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Excitatory synaptic transmission between pyramidal cells and
fast-spiking (FS) interneurons of layer V of the motor cortex was
investigated in acute slices by using paired recordings at 30°C
combined with morphological analysis. The presynaptic and
postsynaptic properties at these identified central synapses
were compared between 3- and 5-week-old rats. At these two
postnatal developmental stages, unitary EPSCs were mediated
by the activation of AMPA receptors with fast kinetics at a
holding potential of 272 mV. The amplitude distribution analy-
sis of the EPSCs indicates that, at both stages, pyramidal–FS
connections consisted of multiple functional release sites. The
apparent quantal size obtained by decreasing the external
calcium ([Ca21]e ) varied from 11 to 29 pA near resting mem-
brane potential. In young rats, pairs of presynaptic action po-

tentials elicited unitary synaptic responses that displayed
paired-pulse depression at all tested frequencies. In older ani-
mals, inputs from different pyramidal cells onto the same FS
interneuron had different paired-pulse response characteristics
and, at most of these connections, a switch from depression to
facilitation occurred when decreasing the rate of presynaptic
stimulation. The balance between facilitation and depression
endows pyramidal–FS connections from 5-week-old animals
with wide integrative capabilities and confers unique functional
properties to each synapse.
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Activity-dependent mechanisms dynamically regulate the efficacy
of synaptic transmission and the strength of a given synapse
largely results from the activity it has previously experienced.
Short-term changes that adjust the synaptic gain according to
recent activity have been described at most synapses. After a
single action potential or a train of action potentials in the
presynaptic axon, the subsequent postsynaptic responses that
occur during the following hundreds of milliseconds can be either
facilitated or depressed. These activity-dependent modulations of
synaptic responses depend largely on presynaptic mechanisms
(Zucker, 1989; Stevens and Wang, 1995), the development of
which, however, is also influenced by the identity of the postsyn-
aptic targets. In invertebrates (Muller and Nicholls, 1974; Davis
and Murphey, 1993; Katz et al., 1993) and in the mammalian
peripheral (Koerber and Mendell, 1991) and CNSs (Thomson,
1997; Markram et al., 1998; Reyes et al., 1998; Scanziani et al.,
1998), different terminals from the same presynaptic axon may
constitute either facilitating or depressing synapses according to
the target cells. The facilitating or depressing characteristics of a

synapse will greatly influence how the firing rates and the tem-
poral pattern of presynaptic action potentials are transferred to
postsynaptic neurons (Tsodyks and Markram, 1997).

Within the neocortex, information processing relies on the
synaptic interactions involving pyramidal and nonpyramidal cells.
Pyramidal cells are excitatory glutamatergic neurons that convey
the output signals of the neocortex but also provide most of the
intracortical excitatory synaptic drive. Nonpyramidal cells are
mainly inhibitory local circuit neurons using GABA as neuro-
transmitter. Excitatory responses at synapses between neocortical
pyramidal cells are characterized by a frequency-dependent de-
pression during discharges of pairs or trains of presynaptic action
potentials, whereas synapses from pyramidal cells onto inter-
neurons can display either facilitation or depression (Thomson et
al., 1993; Deuchars et al., 1994; Buhl et al., 1997; Markram et al.,
1997; Thomson, 1997; Galarreta and Hestrin, 1998; Reyes
et al., 1998). This heterogeneity among pyramidal–interneuron
synapses is probably caused by the diversity of nonpyramidal
cells, which has made difficult the characterization of synaptic and
integrative properties of specific subtypes of interneurons
(Kawaguchi, 1993, 1995; Cauli et al., 1997; Parra et al., 1998).

We focused our attention on the excitatory synapses made by
pyramidal cells onto a discrete subtype of neocortical interneu-
ron. These interneurons, called fast-spiking (FS) cells, can be
identified by their ability to fire fast action potentials at high
nonaccommodating frequencies (McCormick et al., 1985;
Kawaguchi, 1993; Cauli et al., 1997). Most of these cells express
the calcium-binding protein parvalbumin (Kawaguchi, 1995;
Cauli et al., 1997), and their axons form multiple axoaxonic
(chandelier cells) or axosomatic (basket cells) contacts (Kawagu-
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chi, 1995) preferentially on pyramidal cells. This morphological
feature suggests a powerful role of FS cells in regulating the
neocortical output. The control of FS cell activity and, therefore,
their integration of excitatory inputs is likely to play a major role
in balancing excitation and inhibition and/or in maintaining tem-
poral coherence in the cortical network (Cobb et al., 1995; Whit-
tington et al., 1995; Buzsaki, 1997).

In the present work, we first characterized the basic presynaptic
and postsynaptic properties at the pyramidal cell to FS interneu-
ron connection in layer V of the rat motor cortex. We then studied
the paired-pulse response characteristics at this central synapse.
Our results show that in 3-week-old rats, pyramidal–FS identified
synapses depress at all tested frequencies. In contrast, paired-
pulse depression (PPD) and paired-pulse facilitation (PPF) coex-
isted in connections from 5-week-old rats, indicating that the
range of integrative capabilities largely increased after the third
postnatal week.

MATERIALS AND METHODS
Brain slice preparation. Wistar rats [postnatal days 14–20 (P14–P20) and
P27–P36] were anesthetized by an intraperitoneal injection of ketamine
(65 mg/kg) and xylazin (14 mg/kg) and decapitated. Brains were quickly
removed, and 300-mm-thick parasagittal sections of cerebral motor cortex
were prepared as previously described (Cauli et al., 1997). The slices
were incubated for 1 hr in a physiological extracellular saline solution
containing (in mM): NaCl, 121.0; KCl, 2.5; NaH2PO4 , 1.25; CaCl2 , 2;
MgCl2 , 1; NaHCO3 , 26; glucose, 20; and pyruvate 5, and bubbled with a
mixture of 95% O2 and 5% CO2. For recordings, they were transferred
to a chamber and perfused at 1–2 ml/min with the same physiological
extracellular saline solution at 30°C.

Paired recordings. Paired recordings from synaptically coupled pyrami-
dal and FS neurons were obtained by using sharp intracellular and patch
microelectrodes, respectively.

Postsynaptic FS cells were initially identified using videomicroscopy
with Nomarski optics under infrared illumination (Stuart et al., 1993).
Neurons with pyramidal or bipolar-like shapes were excluded from the
sample. Furthermore, the kinetics of the action potential firing of re-
corded cells was analyzed to take into account only those with electro-
physiological patterns of FS cells (see data collection and analysis;
Connors and Gutnick, 1990; Kawaguchi, 1995; Cauli et al., 1997). Patch
pipettes were pulled from borosilicate glass tubing and had a resistance

of 3–5 MV when filled with an internal solution containing (in mM): 144
K-gluconate, 3 MgCl2 , 0.2 EGTA, and 10 HEPES, pH 7.2–7.4, 300
mOsm. Two milligrams per milliliter biocytin was also included to study
the morphology of postsynaptic cells (see Morphology). In 20 experi-
ments, we used 100 mM spermine and, in five experiments, we used 4 mM
ATP and 0.4 mM GTP into the patch pipette. We did not observe any
difference between recordings performed with and without these com-
pounds for the parameters measured in the present work.

Whole-cell recordings were performed from layer V FS interneurons.
The holding potential was set to 260 mV on the patch-clamp amplifier
for all postsynaptic interneurons that gave a membrane potential of 272
mV after correction for junction potentials (Neher, 1992). Only cells with
resting membrane potentials more negative than 250 mV were further
considered.

Unitary EPSCs were studied in control conditions and after adding
AMPA/kainate antagonists DNQX or NBQX in the external solution
(10 mM; Tocris Cookson, Bristol, UK). In experiments in which the
[Ca 21]e was reduced from 2 or 3 mM to 0.5 mM, the external [Mg 21]e was
increased to 2.5 mM.

After whole-cell recordings were established, presynaptic neurons
were impaled with a sharp microelectrode filled with 3 M KCl or 1.5 M
KCl and 2% biocytin (resistance, 40–120 MV). Pyramidal cells were
initially identified by their characteristic action potential firing induced
by depolarizing current pulses (McCormick et al., 1985; Connors and
Gutnick, 1990; Cauli et al., 1997). The identification of the presynaptic
cells was further confirmed by their characteristic features obtained by
biocytin labeling (see Morphology). The impaled presynaptic cells were
iontophoretically injected with biocytin by applying depolarizing current
pulses at the end of the experiment (2–3 nA, 5–15 min). Postsynaptic
responses were induced by triggering action potentials in the presynaptic
cell with depolarizing pulses (3 msec, 1.5 nA). The latency of these
responses was measured from the peak of the presynaptic action poten-
tial. Monosynaptic coupling between the two neurons were considered
when EPSCs were elicited with brief latencies (Table 1). The stability of
the recordings during the time course of the experiment was tested by
plotting the EPSC amplitudes against time. A run down of the synaptic
responses was rarely observed. In our experimental conditions, the peak
amplitude and the probability of response of the EPSCs could remain
stable for up to 3 hr of recording.

Data collection and analysis. Whole-cell current-clamp (mode I-Clamp
fast) and voltage-clamp recordings of postsynaptic FS cells were obtained
using a patch-clamp amplifier (Axopatch 200A; Axon Instruments, Fos-
ter City, CA) and filtered at 5 and 2 kHz, respectively. Series resistances
between 10 and 25 MV were monitored throughout the experiments, but
they were not compensated. Intracellular current-clamp recordings of

Table 1. Action potential firing and unitary EPSC properties of postsynaptic FS interneurons at two different developmental stages

Connections from 3-week-old rats
mean 6 SD (n)

Connections from 5-week-old rats
mean 6 SD (n)

Postnatal days 17 6 1 (36) 33 6 2 (21)
Firing Propertiesa

Early accommodation 15 6 15% (36) 12 6 13% (20)
Late accommodation 3 6 10% (36) 4 6 9% (20)
Spike amplitude (A) 78 6 8 mV (36) 81 6 5 mV (20)
Spike duration (t1/2) 0.4 6 0.1 msec (36) 0.31 6 0.06 msec (20)
AHP 221 6 3 mV (36) 225 6 3.3 mV (20)
Rin 0.16 6 0.06 GV (36) 0.14 6 0.04 GV (20)
Vrmp 273 6 8 mV (34) 276 6 3.1 mV (20)

Unitary EPSCs
Latency 0.47 6 0.28 msec (36) 0.54 6 0.26 msec (21)
1st exponential decay (t1) 1.3 6 0.5 msec (22) 1.3 6 0.6 msec (15)
Amplitude of t1 88 6 12% (22) 89 6 7% (15)
2nd exponential decay (t2) 11 6 6 msec (22) 17 6 15 msec (15)
Amplitude of t2 12 6 12% (22) 11 6 7% (15)
tb 1.7 6 0.5 msec (13) 1.7 6 0.4 msec (4)
NBQX/DNQX Block (272 mV) 98 6 2% (5) 96.5% and 99.2% (2)

a There were no statistical differences of action potential and firing kinetics between 3- and 5-week-old rats, except for t1/2 and AHP ( p , 0.05; Student’s t test).
b mean t of EPSCs well fitted with a single exponential function.
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presynaptic pyramidal cells were obtained using an intracellular amplifier
(Neuro Data; Instruments Corp.). Digitized data were acquired and
analyzed off-line using Acquis1 software (Gérard Sadoc, Centre Na-
tional de la Recherche Scientifique, Gif-sur-Yvette, France).

The characteristics of the action potential discharges of postsynaptic
cells were analyzed after the procedure described by Cauli et al. (1997).
The accommodation parameters were measured on discharges elicited by
application of 800 msec depolarizing current pulses. The instantaneous
discharge frequency was determined throughout the discharge and plot-
ted as a function of time at the different stimulation intensities. The
instantaneous discharge frequencies between the first two spikes (finitial),
200 msec after the beginning of the discharge (f200 ), and at the end of the
stimulation (ffinal ) were then measured at the highest intensity tested
(550–1200 pA). Early and late accommodations were calculated accord-
ing to (finitial 2 f200 )/finitial and (f200 2 ffinal )/finitial, respectively. We also
measured the spike amplitude (A) and duration (t1⁄2), the AHP amplitude
of the first and second action potentials of the discharges, and the resting
membrane potentials (Vrmp ) and input resistances (Rin ), as previously
described (see Cauli et al., 1997 for details).

Means of elicited EPSCs were obtained by averaging the traces after
the first presynaptic action potential was aligned using automatic peak
detection. Traces not showing postsynaptic responses .150% of the
noise level were considered failures. The mean rise time (20–80%) of
EPSCs calculated by averaging the synaptic currents without failures was
0.33 6 0.06 msec (n 5 29) and 0.28 6 0.06 msec (n 5 15) in 3- and
5-week-old rats, respectively. No significant correlation was found be-
tween the mean rise time and the averaged amplitude or decay time
constant of the EPSCs, indicating a low filtering of the elicited synaptic
current in the connections studied ( p . 0.05; Student’s t test).

To examine the paired-pulse response characteristics of the EPSCs,
pairs of single action potentials were elicited in presynaptic cells by
applying two short depolarizing current pulses separated usually by 50
msec, at different frequencies of stimulation (1 and 0.2 Hz). The paired-
pulse response was studied by measuring the amplitudes of the first EPSC
(EPSC1) and second EPSC (EPSC2) from the baseline preceding each
EPSC and by calculating the ratio amplitude EPSC2/amplitude EPSC1.
We tested the recovery from depression and the recovery from facilita-
tion of the elicited responses by varying the interspike interval (from 15
to 200 msec) at stimulation rates of 1 and 0.2 Hz. The coefficient of
variation was calculated after baseline noise subtraction by dividing the
SD by the mean.

Statistics. The statistical significance of the difference between means
of two unpaired samples was computed with the nonparametrical Mann–
Whitney U test. The Wilcoxon t test was used to compare the means of
two related samples, and correlations between these samples were tested
with the nonparametrical Spearman test. For data presenting too many
ties, the statistical significance of the means was analyzed with a Stu-
dent’s t test. Statistical data are given as mean 6 SD.

Morphology. The slices containing biocytin-filled cells were fixed over-
night in 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phos-
phate buffer (PB) at 4°C. Then, they were rinsed extensively with PB
including an intermediate blocking step for endogenous peroxidase ac-
tivity with 1% H2O2 (in PB). The next step was an incubation in a
cryoprotectant (30% saccharose in PB) for 1 hr. Then, the slices were
freeze-thawed three times over liquid nitrogen. After three rinses in PB,
the slices were incubated with ABC (1:200; Vector Laboratories, Bur-
lingame, CA) overnight at 4°C. Thereafter, 1 mg/ml 3,39 diaminobenzi-
dine (Sigma, St. Louis, MO) was preincubated for 10 min, and then the
peroxidase was revealed by starting the reaction with 0.01% H2O2. The
reaction was stopped by rinsing with PB, and the slices were resectioned
on a vibratome to sections of 50 mm thickness. These were intensified
with 1% OsO4 (in PB) for 1 hr, dehydrated in an ascending series of
ethanol (including contrasting with 1% uranyl acetate in 70% ethanol for
45 min). After immersion in propylene oxide, the sections were flat-
embedded in Durcupan ACM (Fluka, Buchs, Switzerland). Sections
were examined with a Zeiss Axioplan equipped with a drawing tube and
a 1003 oil immersion objective.

RESULTS
We studied the presynaptic and postsynaptic properties of pyra-
midal cell to FS interneuron connections by using paired record-
ings at two different postnatal developmental stages. The excita-
tory synaptic transmission at this identified central synapse was
examined in 40 pairs of cells from 3-week-old rats and in 25 pairs

of 5-week-old rats. Presynaptic pyramidal cells were impaled with
sharp intracellular microelectrodes, and unitary EPSCs were re-
corded in FS cells with patch pipettes in layer V of the motor
cortex (see Materials and Methods).

Identification of the pyramidal cell to FS putative
basket interneuron connections
Interneurons of the neocortex are characterized by a large mor-
phological and functional diversity. To restrict our analysis to a
single discrete subpopulation, we therefore included in the
present study only the FS cells located in layer V that had an
apparent multipolar shape as seen with infrared videomicroscopy
and nonaccommodating fast-spiking discharges as a physiological
hallmark. Figure 1B illustrates the firing behavior of the postsyn-
aptic nonpyramidal cells retained in the present study. This
neuron emitted a single action potential at the beginning of a
near-threshold current pulse, followed by a silent period and a
discharge of nonaccommodating fast action potentials. At higher
stimulation intensities, all FS cells exhibited continuous high-
frequency discharges (Fig. 1B, top trace). The instantaneous firing
frequency during such repetitive discharges was usually .100 Hz
and showed limited accommodation at all tested stimulation
intensities (Table 1; Fig. 1B, top trace; see Materials and Meth-
ods). In addition, all postsynaptic cells taken into consideration
had short spike durations (t1⁄2), large afterhyperpolarizations
(AHPs), small input resistances (Rin), and hyperpolarized rest-
ing membrane potentials (Vrmp ; Table 1). These electrophysio-
logical properties are characteristic of FS nonpyramidal cells in
the neocortex (Kawaguchi, 1995; Cauli et al., 1997).

All recorded FS neurons that were successfully stained by
biocytin injection (n 5 16; see Materials and Methods) were
interneurons located in layer V that possessed round to ovoid
somata (largest diameter ranging from 15.3 to 23.1 mm). From the
cell body 4–8 smooth, partially beaded primary dendrites origi-
nated with variable orientations (Fig. 2A,B), although with a bias
of ramifying more intensely within the infragranular layers. The
axon was emitted toward the pia and branched soon and repeat-
edly, providing a dense field of boutons, typical of extended local
plexus cells that are regarded to be putative basket cells (Kawagu-
chi and Kubota, 1998). In two of 16 cases we were able to identify
multiple axosomatic contacts, forming a pericellular basket
around unstained cells (Fig. 2C). In most other cases only single
axosomatic contacts were found to be established by the inter-
neuron axons (putative basket cells; Buhl et al., 1997; Tamas et
al., 1997).

Pyramidal cells were initially identified by their characteristic
action potential firing induced by depolarizing current pulses
(McCormick et al., 1985; Connors and Gutnick, 1990). As seen in
Figure 1A, pyramidal cells were mainly characterized by a strong
firing accommodation (.80%), small AHPs (less than 27 mV),
and a long spike duration (.1.5 msec) (see Cauli et al., 1997 for
details). In some experiments, biocytin was injected in putative
pyramidal cells synaptically connected to FS interneurons. The
eight successfully stained presynaptic neurons were all large layer
V pyramidal cells with densely spiny dendrites (Fig. 2A). Their
axons extended from the basal pole of their soma and ran toward
the white matter giving off numerous recurrent collaterals form-
ing one or two putative contacts onto primary or secondary
dendrites of the FS neuron (Fig. 2A,B, D).
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Functional properties of neocortical pyramidal to
fast-spiking connections
For all connected pairs, action potentials elicited in the presyn-
aptic pyramidal cell induced unitary postsynaptic responses in the
FS interneuron that had short latencies, low failure rates, and
large coefficients of variation (Tables 1, 2; Fig. 1C). At a holding

potential of 272 mV the average EPSC was rapidly rising and
decaying (Fig. 1D) and was almost completely abolished by 10 mM

NBQX or DNQX, two competitive antagonists of AMPA/kai-
nate receptors (Table 1). The decay of the average EPSC was
adequately fitted in 37 of 54 pairs by a double exponential
function (Table 1, Fig. 1D). The amplitude of the second expo-

Figure 1. Electrophysiological characterization of connected pyramidal cells and FS interneurons from 18-d-old rats. A, Current-clamp recordings of
a pyramidal cell during injection of current pulses with a sharp intracellular electrode. In response to near-threshold current pulses, the pyramidal cell
emitted a single action potential with a slow AHP (middle voltage trace). Note the slow action potentials and the accommodation of the firing during larger
depolarizing current pulses (top voltage trace) and the time-dependent rectification in response to hyperpolarizing current pulses (bottom voltage trace).
Recordings are from the pyramidal cell shown in Figure 2A. B, Current-clamp recordings of a FS interneuron during injection of current pulses with
a patch pipette. In response to near-threshold current pulses (middle voltage trace), this FS cell emitted a single fast action potential with a large fast AHP
followed by a silent period and a late discharge of action potentials. Application of a larger depolarizing current (top voltage trace) induced a continuous
discharge at high frequency. Note the low input resistance of the FS neuron as seen in response to hyperpolarizing current pulses (bottom voltage trace).
Recordings are from the FS cell shown in Figure 2B–D. C, Unitary EPSCs at a pyramidal–FS connection. The top trace illustrates an action potential
elicited in the pyramidal neuron by a brief depolarizing current pulse (middle voltage trace). The bottom traces are four superimposed current responses
recorded in the FS interneuron at a holding potential of 272 mV during the stimulation of the pyramidal neuron. Note an apparent transmission failure
and the large variation of the EPSC amplitudes. Recordings are from the connection illustrated in Figure 2B–D. D, Kinetics of unitary EPSCs at the
same pyramidal–FS connection as in C. A biexponential fit of the decay of the EPSC was superimposed to the average of 203 postsynaptic responses,
excluding failures. The numbers in parentheses represent the relative amplitude of the first (t1 ) and the second (t2 ) exponential.
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Figure 2. Morphological characterization of pyramidal–FS connections from 18-d-old rats. A, Photomontage of a typical pyramidal cell (PYR) to a
putative basket cell (BC) connection as recorded and stained with biocytin in the present study. Both cells have large somata located in layer V of motor
cortex and possess a characteristic morphology for the respective cell class. White arrowheads mark the axon of the pyramidal cell, black arrowheads those
of the interneuron. Roman numerals denominate cortical laminae. B, Camera lucida drawing showing the contact formed by another pair, also from layer
V. The soma of the pyramidal cell and the skeleton of the axon until it contacts a secondary dendrite of the large multipolar putative basket cell (arrow)
is traced. Axonal branch points that have not been reconstructed further are marked with an asterisk. Arrowheads indicate the axon initial segments of
both cells. Stippled frame marks area shown as micrograph in D. C, Basket-like terminal formation of the axon of the interneuron shown in B. Arrowheads
point to individual boutons presumably contacting the encircled soma (asterisk). D, High-power micrograph showing the pyramidal cell axon (PYRax),
specifically the course of the recurrent collateral (arrowheads) that forms a delicate contact (arrow) with the putative basket cell dendrite (BCden). Scale
bars: A, B, 100 mm; C, D, 10 mm.
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nential represented only a minor portion of the total current,
indicating a predominance of the fastest component (Table 1).
The EPSCs of 17 connections were best fitted with a single
exponential function (Table 1). We did not observe any signifi-
cant difference between pyramidal–FS connections from 3- and
5-week-old rats as far as the peak amplitudes and the first and
second decay time constants of AMPA receptor-mediated unitary
EPSCs were concerned (Table 1; p . 0.05; Mann–Whitney U
test). In agreement with previous observations (Angulo et al.,
1997), the I–V plot of the AMPA receptor-mediated unitary
EPSCs showed an inward rectification between 220 and 140 mV
(M. C. Angulo, J. Rossier, and E. Audinat, unpublished observa-
tions), characteristic of calcium-permeable AMPA receptors (for
review, see Jonas and Burnashev, 1995).

To determine whether pyramidal–FS connections consisted of
single or multiple release sites, we manipulated the release prob-
abilities by using paired-pulse stimulations of presynaptic cells
and by changing the concentration of [Ca21]e.

Figure 3 illustrates the average responses, including failures,
recorded in a FS interneuron by spike pairs elicited in a pyramidal
cell with an interspike interval of 50 msec at a stimulation rate of
1 Hz. The comparison of the average amplitude, including fail-
ures, of EPSC1 to that of EPSC2 indicated that this connection

showed a paired-pulse depression (Fig. 3A1). The paired-pulse
ratio (amplitude EPSC2/amplitude EPSC1) was 0.37. Failure
rates at EPSC1 and EPSC2 were 0.01 and 0.12, respectively,
indicating different release probabilities at the first and second
spikes. The amplitude distribution of EPSC1 and EPSC2 signifi-
cantly differed with EPSC1 amplitudes centered around larger
values (Fig. 3A2, inset; p , 0.0001; Wilcoxon t test). Consequently,
the mean amplitude of EPSC1 excluding failures was larger than
that of EPSC2 (data not shown). These observations suggest that
more vesicles were released at the first than at the second pre-
synaptic action potential (Stevens and Wang, 1995). If no more
than one vesicle is released at each site (for review, see Redman,
1990; Korn and Faber, 1991), then this indicates that this synapse
consisted of several release sites.

In 44 pyramidal–FS connections from 3-week-old (n 5 33) and
5-week-old (n 5 11) animals, in which paired-pulse protocols
were applied, we observed a significant difference between the
average amplitude, excluding failures, of EPSC1 and EPSC2
(Table 2; p , 0.001; Wilcoxon t test). These results suggest that,
at both investigated developmental stages, pyramidal–FS connec-
tions mainly consist of multiple functional release sites. For six
connections from 3-week-old (n 5 1) and 5-week-old (n 5 5) rats,
the amplitudes, excluding failures, and probabilities of response

Figure 3. Multiple quanta of transmitter released at a single pyramidal–FS connection from a 16-d-old rat. A1, B1, The bottom traces show the mean
amplitude, including failures, of the postsynaptic currents (EPSC1 and EPSC2) recorded in a FS cell in response to pairs of action potentials (top traces)
elicited in a presynaptic pyramidal cell with an interspike interval of 50 msec at a stimulation rate of 1 Hz in 3 mM (A1) and 0.5 mM (B1) of [Ca 21]e.
A marked PPD (ratio of 0.37) was observed in 3 mM [Ca 21]e (A1), whereas a PPF (ratio of 1.2) was obtained when reducing [Ca 21]e to 0.5 mM (B1).
The response probabilities of EPSC1 and EPSC2 were, respectively, 0.99 and 0.88 in 3 mM [Ca 21]e and 0.52 and 0.6 in 0.5 mM [Ca 21]e. Traces are
averages of 270 and 330 responses for A1 and B1, respectively. A2, B2, Amplitude distributions of EPSC1 and EPSC2, excluding failures, obtained in 3
mM [Ca 21]e (A2) and 0.5 mM [Ca 21]e (B2). The histograms and cumulative plots (A2, inset) show that the distribution of EPSC1 and EPSC2 were
significantly different in 3 mM [Ca 21]e , suggesting that multiple quanta were released at this connection. This was confirmed by the reduction in
amplitude of both responses in 0.5 mM [Ca 21]e (B2, inset). In low [Ca 21]e , the amplitude distribution of EPSC1 and EPSC2 were identical suggesting
that, under these conditions of low release probability, a single quantum was released when there was a response (B2). An apparent quantal size of 220
pA could be estimated from the current corresponding to 50% of the cumulative distribution (B2, inset).
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of EPSC1 and EPSC2 were identical, and therefore it was not
possible to determine whether they consisted of single or multiple
release sites.

The effect of decreasing the [Ca21]e to 0.5 mM was studied on
paired-pulse responses elicited at a stimulation rate of 1 Hz. As
shown in the example of Figure 3B, after changing to a low
calcium-containing bathing solution, the proportion of failures
increased and became higher for EPSC1 than for EPSC2, leading
to a switch from depression to facilitation (Table 2). In addition,
the amplitude of the EPSCs decreased as shown by the shift of
EPSC1 and EPSC2 amplitude distributions toward smaller values
(Fig. 3B2, inset; p , 0.0001; Mann–Whitney U test). This decrease
in response probabilities associated with a decrease of the average
amplitude without failures for both EPSC1 and EPSC2 when
lowering [Ca21]e was also observed in nine other connections
(Table 2; p , 0.025; Wilcoxon t test). In four cases, these changes
could be reversed after restoration of normal [Ca 21]e (data not
shown).

For four of the 10 connections from 3-week-old (n 5 3) and
5-week-old (n 5 1) animals for which we lowered the [Ca 21]e to
0.5 mM, as in the example of Figure 3, we observed no statistical
differences between the cumulative amplitude distributions of
EPSC1 and EPSC2 in low [Ca21]e (Fig. 3B2, inset), although the
probabilities of the two responses differed ( p . 0.05; Mann–

Whitney U test). This suggested that in these conditions only one
quantum of transmitter was released on the average when there
was a response. The mean amplitude of the EPSCs without
failures recorded at these four connections in low [Ca21]e corre-
sponded to the postsynaptic response to one quantum of trans-
mitter, i.e., the apparent quantal size, which varied from 11 to 29
pA with a mean of 19 6 8 pA (n 5 4). These values are within
those reported by Bolshakov and Siegelbaum (1995) and Geiger
et al. (1997) at excitatory synapses in the hippocampus. The ratio
of the mean amplitude of EPSC1 without failures in normal
[Ca21]e over the apparent quantal size obtained in low [Ca21]e ,
gives a quantal content of 1.8, 1.9, 2.5, and 3.1 (mean, 2.3 6 0.6).

These results indicate that the average number of release sites
active at each response decreased when lowering [Ca21]e and
confirm that pyramidal–FS connections in slices of both 3- and
5-week-old rats consist of multiple functional release sites.

Postnatal development of the activity-dependent
properties of synaptic transmission at
pyramidal–FS connections
As mentioned above, most of the pyramidal–FS connections
examined at a stimulation rate of 1 Hz displayed PPD when pairs
of presynaptic action potentials were elicited with an interspike
interval of 50 msec (in 2 or 3 mM [Ca21]e ). The pooled data from

Table 2. Paired-pulse response characteristics of pyramidal–FS connections at two different developmental stages

Connections from
3-week-old rats
mean 6 SD (n)

Connections from
5-week-old rats
mean 6 SD (n)

Stimulation rate of 1 Hza

Amp. EPSC1 241 6 30 pA (38) 243 6 54 pA (19)
Amp. EPSC2 222 6 13 pA (38) 233 6 43 pA (19)
CVb EPSC1 35 6 18% (29) 46 6 18% (15)
CVb EPSC2 42 6 19% (29) 49 6 22% (15)
Amp. EPSC1 excluding failures 247 6 27 pA (38) 253 6 55 pA (19)
Amp. EPSC2 excluding failures 229 6 14 pA (38) 243 6 44 pA (19)
Prob. resp. EPSC1c 0.75 6 0.21 (8) 0.79 6 0.25 (11)
Prob. resp. EPSC2c 0.63 6 0.25 (8) 0.80 6 0.21 (11)
Paired-pulse ratio 0.6 6 0.2 (38) 0.87 6 0.4 (19)

Stimulation rate of 0.2 Hza

Amp. EPSC1 224 6 14 pA (8) 243 6 52 pA (13)
Amp. EPSC2 214 6 10 pA (8) 250 6 62 pA (13)
CVb EPSC1 29 6 19% (6) 32 6 26% (6)
CVb EPSC2 51 6 24% (6) 37 6 17% (6)
Amp. EPSC1 excluding failures 230 6 15 pA (8) 249 6 56 pA (11)
Amp. EPSC2 excluding failures 220 6 11 pA (8) 255 6 68 pA (11)
Prob. resp. EPSC1c 0.84 6 0.16 (8) 0.8 6 0.25 (11)
Prob. resp. EPSC2c 0.77 6 0.16 (8) 0.84 6 0.2 (11)
Paired-pulse ratio 0.59 6 0.12 (8) 1.21 6 0.43 (15)

Low external calcium concentration (stimulation rate of 1 Hz)a

Amp. EPSC1 25 6 5 pA (8) 28.6 and 20.8 pA (2)
Amp. EPSC2 27 6 5 pA (8) 28.5 and 21.3 pA (2)
Amp. EPSC1 excluding failures 222 6 8 pA (8) 233.6 and 211.3 pA (2)
Amp. EPSC2 excluding failures 224 6 9 pA (8) 232.7 and 211.9 pA (2)
Prob. response EPSC1 0.3 6 0.14 (6) 0.34 and 0.05 (2)
Prob. response EPSC2 0.4 6 0.14 (6) 0.35 and 0.06 (2)
Paired-pulse ratio 1.5 6 0.4 (8) 1 and 1.6 (2)

aInterspike interval of 50 msec.
bCV, coefficient of variation.
cThe reported probabilities of response correspond to those obtained at connections tested at both stimulation rates (1 and 0.2 Hz). The differences of the probability of
response between 1 and 0.2 Hz were tested only with connections at which both stimulation rates were obtained.
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connections from 3-week-old (n 5 38) and 5-week-old (n 5 21)
rats indicated, however, that the depression was more marked at
connections obtained in slices from younger rats (Table 2; p ,
0.01; Mann–Whitney U test). Larger PPD also occurred in con-
nections of the young compared with the older animals when
interspike intervals of 15, 100, and 200 msec were used (Fig. 4E).
For both developmental stages, PPD decreased between intervals
of 15 and 200 msec (Fig. 4E) but this decrease of PPD was only
significant at connections from 3-week-old animals ( p , 0.025;
Mann–Whitney U test).

We then investigated the effects of spike pairs elicited at two
different stimulation rates (1 and 0.2 Hz). Figure 4A illustrates
the responses to paired-pulse stimulations elicited at 1 Hz (Fig.
4A1) and 0.2 Hz (Fig. 4A2) at a pyramidal–FS connection from
a 19-d-old animal, using an interspike interval of 50 msec. In both
cases a depression of the second response was observed with a
paired-pulse ratio of 0.64 and 0.73 at 1 and 0.2 Hz, respectively.
For eight tested connections from 3 week-old rats, there were no
significant differences in the paired-pulse ratio obtained at the
two frequencies (Fig. 4C; p . 0.05; Wilcoxon t test). The response
probability of EPSC1 and of EPSC2 was, however, larger at a low
rate of stimulation (Table 2; p , 0.01; Wilcoxon t test).

At pyramidal–FS connections from 5-week-old rats, the re-
sponse probability of EPSC1 was not affected by the rate of
stimulation, but for EPSC2 the response probability increased
significantly when the stimulation rate decreased from 1 to 0.2 Hz
(Table 2; p , 0.01; Wilcoxon t test). This modification induced an
increase in the paired-pulse ratio in all 15 tested connections from
5-week-old rats (Fig. 4C; p , 0.001; Wilcoxon t test) leading in
eight cases to a switch from a PPD at a stimulation rate of 1 Hz,
to a PPF when the spike pairs were delivered at a stimulation rate
of 0.2 Hz (Fig. 4B1, B2). The plot of all individual data shown in
Figure 4D illustrates the large variability of the paired-pulse
responses and the predominance of facilitation at lower stimula-
tion rates at connections from 5-week-old rats. For five connec-
tions that facilitated at a stimulation rate of 0.2 Hz, pairs of action
potentials were applied at different interspike intervals (Fig. 4F).
PPF was large at intervals of 15 msec (average paired-pulse ratio
of 1.74 6 0.8) but was not observed at intervals of 200 msec (Fig.
4F; p , 0.05; Mann–Whitney U test).

Differential functional maturation of
pyramidal–FS connections
The modifications of the activity-dependent short-term effects at
pyramidal–FS connections observed between the third and fifth
postnatal week occurred without significant changes of the kinet-
ics of the AMPA receptor-mediated unitary EPSCs (see above
and Table 1). At a stimulation rate of 0.2 Hz, there were no
significant differences either in the response probabilities or in the
average amplitude of EPSC1 with or without failures between the
two developmental stages (Table 2; p . 0.05; Mann–Whitney
U test).

The restricted distribution of the paired-pulse ratios in our
sample of connections in young animals (Fig. 4D) suggested that
all pyramidal cell inputs to FS cells have similar paired-pulse
characteristics. However, the large distribution observed in the
sample of connections in 5-week-old animals may imply that
different pyramidal cell inputs onto the same FS cell evolved
differently. This has been directly tested by comparing the syn-
aptic properties of two different presynaptic pyramidal cells im-
pinging onto the same postsynaptic FS interneuron.

Figure 5A illustrates the paired-pulse responses of a single

postsynaptic FS cell from a 33-d-old rat elicited by two different
presynaptic pyramidal neurons at a stimulation rate of 0.2 Hz.
The first connection onto this postsynaptic cell showed a depres-
sion (ratio of 0.64), whereas the second one showed a facilitation
(ratio of 1.4). In two of three other sequential paired recordings
in slices of 5-week-old rats, the input from one pyramidal cell
displayed a PPD, whereas the input from another pyramidal cell
was characterized by a PPF (Fig. 5B). In contrast, when sequential
paired recordings were performed in four postsynaptic young FS
cells (eight connections), we always observed a PPD (Fig. 5B).

These results show that, at the end of the first postnatal month,
inputs from different pyramidal cells onto the same FS interneu-
ron have different paired-pulse response characteristics, suggest-
ing that the regulation of glutamate release mechanisms differs
among pyramidal cells.

DISCUSSION
Paired recordings in neocortical slices indicate that pyramidal–FS
connections consist of multiple release sites at which AMPA
receptors mediate most of the postsynaptic current near resting
membrane potentials. These synapses always display PPD at early
stages of postnatal development. At later stages of development,
short-term adjustments in the synaptic gain during repetitive
activity can lead to either depression or facilitation according to
the presynaptic firing rate. These results indicate that critical
synaptic parameters for short-term plasticity at this excitatory
neocortical connection mature relatively late during postnatal
development.

Basic properties of pyramidal–FS connections
We found that transmitter release fluctuated randomly at pyra-
midal–FS connections and that the amplitude distribution of
unitary synaptic responses was modified by manipulations affect-
ing the probability of release such as paired-pulse protocols or
changes in [Ca21]e. This therefore suggests that single presyn-
aptic action potentials trigger the release of several quanta of
glutamate at pyramidal–FS connections. Our morphological esti-
mation of the number of synaptic junctions (one or two putative
contacts; n 5 4) is comparable with the study reported by Buhl et
al. (1997) at pyramidal–basket cell connections in the adult visual
cortex of the cat. These numbers of morphological contacts are of
the same order of magnitude as the number of quanta released
that can be estimated from our physiological data by comparing
the quantal size obtained in low [Ca21]e to the amplitude of the
control EPSC (2.3 quanta on average; n 5 4). Both methods
probably lead to an underestimation of the number of release
sites because, on the one hand, some contacts can be obscured
during morphological analysis (e.g., by axons undercrossing den-
drites) and, on the other hand, the probability of release at each
site is probably ,1 at physiological [Ca21]e. All together, these
observations show that pyramidal–FS connections consist of mul-
tiple release sites.

Postnatal development of activity-dependent
properties of synaptic transmission at
pyramidal–FS connections
Conflicting results concerning the modifications of synaptic
strength that occur in response to paired-pulse protocols or short
trains of presynaptic action potential at pyramidal–FS or pyrami-
dal–basket cell connections have been published previously.
Thomson et al. (1993, 1995) first showed a profound frequency-
dependent facilitation at pyramidal cell inputs onto interneurons,
including FS cells, in the adult rat neocortex. More recently, Buhl
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Figure 4. Paired-pulse response characteristics at pyramidal–FS connections at two different developmental stages. A, B, Paired-pulse responses elicited
with a presynaptic interspike interval of 50 msec (top traces) at stimulation rates of 1 (A1, B1) and 0.2 Hz (A2, B2) in FS interneurons from 19- and
35-d-old rats. The bottom traces correspond to the mean amplitudes, including failures, of the postsynaptic currents. For the connection in A, the response
probabilities of EPSC1 and EPSC2 were, respectively, 0.96 and 0.93 at a stimulation rate of 1 Hz (A1) and 1 and 0.98 at a stimulation rate of 0.2 Hz (A2).
For the connection in B, the response probabilities of EPSC1 and EPSC2 were, respectively, 0.99 and 1 at a stimulation rate of 1 Hz (B1) and 1 at a
stimulation rate of 0.2 Hz (B2). Note that in A the connection showed a PPD at stimulation rates of 1 Hz (ratio of 0.64) and 0.2 Hz (ratio of 0.73), whereas
in B the connection showed a PPD at a stimulation rate of 1 Hz (ratio of 0.89) and a PPF at 0.2 Hz (ratio of 1.2). Traces are averages from 69 to 131
responses. C, Average of the paired-pulse ratios at connections from 3-week-old rats (black bars) and 5-week-old rats (white bars). Only pairs tested at
both stimulation rates were included. There was a statistical difference between the ratios obtained at 1 and 0.2 Hz for pairs from 5-week-old rats ( p ,
0.001; n 5 11) but not for pairs from younger animals (n 5 8). Note that the PPD was more marked at connections from younger animals. D, Plot of
the paired-pulse ratio of all individual connections as a function of the age of the preparation at stimulation rates of 1 Hz (crosses; n 5 57) and 0.2 Hz
(circles; n 5 23). Note the large variability of responses at pairs from 5-week-old animals. E, Recovery from depression. Average paired-pulse ratios at
connections from 3-week-old (n 5 5) and 5-week-old (n 5 6) rats obtained at presynaptic interspike intervals of 15, 100, and 200 msec at a stimulation
rate of 1 Hz. F, Recovery from facilitation. Average paired-pulse ratios at connections from 5-week-old rats (n 5 5) obtained at presynaptic interspike
intervals of 15, 100, and 200 msec at a stimulation rate of 0.2 Hz.
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et al. (1997) reported PPD at pyramidal-to-basket cell synapses in
the adult cat visual cortex, and Reyes et al. (1998) also described
depression at synapses between pyramidal cells and FS putative
basket cells in the young rat neocortex. These data can be simply
reconciled, in light of our present results, by taking into account
the differences in the stimulation rates and the ages of the animals
used by the different authors. Indeed, our results clearly show that
PPD is predominant in young animals within a large range of
stimulation rates. At the fifth postnatal week, most pyramidal–FS
connections of our sample can display PPF at low stimulation
rates (0.2 Hz) and PPD at higher rates (1 Hz). It is not excluded,
however, that conflicting results between authors rely also on

different experimental protocols and conditions. In particular,
trains of presynaptic action potentials have been used by some
authors (Thomson, 1997; Reyes et al., 1998), whereas others have
quantified the effects of paired-pulse protocols (Buhl et al., 1997).

Postnatal changes of paired-pulse response characteristics of
neocortical excitatory synapses have never been reported previ-
ously. At excitatory synapses between CA3 and CA1 hippocampal
pyramidal cells, Bolshakov and Siegelbaum (1995) showed a de-
crease in the probability of release without postsynaptic modifi-
cations between the first and third postnatal weeks. At inhibitory
synapses between interneurons and Purkinje cells in the cerebel-
lar cortex, the decrease of the average unitary synaptic current
amplitude observed between the second and the fifth postnatal
weeks seemed to involve both presynaptic and postsynaptic mod-
ifications (Pouzat and Hestrin, 1997). In both cases, a switch from
PPD to PPF accompanied these developmental changes of syn-
aptic transmission. We did not observe significant modifications
of the unitary EPSC kinetics and amplitudes between the third
and fifth postnatal weeks that could suggest a change in the
properties of the postsynaptic AMPA receptors. The switch from
PPD to PPF at low stimulation rates (0.2 Hz) during the postnatal
development at pyramidal–FS connections strongly suggests the
occurrence of presynaptic modifications.

The observation that, in 3-week-old rats, all pyramidal cell
inputs onto single FS interneurons always displayed PPD is in
agreement with recent data showing that the different natures of
the target neurons underlie the early development of presynaptic
properties determining the facilitating or depressing characteris-
tics of hippocampal or neocortical synapses (Markram et al.,
1998; Reyes et al., 1998; Scanziani et al., 1998). Our results
indicate that the homogeneity of presynaptic properties in young
animals, as determined by these target-specific mechanisms,
evolves toward a more complex situation during later stages of
development. Indeed, inputs from different pyramidal cells onto
the same FS interneuron had different paired-pulse response
characteristics that differed not only quantitatively (Markram et
al., 1998) but also qualitatively because some inputs could display
PPD and others PPF. This suggests that the postnatal develop-
ment and more recent activity endow each pyramidal–FS con-
nection with unique functional properties in the neocortical net-
work at the end of the first postnatal month. We cannot exclude,
however, that the heterogeneity of the paired-pulse responses
observed at 5-week-old animals indicates that pyramidal–FS con-
nections are still on the course of development.

Physiological implications
At most pyramidal–FS connections from 5 week-old rats, the
paired-pulse ratio resulting from the coexisting facilitation and
depression mechanisms will vary within a wider range than at
younger connections, endowing older connections with large in-
tegrative capabilities. This balance between facilitation and de-
pression is determined by the activity of the presynaptic pyrami-
dal cells which in vivo can adopt a wide range of frequencies, often
irregular (for references, see Softky and Koch, 1993). Pyramidal
cell inputs to FS cells in vivo are therefore likely to consist of
sequences of single spikes and small bursts of spikes delivered at
a large range of frequencies. Our results predict that the number
of presynaptic pyramidal cell inputs needed to activate a FS cell
will vary with the overall activity that those inputs had experi-
enced during the preceding seconds. Because of the high recip-
rocal connectivity between pyramidal cells and FS cells (Reyes et
al., 1998), it is likely that a single FS cell is involved in an

Figure 5. Paired-pulse responses elicited by two different presynaptic
pyramidal cells onto single postsynaptic FS interneurons. A, Paired-pulse
responses of a FS interneuron elicited by two presynaptic pyramidal cells
recorded sequentially in a slice from a 33-d-old rat. A PPD (ratio of 0.64;
traces are averages of 50 responses) was observed at the first connection
(Pyr 1-FS) at which the response probabilities of EPSC1 and EPSC2 were
0.94 and 0.86, respectively. A PPF (ratio of 1.4; traces are averages of 76
responses) was observed at the second connection (Pyr 2-FS) with re-
sponse probabilities of 0.7 and 0.87 for EPSC1 and EPSC2, respectively.
B, Comparison of the paired-pulse ratios of two different presynaptic
inputs onto single FS interneurons. Vertical lines link the two data points
corresponding to the paired-pulse ratios of the two connections studied
for each of the eight FS cells recorded in 3-week-old (n 5 4) and
5-week-old (n 5 4) animals. Note that PPD was obtained at all young
connections, whereas different inputs onto three of four single FS cells
from 5-week-old rats could display either PPD or PPF. It is noteworthy
that, at older connections, the presence of PPD or PPF was independent
of the order in which the sequential connections were obtained.
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extremely large number of recurrent inhibitory loops. The obser-
vation that synaptic transmission at pyramidal–FS connections is
facilitated or depressed depending on the presynaptic firing rate
suggests that the relative weight of the recurrent inhibition me-
diated by a given FS cell in different loops is dynamically
adjusted.
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