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In layers 2/3 in the rat visual cortex, glutamatergic synapses, between pyramidal neurons and GABAergic interneurons, show target-
specific depression or facilitation. To study the mechanisms regulating these short-term synaptic modifications, we recorded from
synaptically connected pyramidal neurons (presynaptic) and multipolar or bitufted interneurons (postsynaptic). Evoked AMPA receptor
(AMPAR)- or NMDA receptor (NMDAR)-mediated EPSCs were pharmacologically isolated at these pyramidal-to-interneuron synapses
while altering release probability (Pr ) by changing the extracellular Ca 2� concentration ([Ca 2�]o ). At the pyramidal-to-multipolar
synapse, which shows paired-pulse depression, elevation of [Ca 2�]o from physiological concentrations (2 mM) to 3 mM increased the
amplitude of the initial AMPAR-mediated EPSC and enhanced paired-pulse depression. In contrast, the initial NMDAR-mediated EPSC
did not change in amplitude with raised Pr nor was paired-pulse depression altered. This lack of an increase of NMDAR-mediated
currents is not a result of Ca 2�-dependent effects on the NMDAR. Rather, at the pyramidal-to-multipolar synapse, raised Pr increases the
transient glutamate concentration at individual release sites, possibly reflecting multivesicular release. In contrast, at the pyramidal-to-
bitufted synapse, which shows facilitation, AMPAR- and NMDAR-meditated EPSCs showed parallel increases in response to raised Pr.
Thus, our results reveal differential recruitment of AMPA and NMDARs at depressing and facilitating synapses in layers 2/3 of the cortex
and suggest that the mechanisms regulating dynamic aspects of synaptic transmission are target specific.
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Introduction
Short-term changes in synaptic efficacy, lasting on the time scale
of a millisecond to seconds, are key mechanisms regulating infor-
mation processing in local circuits (Abbott et al., 1997; Tsodyks
and Markram, 1997; Cook et al., 2003). Numerous presynaptic
and postsynaptic factors modify synaptic amplitudes and their
frequency dependence (Zucker and Regehr, 2002). Although re-
lease probability (Pr) defines the efficacy of synaptic activity,
other presynaptic factors such as the degree of vesicle emptying
(Gandhi and Stevens, 2003), and whether single or multiple ves-
icles are released (Tong and Jahr, 1994; Wadiche and Jahr, 2001),
can alter the amount of transmitter released with each release
event. In contrast, postsynaptic factors such as the distribution of
postsynaptic receptors relative to the release site (Uteshev and
Pennefather, 1996; Franks et al., 2003), the degree of their satu-
ration (Mainen et al., 1999; McAllister and Stevens, 2000; Harri-
son and Jahr, 2003), and biophysical processes like receptor de-
sensitization (Rozov et al., 2001b) further modify synaptic
amplitudes.

In layers 2/3 of the neocortex, GABAergic interneurons can be
distinguished into several classes based on well-characterized
morphological, biochemical, and electrophysiological properties
(Cauli et al., 1997, 2000; Gonchar and Burkhalter, 1997). Two of
the most studied types are parvalbumin-positive multipolar (or
fast-spiking) and somatostatin-positive bitufted (or regular-
spiking) interneurons (Thomson and Bannister, 2003). Both
types can be identified according to their firing pattern in re-
sponse to current injection (Reyes et al., 1998; Rozov et al.,
2001a). In addition, the excitatory glutamatergic input they re-
ceive from local pyramidal neurons shows target-specific short-
term plasticity. Pyramidal-to-multipolar synapses exhibit
paired-pulse depression (PPD), whereas pyramidal-to-bitufted
synapses show paired-pulse facilitation (PPF) (Markram et al.,
1998; Reyes et al., 1998; Rozov et al., 2001a). Despite arising from
the same pyramidal neuron, both PPD and PPF are presynaptic
in origin reflecting strong differences in the initial Pr. At the
pyramidal-to-multipolar synapse, the initial Pr is high, with few
or no failures, whereas at the pyramidal-to-bitufted synapse, it is
extremely low.

In the present study, we recorded from synaptically connected
pairs (pyramidal-to-interneurons) in layers 2/3 in the visual cor-
tex of juvenile rats. To study mechanisms of synaptic release dy-
namics and variability, we pharmacologically isolated postsynap-
tic currents mediated by different glutamate receptor (GluR)
subtypes on the interneuron and altered Pr by changing extracel-
lular Ca 2� concentration ([Ca 2�]o). We find that at the
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pyramidal-to-multipolar synapse, the amplitude of the first
AMPA receptor (AMPAR)-mediated EPSCs increased with
raised Pr, whereas that of subsequent EPSCs did not, leading to
stronger PPD. Surprisingly, the amplitudes of all NMDA receptor
(NMDAR)-mediated responses and consequently PPD did not
change with elevated [Ca 2�]o. We conclude that this differential
dependence of postsynaptic AMPAR- and NMDAR-mediated
responses to elevated [Ca 2�]o arises because increases in Pr at the
pyramidal-to-multipolar connections alter the glutamate tran-
sient at individual release sites, possibly because of multivesicular
release (MVR). In contrast, at the pyramidal-to-bitufted synapse,
the dynamics of facilitation involves recruitment of additional
release sites with raised Pr. These results suggest that mechanisms
regulating the dynamics of vesicle release are fundamentally dif-
ferent between the pyramidal-to-multipolar and pyramidal-to-
bitufted synapses.

Materials and Methods
Slice preparation. Sprague Dawley rats [postnatal day 12 (P12) to P16]
were deeply anesthetized using halothane (inhalation) and then decapi-
tated in accordance with the institutional animal ethics committee. The
brain was dissected out in ice-cold Ringer’s solution (composition be-
low). Neocortical slices (transverse; 250 –300 �m thick) were cut on a
vibratome (Sigma Elektronik, Hüffenhardt, Germany). A hemisphere
was glued at the surface of the sagittal plane onto a block, which was
mounted at a 30° angle such that the blade cuts from the upper border of
the neocortex toward the caudal border and down toward the midline.
Slices were incubated for 30 min at 34°C and then at room temperature
(22–25°C) until transfer to the recording chamber (22–25°C).

Solutions. The Ringer’s solution consisted of the following (in mM):
125 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and
1 MgCl2, pH 7.2 (NaOH), which was saturated with 95% O2/5% CO2

under all conditions. In some instances, where noted, we used the same
solution but without added MgCl2 (see Figs. 1, 2). All pharmacological
agents were added to the external solutions without substitution. Our
standard internal solution consisted of the following (in mM): 105
K-gluconate, 30 KCl, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP, and 0.3
GTP, pH 7.3 (KOH). In some instances, we replaced K-gluconate (10
mM) with equimolar K-glutamate. When recording GluR currents from
nucleated patches, our external solution consisted of the following (in
mM): 140 NaCl and 10 HEPES, pH 7.2 (NaOH), to which various con-
centrations of CaCl2 (1– 4 mM) were added.

Electrophysiology. Membrane potential or currents were recorded at
room temperature (22–25°C) using EPC-7 amplifiers with PULSE soft-
ware (HEKA Elektronik, Lambrecht, Germany), low-pass filtered at 3
kHz, and digitized at 10 kHz. Pipettes had resistances of 5–7 M� when
filled with the pipette solution and measured in the Ringer’s solution.
External solutions were bath applied at a perfusion rate of �1 ml/min.
When recording currents from interneurons, they were clamped at �70
mV. For nucleated patches, external solutions were applied using a piezo-
driven double-barrel application system. One barrel contained the exter-
nal solution plus 10 �M glycine, whereas the other barrel contained the
same solution with added 200 �M glutamate.

Infrared differential contrast video microscopy-guided selection of pairs of
neurons. We initially identified layers 2/3 pyramidal neurons and inter-
neurons morphologically using infrared differential contrast video mi-
croscopy with an upright microscope (Olympus BX50WI, fitted with a
40� W/0.80 numerical aperture objective; Olympus Optical, Tokyo, Ja-
pan) (Stuart et al., 1993) and subsequently based on their firing patterns
(Reyes et al., 1998). Pyramidal neurons had triangular somata with dis-
tinct basal and apical dendrites and, when injected with a suprathreshold
current step, exhibited a burst of action potentials (APs) that have a slow
afterhyperpolarization, peak amplitude adaptation, and burst-frequency
accommodation. Multipolar interneurons had round somata with den-
drites extending radially and, when injected with a suprathreshold cur-
rent step, exhibited high-frequency action potentials, which had a fast
afterhyperpolarization, no peak amplitude adaptation, and no spike fre-

quency accommodation. Bitufted interneurons had ovoid somata with
dendrites extending only in the apical and distal directions and, when
injected with a suprathreshold current step, displayed action potentials
that also had a fast afterhyperpolarization but did exhibit peak amplitude
adaptation and spike frequency accommodation.

Slices were placed in the recording chamber such that the pial surface
(dorsal) was right and anterior up. We initially patched an interneuron.
Synaptically connected (presynaptic) pyramidal neurons were then
searched for around this interneuron. A pyramidal neuron was typically
selected such that its main apical dendrite was nearly parallel to the
surface and that its apical dendrite and axon were approximately parallel
to those of the interneuron. To test for connectivity, we evoked a train of
APs (3–5 at 10 Hz) in the presynaptic pyramidal neuron with an injection
of suprathreshold current steps and recorded EPSPs. In most cases, the
interneuron was reciprocally connected to the pyramidal neuron. We
also tested for electrical coupling (i.e., gap junctions) by injecting a long
hyperpolarizing current step into the pyramidal cell. In the infrequent
instances where the interneuron showed correlated hyperpolarization,
we assumed electrical coupling and discarded the pair.

Pharmacological compounds. To examine currents mediated by GluR
subtypes in isolation, we blocked NMDARs using either 50 –100 �M

D(-)-2-amino-5-phosphonopentanoic acid (APV) or 1 mM MgCl2 and
AMPARs using 10 �M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
added to the Ringer’s (bath) solution. In some instances, we added cy-
clathiozide (CTZ; 30 –50 �M) to the bath solution to reduce AMPAR
desensitization. All reagents, unless otherwise noted, were obtained from
either Sigma Aldrich (St. Louis, MO) or Tocris Cookson (Ellisville, MO).

Data collection and analysis. The stimulus intensity in presynaptic py-
ramidal neurons was adjusted until the current necessary to produce an
all-or-none response was minimized. During a single sweep, pyramidal
neurons were injected with two to five suprathreshold current pulses
(width, 10 ms) at 10 Hz. We recorded either EPSPs or EPSCs. Typically,
50 –120 sweeps were recorded per each recording condition. Within an
individual sweep, postsynaptic responses were aligned based on the tim-
ing of the initial presynaptic action potential in the pyramidal neuron.
Sweeps that showed epileptic activity were discarded. Unless otherwise
noted, displayed recordings are averages of recorded sweeps. Our typical
experimental protocol included a baseline recording, a test recording,
and then a washout recording in which we returned the bath solution to
that used during the baseline recording. We did not include in the final
analysis pairs in which the average current amplitude in the washout was
not at least 70% of that in the baseline recording.

Analysis of individual sweeps. We used the average of the initial 100 ms
of an individual sweep as the baseline. To estimate the noise, 10 500-�s
windows were randomly selected in the baseline, and local maxima
within each window were determined and averaged as the noise. We only
sampled noise in the positive direction from the baseline to prevent
spontaneous EPSCs from affecting our noise estimate and assumed that
noise is of equal magnitude in the positive and negative directions.

Using the averaged record as a template, we defined a time window to
determine the EPSC amplitude of an individual sweep. The local minima
within the window was identified and then a 1–3 ms sample, encompass-
ing the local minima, was averaged to generate peak EPSC amplitude. An
EPSC amplitude less than that of noise was classified as a failure.

Statistical analysis. All curve fitting was done using Igor Pro (WaveM-
etrics, Lake Oswego, OR). Results are reported as mean � SEM and
shown graphically as mean � 2 SEM. The Student’s t test and an ANOVA
were used to test for statistical differences with the Tukey test used for
multiple comparisons. Significance was assumed if p � 0.05.

Results
Short-term synaptic depression at the pyramidal-to-
multipolar synapse in physiological Ca 2� concentrations
Multipolar interneurons and pyramidal neurons were identified
by the infrared video microscopy image based on their appear-
ance, location, and shape of the cell body and subsequently on
firing patterns. In all cases where they were synaptically con-
nected, EPSCs recorded in the multipolar interneurons (Fig.
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1A,B, left traces), elicited by trains of APs
in the presynaptic pyramidal neuron, were
always depressing as found previously
(Reyes et al., 1998; Rozov et al., 2001a)
(Table 1, control recordings). Initially, we
wanted to test whether AMPAR- and
NMDAR-mediated components of the
EPSCs undergo the same level of PPD. We
therefore recorded evoked EPSCs from
multipolar interneurons either in the pres-
ence of APV or CNQX isolating AMPAR-
and NMDAR-mediated synaptic currents,
respectively.

Both AMPAR- and NMDAR-mediated
EPSCs strongly depressed at 10 Hz. For the
AMPAR-mediated component in 2 mM

[Ca 2�]o (Fig. 1A, middle trace), the am-
plitude of EPSC1 (approximately �49 pA)
(Table 1) was comparable with that re-
corded from the same pairs before the ap-
plication of APV (approximately �48 pA),
as was the paired-pulse ratio (PPR)
(EPSC2/EPSC1) (0.58 � 0.04 and 0.57 �
0.04, respectively) (mean � SEM). For the
NMDAR-mediated component (Fig. 1B,
middle trace), the amplitude of EPSC1
(approximately �22 pA) was less than half
of that recorded in the absence of CNQX
(approximately �53 pA). Still, the PPR for
this NMDAR-mediated component
(0.60 � 0.04) was identical to that re-
corded in the absence of CNQX (0.60 �
0.03). The similarity of the PPR suggests
that neither APV nor CNQX interfere with
synaptic release and that the AMPA and
NMDARs are seeing the same pool of pre-
synaptically released glutamate.

Changes in [Ca 2�]o differentially alter PPRs as monitored by
AMPA or NMDARs
Assuming AMPA and NMDARs have a homogeneous subsynap-
tic distribution and are equally sensitive to changes in the tran-
sient glutamate concentration, one would expect changing Pr

should equally affect the AMPAR- and NMDAR-mediated
EPSCs. To alter Pr, we changed [Ca 2�]o from an approximate
physiological concentration (2 mM) to 1, 3, or 4 mM. The far right
traces in Figure 1, A and B, show example recordings of the
AMPAR- and NMDAR-mediated EPSCs in 3 mM [Ca 2�]o. Con-
sistent with an increase in Pr, the amplitude of the AMPAR-
mediated EPSC1 (Fig. 1A) increased with elevated [Ca 2�]o (to
�98 pA compared with �68 pA in 2 mM [Ca 2�]o in the example
shown). Correspondingly, PPR was smaller in 3 mM (�0.38) than
in 2 mM (�0.51) [Ca 2�]o, yielding a PPR3Ca/PPR2Ca of �0.75. In
contrast and quite surprisingly, the same manipulation did not
increase the amplitude of the NMDAR-mediated EPSC1 (�48
pA in 3 mM [Ca 2�]o and �49 pA in 2 mM [Ca 2�]o) nor did it alter
the PPR (0.52 and 0.55, respectively), yielding a PPR3Ca/PPR2Ca

close to unity.
Figure 2 summarizes average PPRs (Fig. 2A,B) and relative

EPSC amplitudes (Fig. 2C,D) for the AMPAR-mediated (Fig.
2A,C) and NMDAR-mediated (Fig. 2B,D) EPSCs measured in
various test [Ca 2�]o (1, 3, or 4 mM). For all plots, because of the
variability in the magnitude of PPRs and EPSC amplitudes be-

tween pairs, we normalized the test [Ca 2�]o values to those re-
corded in 2 mM [Ca 2�]o within the same pair.

For the AMPAR- and NMDAR-mediated EPSCs, PPD was
weaker in 1 than in 2 mM [Ca 2�]o, yielding a PPRtest/PPR2Ca

greater than unity. This weaker PPD in 1 mM [Ca 2�]o arises
because, whereas the amplitude for the first and second AMPAR-
and NMDAR-mediated EPSCs are reduced, EPSC2 is less af-
fected. For AMPARs, PPD was stronger in 3 or 4 mM [Ca 2�]o

than in 2 mM [Ca 2�]o, yielding a PPRtest/PPR2Ca less than unity.
The stronger PPD in the higher [Ca 2�]o for AMPARs arises be-
cause EPSC1 was significantly greater in amplitude in 3 and 4 mM

[Ca 2�]o than in 2 mM, whereas EPSC2 was unchanged. In con-
trast to the AMPAR-mediated component, PPRs and EPSC am-
plitudes for NMDARs were comparable in 3 or 4 mM relative to
those in 2 mM [Ca 2�]o.

In summary, the results shown in Figure 2 suggest that the
AMPAR- and NMDAR-mediated postsynaptic responses, pre-
sumably to the same pool of presynaptically released glutamate,
are different. For the AMPAR-mediated EPSCs, the raised Pr in-
creases the amplitude of EPSC1 and, correspondingly, leads to a
stronger PPD (Zucker et al., 2002). One possible explanation for
this observation is that with elevated Pr, additional release sites
are recruited during the initial release event. However, such an
interpretation is inconsistent with the surprising observation that
the amplitude of NMDAR-mediated EPSC1 was unaffected un-
der the same conditions. It is possible that the elevated glutamate
transient produced by the raised Pr can be sensed by AMPARs but

Figure 1. AMPAR- and NMDAR-mediated EPSCs at the pyramidal-to-multipolar synapse. Simultaneous recordings of presyn-
aptic pyramidal APs (bottom traces) and EPSCs from multipolar interneurons (top traces). EPSCs are an average of �100 sweeps.
The far left trace in each panel was recorded in the absence of GluR antagonists. In the right two traces, the bathing solution
contained either APV ( A) (100 �M), an NMDAR competitive antagonist yielding the AMPAR-mediated component, or CNQX ( B)
(10 �M), an AMPAR competitive antagonist yielding the NMDAR-mediated component. These synapses do not have a significant
kainate receptor component (Rozov et al., 2001a). The experimental paradigm was as follows: initial recordings were made in the
2 mM [Ca 2�]o Ringer’s solution with no GluR antagonists (left traces; control recording) (none of these solutions contained added
MgCl2 ). Subsequently, recordings were made in the same solution with added APV or CNQX (middle traces; baseline recording)
and then in 3 mM [Ca 2�]o , APV, or CNQX (right traces; test recording) and finally back to 2 mM [Ca 2�]o , APV, or CNQX (data not
shown) (washout recording).

Table 1. EPSC amplitudes and PPRs at the pyramidal-to-multipolar synapse

AMPAR NMDAR

Amplitude (pA) PPR n Amplitude (pA) PPR n

Control recording �47.9 � 8.6 0.57 � 0.04 19 �53.0 � 7.9 0.60 � 0.03 36
GluR component �49.0 � 14.2 0.58 � 0.04 �22.3 � 3.9 0.60 � 0.04

(Baseline recording)

Values shown are mean � SEM. Initial recordings were made in the 2 mM 	Ca2�
o Ringer’s solution with no GluR antagonists (Control recording) (none of
these solutions contained added MgCl2). Subsequently, recordings were made in the same solution with added APV or CNQX (Baseline recording) and then in
various 	Ca2�
o, APV, or CNQX (test recording). Test recordings for most of the same pairs are summarized in Figures 1 and 2.

1026 • J. Neurosci., January 26, 2005 • 25(4):1024 –1033 Watanabe et al. • Excitatory Synaptic Transmission in Layers 2/3



not by NMDARs, the latter resulting from receptor saturation.
Nevertheless, other alternatives have to be considered.

Analysis of individual AMPAR- and NMDAR-mediated
EPSC amplitudes
The results in Figures 1 and 2 are derived from averages of at least
100 sweeps per condition. Correspondingly, unanticipated
changes in the amplitudes or frequency of failures of individual
events with the different [Ca 2�]o might underlie the difference
between the AMPAR- and NMDAR-mediated EPSC1. However,
as shown in Figure 3 and summarized in Table 2, the pattern of
amplitude histograms is consistent with the average responses.
The amplitude distribution histograms for AMPAR-mediated
EPSC1 (Fig. 3A) showed a clear rightward shift when [Ca 2�]o was
elevated from 2 mM (top left) to 3 mM (bottom left). Similarly,
both amplitude distribution histogram and the mean value for
EPSC2 were comparable at 2 mM (top right) and 3 mM (bottom
right) [Ca 2�]o, although shifted leftward relative to EPSC1. In
contrast, raising [Ca 2�]o did not significantly change the ampli-
tude distributions of NMDAR-mediated EPSC1 or EPSC2 com-
pared with those obtained in 2 mM [Ca 2�]o (Fig. 3B). In addition,
synaptic failure rates were very low and comparable for both
AMPAR- and NMDAR-mediated EPSC1 (Table 2).

Another alternative to account for the differential effect of
raised Pr on AMPAR- and NMDAR-mediated currents is that
AMPA and NMDARs are located at different synapses and there-
fore are activated by different pools of presynaptically released
glutamate. However, the coefficient of variance (CV � SD/mean)
values of individual EPSC1 as well as EPSC2 were almost identical
for AMPAR- and NMDAR-mediated currents (Table 2) and did
not change significantly when [Ca 2�]o was increased from 2 to

3 mM [Ca 2�]o. Thus, based on these results, we can conclude
that, first, no new release sites with a new pool of vesicles are
being recruited in response to raised Pr, and second, both
AMPARs and NMDARs are colocalized at the same synapses
and are exposed to the same concentration of glutamate dur-
ing synaptic transmission.

The lack of an increase in the NMDAR-mediated EPSC1 is not
attributable to Ca 2�-dependent effects on NMDARs
Ca 2� can directly or indirectly decrease NMDAR-mediated cur-
rents via channel block by extracellular Ca 2� (Jahr and Stevens,
1993) or inactivation by intracellular Ca 2� (Westbrook et al.,
1997). Hence, an increase in the NMDAR-mediated EPSC1
caused by raised Pr (induced by an elevated [Ca 2�]o) could be
counteracted by channel block and/or Ca 2�-dependent inactiva-
tion. We therefore tested for the effect of changes in extracellular
and intracellular Ca 2� on NMDAR-mediated currents in multi-
polar interneurons (Fig. 4).

Figure 2. Changes in [Ca 2�]o differentially altered PPR and EPSC amplitudes as monitored
by AMPA and NMDARs. Comparison of the PPR (A, B) and the underlying EPSC amplitudes (C, D)
(EPSC1, E1; EPSC2, E2) in a test [Ca 2�]o (1, 3, or 4 mM) normalized to that recorded in the same
pair in 2 mM [Ca 2�]o. All experiments were performed as outlined in Figure 1, isolating either
the AMPAR-mediated (A, C) or NMDAR-mediated (B, D) components. Number of pairs, from left
to right, 6, 18, 7, 5 ( A), and 7, 27, 10, 10 ( B). In C and D, recordings are from the same set of pairs
as shown in A and B. Solid symbols or bars in this and all subsequent figures indicate values
significantly different from control or baseline responses.

Figure 3. Amplitude histograms of individual EPSCs mediated by AMPA and NMDARs. A
comparison of individual EPSC amplitudes for pyramidal-to-multipolar pairs recorded in APV
( A) or CNQX ( B). Within a panel, the amplitudes for EPSC1 (left column) and EPSC2 (right
column) are shown in 2 mM [Ca 2�]o (top row) or in 3 mM [Ca 2�]o (bottom row). Bin width is 5
pA for the AMPAR and 3 pA for the NMDAR component. Failures are shown in shaded boxes.
Number of failures (amplitudes were within noise)/trials: 2 mM [Ca 2�]o: EPSC1, 0/100; EPSC2,
0/100; 3 mM [Ca 2�]o: EPSC1, 0/100; EPSC2, 0/100 ( A); 2 mM [Ca 2�]o , EPSC1, 0/104; EPSC2,
1/104; 3 mM [Ca 2�]o: EPSC1, 0/104; EPSC2, 2/104 ( B). Continuous lines represent Gaussian fits.
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Figure 4A shows NMDAR-mediated
currents recorded from nucleated patches
taken from multipolar interneurons in
various [Ca 2�]o (1– 4 mM) in the applica-
tion solution. Reducing [Ca 2�]o from 2 to
1 mM caused a 19% increase in current
amplitudes (Fig. 4B). In contrast, current
amplitudes were not significantly different
in 2 or 3 (or 4) mM [Ca 2�]o. Therefore,
assuming somatic and synaptic NMDARs
in multipolar interneurons are identical,
channel block by Ca 2� already reaches sat-
uration at 2 mM. Hence, this process would
not further affect current amplitudes at
higher [Ca 2�]o concentrations.

To test for Ca 2�-dependent inactiva-
tion at the pyramidal-to-multipolar syn-
apse, we initially recorded NMDAR-
mediated EPSCs in 2 mM [Ca 2�]o using
our standard internal solution (Fig. 4C,
left trace). We then repatched the postsyn-
aptic multipolar interneuron with a pi-
pette in which the internal solution con-
tained 2 mM BAPTA, a fast Ca 2� buffer
(middle trace). In five of six pairs, the NMDAR-mediated EPSC1
amplitude was potentiated (61 � 29%; n � 5), suggesting that
postsynaptic Ca 2� might tonically inhibit NMDARs possibly via
Ca 2�-dependent inactivation. However, when [Ca 2�]o was in-
creased from 2 to 3 mM with BAPTA in the pipette, the amplitude
of EPSC1 remained unaffected (Fig. 4C, right trace, D). Similarly,
as in the absence of internal BAPTA, the PPR was indistinguish-
able in 2 and 3 mM [Ca 2�]o (Fig. 4E). Hence, although Ca 2�-
dependent inactivation may modulate NMDAR-mediated syn-
aptic amplitudes, it does not contribute to the lack of an increase
in the NMDAR-mediated EPSC1 amplitude with elevated
[Ca 2�]o.

In summary, channel block and Ca 2�-dependent inactivation
may affect the amplitude of NMDAR-mediated EPSCs at the
pyramidal-to-multipolar synapse. Still, these processes are at sat-
uration in 2 mM [Ca 2�]o and, therefore, do not limit current
amplitudes at higher [Ca 2�]o.

Elevated [Ca 2�]o does not alter release latency
At the pyramidal-to-multipolar synapse, the distribution of the
latency of the postsynaptic response, following the presynaptic
AP, is quite narrow (Rozov et al., 2001a). Still, elevated [Ca 2�]o

might further synchronize vesicle release from different release
sites, a process that would mainly influence the amplitude of the
fast-rising AMPAR but not the slow-rising NMDAR-mediated
responses. However, the latency of the AMPAR-mediated
EPSC1, measured as the time difference between the peak of the
presynaptic AP and the peak of the postsynaptic response, was the
same in 2 mM (2.38 � 0.33 ms; n � 7) and 3 mM (2.34 � 0.33 ms)
[Ca 2�]o, nor was there any difference in the CV (0.14 � 0.03 and
0.13 � 0.03, respectively). Thus, the significant increase of the
amplitude of AMPAR-mediated EPSC1 at elevated [Ca 2�]o is not
attributable to enhanced synchronicity of vesicle release.

Changes in the glutamate transient at pyramidal-to-
multipolar release sites
At the pyramidal-to-multipolar synapse, elevation of [Ca 2�]o

might lead to an increase in the amount of glutamate released at
an individual release site. This hypothesis would be consistent

with the selective enhancement of AMPAR-mediated EPSCs, as-
suming that at 2 mM [Ca 2�]o, the glutamate concentration in the
cleft is already high enough to saturate NMDARs. To test how the
transient glutamate concentration in the synaptic cleft depends
on [Ca 2�]o and whether it can be dynamically regulated during a
train of APs, we used the low-affinity AMPAR competitive antag-
onist �-D-glutamylglycine (�-DGG) (Liu et al., 1999; Wadiche
and Jahr, 2001). Because of its low affinity, �-DGG rapidly un-
binds from AMPARs permitting ambient glutamate to rebind.
Hence, AMPAR-mediated EPSCs arising from a higher relative
glutamate concentration would be inhibited less effectively by
�-DGG. To exclude the possible contribution of channel desen-
sitization to EPSC amplitudes, we performed these experiments
in the presence of CTZ, an allosteric modulator that reduces
AMPAR desensitization (Partin et al., 1994). Although CTZ al-
ters release probability at certain synapses (Diamond and Jahr,
1995; Ishikawa and Takahashi, 2001), it apparently does not do so
at the pyramidal-to-multipolar synapse (Rozov et al., 2001b).
Indeed, the PPR was not significantly different in the absence or
presence of CTZ either in 2 mM [Ca 2�]o (0.55 � 0.04, n � 10, and
0.55 � 0.04, respectively) or in 3 mM [Ca 2�]o (0.40 � 0.04, n �
15, and 0.44 � 0.05, respectively).

Figure 5A shows AMPAR-mediated EPSCs at the pyramidal-
to-multipolar synapse in 3 mM [Ca 2�]o either in the absence (left
trace) or presence (right two traces) of CTZ (50 �M). CTZ (mid-
dle trace) both increased the amplitudes and slowed the decay of
AMPAR-mediated EPSCs. Application of �-DGG (0.5 mM; far
right trace) reduced the amplitudes of both EPSC1 and EPSC2.
Figure 5B summarizes the percentage block by �-DGG of EPSC1
and EPSC2 under various conditions. The percentage block of
EPSC1 was significantly less than that of EPSC2 both in 2 mM

[Ca 2�]o (27 � 2 vs 32 � 2%; n � 9; p � 0.02) and in 3 mM

[Ca 2�]o (21 � 2 vs 32 � 1%; n � 8; p � 0.0009), although this
difference was more notable in 3 mM [Ca 2�]o. These results are
consistent with the idea that the cleft concentration of glutamate
can be greater during the first AP in the train and declines with
subsequent ones. In addition, the stronger differential effect of
�-DGG in 3 mM [Ca 2�]o, relative to that in 2 mM [Ca 2�]o, arises
solely because of a reduced block for EPSC1. Indeed, the percent-

Table 2. Summary of individual AMPAR- and NMDAR-mediated EPSCs at the pyramidal-to-multipolar synapse

[Ca2�]o Normalized

2 mM 3 mM (3 mM 	Ca2�
o/2 mM 	Ca2�
o )

AMPAR

EPSC1
Amplitude (pA) �66.3 � 21.1 �88.9 � 30.7 1.26 � 0.06
Failures (%) 10 � 8 7 � 6
CV 0.35 � 0.08 0.30 � 0.05

EPSC2
Amplitude (pA) �39.2 � 13.4 �45.8 � 19.3 1.05 � 0.08
Failures (%) 20 � 9 20 � 10
CV 0.46 � 0.05 0.43 � 0.03

NMDAR

EPSC1
Amplitude (pA) �40.4 � 5.8 �39.7 � 5.9 0.98 � 0.07
Failures (%) 6 � 4 3 � 1
CV 0.36 � 0.03 0.34 � 0.01

EPSC2
Amplitude (pA) �25.5 � 3.9 �23.9 � 3.4 0.96 � 0.07
Failures (%) 19 � 8 21 � 8
CV 0.44 � 0.03 0.43 � 0.01

Values shown are mean � SEM. Individual AMPAR- and NMDAR-mediated EPSCs were recorded in 2 or 3 mM 	Ca2�
o (n � 8) (see Materials and Methods for
details). Amplitudes exclude failures. Failures are shown as a percentage (typically 200 – 400 sweeps per pair).
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age block of EPSC1 in 3 mM [Ca 2�]o was significantly less than
that in 2 mM [Ca 2�]o ( p � 0.04). The preferential effect of
�-DGG on EPSC1 supports the idea of an increased glutamate
transient with elevated [Ca 2�]o.

To verify that the differential effect of �-DGG on EPSC1 and
EPSC2 was not a result of CTZ, we performed the same experi-
ments in 3 mM [Ca 2�]o, although in the absence of CTZ. The
percentage block by �-DGG of EPSC1 (43 � 5%; n � 6) and
EPSC2 (54 � 3%) was again significantly different ( p � 0.02).

Short-term synaptic facilitation at the
pyramidal-to-bitufted synapse
Pyramidal neurons in layers 2/3 also innervate somatostatin-
positive bitufted interneurons. This connection is characterized
by a low initial Pr and strong short-term synaptic facilitation
(Reyes et al., 1998; Rozov et al., 2001a). With high-frequency
stimulation, Pr increases with every subsequent AP. Therefore, to

contrast pyramidal-to-bitufted and pyramidal-to-multipolar
synapses (the latter showing a high initial Pr), we used a 10 Hz
train of five APs for the pyramidal-to-bitufted connection ensur-
ing that Pr would be high during later release events.

Figure 6 shows AMPAR-mediated (Fig. 6A) and NMDAR-
mediated (Fig. 6B) EPSCs recorded either in 2 mM (left traces) or
3 mM (right traces) [Ca 2�]o from a bitufted interneuron in re-
sponse to five pyramidal APs. Both AMPAR- and NMDAR-
mediated components showed strong facilitation. In 2 mM

[Ca 2�]o, for example, the amplitude of EPSC2 relative to EPSC1
was increased by 45 � 10% (n � 10) and 28 � 7% (n � 8) for the
AMPAR- and NMDAR-mediated components, respectively. Al-
though the degree of relative enhancement, measured as the
EPSCn/EPSCn-1 ratio, was greatest for EPSC2, facilitation also
occurred for all subsequent EPSCs (Fig. 6C). Consistent with
facilitation being presynaptic in origin (Reyes et al., 1998; Rozov
et al., 2001a), it was accompanied by a strong reduction in the
failure rate (Table 3, 2 mM [Ca 2�]o).

At the pyramidal-to-multipolar synapse, which has a high ini-
tial Pr and is depressing, elevation of [Ca 2�]o increased the am-
plitude of the initial EPSC, specifically that mediated by AMPARs
but not subsequent AMPAR-mediated EPSCs nor those medi-
ated by NMDARs. In contrast, at low initial Pr facilitating syn-
apses (pyramidal-to-bitufted), raising [Ca 2�]o from 2 to 3 mM

substantially increased relative amplitudes of all EPSCs recorded
and enhanced both the AMPAR- and NMDAR-mediated EPSCs
equally well, the relative change of which depends only on the
number of the response in the train (Fig. 6D). For instance,
AMPAR- and NMDAR-mediated EPSCs are enhanced by 53 �
11 and 49 � 10%, respectively, for EPSC13Ca/EPSC12Ca and sim-
ilarly indistinguishable for EPSC53Ca/EPSC52Ca, although not so
strongly enhanced (29 � 8 and 28 � 7%, respectively).

The most likely explanation for the parallel increase in the
AMPAR- and NMDAR-mediated EPSCs amplitudes in response
to a raised Pr is the recruitment of additional release sites. Con-
sistent with this idea was the strong and uniform reduction in the
failure rate in 3 mM [Ca 2�]o compared with that in 2 mM [Ca 2�]o

for each EPSC (Table 3).

Figure 4. Effect of extracellular and intracellular Ca 2� on NMDAR in multipolar interneu-
rons. A, Recordings of NMDAR-mediated currents in nucleated patches taken from presumed
multipolar interneurons. Patches were bathed either in 2 mM [Ca 2�]o (thick traces) before and
after a recording in 1 mM (left) or 3 mM (right) (lighter traces) [Ca 2�]o. Currents were elicited by
glutamate (200 �M; horizontal bar) at a holding potential of �60 mV. In all instances, the
external solution contained added glycine (10 �M) and CNQX (10 �M). B, Average relative peak
current amplitudes in a test [Ca 2�]o (1, 3, or 4 mM) (Ipeak(test)) normalized to that in 2 mM

[Ca 2�]o. Number of recordings, from left to right: 5, 5, 4. C, Simultaneous recordings of presyn-
aptic pyramidal APs (bottom traces) and average EPSCs from multipolar interneurons (top
traces) in the presence of CNQX (10 �M). The far left trace was recorded in the 2 mM [Ca 2�]o

Ringer’s solution (without added MgCl2 ) using our standard (no Ca 2� buffer) pipette solution.
Subsequently, the patch-pipette recording of the postsynaptic multipolar interneuron was re-
placed with one containing the same internal solution plus 2 mM BAPTA. After an �5 min wait
period, EPSCs were initially recorded in 2 mM (center trace) and then in 3 mM (right trace)
[Ca 2�]o as in Figure 1 A. D, Amplitude of EPSC1 normalized to that in 2 mM [Ca 2�]o. Left bar,
EPSC1test was recorded in 2 mM [Ca 2�]o with 2 mM BAPTA in the pipette and was normalized to
records with 0 BAPTA in the pipette (n � 6). Right bar, EPSC1test was recorded in 3 mM [Ca 2�]o

and 2 mM BAPTA and normalized to records with 2 mM BAPTA in the pipette (n � 6). E, Paired-
pulse ratio under the different recording conditions shown in C.

Figure 5. Differential effect of �-DGG on AMPAR-mediated EPSCs. A, Average AMPAR-
mediated EPSCs from multipolar interneurons (top traces) recorded in the 3 mM [Ca 2�]o Ring-
er’s solution (with added 1 mM MgCl2 ) either in the absence (left trace) or presence (right two
traces) of CTZ (50 �M). �-DGG (0.5 mM; far right trace) was applied in the presence of CTZ. B,
Percentage block of EPSC1 and EPSC2 by �-DGG recorded either in 2 or 3 mM [Ca 2�]o and CTZ.
Number of pairs, 2 mM [Ca 2�]o (n � 9) and 3 mM [Ca 2�]o (n � 8). The various symbols
indicate significant differences (t test) in the percentage block between EPSC1 and EPSC2 in 2
mM [Ca 2�]o (*p � 0.02), EPSC1 and EPSC2 in 3 mM [Ca 2�]o (**p � 0.0009), or EPSC1 in 2 mM

[Ca 2�]o and EPSC1 in 3 mM [Ca 2�]o (#p � 0.04).
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�-DGG has no differential effect on AMPAR-meditated
EPSCs at the pyramidal-to-bitufted synapse
Based on the above results, it seems likely that at the pyramidal-
to-bitufted synapse, raised Pr resulting from either elevated
[Ca 2�]o or repetitive stimulation, enhances current amplitudes
by recruiting additional release sites. In addition, however, raised
Pr might also increase the glutamate transient at individual re-
lease sites like at the pyramidal-to-multipolar synapse. To test

this possibility, we again took advantage of �-DGG. Figure 7A
shows AMPAR-mediated EPSCs at the pyramidal-to-bitufted
synapse either in the absence or presence of �-DGG (0.5 mM)
recorded in 3 mM [Ca 2�]o and CTZ, conditions identical to those
used at the pyramidal-to-multipolar synapse (compare Fig. 5). At
the pyramidal-to-bitufted synapse, application of CTZ increased
the amplitude of EPSC1 more dramatically (120 � 19%; n � 7)
than that at the pyramidal-to-multipolar (25 � 8%; n � 15). How-
ever, like at the pyramidal-to-multipolar synapse, CTZ had a com-
parable potentiating effect on all EPSCs such that facilitation of each
EPSCn/EPSCn-1 ratio remained the same (data not shown).

As illustrated in Figure 7A and summarized in Fig. 7B, �-DGG
reduced the amplitude of all EPSCs by approximately the same
amount, even for EPSC5 in which Pr is relatively high. This result
suggests that the relative glutamate concentration is comparable
at all active release sites throughout the facilitation process in
contrast to what is observed at the pyramidal-to-multipolar syn-
apse. It also is consistent with the idea that potentiation of EPSCs
by raising Pr is mainly attributable to increasing the number of
active sites.

Discussion
To study dynamic mechanisms at pyramidal-to-interneuron
synapses, we altered [Ca 2�]o, starting with approximate physio-
logical concentrations (2 mM), and assumed that the major action
of this manipulation was to change efficacy of release. However,
Ca 2� could also have some postsynaptic effects because, for in-
stance, NMDARs undergo numerous Ca 2�-dependent modifi-
cations (Jahr and Stevens, 1993; Westbrook et al., 1997). In the
case of the pyramidal-to-multipolar synapse, we found that
changes in [Ca 2�]o did alter NMDAR channel block by Ca 2�,
but that this effect was maximal at 2 mM [Ca 2�]o (Fig. 4B).
Additionally, intracellular Ca 2� may produce some tonic inhibi-
tion of NMDARs, but elevated [Ca 2�]o does not produce any
greater inhibition (Fig. 4D). Hence, the main effect of elevating
[Ca 2�]o, at least on going from 2 mM to higher concentrations, is
a change in Pr.

At the pyramidal-to-multipolar synapse, the amplitude of the
AMPAR-mediated EPSC1 was very sensitive to raised Pr, whereas
AMPAR-mediated EPSC2 as well as all those mediated by
NMDARs were not. Correspondingly, factors that would increase
Pr at the pyramidal-to-multipolar synapse would selectively aug-
ment the contribution of AMPARs, but not NMDARs, to synap-
tic transmission specifically during the initial release event in a
train of APs. In contrast, at the pyramidal-to-bitufted synapse,
the amplitudes of both AMPAR- and NMDAR-mediated EPSC1
as well as all subsequent EPSCs increased in parallel with raised Pr

(Fig. 6), primarily because of decreases in failure rates (Table 3).
Both of these lines of evidence along with the �-DGG experi-
ments (Fig. 7), where differences in glutamate transient were not
observed, indicate that raised Pr at the pyramidal-to-bitufted syn-
apse increases the number of active release sites with both AM-
PARs and NMDARs recruited equally.

Mechanism underlying the differential increase in the
AMPAR- and NMDAR-mediated EPSC1 at the pyramidal-to-
multipolar synapse
Various alternatives might account for the differential effect of
raised Pr on the AMPAR- and NMDAR-mediated EPSC1 at the
pyramidal-to-multipolar synapse. One possibility is that, like at
the pyramidal-to-bitufted synapse, raised Pr recruits additional
(homogenous) release sites (which it presumably does, although
to a very limited extent) with Ca 2�-dependent effects on

Figure 6. Effect of increases in [Ca 2�]o on AMPAR- and NMDAR-mediated EPSCs at the
pyramidal-to-bitufted synapse. A, B, Simultaneous recordings of presynaptic pyramidal APs
(bottom traces) and average AMPAR-mediated ( A) and NMDAR-mediated ( B) EPSCs from
bitufted interneurons (top traces) in either 2 mM (left) or 3 mM (right) [Ca 2�]o. Experimental
protocol, solutions, and analysis are as in Figure 1, except that five presynaptic APs were stim-
ulated (at 10 Hz). C, Ratio of the amplitude of successive AMPAR-mediated (n � 10) or NMDAR-
mediated (n � 8) EPSCs. Recordings were made in 2 mM [Ca 2�]o. All ratios were significantly
greater than unity, with the AMPAR-mediated E2/E1 ratio significantly different from the oth-
ers. D, AMPAR- and NMDAR-mediated EPSC amplitudes in 3 mM [Ca 2�]o normalized to that
recorded in the same pair in 2 mM [Ca 2�]o. All ratios were significantly greater than unity but
were not significantly different from each other.
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NMDARs limiting the increase in the NMDAR-mediated EPSC1.
However, based on results shown in Figure 4, this latter alterna-
tive seems unlikely. In addition, if Ca 2�-dependent effects are
limiting NMDAR-mediated EPSC1, they should also limit EPSC2,
yet this did not occur (relative AMPAR- and NMDAR-mediated
EPSC2 amplitudes were unchanged in higher [Ca2�]o) (Fig. 2D).

Alternatively, the release sites at the pyramidal-to-multipolar
synapses, rather than being homogeneous, might be heteroge-
neous (Murthy et al., 1997; Craig and Boudin, 2001; Franks et al.,
2002). Heterogeneity could arise because of purely postsynaptic
factors such as differential distribution of synaptic GluR subtypes
relative to release sites (Franks et al., 2002). Although this alter-
native cannot be completely ruled out, we think it is unlikely
because PPD in 2 mM [Ca 2�]o was quantitatively the same for
both the AMPAR- and NMDAR-mediated EPSCs, despite large
differences in their amplitudes relative to that in the absence of
APV or CNQX (Table 1). In addition, the CVs for the AMPAR-

and NMDAR-mediated EPSCs were indis-
tinguishable (Table 2), again arguing
against the idea that they are seeing differ-
ent pools of glutamate.

Other mechanisms could also give rise
to synaptic heterogeneity. One such possi-
bility is that there are two separate popu-
lations of release sites, one with a normal
Pr and synaptic AMPA and NMDA recep-
tors and another population with a lower
Pr and only synaptic AMPARs. This latter
population would be recruited only at high
Pr. However, if the increase in Pr is a result
of the recruitment of an additional pool of
release sites, one would expect a significant
increase in the amplitude of AMPAR-
mediated EPSC2, because a new set of re-
lease sites are recruited, but this does not
occur (Fig. 2C). In addition, such a model
cannot account for the differential effect of
�-DGG on EPSC1 versus EPSC2 in 2 and 3
mM [Ca2�]o (Fig. 5).

A final alternative is that raised Pr in-
creases the glutamate transient at individ-
ual release sites. Such a mechanism would
explain the differential effect of raised Pr

on AMPAR- and NMDAR-mediated
EPSCs assuming NMDAR saturation (see
below). In addition, this alternative is
strongly supported by experiments with
�-DGG, in which we found that the
AMPAR-mediated EPSC1 was less effec-
tively blocked by �-DGG than EPSC2 in 2
or 3 mM [Ca 2�]o with the more prominent
effect in 3 mM [Ca 2�]o arising solely be-
cause of changes in EPSC1 (Fig. 5B). Pre-
vious studies (Liu et al., 1999; Wadiche
and Jahr, 2001) have proposed that such a
differential effect of �-DGG arises because
of differences in the glutamate concentra-
tion. Hence, results from these experi-
ments are consistent with the idea that the
concentration of glutamate at an individ-
ual release site increases during EPSC1, but
not during EPSC2, with raised Pr.

An elevation in the transient glutamate
concentration, a process that can be detected by AMPARs but not
NMDARs, suggests that at the pyramidal-to-multipolar synapse,
NMDARs but not AMPARs are saturated during a unitary release
event. Given their low steady-state affinity for glutamate, the pos-
sibility that AMPARs are not saturated is reasonable (Liu et al.,
1999; McAllister and Stevens, 2000). In contrast, NMDARs have
more than a 100- to 1000-fold greater steady-state affinity for
glutamate than the presumed glutamate concentration during a
unitary release event (Clements et al., 1992), yet do not appear to
be saturated (Mainen et al., 1999; McAllister and Stevens, 2000).
In part, this disparity may reflect kinetic features of NMDARs in
that they can exist in a long-lived glutamate-bound closed state
that enters the open state only 50% of the time (Popescu et al.,
2004). In addition, other features of synaptic release, such as the
duration of the glutamate transient or the anatomical distribu-
tion of NMDARs relative to the release site, may influence recep-
tor saturation.

Figure 7. Effect of �-DGG on AMPAR-mediated EPSC amplitudes. A, Average EPSCs from bitufted interneurons (top traces)
recorded in the 3 mM [Ca 2�]o Ringer’s solution (with added 1 mM MgCl2 ). All shown traces were recorded in the presence of CTZ
(50 �M). �-DGG (0.5 mM; right trace) was applied in the presence of CTZ. B, Percentage block of EPSCs by �-DGG recorded in 3 mM

[Ca 2�]o and CTZ (n � 7). None of the values were significantly different.

Table 3. Summary of individual AMPAR-mediated EPSCs at the pyramidal-to-bitufted synapse

	Ca2�
o Normalized

2 mM 3 mM (3 mM 	Ca2�
o/2 mM 	Ca2�
o)

EPSC1
Amplitude (pA) �17.1 � 3.2 �19.7 � 4.1 1.15 � 0.04
Failures (%) 39 � 6 26 � 8 0.55 � 0.11
Failures (norm) 1.00

EPSC2
Amplitude (pA) �20.0 � 3.8 �21.9 � 3.4 1.15 � 0.06
Failures (%) 30 � 6 18 � 6 0.49 � 0.07
Failures (norm) 0.70 � 0.06

EPSC3
Amplitude (pA) �21.3 � 3.7 �23.2 � 3.4 1.13 � 0.06
Failures (%) 27 � 6 17 � 6 0.47 � 0.10
Failures (norm) 0.61 � 0.08

EPSC4
Amplitude (pA) �22.5 � 3.8 25.3 � 3.9 1.15 � 0.06
Failures (%) 24 � 6 15 � 6 0.51 � 0.09
Failures (norm) 0.54 � 0.08

EPSC5
Amplitude (pA) �23.7 � 4.1 �26.3 � 3.8 1.16 � 0.05
Failures (%) 20 � 5 12 � 5 0.47 � 0.12
Failures (norm) 0.44 � 0.07

Values shown are mean � SEM. Individual AMPAR-mediated EPSCs were recorded in 2 or 3 mM 	Ca2�
o (n � 10). Amplitudes exclude failures. The number
of failures is shown as a percentage of the total number of sweeps (typically 200 –300 per pair) or normalized either to the failures in EPSC1 (2 mM 	Ca2�
o)
or to that for an EPSC in 2 mM 	Ca2�
o (far right column). For each EPSC, the CV was �0.60 in 2 mM 	Ca2�
o and 0.55 in 3 mM 	Ca2�
o but were not
significantly different.
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Possible presynaptic mechanisms underlying the increase in
glutamate transient
Our results suggest that raised Pr at the pyramidal-to-multipolar
synapse increases the glutamate transient at individual release
sites. Nevertheless, the mechanism underlying this effect remains
unknown. One possibility is that a raised Pr might result in a more
efficient emptying of fused vesicles (Gandhi et al., 2003). Alter-
natively, the increase in the glutamate transient might be a result
of MVR where more than one vesicle is released during a unitary
event. MVR occurs at other central synapses (Tong and Jahr,
1994; Auger et al., 1998; Prange and Murphy, 1999; Wadiche and
Jahr, 2001; Oertner et al., 2002) and likely underlies the increase
in the glutamate transient at the pyramidal-to-multipolar syn-
apse. Nevertheless, additional experiments are needed to fully
define the mechanism underlying this phenomenon.

Physiological significance
In our study, we found that presynaptic terminals of pyramidal
neurons exhibit different target-specific dynamics of vesicle re-
lease. Although the glutamate transient at the pyramidal-to-
bitufted synapse is consistent with the classic one vesicle per release
site model, leading to a fairly uniform glutamate transient, the pyra-
midal-to-multipolar synapse shows properties consistent with a
variable glutamate transient, possibly reflecting MVR. Hence, facil-
itation at the pyramidal-to-bitufted synapses appears to occur
mainly by recruiting additional release sites. In contrast, various
mechanisms contribute to PPD at the pyramidal-to-multipolar syn-
apse. In part, PPD arises because the enhanced glutamate transient at
individual release sites occurs predominantly and perhaps exclu-
sively during EPSC1 (Fig. 5B). Indeed, an enhanced glutamate tran-
sient during EPSC1 is most pronounced with raised Pr, and this
presumably underlies the greater PPD under these conditions.
Hence, PPD at the pyramidal-to-multipolar synapse arises not only
because of a reduction in the number of active release sites resulting
from vesicle depletion but also because of a reduced frequency of
MVR with each release event. The relative contribution of these two
processes to PPD is unknown.

Although increasing [Ca 2�]o is highly unphysiological, there
are endogenous modulators of Pr such as endocannabinoids (Al-
ger, 2002; Trettel and Levine, 2002), presynaptic ionotropic and
metabotropic glutamate receptors (Llano et al., 1991; Pitler and
Alger, 1992; Wu and Saggau, 1997), and adenosine (Song et al.,
2000; Arrigoni et al., 2001) among many others. How these var-
ious modulations of Pr converge onto the pyramidal-to-
multipolar as well as pyramidal-to-bitufted synapse is unknown.
Similarly, they might modulate synaptic amplitudes either via
altering the number of active release sites or changing specific
properties of individual release site.
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