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The efficacy of synaptic transmission in neuronal circuits is not
constant but varies with the rate of action potentials in presy-
naptic neurons1–5. During a train of action potentials, the ampli-
tudes of successively evoked postsynaptic potentials (PSPs) either
increase (facilitate) or decrease (depress). An increase or decrease
in the probability of transmitter release caused by the effects of
successive action potentials in the presynaptic terminal are pos-
tulated to underlie short-term modification of PSPs6–13. One
issue is the degree to which the identity of the presynaptic and
the postsynaptic neuron determines facilitation or depression in
a connection. In some synapses, the target cell is the primary
determinant14–25, whereas in others, it is the projecting neuron
(refs 26, 27; A. Reyes & B.S., submitted). We recorded simulta-
neously from three neurons consisting of layer 2/3 pyramidal
cells and two classes of interneurons in the neocortex of juvenile
(postnatal day 14) rats and found that short-term modification of
PSPs in identified interneurons is target-cell-specific but is medi-
ated by presynaptic mechanisms. These studies represent one
step in understanding organizing principles governing synaptic
connections in the neocortex and may shed light on how neu-
rons interact within a network.

Results
In neocortical brain slices visualized with infrared-differential
contrast optics, three classes of neurons were selected based on
their morphology (Fig. 1a) and their electrical excitability (Fig. 1b
and c). Both multipolar and bitufted interneurons could, upon

depolarizing current injection, discharge action potentials con-
tinuously at high rates (over 20 action potentials per second).
Characteristically, however, the amplitude and frequency of
action potentials decreased during a train in a class of bitufted
neurons (Fig. 1b) but remained constant in multipolar cells
(Fig. 1c). Pyramidal cells discharged at lower rates that decreased
with time (not shown). A population of other interneurons was
also identified, but they were not included in this study.

Pyramidal neurons formed excitatory connections with all
three cell types. Suprathreshold intracellular stimulation of presy-
naptic pyramidal neurons evoked unitary excitatory (E)PSPs that
were glutamatergic, as they were blocked by bath application of
30 µM CNQX and 50 µM APV (n = 14, data not shown). Non-
pyramidal neurons also formed unitary connections with the
three cell types. Postsynaptic potentials evoked by bitufted and
multipolar neurons were completely and reversibly blocked by
20 µM bicuculline (n = 20, data not shown) and were classified as
GABAergic inhibitory (I)PSPs. No evidence of nonGABAergic
IPSPs was found. A further physiological criterion for classifica-
tion of nonpyramidal cells was the frequency-dependent change
in unitary EPSP amplitudes evoked by pyramidal cell stimula-
tion. EPSPs facilitated in bitufted cells (Fig. 1b) but depressed in
multipolar cells (Fig. 1c).

Identification of three classes of neurons was subsequently
confirmed by reconstruction of the dendritic arbor of biocytin-
labeled neurons. Pyramidal neurons had triangular somata with
a prominent apical dendrite28,29 that ended in a tuft in layer 1
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In neocortical circuits, repetitively active neurons evoke unitary postsynaptic potentials (PSPs)
whose peak amplitudes either increase (facilitate) or decrease (depress) progressively. To examine
the basis for these different synaptic responses, we made simultaneous recordings from three
classes of neurons in cortical layer 2/3. We induced repetitive action potentials in pyramidal cells and
recorded the evoked unitary excitatory (E)PSPs in two classes of GABAergic neurons. We observed
facilitation of EPSPs in bitufted GABAergic interneurons, many of which expressed somatostatin
immunoreactivity. EPSPs recorded from multipolar interneurons, however, showed depression.
Some of these neurons were immunopositive for parvalbumin. Unitary inhibitory (I)PSPs evoked by
repetitive stimulation of a bitufted neuron also showed a less pronounced but significant difference
between the two target neurons. Facilitation and depression involve presynaptic mechanisms, and
because a single neuron can express both behaviors simultaneously, we infer that local differences in
the molecular structure of presynaptic nerve terminals are induced by retrograde signals from differ-
ent classes of target neurons. Because bitufted and multipolar neurons both formed reciprocal
inhibitory connections with pyramidal cells, the results imply that the balance of activation between
two recurrent inhibitory pathways in the neocortex depends on the frequency of action potentials in
pyramidal cells.
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(Fig. 2a). Bitufted cells were characterized by ovoid somata from
which one to four tufts of dendrites extended only in the apical
and basal directions (Fig. 2a). Multipolar cells had round soma-
ta from which multiple dendrites extended radially (Fig. 2a).

Nonpyramidal cells have been grouped previously on the basis
of connectivity and/or neurochemical markers30,31. To correlate
these groups with the cell categories selected based on the micro-
scope image, action-potential pattern and frequency-dependent,
short-term modification of EPSPs, subsets of physiologically char-
acterized neurons were immunolabeled for the neuropeptide

somatostatin and the calcium-binding protein parvalbumin. Ten
out of thirteen tested bitufted cells, with symmetrical dendritic
arbors, were immunopositive for somatostatin (Fig. 2b), identi-
fying them as a subset of GABAergic cells32. Eight somatostatin-
positive cells were tested for synaptic modification; in all cases,
the evoked EPSPs facilitated. None of five somatostatin-positive
bitufted cells tested were immunoreactive for parvalbumin,
although nearby cells displayed parvalbumin immunoreactivity.
In contrast, all of the ten physiologically tested multipolar cells
were immunonegative for somatostatin, but four of the five of
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Fig. 1. Selection of three classes of neurons in layer 2/3. (a) Morphological selection. Representative infrared differential interference con-
trast enhanced video images of a pyramidal (left), bitufted (middle) and multipolar cell (right) in a slice of the somatosensory cortex taken
from a two-week-old (P14) rat. These three classes were reliably identified in the living slice by the shape of their somata and by the location
and number of proximal dendrites. Calibration bar is 10 µm and applies to all three images. (b, c) Functional selection. Upper pair of traces
show action potential patterns of bitufted (b) and multipolar (c) neurons following injection of depolarizing current steps. The resting poten-
tials were -68 mV and -70 mV. Lower pair of traces show the presynaptic action potentials and associated EPSPs evoked in bitufted and mul-
tipolar neurons during repetitive stimulation of the presynaptic pyramidal cell. The EPSPs evoked in the bitufted cell facilitated, whereas those
evoked in the multipolar cell depressed. Amplitude calibrations refer to EPSPs. The EPSPs in this and subsequent figures are averages com-
piled from 50–200 sweeps and were evoked by delivering a 10 Hz train of brief current pulses to the presynaptic cells.

Bitufted cell, facilitating inputb Multipolar cell, depressing inputca

Fig. 2. Anatomical and immunocytochemical
identification of layer 2/3 neurons. (a) Drawings
of a pyramidal (blue), a multipolar (red) and a
bitufted cell (green) labeled with biocytin
(Methods) after simultaneous triple recording.
Classification of the neurons was based on their
discharge pattern and response properties of
EPSPs to repetitive presynaptic action poten-
tials. The axonal arbors are not shown for clar-
ity. Calibration bar, 50 µm. Broken line indicates
approximate border between cortical layer 1
(L1) and layer 2 (L2). The mean (± standard
deviation) length, width and length per width of
the somata for the cell types were, respectively,
17 ± 3 µm, 10 ± 2 µm and 1.7 ± 0.3 µm for pyra-
midal neurons (n = 23), 20 ± 3 µm, 8 ± 2 µm and
2.8 ± 1 µm (n = 20) for bitufted cells and
15 ± 3 µm, 11 ± 3 µm and 1.4 ± 0.3 µm for mul-
tipolar cells (n = 21) following fixation and dehy-
dration. At the age range used, pyramidal and
bitufted neurons were densely spiny, whereas
multipolar cells were sparsely spiny. (b) Digital micrographs of a biocytin-labeled bitufted cell (left, visualized by AMCA-labeled streptavidin)
that displayed electrophysiological characteristics typical of the population. The cell is immunopositive for somatostatin, as shown on the
right by indirect FITC immunofluorescence. Calibration bar (10 µm) applies to both (b) and (c). (c) Digital micrographs of a biocytin-labeled
multipolar cell (left, AMCA-labeled streptavidin) that displayed electrophysiological characteristics typical of the population. The cell is
immunopositive for parvalbumin, as shown on the right by indirect FITC immunofluorescence.
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these tested were parvalbumin immunopositive (Fig. 2c), iden-
tifying them putatively as fast-discharging basket cells.

To assess how short-term modification of unitary EPSPs var-
ied with the identity of target neurons, we recorded simultane-
ously from three cells where a single presynaptic neuron projected
to two target neurons of different identity. In Fig. 3a, a pyramidal
neuron innervated a bitufted and a multipolar neuron. Action
potentials in the presynaptic pyramidal cell (at 10 Hz) evoked
EPSPs that facilitated in the bitufted cell but simultaneously
depressed in the multipolar cell. Facilitation and depression were
maintained when the presynaptic neuron was stimulated at 20,
40 and 80 Hz (n = 6, data not shown). Figure 3b shows the ampli-
tude ratios (amplitude of second EPSP to amplitude of first EPSP
times 100, in percent) for EPSPs evoked simultaneously in bituft-
ed and multipolar neurons. The amplitude ratios of EPSPs in
bitufted cells were above 100%, whereas those of EPSPs in mul-
tipolar cells were all below 100% (significantly different, paired 
t-test, p < 0.05, n = 9 triple recordings). Target-cell-specific dif-
ferences were also observed when one of the target neurons was
pyramidal and the other bitufted (Fig. 3b). In addition, the ampli-
tude ratios of EPSPs evoked in two multipolar target cells were
both below 100%, whereas those of EPSPs evoked in two bituft-
ed neurons were both above 100% (Fig. 3b). Figure 3c summa-
rizes the distribution of EPSP amplitude ratios for EPSPs evoked
in the two nonpyramidal target cells following stimulation of a
pyramidal cell. For EPSPs evoked in bitufted cells, the mean
(± standard deviation) amplitude ratio was 191 ± 82% (n = 46
connections), whereas that for EPSPs evoked in multipolar cells
was 70 ± 13% (n = 61). The amplitude ratio of EPSPs evoked
between pyramidal cells was 97 ± 23% (n = 44, data not shown;
A.Reyes and B.S., submitted). The differences in the amplitude

ratios were significant (p < 0.05; two-tailed t-test). Thus, fre-
quency-dependent, short-term modification of unitary EPSPs
evoked from axon collaterals originating from a single pyrami-
dal cell varied with the identity of the target neuron, with the
input to bitufted cells showing strong facilitation.

The target-specific differences in EPSP amplitude ratios were
independent of the first EPSP of a train. Mean unitary EPSPs
evoked by a single stimulus (at less than 0.2 Hz stimulation fre-
quency) in multipolar cells (1.4 ± 1.4 mV; n = 61) were larger
than those evoked in bitufted cells (0.25 ± 0.2 mV; n = 48). In
bitufted cells, a linear regression fit to a plot of EPSP amplitude
ratios versus EPSP amplitudes revealed no significant correla-
tion; the slope was 145% per mV with r2 = 0.18 (data not shown).
For multipolar cells, the slope was -3% per mV (r2 = 0.08). When
comparison was limited to a small range of EPSP amplitudes
(0.2–0.4 mV), the amplitude ratios for bitufted cells (177 ± 53%;
n = 8) remained significantly (p < 0.05, two-tailed t-test) larger
than those for the multipolar cells (77 ± 12%; n = 9).

Frequency-dependent facilitation of pyramid-to-bitufted cell
connections implies that bitufted cells will be activated effectively
by rapidly discharging pyramid cells. Bitufted cells are inhibito-
ry and have as target neurons neighboring bitufted cells, multi-
polar cells and pyramidal cells. Synapses established by bitufted
cells also showed short-term modification of IPSPs that depend-
ed on the identity of their targets. In Fig. 4a, a bitufted cell inner-
vated both a bitufted and a multipolar cell. When the presynaptic
bitufted cell was stimulated repetitively, the IPSPs evoked in the
postsynaptic bitufted cell either exhibited small depression or
facilitated weakly, while those evoked simultaneously in the mul-
tipolar cell depressed strongly. Figure 4b shows the amplitude
ratios of IPSPs evoked simultaneously in a bitufted and either a
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Fig. 3. Frequency-depen-
dent, short-term modifi-
cation of glutamatergic
excitatory postsynaptic
potentials evoked in two
classes of neurons. 
(a) Simultaneous whole-
cell recordings were
made from a triplet
(schematically shown on
top) in which a pyramidal
cell (P) innervated a
bitufted (B) and a multi-
polar cell (M). When the
pyramidal neuron was
fired at 10 Hz (upper
trace), the amplitude of
the unitary EPSPs evoked
successively in the
bitufted cell increased
(middle trace), whereas
the amplitude of those
evoked simultaneously in
the multipolar cell decreased (lower trace). Resting potentials were -65 mV for the bitufted cell and -68 mV for the multipolar cell. 
(b) Pairwise comparison of short-term modification of EPSPs evoked in triple recordings. Each connected pair of symbols represents the
amplitude ratio of EPSPs (amplitude of second EPSP to amplitude of first EPSP, in percent) evoked simultaneously in two target neurons dur-
ing 10 Hz stimulation of the same presynaptic cell. The target neurons were either a bitufted and a multipolar cell (diamonds and circles); two
multipolar cells (circles); two bitufted cells (diamonds); or a pyramidal and a bitufted cell (triangles and diamonds). (c) Distribution of ampli-
tude ratios for EPSPs evoked in bitufted (upper histogram) and multipolar cells (lower histogram). Histograms include data from paired
recordings. Symbols above histograms give the mean (± standard deviation) amplitude ratios. Means were 191 ± 82% for bitufted cells
(n = 46, diamond) and 70 ± 13% for multipolar cells (n = 61, circle).
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multipolar or a pyramidal cell following stimulation of a presy-
naptic bitufted cell. Though facilitation of IPSPs, unlike the
EPSPs, was not prominent in bitufted cells, the amplitude ratios
of IPSPs evoked in bitufted cells were nevertheless significantly
higher (p < 0.05; paired t-test; n = 9) than those evoked simul-
taneously in multipolar cells or pyramidal cells (Fig. 4b). The
mean IPSP amplitude ratio, when the target neuron was a bituft-
ed cell (Fig. 4c), was 101 ± 18 % (n = 24). This value was signif-
icantly (p < 0.05, two-tailed t-test) larger than that of IPSPs
evoked in multipolar (73 ± 12%, n = 22; Fig. 4c) or in pyrami-
dal cells (71 ± 15 %, n = 22; Fig. 6d).

To assess how transmitter release mechanisms contributed to
facilitation or depression, we measured how frequently presynap-
tic action potentials failed to evoke an EPSP during a train of three
stimuli. In a facilitating connection, the number of failures
decreased progressively during the train, while the occurrence of
large amplitude EPSPs increased. On average (n = 20 pairs), an
increase in EPSP amplitude was accompanied by a decrease in the
percentage of failures (Fig. 5a). In a depressing connection, the
number of failures increased during the train while the EPSP
amplitude decreased. The average (n = 20 pairs) decrease of EPSP
amplitude was concomitant with an increase in the failure rate
(Fig. 5c). The decrease in failure rate of the second EPSP was sig-
nificant for facilitating connections (paired t-test; p < 0.001; mean
difference, -14%; n = 20), as was the increase for depressing EPSPs
(p < 0.001; mean difference, 15%; n = 20).

In facilitating connections, the increase in the mean ampli-
tude of the second and third EPSP in the train was independent
of the occurrence of the preceding EPSPs (Fig. 5b). In addition,
the failure rate of the second EPSP was unaffected by the occur-
rence of the first EPSP (p > 0.05; paired t-test; n = 15). Thus,
facilitation depended only on the occurrence of an action poten-
tial, regardless of whether it evoked an EPSP or not. In contrast,
for the depressing connection, the amplitude of an EPSP in a
train was larger when the preceding EPSPs failed to occur

(Fig. 5d). Furthermore, the failure rate of the second EPSP
increased significantly (p < 0.02; n = 9) by 9% when the first
EPSP had occurred. These analyses indicate that a predominantly
presynaptic mechanism underlies both facilitation and depres-
sion6–25. Facilitation, unlike depression, however, did not depend
on release of transmitter from the presynaptic terminal, whereas
depression required it.

A predominantly presynaptic mechanism for the frequency-
dependent depression of IPSP amplitudes was further suggested
by a coefficient of variation analysis of amplitude fluctuations of
the first and second IPSPs in a train as determined for three con-
nections. Plots (not shown) of the squared coefficients of varia-
tion against the mean peak amplitudes, both normalized to the
respective control values, revealed that the data points were below
the identity line33.

Discussion
Target-cell-specific modification of PSPs has been reported in
several excitatory14–24 and inhibitory connections25. For excita-
tory projections to neocortical spiny stellate and pyramidal cells,
synaptic modification depends primarily on the identity of the
presynaptic neuron27,34. In the neocortical connections exam-
ined here, the postsynaptic bitufted cells determined facilitation
of EPSPs and an increased paired-pulse ratio of IPSPs.

Several mechanisms can account for target specificity of
release properties. A target neuron could locally modify release
by transmitter-like substances that are liberated rapidly from
the postsynaptic cell35. Because facilitation evoked by a train
of action potentials is independent of a postsynaptic response
(Fig. 5a and b), it is unlikely that modification of release by
bitufted cells occurs on the time scale of the train. Depression,
being dependent on release (Fig. 5c and d), could be generat-
ed by a rapid postsynaptic signal. On the other hand, the main
difference between facilitating and depressing terminals could
be a difference in the ‘local-release fraction’ of vesicles, i.e. the
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Fig. 4. Frequency-dependent
short-term modification of
GABAergic inhibitory postsynap-
tic potentials in two classes of
interneurons. (a) Simultaneous
whole-cell recordings were made
from a triplet (shown on top), in
which a bitufted cell (B) inner-
vated another bitufted (B) and a
multipolar (M) cell. The bitufted
cell was stimulated at 10 Hz
(upper trace). The associated
IPSPs evoked in bitufted cells
increased in amplitude (middle
trace), whereas those evoked in
the multipolar cell decreased
(lower trace). (b) Pairwise com-
parison of short-term modifica-
tion of IPSPs evoked in triplets.
The connected symbols represent
amplitude ratios of IPSPs evoked
simultaneously in a bitufted (dia-
monds) and either a multipolar
(circles) or a pyramidal (triangles) cell following 10 Hz stimulation of a presynaptic bitufted cell. (c) Distribution of amplitude ratios of IPSPs
(IPSP2 to IPSP1, in percent) evoked by bitufted cell terminals in postsynaptic bitufted (upper histogram) and multipolar cells (lower his-
togram). Histograms include results from dual and triple recordings. Symbols above histograms give the mean (± standard deviation) IPSP
amplitude ratios (bitufted cells, diamond, 101 ± 18%, n = 24; multipolar cells, circle, 73 ± 12%, n = 22).
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fraction of vesicles released by a single action potential. In facil-
itating terminals, this fraction would be small; in depressing
terminals, it would be high. This local-release fraction depends
on the structure of the release sites, including the density, sub-
type or state of calcium channels and the concentration and
binding properties of endogenous calcium buffers. Therefore,
factors from the postsynaptic cell, such as neurotrophins, which
act on a much longer time scale20, could modify locally the
structure of presynaptic active zones.

Because pyramid-to-pyramid and pyramid-to-multipolar cell
connections were different from pyramid-to-bitufted cell con-
nections, and because both EPSPs and IPSPs show the same
trend, one could argue the somatostatin-expressing bitufted neu-
rons can influence, through a long-term mechanism, the struc-
ture of the active zone such that facilitation occurs.
Somatostatin-containing bitufted neurons are unique in cortex
also in that they express a very high level of the postsynaptic
metabotropic glutamate receptor mGluR1a36,37 and receive input
from pyramidal cell recurrent axon terminals that have a very
high level of the presynaptic metabotropic glutamate receptor
mGluR7, located at the vesicle fusion site36.

One functional consequence of the target-cell-specific facili-
tation and depression described here is that cortical excitation
activates different local inhibitory pathways30,31, depending on
the rate of action potentials in pyramidal cells. Bitufted and mul-
tipolar cells are both connected reciprocally with pyramidal cells
(Fig. 6a and b) via GABAergic inhibitory synapses. IPSPs in both
connections showed the same degree of depression (Fig. 6c).
Pyramidal neurons discharging at a low rate would preferential-

ly excite multipolar inhibitory neurons, which will, via the feed-
back circuit, inhibit pyramidal cells. At higher rates, the facilita-
tion of bitufted neuronal inputs would increasingly ensure
recruitment of this population of neurons, which also inhibit
pyramidal cells. One explanation of why these cells have pro-
nounced frequency facilitation of their inputs may lie in their
position in the cortical network. Their excitatory input could be
dominated primarily by the level of local pyramidal cell activi-
ty, which is fed back to the distal dendrites of the pyramidal cells
as GABAergic inhibition30,31,38–40. Thus, an increase in pyrami-
dal-cell discharge frequency could shift the balance of GABAer-
gic inhibition from a perisomatic location mediated by the
parvalbumin-expressing multipolar cells to a dendritic location
mediated by the somatostatin-expressing bitufted cells.

Methods
Brain slice preparation and visualization of neurons both in the living
slice and after labeling with biocytin are described elsewhere41,42. During
recordings, slices were maintained at 340C in extracellular solution con-
sisting of (in mM) 125 NaCl, 2.5 KCl, 25 glucose, 25 H2CO3, 1.25
NaH2PO4, 2 CaCl2 and 1 MgCl2 (pH:7.2). Neurons were visualized via a
40x water immersion objective and two video cameras, which were
mounted on a beam splitter so that the slice could also be viewed at two
different magnifications (4x difference). Whole-cell voltage recordings
were performed simultaneously from two or three neurons using pipettes
with d.c. resistances of 5–15 MΩ when filled with (in mM) 100 K glu-
conate, 20 KCl, 4 ATP-Mg, 10 phosphocreatine, 0.3 GTP, and 10 HEPES
(pH: 7.3; 310 mOsm). In synaptically connected neurons, suprathresh-
old intracellular stimulation of presynaptic cells evoked depolarizing
EPSPs and IPSPs. In some experiments, intracellular solution contained
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Fig. 5. Release mechanisms in presynaptic
terminals underlie frequency-dependent
short-term modification. (a) Mean (± stan-
dard deviation) percentage of failures (filled
diamonds, lower graph) and mean amplitude
(open diamonds, upper graph) of EPSPs
evoked in bitufted cells during the first, sec-
ond and third presynaptic action potentials
(n = 20 connections). The number of failures
decreased, whereas the EPSP amplitude
increased. (b) Dependence of amplitudes of
EPSPs evoked successively in a bitufted cell
during suprathreshold stimulation of a presy-
naptic pyramidal cell. The time of occurrence
of presynaptic action potentials is indicated
schematically above voltage recordings.
Numbers refer to the first, second and third
action potential in a train. The average EPSPs
evoked during first, second and third stimulus
increased progressively (upper traces) from
0.7 mV to 1.1 mV and 1.9 mV, respectively.
The middle trace shows the average EPSPs
evoked by the second and third action poten-
tials under the condition that the first action

potential did not evoke an EPSP. The mean amplitudes of the EPSPs were 1.1 mV and 1.6 mV. The bottom trace shows an average of the third
EPSP when the first and second action potentials failed to evoke EPSPs. The mean amplitude was 1.7 mV. The amplitude of the second EPSP
was not significantly affected by the occurrence of the first EPSP (p > 0.05, paired t-test, n = 15). The amplitude of the third EPSP was similarly
independent of the first and second EPSPs. (c) Plot of percentage of failures and mean amplitude of EPSPs evoked in multipolar cells during
stimulation of presynaptic pyramidal neurons (n = 20). Only connections that exhibited failures to the first stimulus in the train were chosen
for analysis. (d) Similar analysis for EPSP amplitudes as shown in (b) for a depressing connection between a pyramidal cell and a multipolar
cell. The mean amplitudes for successive action potentials in the upper trace were 0.8, 0.5 and 0.5 mV. Those for the middle trace were 0.7
and 0.5 mV and that for the lower trace was 0.7 mV. The amplitude of the second EPSP was significantly (p < 0.05; paired t-test; n = 9)
decreased by the occurrence of the first EPSP.
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4 mM KCl so that the IPSPs hyperpolarized. Both depolarizing and
hyperpolarizing IPSPs were taken for analyses. Stimulus delivery, data
acquisition and analyses were performed using macros in IGOR (Wave-
metrics, Lake Oswego, OR). After data collection, whole-cell recording
was re-established using pipettes filled with intracellular solution con-
taining 0.5% biocytin. Morphological reconstruction of the labeled cells
was subsequently performed using the Neurolucida tracing program
(MicroBrightField, Colchester, VT).

Presynaptic cells were stimulated with a 10-Hz train of three to five
suprathreshold current pulses. Trains were delivered at intervals of longer
than 5 s, so that recovery from short-term modification was complete,
as evidenced by the lack of systematic changes in the amplitude of the
first PSP of a train during successive trains of stimuli. Voltage traces
shown are averages of 50–200 sweeps.

The amplitude of the first EPSP of the train was defined as the difference
between the peak of the EPSP and baseline. For the second or third EPSP,
the amplitude was the difference between the peak of the EPSP and the
baseline measured just before the peak onset. The time-to-peak of the
EPSPs were sufficiently short so that temporal summation of the EPSPs
did not introduce significant errors in the measurements of the peak
amplitude. IPSPs had considerably longer time-to-peaks and decayed
more slowly than EPSPs. To estimate the amplitude of the second IPSP,
the decay of the first IPSP was fitted with a double exponential and
extrapolated to the time corresponding to the peak of the IPSP. The IPSP
amplitude was defined as the difference between the IPSP peak and the
value of the extrapolated fit at the time of the peak.

For the neurochemical characterization of nonpyramidal cells, mon-
oclonal antibodies to somatostatin (Code: SOMA8, recognizing somato-
statin and SOM-2843, ascites fluid diluted 1:500, visualized by fluorescein
(FITC)-conjugated goat anti-mouse IgG, Jackson Lab) or monoclonal
antibodies to parvalbumin (Sigma, No. P-3171, diluted 1:1000, visualized
as above) were used sequentially on the same cell in an indirect immuno-
fluorescence method. Each cell was examined after each layer of
immunoreaction. The two antibodies gave nonoverlapping labeling pat-
terns, and these served as controls for the method. The biocytin-filled
cells were revealed by 7-amino-4-methylcoumarin-3-acetic acid

(AMCA)-conjugated streptavidin (Vector Lab.). A Leica dichroic mir-
ror system and the A4 filter block was used for recording AMCA, the
L5 block for recording FITC fluorescence. Cells were recorded on a
cooled CCD camera, analyzed and displayed using the Openlab soft-
ware and color palette (Improvision, Coventry, UK). The immunoneg-
ativity of a cell for a marker could be due to damage caused by the
recording, an undetectable low level of the molecule or the genuine
absence of the marker. The consistent absence of parvalbumin from
bitufted cells and somatostatin from multipolar cells strongly suggests the
two cell populations are neurochemically different.

Following immunocytochemical characterization, the axonal and den-
dritic patterns of the cells were visualized by standard avidin-biotinylat-
ed-horseradish peroxidase complex (Vector Lab) and DAB reaction.
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