achieved in the voltage-clamp mode with a 1.5 msec voltage step to
+20 mV (from a holding potential between —50 and —70 mV) or in
the current-clamp mode with a 1.5 msec depolarizing current step usu-
ally of 1-2 nA. Postsynaptic EPSCs and mEPSCs were recorded using
an Axopatch 1-D amplifier. Series resistance (5-10 M{)) was compen-
sated 80-90%. Currents were filtered at 2 kHz and stored at 3-5 kHz.
Unless otherwise noted, currents displayed in figures represent average
waveforms of 2-300 responses. Evoked currents are usually the average
of 3-10 responses. All experiments were performed at room tempera-
ture (20-25°C).

Analysis. During experiments, evoked responses were collected to
computer disk and mEPSCs and sEACs were collected to VCR tape
for off-line analysis as previously described (Mennerick et al., 1994).
Analysis of currents was performed using averaging and analysis pro-
grams written in AXOBASIC (Axon Instruments, Foster City, CA), except
for exponential fits of current decays, which were performed using a
commercially available iterative fitting routine (pcLamp 5.51, Axon In-
struments). Fits of the decays of currents were performed on averaged
waveforms from 5-10% of the peak amplitude to 50-200 msec follow-
ing the peak and were extrapolated to the onset of synaptic currents for
estimation of relative amplitudes of multiexponential components. To
verify that mEPSC decays were significantly better described by the
sum of two exponentials than by a single exponential, an F test (Ellis
and Duggleby, 1978) was performed on the averaged mEPSCs from
each of the 13 cells analyzed. For several experiments (see Figs. 1, 5),
decays of EPSCs and EACs were described with the sum of two ex-
ponentials in order to provide the most complete description of the
currents decays. In the rest of the experiments, to simplify comparisons
among experimental conditions and because not all currents could be
fitted with the bi-exponential iterative fitting algorithm, the best single
exponential fit was used as a description of the current decay.
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Figure 1. Decay time course of EPSCs, EACs, and mEPSCs. A, The
traces show an example of averaged EPSCs (top) and EACs (bottom)
from a two-neuron microisland. The optimal single exponential fit of
each decay (thin lines), extrapolated to the onset of the current, is su-
perimposed upon each current. For this pair, the 7 values of the optimal
fits were 3.1 (EPSC) and 9.3 msec (EAC), although in both cases, the
decays were better fitted by the sum of two exponentials (see Results).
Stimulus-associated transients in the presynaptic trace have been
blanked for clarity. B, The trace shows the average of 278 isolated
mEPSCs obtained from a single-neuron microisland and aligned at the
onset of the currents. Superimposed is the optimal single-exponential
fit of the decay of the current. CI/ and C2, The graphs show the residual
current obtained from subtracting the optimal single exponential (CI)
or bi-exponential (C2) fit from the actual decay of the waveform shown
in B. The nonrandom pattern in the residuals of the single exponential
fit suggests that a single exponential model is insufficient to describe
the decay phase of mEPSCs. Optimal fit parameters for the cell repre-
sented in B and C were 7 = 4.7 msec (single exponential fit), 7, = 3.5
msec, T, = 8.5 msec, and A, = 77%. The divalent cation concentration
was 2 mm Ca?*, 1 mm Mg?*.
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Results

We analyzed 14 smoothly decaying evoked excitatory synaptic
currents (EPSCs) from two-neuron microislands and 100 excit-
atory autaptic currents (EACs) from single-neuron microislands
in cultures maintained 8—12 d in vitro and recorded in solutions
containing 2 mM Ca?* and 1 mM Mg?*. While many EPSC and
EAC decays were reasonably well fitted by a single exponential
(Fig. 14), most showed a distinctly better fit using the sum of
two exponentials. For EPSCs, optimal single exponential fits ex-
hibited an average T of 4.8 * 0.5 msec (range 1.5-8.5 msec)
and EACs averaged 5.7 = 0.1 msec (range 3.1-10.7 msec). In
this data set, 13/14 EPSCs and 84/100 EACs could be described
by the sum of two exponentials using the iterative algorithm
employed. Bi-exponential fits of these currents revealed a fast
component of decay with a time constant (7,) of 3.7 = 0.4 msec
(EPSCs) and 4.8 = 0.14 msec (EACs). The slower component
(7)) averaged 24.8 = 5.4 msec (EPSCs) and 28.8 #+ 9.4 msec
(EACs). The amplitude of the fast component (A;) represented
the majority of the total amplitude (94 * 1%, EPSCs; 93 =+
1%, EACs). The slow component of decay was not mediated by
NMDA receptors since extracellular solutions contained both
Mg?* and D-APV and were nominally glycine free to block
NMDA receptor-mediated synaptic responses.

Averaged miniature excitatory synaptic currents (mEPSCs, n
= 13 cells, including the 8 cells used for Fig. 5), recorded in
the presence of tetrodotoxin (TTX, 1 uM), also typically exhib-
ited decays better described by the sum of two exponentials than
by a single exponential as assessed by inspection of residual
plots (Fig. 1B,C) and by a statistical F test (p < 0.001 for each
of the 13 cells analyzed). For bi-exponential fits, parameters of
mEPSC fits were 7, = 2.3 + 0.2 msec, 7, = 74 * 0.8 msec,
and A; = 81 = 4% of the total amplitude. The best single ex-
ponential fit of the decay of mEPSCs as described with 1 = 3.2
+ 0.3 msec (range 1.4-4.8 msec).

Although decays of EACs, EPSCs, and mEPSCs were similar,
the large EACs (—6121 £ 489 pA, n = 100) from single-neuron
microislands showed a significantly slower decay (p < 0.03)
than the smaller EPSCs in this sample (—1677 + 409 pA, n =
14). Slower EAC decays were not caused by-the stimulus artifact
preceding the autaptic currents, since decays of EACs from five
cells with stimulus artifacts intact were nearly identical to decays
of the same EACs after digitally subtracting the stimulus artifact
(obtained by stimulating the cells in the presence of 10 pum
CNQX to block the non-NMDA EAC). The difference between
the subtracted and the unsubtracted EAC decays was —0.3 =+
0.4%.

EPSCs decayed slower, and decay rates were more variable
than those of mEPSCs. While some of these effects could be
due to differences in the adequacy of membrane voltage control
during evoked currents of large and small quantal contents, or
to asynchrony in evoked release of glutamate, another possibility
is that the variability in decay rates reflects variability in the
transmitter lifetime at these synapses. The experiments described
below were designed to address this possibility.

Although evoked synaptic currents at the NMI decay at nearly
the same rate as miniature synaptic currents (Magleby and Ste-
vens, 1972; Anderson and Stevens, 1973), cholinesterase poi-
soning produces greater prolongations of high quantal content
currents compared to low quantal content currents (Kordas,
1972; Hartzell et al., 1975; Magleby and Terrar, 1975), indicat-
ing that with hydrolysis inhibited, effective transmitter concen-

trations are prolonged upon release of many quanta relative to
release of few quanta. At CNS glutamate synapses, it is unclear
whether diffusion and glutamate uptake are rapid enough, rela-
tive to channel closing rate and fast receptor desensitization, to
isolate the domains of individual transmitter quanta and to limit
the time course of evoked EPSCs to that of mEPSCs.

To address the questions of whether effective glutamate con-
centrations are prolonged under conditions of enhanced evoked
release and whether prolonged effective glutamate concentra-
tions can influence synaptic current decays, we first examined
EACSs and EPSCs with conditions optimized for detecting effects
of prolonged glutamate transients upon the time course of syn-
aptic responses. We examined cells treated with cyclothiazide
(CYZ) to enhance the sensitivity of non-NMDA receptors to
transmitter and with the glutamate uptake inhibitor L threo-3
hydroxyaspartate (THA; Balcar and Johnston, 1972) to diminish
glutamate uptake into nerve terminals and glia. CYZ dramati-
cally potentiates hippocampal non-NMDA receptor-mediated
currents through a block of receptor desensitization (Patneau et
al., 1993; Yamada and Tang, 1993; Zorumski et al., 1993) and
an increase in the apparent affinity of receptors, reflected by
increased potency of glutamate agonists and in a slowing of the
offset of currents following rapid agonist removal (Patneau et
al., 1993; Yamada and Tang, 1993). We have previously shown
that treatment of neurons with CYZ can unmask a prolongation
of EAC decays by THA and other glutamate uptake inhibitors
(Mennerick and Zorumski, 1994).

With uptake inhibited, CYZ-treated EAC decays should be
speeded upon reducing evoked release if transmitter transients
are prolonged with high quantal output compared to low quantal
output (Kordas, 1972; Hartzell et al., 1975; Magleby and Terrar,
1975; Trussell et al., 1993). To test this possibility, we manip-
ulated the quantal content of evoked responses by changing ex-
tracellular Ca?* and Mg?* concentrations ([Ca?*], and [Mg2*],).
In the presence of CYZ and THA, synaptic currents of high
quantal content were prolonged relative to currents of low quan-
tal content from the same neurons (Fig. 24, closed circles), in-
dicating that with uptake inhibited, effective concentrations of
glutamate are prolonged following release of many transmitter
quanta.

Additionally, EAC decays in CYZ were speeded with reduced
transmitter release even when uptake was intact (Fig. 2A, open
circles), suggesting that uptake is insufficiently rapid to elimi-
nate the longer glutamate transients following release of many
quanta. This effect was not due to interactions between divalent
cation concentrations and the effectiveness of CYZ since
changes in decay rates were mimicked by depressing release
through stimulation of adenosine receptors (Yoon and Rothman,
1991b; Lupica et al., 1992; Thompson et al., 1992) using the
adenosine agonist 2-chloroadenosine (Fig. 2C,D). Also, the
speeding of decays was not unique to EACs, since the changes
in time course of EAC decays were mirrored by changes in
EPSC decays obtained from dual recordings of two-neuron mi-
croislands (Fig. 2C,D).

THA became less effective at prolonging CYZ-treated EACs
as glutamate release was reduced (Fig. 2A, compare open,
closed circles; Fig. 2B), indicating that glutamate uptake plays
a larger role in clearing synaptic glutamate after release of
large numbers of quanta. The differential effects of THA sug-
gest that slower decays of large quantal content currents are at
least partly due to higher or longer effective concentrations of
transmitter following release under these conditions.
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Figure 2. Prolongation of effective glutamate concentrations can be detected in CYZ-treated cells. A, The graph shows that both in the presence
of 30 uM THA to inhibit glutamate uptake (open circles) and with uptake intact (closed circles), reducing release of transmitter produced an
increased rate of EAC decay (n = 12 cells treated with 50 pm CYZ). As the level of evoked release was reduced, the effect of THA upon the
EAC decay was also reduced. For these experiments [Mg2*], was raised as [Ca>*], was lowered to keep the total divalent cation concentration
constant at 4 mM. B, The traces show an example of an EAC used to generate the plot in A. Asterisks indicate the THA-treated EACs. Since THA
produced a depression of EAC peak amplitude (see text), peaks at each {Ca>*]/[Mg?*] were scaled to the peak response in the absence of THA.
Numbers to the left of the traces indicate {Ca>*], [Mg?*],. Stimulus-associated transients have been blanked. C and D, Changes in peak amplitudes
and decays of four CYZ-treated EPSCs from two-neuron microislands mirrored changes in the EACs of the presynaptic cells. Numbers below the
graphs indicate [Ca?*],. A divalent cation concentration of 4 mM was maintained by adjusting [Mg?*],. After obtaining responses in three Ca**
concentrations, cells were returned to 3 mm Ca?*. Both peak amplitudes and decay rates returned to baseline levels. Another presynaptic modulator,
2-chloroadenosine (2-CHA, 1 um), produced changes in peak amplitude and decay similar to those produced by altering divalent cation concentra-
tions. In this experiment, postsynaptic neurons were maintained at a holding potential of —40 to —5 mV to limit the size of the peak EPSC in 3
mm Ca?* to ~500 pA.

Under the high [Ca?*], conditions of Figure 2, A and B,
where the effects of THA were most pronounced, T values from
the best single exponential fits to the average response of in-
dividual cells revealed a highly significant difference between
the decays of EACs treated with CYZ alone and the decays of
EACs from the same cells in the presence of the combination
of CYZ and THA (p < 0.0001; Fig. 2B). However, when bi-
exponential fits were used to describe the data (two cells’ de-

cays could not be fit with the iterative fitting routine) neither
T, T,, Or the relative contribution of A, to the total amplitude
exhibited a significant difference in the THA versus control
condition (p > 0.05, n = 10). Since the effects of THA upon
decays were unambiguous (Fig. 2B), and effects were highly
significant when one exponential was used to describe the data,
we interpret the lack of significant differences among bi-ex-
ponential components to mean that the effects of THA were



3182 Mennerick and Zorumski » Time Course of Excitatory Synaptic Currents

Baseline

Figure 3. CYZ-treated spontaneous
EACs (SEACs) are unaffected by up-
take inhibition. Evoked EACs and
spontaneous EACs occurring between
evoked EACs were observed on a sin-
gle-neuron microisland. Before CYZ w
treatment (/eft panels), THA had no ef-
fect on the decays of either the evoked
EACs (top left) or SEACs (bottom left).
After CYZ application (right panels),
cvoked responses were prolonged by
THA, but sSEACs were not. SEAC trac-
es represent averages of 11 to 61 iso-
lated events in cach condition. For
evoked EACs, outward portions of
stimulation-associated transients have
been truncated. Divalent cations: 3 mm

Ca*, | mm Mg**. In contrast to most 5-0 pA

other experiments, EACs were ob-
tained using a patch-clamp amplifier in
order to reduce noisc levels for the de-
tection of small SEACs.

not selective for one particular component of decay in every
cell.

As previously reported (Mennerick and Zorumski, 1994),
THA also had a slight and variable depressive effect on the peak
amplitude of EACs (5 = 1% for the 12 cells contributing to
Fig. 2). This effect was not associated with the degree of slowing
of the EAC decays. The depressive effect of THA upon EAC
peak amplitudes could be due to a buildup of glutamate during
uptake inhibition (Isaacson and Nicoll, 1993; Barbour et al.,
1994). However, even in the presence of CYZ we did not ob-
serve changes in holding currents during THA application like
those recently reported in cerebellar slices (Barbour et al., 1994),

The change in effectiveness of THA with changes in divalent
cation concentrations was not due to a direct interaction of di-
valent cations with THA or an effect of changing divalent cation
concentrations upon uptake mechanisms, since the reduced ef-
fect of THA was also seen when monitoring spontaneous EACs
(SEACs) simultaneously with evoked EACs from single-neuron
microislands in the presence of a constant [Ca®' | /[Mg?'], (Fig.
3). SEACs in these experiments probably represent the release
of single or small numbers of quanta, since their amplitude and
time course closely mimicked those of mEPSCs recorded in the
presence of TTX. In four neurons treated as in Figure 3, the

+/- THA

+/- THA

EACs

SEACs

evoked EAC in the presence of CYZ was prolonged 40 + 12%
by THA, representing a change in the optimal 7 value from
60.13 = 12.16 to 83.6 = 16.0 msec. In SEACs from the same
neurons, the change in decay by THA was —8.0 + 5.0%, rep-
resenting a change in optimal 7 of 17.1 = 1.9 to 158 + 1.8
msec. We noted no consistent cffect of THA upon sEAC peak
amplitudes either in the absence (4 = 6% depression, n = 4)
or presence (2 £ 4% depression, n = 4) of CYZ.

The faster decays of low quantal content EACs (Fig. 2) and
SEACs (Fig. 3) relative to high quantal content EACs suggest
that uptake is insufficiently rapid to limit the glutamate concen-
tration time course of high quantal content events to that of low
quantal content events. However, to examine directly whether
glutamate transients are prolonged when uptake is intact, we
inhibited uptake at time points following evoked transmitter re-
lease. For these experiments, we performed dual whole-cell re-
cordings from glial cells and from neurons on single-neuron mi-
croislands, and we used glial depolarization to inhibit glutamate
uptake (Barbour et al., 1991; Wyllie et al., 1991; Mennerick and
Zorumski, 1994). This method of uptake inhibition allowed finer
temporal control over the commencement of glutamate uptake
inhibition than bath application of THA. Figurc 4 shows that in
the presence of 25 pM CYZ, ghal depolarization applied prior



GC +70 (pre)
GC +70 (15 ms)

9 nA

|

GC -70/GC +70 (15 ms)

3nA

100 ms

Figure 4. Uptake does not limit the time course of high quantal con-
tent glutamate transients to those of low quantal content transients. The
upper traces represent EAC responses from a neuron on a microisland
upon which an underlying glial cell (GC) was simultaneously voltage
clamped. In the presence of 3 mM Ca?*, 1 mm Mg?*, 25 pm CYZ, and
with the glial cell voltage clamped at —70 mV, the EAC decayed with
a best-fit time constant of 49.0 msec (GC —70). Glial cell step depo-
larization to +70 mV applied 10 sec prior to EAC stimulation produced
a prolongation of the EAC decay [70.6 msec, GC +70 (pre)]. The same
step glial depolarization applied 15 msec following the evoked stimu-
lation (arrow) also produced a prolongation of the EAC [59.9 msec,
GC +70 (15 ms)]. Glial depolarization applied in the absence of neu-
ronal stimulation produced no current in the neuron (flat trace). The
lower traces were obtained from the same neuron in the presence of 1.0
mm Ca** and 3.0 mM Mg?* (]-3). Glial depolarization 15 msec follow-
ing EAC stimulation produced almost no effect upon the EAC decay
[GC =70 and GC +70 (15 ms) traces are superimposed]. Decay time
constants for the bottom traces were 31.5 msec (—GC —70) and 32.2
msec [GC +70 (15 ms)). Stimulus artifacts have been blanked.

to an evoked autaptic stimulus caused a prolongation of the neu-
ronal EAC, as previously described (Mennerick and Zorumski,
1994). Additionally, glial depolarization begun 15 msec follow-
ing autaptic stimulation produced a prolongation of the EAC
decay (Fig. 4, upper panel). In contrast, when the quantal content
of the EAC was lowered, glial depolarization following stimu-
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lation produced no prolongation of the EAC (Fig. 4, lower pan-
el). Similar results were seen in four other glial/neuronal pairs.
This result offers strong support for the idea that prolonged glu-
tamate transients underlie the slower decays of high quantal con-
tent responses. For high quantal content responses, even with
uptake intact (during the first 15 msec following stimulation)
sufficient glutamate can still remain for uptake inhibition to play
a detectable role in prolonging the EAC. Furthermore, the data
suggest that glutamate transients under some conditions can be
much longer than previous estimates have suggested (Eccles and
Jaeger, 1958; Clements et al., 1992).

Because the effect of uptake inhibitors upon evoked responses
is augmented by both CYZ (Fig. 3) and by enhanced presynaptic
release (Fig. 2A,B), we wondered whether CYZ’s interaction
with THA's effects could be due to a presynaptic potentiating
action of CYZ rather than to its postsynaptic effects. To address
this question, we examined the actions of CYZ in more detail.
Similar to the results of others using conventional hippocampal
cultures (Yamada and Tang, 1993), microisland mEPSCs were
prolonged by CYZ (Figs. 3, lower panels; 5A,B), and the inad-
equacy of single exponential descriptions of decay rates became
even more pronounced in the presence of CYZ. A summary of
the effects of 50 pwm CYZ upon the decay time course of
mEPSCs is shown in Figure 5B. CYZ also tended to increase
the peak amplitude of mEPSCs. In eight neurons, the increase
in peak amplitude was 16 *+ 10%. In many neurons, CYZ
caused an increase in the apparent frequency of events (see also
Yamada and Tang, 1993). The mean baseline frequency of
mEPSCs was 3.3 = 1.3 Hz, as compared with 10.5 + 3.1 Hz
for the same cells in the presence of 50 pM CYZ (p < 0.05,
paired ¢ test). This apparent frequency increase could be due to
the unmasking, through the potentiating action of CYZ, of
events that were undetected in the baseline condition. However,
the more conventional interpretation of an increase in the fre-
quency of mEPSC:s is that the agent has presynaptic potentiating
effects (Fatt and Katz, 1952; Finch et al., 1990; Finch and Jack-
son, 1990; Malgaroli and Tsien, 1992).

Given the potential for presynaptic effects upon spontanecus
mEPSC frequency, we examined whether some of the poten-
tiating action of CYZ upon evoked non-NMDA EPSCs might
be mediated presynaptically. To examine potential effects of
CYZ upon evoked transmitter release, we took advantage of the
dual nature of excitatory synaptic responses. Non-NMDA and
NMDA components of EPSCs are modulated in parallel by
agents that change the degree of evoked transmitter release in
both hippocampal slices (Perkel and Nicoll, 1994) and in mi-
crocultures (Tong and Jahr, 1994). While CYZ consistently in-
creased the peak amplitude of evoked non-NMDA EACs (68 *+
33%, n = 4), NMDA EACs from the same neurons were not
affected or were slightly depressed by CYZ (Fig. 5C,D; 15 *+
11% depression, n = 4). To enhance the chances of detecting a
presynaptic potentiating effect of CYZ, we also recorded NMDA
EACs in low Ca?* solutions to avoid saturation of presynaptic
or postsynaptic mechanisms. In 10 cells examined in 0.5 mm
Ca?*, 50 pM CYZ produced a 2 = 4% depression of the peak
NMDA EAC. In a subset of five of these cells, [Ca?*], was
raised to 0.75 mM, producing a 59 = 11% increase in the
NMDA response, indicating that despite the postsynaptic block-
ing effects of extracellular Ca** upon NMDA receptor channels
(Ascher and Nowak, 1988; Jahr and Stevens, 1993), a presyn-
aptic potentiation could be detected. It should be noted that in
these experiments, concentrations of CNQX or NBQX normally
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Figure 5. Cyclothiazide potentiates non-NMDA mEPSCs and evoked EACs but does not potentiate NMDA EACs. A, The traces show averages
of 135 mEPSCs before (Ctri) and 145 mEPSCs after (CYZ) treatment of the cell with 50 um CYZ. Bi, The graph shows the change in the optimal
single exponential fit for mEPSCs from eight neurons treated with 50 pMm CYZ. B2, The graphs show the average parameters for optimal bi-
exponential fits before and after CYZ (50 uM) treatment. Asterisks in Bl and in B2 denote p < 0.01, paired ¢ test. C, An evoked EAC from a
single-neuron microisland exhibited reversible potentiation with addition of CYZ (50 puMm) to the bath solution. The traces were obtained using a
bath solution containing 2 mm Ca?*, no added Mg?*, 10 pum glycine and 50 pm D-APV. D, Upon washing out D-APV and washing in 10 pm
NBQX, the cell in C was stimulated to reveal an NMDA EAC in isolation. CYZ did not potentiate the NMDA EAC.

sufficient to abolish baseline non-NMDA EACs (10 uMm or 1
MM, respectively) were not sufficient to abolish non-NMDA
EACs in the presence of 50 um CYZ. It is not clear whether
this effect is due to the higher apparent affinity of CYZ-treated
non-NMDA receptors for glutamate or if there is an additional

direct effect of CYZ on the affinity of the receptors for these
antagonists. The results of Figure 5 make it unlikely that CYZ’s
ability to unmask THA-induced slowing of EPSCs is mediated
through presynaptic effects of CYZ.

As an additional test of a presynaptic effect of CYZ upon



evoked autaptic currents, we examined the effect of CYZ upon
paired-pulse modulation of autaptic responses. It has been shown
at a variety of synapses that presynaptic modulators will change
the degree of paired-pulse modulation, with potentiators of pre-
synaptic release favoring paired-pulse depression and inhibitors
of presynaptic release favoring paired-pulse facilitation (Mallart
and Martin, 1968; McNaughton, 1980). In a bath solution of 2
mM Ca** and 1 mm Mg?*, test EACs evoked 300-400 msec
following a conditioning EAC were depressed by 30 = 6% (n
= 11 cells). These rather long paired-pulse intervals were used
so that there would be little contribution of postsynaptic receptor
desensitization to paired-pulse modulation (Colquhoun et al.,
1992; Trussell et al., 1993), and so that prolonged CYZ-treated
responses could decay completely to baseline before a test stim-
ulus was delivered. In the same cells, as a positive control, we
raised [Ca?*], from 2 mM to 3 mMm. CYZ potentiated the peak
amplitude of conditioning responses by 76 = 13%, but had no
significant effect on paired-pulse depression (28 + 4%, p >
0.5). In contrast, raising [Ca?*], produced only an 18 * 4%
increase in peak amplitude of conditioning responses but signif-
icantly increased the degree of paired-pulse depression to 38 =+
6% (p < 0.001, paired ¢ test). This experiment offers indepen-
dent support that CYZ does not potentiate evoked EACs through
a presynaptic action.

In summary, the data so far suggest that unlike diffusion and
hydrolysis at the NMJ, the combination of diffusion and gluta-
mate uptake is insufficiently fast to isolate the domains of in-
dividual evoked transmitter packets at hippocampal microisland
glutamate synapses. This is reflected by CYZ-treated evoked
EPSC decays that become faster with reduced transmitter re-
lease, even when high affinity glutamate uptake is intact, and by
the ability for uptake inhibition, applied after evoked release, to
prolong high quantal content EAC decays. The data also suggest
that unlike acetylcholinesterase at the NMJ, uptake plays little
role in clearing transmitter after release of small numbers of
quanta. As with cholinesterase poisoning, uptake inhibition re-
veals a larger role of uptake in clearing transmitter following
the release of many transmitter quanta. The results are consistent
with a model in which diffusion alone is capable of rapidly
clearing glutamate following spontaneous mEPSCs and evoked
EPSCs of small quantal content, but where transmitter transients
become more prolonged with higher quantal contents, leading
to a more prominent role for uptake in transmitter clearance.

Figures 2—4 emphasize CYZ-treated neurons. The question
remains whether the prolonged transmitter transients observed
using CYZ-treated cells can influence the decays of untreated
EPSCs. Because of the lower apparent affinity and rapid desen-
sitization of receptors untreated with CYZ, it is possible that
untreated receptors are not sensitive enough to detect the trans-
mitter prolongations seen with CYZ-treated cells. As with CYZ-
treated EACs, untreated EACs showed a consistent correlation
between the degree of evoked release ‘and the optimal T of syn-
aptic currents. In four neurons treated as in Figure 3, optimal 7
values of evoked baseline EACs were 10.1 = 1.8 msec (range
5.7-13.8 msec) as compared with sEAC decays of 4.1 = 0.2
msec (range 3.5-4.6 msec). This represented a 54 = 9% dif-
ference between individual evoked EAC and sEAC optimal T
values without CYZ treatment. The largest differences were seen
between the most slowly decaying evoked EACs and corre-
sponding SEACs.

We considered several artifactual explanations for slowly de-
caying synaptic currents. First, synaptic currents under condi-
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+3I mV

Figure 6. Late components of slowly decaying EPSCs are not caused
by neuritic filtering. The bottom traces show EPSCs in response to
stimulation of a presynaptic cell (not shown) during the voltage proto-
cols represented by the top traces. In the first trial of the experiment
(thin traces), the postsynaptic membrane potential was maintained at
—12 mV. The EPSC decayed with a time constant of 10.5 msec. In the
next trial, the membrane potential was held near the reversal potential
for the EPSC (+3 mV) and stepped back to —12 mV 25 msec following
stimulation, during the late phase of the EPSC in the first trial. A trial
identical to that of trial 2, but without presynaptic stimulation, was
digitally subtracted from trial 2 to eliminate the contribution of capac-
itive and voltage-gated current changes. Note that the synaptic current
from trial 2 rises immediately to the level of the preceding EPSC and
decays with a similar time course, indicating that the synaptic conduc-
tance is still activated at these late time points. The average of two runs
of the experiment is shown.

tions of high quantal content could have a larger contribution of
NMDA receptors, despite the use of Mg?* and D-APV in re-
cording solutions. However, the slow decay of evoked EACs
does not represent a contribution of NMDA receptors because
raising the D-APV concentration from the usual 50 pum to 200
pM produced no changes in the decays of evoked currents (50
pM, 9.7 £ 2.0 msec; 200 M, 9.6 = 1.8 msec; n = 7 cells).
Spatial filtering of synaptic currents occurring at distal loci is
another possible artifactual explanation for slowly decaying syn-
aptic currents. Contrary to the results already presented, spatial
filtering would be expected to influence both mEPSCs and
evoked EPSCs. However, to examine whether spatial filtering is
a cause of slowly decaying evoked synaptic currents, we per-
formed an experiment similar to that described by others
(Pearce, 1993; Barbour et al., 1994). In this experiment, a volt-
age step is applied from the reversal potential of the synaptic
current relatively late in the time course of a control current to
determine if the synaptic conductance is still active at these late
times. Figure 6 shows the result of performing this experiment
on one cell with a prolonged EPSC. The cell was first held at
—12 mV while a presynaptic cell (not shown) was stimulated.
The resulting EPSC had a time constant of 10.5 msec. In the
next trial, the postsynaptic cell was held at +3 mV, the reversal
potential of the synaptic current, and 25 msec following presyn-
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aptic stimulation, the postsynaptic membrane potential was
stepped back to —12 mV. After digitally subtracting a trial in
which the postsynaptic membrane potential was stepped in the
absence of presynaptic stimulation, it can be seen that the syn-
aptic conductance was still active 25 msec following presynaptic
stimulation. The resulting current decayed with time course
nearly identical to the original synaptic current. Similar results
were observed in four other EPSCs from two-neuron microis-
lands.

The apparent slower decays of large evoked EACs could also
be caused by voltage-clamp errors due to pipette access resis-
tance, inadequate feedback gain settings, or other clamp artifacts
that might arise from the varied amplitude of currents under
conditions of high and low quantal contents. To show that slower
decay rates of large EACs are not primarily due to an artifact
related to the size of currents, we approximately matched the
peak postsynaptic conductance change under conditions of high
and low quantal contents. We used the high affinity competitive
antagonist NBQX (Sheardown et al., 1990) or the noncompeti-
tive antagonist GYKI 52466 (Tarwana et al., 1989; Donevan and
Rogawski, 1993; Zorumski et al., 1993) to reduce the amplitude
of high quantal content EACs postsynaptically, and we used the
GABA; agonist baclofen (Dutar and Nicoll, 1988; Harrison,
1990; Yoon and Rothman, 1991a) or low Ca?* solutions to de-
press transmitter release (Fig. 7). For slowly decaying control
EACs, postsynaptic depression produced currents with similar
peak amplitudes but with slower decays than presynaptically de-
pressed currents (Fig. 7A,C,D). Postsynaptically and presynapti-
cally depressed EACs decayed at a similar rate in cells with
rapidly decaying baseline EACs (Fig. 7B,D). On average, post-
synaptically depressed EACs also exhibited significantly faster
decays than baseline EAC decays (control decay, 9.2 = 0.7
msec; NBQX decay, 8.0 = 0.9 msec, p < 0.01; baclofen decay,
5.1 = 0.2 msec, p < 0.01 compared with NBQX matched con-
trols; n = 25; control for GYKI experiments, 10.7 = 1.5 msec;
GYKI decay, 8.7 = 2.2, p = 0.01; baclofen decay, 5.8 + 0.3,
p = 0.01 compared to GYKI matched controls; # = 7). The
effect of postsynaptic blockers on EAC decays could reflect an
underestimation of the baseline decay rate due to voltage-clamp
errors, although direct effects of the postsynaptic blockers on
EAC decays are possible (see Discussion). The difference be-
tween the decays of postsynaptically and presynaptically de-
pressed EACs matched for peak amplitudes suggests that slow
EAC decays under conditions of high quantal content are not
primarily due to voltage-clamp errors arising from large cur-
rents.

The speeding of EAC decays under conditions of low quantal
content could be due to increased synchrony in the release of
transmitter. This would require that baclofen and low [Ca?*],,
which presumably produce presynaptic depression through
somewhat different mechanisms, both increase the synchrony of
release, an effect that seems unlikely. However, stronger support
for the idea that prolonged EPSCs are due to a prolonged effec-
tive concentration of transmitter would be gained if an effect of
uptake inhibition upon EAC decays could be examined without
CYZ treatment. Based on experiments using CYZ, the best
chances of observing an effect of uptake inhibitors should be
under conditions of enhanced evoked release. Therefore, we
used elevated [Ca?*], and reduced [Mg?*], for these experi-
ments. In cells from cultures maintained 13-16 d in vitro to
allow synaptic connections and physical interactions between
neurons and glial cells to mature, we found an effect of THA

upon the time course of EACs without CYZ treatment in many
neurons (Fig. 8). Experiments were performed by interleaving
6-18 control and THA trials for each cell. Under these condi-
tions, we observed a reliable, reversible effect of THA in 16/25
neurons. A paired ¢ test using the average 7 for each cell under
each condition showed an statistically significant slowing of de-
cay rates (control, 8.6 *+ 1.1 msec; THA, 10.1 + 1.4 msec, p
= 0.001). As shown in Figure 8B, the largest effects of THA
were seen in those cells with slowly decaying control EACs.
Similar to CYZ-treated cells, lowering the level of presynaptic
transmitter output speeded the decay of EACs and reduced the
effect of THA upon the decay (Fig. 8A2,B).

In most cells that showed an effect of THA upon the EAC
decay, there appeared to be primarily a slowing of the late stages
of the EAC decays (Fig. 84). Although in individual cells bi-
exponential fits showed changes in either 7, or 7, a statistically
significant difference between the control and experimental con-
ditions was observed only in the fast time constant of decay
(control, 6.1 = 0.5 msec, vs THA, 6.6 = 0.6 msec, p = 0.01).
No significant difference was detected in the slow component
of decay (409 + 12.7 vs. 36.4 + 0.6 msec) or in the relative
contributions of the two components (90 + 2% vs. 89 = 2%).

The effects of THA upon the decays of high quantal content
responses could still be explained by increased asynchrony of
evoked transmitter release if THA, rather than inhibiting uptake,
increased the asynchrony of release in high [Ca?*],. Two lines
of evidence argue against this possibility. First, we have noticed
that the frequency of SEACs is elevated in the first several hun-
dred milliseconds following evoked release at microisland syn-
apses, similar to a phenomenon observed at the neuromuscular
junction (Zengel and Magleby, 1981). To address the possibility
that THA increases the asynchrony of release, we examined the
effect of THA upon the frequency of sEACs following evoked
EAC:s on single-neuron microislands. In nine cells, we measured
the frequency of SEACs for a period of 1 sec, beginning 40 msec
following evoked EAC stimulation. We found no change in the
frequency of SEACs in the presence of THA compared to control
(control, 13 = 4.7 Hz; THA, 10 *+ 4.4 Hz).

Secondly, glial depolarization had effects similar to those of
THA (Fig. 9). Glial depolarization provides a nonpharmacologi-
cal method of inhibiting uptake and, therefore, should not influ-
ence other features of neuronal transmitter release. Under con-
ditions similar to those used for the experiments in Figure 8, we
found that glial depolarization produced a reversible prolonga-
tion of EAC decays in 6/11 cells. In every case, the effects of
glial depolarization upon the EAC time course were nearly abol-
ished by lowering [Ca?*], from 3.5 mM to 1 mM and raising
[Mg?*], from 0.5 mM to 3 mM. Average single exponential de-
cays were significantly prolonged relative to control (control, 9.0
+ 0.9 msec vs 10.7 = 1.42 msec, p < 0.05).

The effect of uptake inhibitors upon these large quantal con-
tent EACs in the absence of CYZ suggests that even under con-
ditions of high transmitter output, desensitization of postsynaptic
receptors does not fully dictate the decay of non-NMDA EPSCs.
Therefore, at many microisland synapses, the processes of dif-
fusion, glutamate uptake, and postsynaptic receptor desensiti-
zation are not sufficiently rapid to limit the decay time course
of high quantal content synaptic currents to that of mEPSCs or
EPSCs of low quantal content.

Discussion

Comparison with previous results
Microisland mEPSCs and evoked EPSCs were found to exhibit
bi-exponential decays (see also Trussell et al., 1993; Barbour et
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Figure 7. Increased transmitter release prolongs synaptic currents even in the absence of CYZ. A, The GABA; receptor agonist baclofen (BAC,
20 pm) or 1 mm Ca**, 3 mm Mg?>* (I-3) was used to depress transmitter release. These agents reduced the peak response and speeded the decay
of the baseline EAC. A submaximal concentration of the high affinity non-NMDA receptor antagonist NBQX (80-100 nm) approximately matched
the peak conductance change with that of the presynaptically depressed EACs, but the NBQX-treated EAC decay was still greatly prolonged relative
to the presynaptically depressed currents. The baseline EAC was obtained in a bath solution of 3 mm Ca?*, 1 mm Mg?* (3-1). Optimal T values
for each condition were 15.9 msec (3-1), 12.8 msec (NBQX), 5.7 msec (/-3), 5.2 msec (BAC). B, In another cell, the EAC had a similar peak
amplitude but decayed much more rapidly in the baseline 3-1 solution than the EAC shown in A. In this cell, NBQX and presynaptically depressed
EACs decayed with a similar time course. In contrast to the cell in A, BAC produced a greater depression of the peak EAC than either the NBQX
or 1-3 treatments. Optimal 7 values for each condition were 5.9 msec (3-1), 3.7 msec (NBQX), 3.6 msec (/-3), and 3.4 msec (BAC). C, In another
experiment, the non competitive non-NMDA receptor antagonist GYKI 52466 (25 pm) depressed the peak EAC more than baclofen depressed the
peak. Nevertheless, similar to results with NBQX, the EAC in the presence of GYKI 52466 was prolonged relative to the baclofen-treated EAC.
Optimal 7 values for this cell were 13.5 msec (baseline), 10.1 msec (GYKI), and 6.7 msec (BAC). D, A summary of 25 cells treated with NBQX
and baclofen and of 12 cells treated with GYKI 52466 and baclofen shows that cells with slowly decaying baseline EACs were those with a large
difference between the decays of postsynaptically and presynaptically depressed EACs. Peak EAC amplitudes in the presence of NBQX were
matched to within 6 + 10% of the baclofen-depressed peaks. Peak amplitudes in the presence of GYKI 52466 were depressed by 16 = 10%
relative to peak amplitudes in the presence of baclofen. Stimulus-associated transients were blanked for traces in A-C.
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Figure 8. Uptake inhibition can prolong slowly decaying EACs in the
absence of CYZ. Al, A slowly decaying EAC was prolonged by 30 um
THA. A2, BAC (20 pm) speeded the decay of the EAC, and the effect
of THA was reduced in the presence of baclofen. B, The graph shows
the difference between optimal 7 values of THA-treated and baseline
responses, plotted against the baseline 7 (n = 25 cells). The slowest
EACs were those most likely to be prolonged by THA. Open circles
represent cells that were also treated with BAC. Open triangles repre-
sent the responses of these cells during BAC treatment. For these ex-
periments, the baseline solution contained 3.5 mm Ca?*‘and 0.5 mM
Mg?* to enhance release, and cells maintained 15-16 d in vitro were
used. In the EAC traces in A, stimulus-associated transients have been
blanked.
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Figure 9. Glial depolarization can prolong high quantal content EACs.
Dual recordings from a neuron and a glial cell on a single-neuron mi-
croisland were performed. Top panel, The traces show average EACs
from the neuron in an extracellular bath solution of 3.5 mMm Ca?* and
0.5 mm Mg?* (3.5-0.5), while the underlying glial cell was voltage
clamped at either —70 mV (GC —70) or +70 mV, applied for 12 sec
beginning 10 sec prior to autaptic stimulation (GC +70). Best fit 7
values for single exponential fits were 11.4 msec (GC —70) and 15.3
msec (GC+70). Bottom panel, From the same pair of cells, when the
bath solution was changed to one containing 1 mM Ca** and 3 mm
Mg?* (1-3), the effect of glial depolarization was abolished. Best fit T
values in the low Ca?* solution were 5.1 msec (GC —70) and 5.1 msec
(GC +70). Stimulus artifacts have been blanked.

al., 1994). Although microisland mEPSC decays are similar to
glutamate-mediated channel burst durations (Vyklicky et al.,
1991) and to offset decays of currents in response to brief glu-
tamate pulses to outside-out patches (Colquhoun et al., 1992), it
seems unlikely that the values of the two components detected
in evoked EPSC decays correspond to any one single channel
parameter; the results of Figures 2-9 suggest that evoked current
decays are likely to be the complicated product of several pre-
synaptic and postsynaptic factors.

A major conclusion of the present work is that conditions that
augment transmitter release can prolong non-NMDA synaptic
currents by increasing the effective transmitter lifetime following
evoked release. Transmitter lifetime at the NMJ, even with large
quantal contents, is limited by diffusion and hydrolysis such that
there essentially no receptor reactivation or spill-over of trans-
mitter between adjacent synaptic sites (Kordas, 1972; Magleby
and Stevens, 1972; Anderson and Stevens, 1973; Hartzell et al.,



1975; although see Giniatullin et al., 1993). Our results suggest
that at many microisland synapses, the processes of diffusion,
uptake, and receptor desensitization are insufficiently rapid to
limit the domains of individual transmitter quanta and to limit
the decay of evoked EPSCs to that of mEPSCs. Particularly
surprising may be our finding that inhibition of uptake well after
synaptic release can prolong EACs. Assuming a 5 msec synaptic
delay between autaptic stimulation and synaptic release, Figure
4 suggests that even with uptake intact, measurable glutamate
remains present for at least 10 msec under the conditions of this
experiment. It will be interesting to further elucidate the role of
receptors, transporters, binding proteins, and physical barriers in
hindering the clearance of glutamate following synaptic release.

Another important conclusion of the present study is that up-
take plays a more prominent role in terminating the actions of
glutamate under conditions of high quantal output than under
conditions of low quantal output. Despite CYZ treatment, uptake
inhibition had no effect upon SEAC decays, although in the same
neurons, prolongations of evoked EACs were reliably detected.
This result indicates that diffusion rapidly clears transmitter un-
der conditions of low quantal content before uptake is activated.
Similar to glutamate uptake inhibition, cholinesterase inhibition
at the neuromuscular junction prolongs synaptic currents of large
quantal content more than currents of small quantal content
(Kordas, 1972; Magleby and Terrar, 1975). However, unlike the
present results, cholinesterase poisoning produces significant
prolongations of miniature synaptic events (Fatt and Katz,
1952). The differential effect of cholinesterase inhibition upon
events of large quantal content is most likely due to the smaller
~average distance between activated release sites, permitting co-
operative interactions between transmitter from adjacent release
sites at overlapping postsynaptic receptor domains (Hartzell et
al., 1975).

Differential effects of uptake inhibitors upon large evoked re-
lease events have also been observed for y-aminobutyric acid
(GABA) synaptic responses in hippocampal slices. GABA up-
take inhibitors are effective in prolonging inhibitory currents
only when strong stimulating shocks are used (Isaacson et al.,
1993), which is presumably analogous to enhancing release with
high [Ca?*], and low [Mg?*], in the present studies. One differ-
ence between inhibitory currents in hippocampal slices and mi-
croisland EPSCs is that with uptake intact, GABA responses
obtained using weak and strong stimuli both decay with a similar
time course (Isaacson et al., 1993). Therefore, GABA uptake
may be sufficiently rapid to limit the decay rate of large evoked
responses to that of small currents or mIPSCs where diffusion
plays the primary role in clearing transmitter. The more promi-
nent role of uptake in clearing glutamate following release of
many quanta, combined with our previous finding that an effect
of uptake inhibition upon non-NMDA EPSCs can be unmasked
with CYZ treatment (Mennerick and Zorumski, 1994) may help
explain the previous reported lack of effects of uptake inhibitors
upon the decay of EPSCs (Hestrin et al., 1990b; Isaacson and
Nicoll, 1993; Sarantis et al., 1993).

Our data suggest that the slowest currents should be those
most shaped by receptor desensitization. However, the differ-
ential effect of uptake inhibition upon slower decaying currents
in cells untreated with CYZ suggests that even with prolonged
transmitter actions following release of many quanta, receptor
desensitization has not reached its full extent. These data also
suggest that CYZ'’s ability to unmask an effect of uptake inhi-
bition upon evoked responses (Mennerick and Zorumski, 1994;
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Fig. 3) may be primarily due to CYZ’s enhancement of the ap-
parent affinity of receptors rather than through prevention of
receptor desensitization. ‘

The present results are similar to recent findings from a glu-
tamatergic calyceal synapse (Trussell et al., 1993), and cerebellar
slices (Barbour et al., 1994), two preparations where prolonged
effective glutamate lifetimes have been implicated in more slow-
ly decaying EPSCs. Our results suggest that understanding the
mechanisms underlying variability in effective glutamate con-
centrations at microisland synapses will yield insights into syn-
aptic actions of glutamate in more intact preparations. Consid-
erable variability exists in the estimates of decay rates of
non-NMDA EPSCs recorded in CNS slice preparations, partic-
ularly when fiber tract stimulation is compared with minimal
stimulation of synaptic responses (Hestrin et al., 1990a; Jonas
et al., 1993). While some of this variability has been linked to
different postsynaptic receptor properties of the neurons in-
volved (Hestrin, 1993; Livsey et al., 1993) or to artifacts of
inadequate voltage clamp (Hestrin et al., 1990a; Williams and
Johnston, 1991), it is likely that the presynaptic influences ob-
served at microisland synapses might also make a physiologi-
cally important contribution to this variability.

Possible explanations for slowly decaying EPSCs

One possible explanation for apparently slower EPSC decays is
that conditions of high quantal content promote prolonged asyn-
chronous release of transmitter following stimulation. Such
asynchrony could go unresolved in the decay of EPSCs (Katz
and Miledi, 1979). We cannot fully rule out some role for asyn-
chronous release in prolonged EAC and EPSC decays. However,
the differential effect of THA and glial depolarization on EPSCs
of high quantal content (Figs. 2, 4, 8, 9) argues strongly that the
prolongations of synaptic current decays are largely due to pro-
longed effective transmitter concentrations. It is also possible
that prolonged asynchronous release contributes to prolonged
effective transmitter concentrations observed under conditions
of high quantal content. Indeed, the distinction between pro-
longed transmitter concentrations and asynchronous release be-
comes blurred if asynchronous release from individual presyn-
aptic release sites occurs rapidly relative to the rate of transmitter
clearance following evoked release.

With CYZ-treated cells, changes in decay rates were easily
detectable, with average differences in optimal T values of 10—
20 msec occurring between high Ca?* and low Ca?* solutions
(Fig. 2). With the faster decays of untreated cells, we were con-
cerned that underestimation of peak amplitudes due to clamp
errors with large responses could result in artifactually prolonged
synaptic currents. However, by matching the conductance
change elicited in the presence of presynaptic blockers to re-
sponses depressed with postsynaptic receptor antagonists, we
showed that at least in the case of the slowest currents, the
speeding of decays with reduced quantal content is not primarily
due to systematic variations in the contribution of clamp errors
to the decay rate of synaptic currents. Nevertheless, a compari-
son between the decays in the presence of postsynaptic blockers
and presynaptic inhibitors remains semiquantitative, since post-
synaptic blockers may speed decays of EPSCs relative to base-
line decays due to a block of receptor-mediated buffered diffu-
sion by competitive antagonists (Katz and Miledi, 1973;
Magleby and Terrar, 1975; Pennefather and Quastel, 1981) or
by potential direct effects on receptor channel properties by the
noncompetitive antagonist GYKI 52466 (Zorumski et al., 1993).
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Inadequate spatial voltage clamp could also explain slowing
of synaptic currents (Johnston and Brown, 1983; Hestrin et al.,
1990a; Spruston et al.,, 1994). Several lines of evidence argue
against this explanation for slowly decaying synaptic currents.
First, we have previously shown that spatial clamp variations
are unlikely to explain much of the within-cell variability in
decay times of microisland synaptic events, since rise times of
microculture mEPSCs are not correlated with decay times or
peak amplitudes in individual cells (Mennerick et al. 1994). Sec-
ond, for spatial clamp errors to explain the results of Figure 7,
one must postulate that synapses close to the soma are prefer-
entially activated under conditions of low quantal content. Third,
we performed a direct test to show that synaptic conductances
are still active at late time points during slowly decaying evoked
EPSCs. Finally, as with other clamp error explanations, a spatial
clamp explanation for slow EPSC decays is difficult to reconcile
with the differential effect of THA upon slowly decaying cur-
rents.

Our results provide some insight into the mechanisms under-
lying variability in EPSC decay rates between cells. Although
the largest currents in a given baseline bath solution tended to
be those with the slowest decays, there were also examples of
large currents that decayed rapidly (compare Fig. 74, B). Differ-
ences in postsynaptic receptor channel kinetics are uniikely to
contribute greatly to this difference since the current decays be-
came more similar as presynaptic release was reduced. Differ-
ences in the effectiveness of glutamate uptake do not underlie
the variation since this would predict a greater influence of up-
take inhibition upon faster decaying currents, a result opposite
to the one obtained in Figure 8.

Two non-mutually exclusive mechanisms probably underlie
the variations in decay rates seen in individual cells with varied
quantal contents and also the variations between cells in a given
extracellular environment. First, prolonged decays could repre-
sent the repeated binding of transmitter to a single population
of postsynaptic receptors following evoked release. Rebinding
of transmitter would have an important influence upon EPSC
decays if conditions that promote high quantal content also pro-
mote multiquantal release from individual release sites (Tong
and Jahr, 1994). If rebinding of transmitter underlies prolonged
EPSCs, differences in decay rates between cells could be ex-
plained by differences in the capability for multivesicular release
or by differences in buffered diffusion from the synaptic cleft
due to physical barriers and to the binding of transmitter.

Secondly, prolonged EPSCs could occur because individual
quanta from separate release sites are capable of diffusing to and
cooperatively activating overlapping populations of receptors.
This possibility is more consistent with the hypothesis that
evoked release from individual active zones is all or none (Korn
et al., 1982; Korn and Faber, 1991; but see Katz and Miledi,
1979). Spill-over has been proposed to account for prolonged
currents at other synapses (Hartzell et al., 1975) and has been
reported at inhibitory synapses in several CNS preparations (Fa-
ber and Korn, 1988; Isaacson et al., 1993). Under conditions of
low quantal content, spill-over would not generate sufficient glu-
tamate concentrations for receptor activation in regions of trans-
mitter overlap since activated release sites would tend to be sep-
arated by large distances. Under conditions of high quantal
content, the average distance between activated release sites
would be smaller, allowing glutamate concentrations in overlap-
ping domains to reach levels sufficient for receptor activation.
If spill-over is the primary mechanism of prolonged EPSCs, dif-

ferences in decay rates between cells could result from differ-
ences in distances between activated release sites. For instance,
cells like that depicted in Figure 7A may possess presynaptic
terminals like those of mossy fiber synapses on CA3 cells, where
individual boutons have many closely adjacent active zones
¢Amaral and Dent, 1981; Chicurel and Harris, 1992). In contrast,
Figure 7B-like cells may possess terminals similar to Schaffer
collateral synapses upon CA1 cells, which have only one or a
few active zones per synaptic bouton (Sorra and Harris, 1993)
and where overlap of transmitter domains may be less likely.
Variability in numbers of extrasynaptic receptors in regions of
transmitter overlap could also explain differences in decay rates
between cells.

The relative contributions of rebinding and spill-over to pro-
longed EPSCs should determine the conditions under which
EPSC decays would be altered by presynaptic mechanisms in
the intact CNS. If rebinding of transmitter following multivesic-
ular release is the primary mechanism generating prolonged
EPSCs, then slower EPSCs should be generated by enhancing
the probability of release, even when only a single release site
is activated. Alternatively, if diffusion from many release sites
is required for prolonged EPSCs, slowed EPSCs in the intact
hippocampus might be apparent only with the synchronous ac-
tivity of many axons, since individual axons often give rise to
only a few points of synaptic contact with individual postsyn-
aptic targets (Andersen, 1987).

Finally, there are also likely to be physiological effects of
spill-over and varied transmitter lifetimes over a range of glu-
tamate concentrations that would produce undetectable changes
in the decays of non-NMDA EPSCs. As shown by the ability
of CYZ to unmask effects of uptake inhibitors on the decays of
many EACs, non-NMDA receptors are probably weak detectors
of residual glutamate. Metabotropic glutamate receptor activa-
tion (Sladeczek et al., 1985; Forsythe and Clements, 1990),
NMDA receptor activation (Patneau and Mayer, 1990), and non-
NMDA receptor desensitization (Trussell and Fischbach, 1989;
Thio et al., 1991) should all occur at lower residual glutamate
concentrations than those necessary for non-NMDA receptor ac-
tivation.
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