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Synchronous cortical population activity in the gamma frequency
band (30–70 Hz) is seen in the electroencephalograms (EEGs)
of humans and other mammals1, and emerges from the concert-
ed activity of many neurons. Gamma band EEG activity is asso-
ciated with a number of cognitive processes, such as perception or
attentional mechanisms2–5. Fast network oscillations are proposed
to establish transient temporal correlations between spatially dis-
tributed neurons with a temporal resolution of less than ten mil-
liseconds6, and GABAergic mechanisms may be important in
governing population activity7–12. Fast, synchronous firing of
putative interneurons is recorded in vivo13, and gamma rhythms
arise as an emergent property of mutually connected networks
of interneurons in vitro14–16. In addition to chemical transmis-
sion mechanisms, it is proposed that electrical coupling con-
tributes to neuronal synchrony17–19. In fact, interneurons are
connected via electrical synapses in several brain regions20–22, and
such electrical coupling can promote synchronous activity in dif-
ferentially connected networks of cortical interneurons21,22. How-
ever, it is unknown whether interactions of axons and/or the
somatodendritic domains of coupled cells mediate the electrical
coupling in the cortex. Gap junctions, the anatomical substrate
for electrical coupling, are reported between dendrites23–25, as
well as axons and soma/dendrites26,27 in the central nervous sys-
tem. A particular subcellular site of electrical communication
might result in a highly localized, compartmental interaction of
conductances, resulting in the domain specific processing of sub-
and suprathreshold operations. Furthermore, chemical, GABA-
mediated interactions are frequent between cortical interneu-
rons9,21,22,28,29, but the role of dynamic integration of GABAergic
synaptic potentials with concurrent electrical coupling21,22 in
neural rhythmogenesis is largely unknown.

To identify the cellular mechanisms underlying interneuronal
synchronization, we recorded pairs of interneurons coupled by

chemical and/or electrical synapses in layers II/III of the rat
somatosensory cortex in vitro. We then determined the number
and placement of the corresponding interaction sites by high-
resolution electron microscopy. We also measured the efficacy
of various types of intercellular interactions by which presynap-
tically evoked gamma-frequency firing could set the phase of
postsynaptic action potentials.

RESULTS
The first class of interneuron–interneuron connections was medi-
ated by chemical synapses only (n = 12). Inhibitory postsynaptic
potentials (IPSPs) showed paired pulse depression (paired pulse
ratio = 0.79 ± 0.14) and were mediated by GABAA receptors, as
they could be completely abolished by bicuculline (20 µM; 
n = 4; Fig. 1a–c). Decay time constants of the inhibitory postsy-
naptic currents (IPSCs) were, on average, 8.33 ± 2.09 ms 
(n = 8). Presynaptic firing at gamma frequency resulted in the
summation of postsynaptic unitary IPSPs and their use-depen-
dent depression in all connections (n = 4). Initially, IPSP sum-
mation led to a modest increase in amplitude of the compound
IPSP, which exceeded the amplitude of averaged single events by
30.1 ± 10.0%. Subsequently, responses gradually decreased to a
relatively stable level at ∼ 36 ± 8% of the summed peak response 
(Fig. 1d). Presynaptic spike trains (37 Hz) decreased the mean
frequency of spontaneous postsynaptic firing to 59 ± 14% of the
control value (from 3.94 ± 0.95 Hz to 2.33 ± 0.43 Hz), with most
of the first postsynaptic action potentials occurring ∼ 150 ms after
onset of gamma-frequency presynaptic activity (Fig. 1d). Inter-
estingly, all postsynaptic cells continued to discharge mainly at
theta frequency following the cessation of presynaptic firing 
(Fig. 1e). Accordingly, peaks of spike-probability distributions
indicated a clear phasing of postsynaptic activity in the theta fre-
quency range (7.3 ± 2.1 Hz; not shown), with no apparent effi-
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cacy at shorter intervals in the gamma frequency range (Fig. 1f).
Comparable results were obtained from two interneuron-to-pyra-
midal cell connections (data not shown). The presynaptic
GABAergic interneurons, which were tested in the gamma-fre-
quency synchronization protocol (n = 6) were subsequently inves-
tigated by electron microscopy to establish their postsynaptic
efferent target profile. All cells were identified as basket cells,
forming synapses (n = 67) mainly on somata (32 ± 5%) or den-
dritic shafts (58 ± 6%) and, occasionally, on dendritic spines 
(10 ± 7%)30,31. Postsynaptic interneurons represented a hetero-
geneous population, as they responded to depolarizing current
injections with a variety of firing patterns such as fast or regular
spiking and showed heterogeneous light microscopic features.

The second class of interneuron–interneuron connections was
mediated exclusively by electrical synapses (n = 14). Light micro-
scopic analysis of all four fully visualized cell pairs indicated close
appositions between either proximal dendrites or somata and
dendrites, with one to four predicted contact sites. Electron

microscopic analysis of the suspected sites was carried out in two
cell pairs and yielded the identification of one gap junction in
each connection; thus the site of electrical coupling between
interneurons was unequivocally defined. A single gap junction
mediated the first connection between proximal dendrites 
(Fig. 2g–i); the second interaction involved a dendrosomatic gap
junction. Based on their postsynaptic target preference, interneu-
rons of the fully recovered pairs (n = 8) could be classified as bas-
ket cells forming synapses (n = 89) predominantly on somata 
(31 ± 5%) and dendritic shafts (62 ± 10%) and, occasionally, on
dendritic spines (7 ± 6%).

Gap junctional potentials (GJPs; n = 14) were of modest
amplitude (0.52 ± 0.30 mV) at –55 ± 1 mV membrane potential
and had an average duration of 5.92 ± 2.90 ms as measured at
half amplitude. They followed presynaptic action potentials with
a delay of 0.32 ± 0.12 ms, measured as the period spanning the
maximal rates of rise of the presynaptic action potential and the
GJP, respectively. Both amplitudes and kinetics of GJPs remained
unchanged during repetitive presynaptic firing. The average
amplitude ratio (coupling coefficient) of GJPs and presynaptic
action potentials was 0.48 ± 0.14%. In view of the probable atten-
uation of GJPs due to the fast kinetics, amplitude ratios were also
determined with current steps in the first neuron (200 pA, 300
ms duration), which were of sufficient duration for the response
in the second neuron to reach a plateau. Indeed, when measured
using long presynaptic current steps, the coupling ratio was found
to be considerably larger (3.88 ± 0.68%; n = 3). Nevertheless, the
coupling ratio of basket cells in layers 2/3 seemed to be half of
that of fast-spiking cells in layers 4/5 (refs. 21, 22). The average
gap junctional conductance was determined to be 334 ± 86 pS 
(n = 4), using voltage commands (± 20 mV; 300 ms) in the first
neuron and measuring the current elicited in the second cell in
voltage clamp mode. When tested (n = 11), unitary GJPs elicited
by presynaptic spike trains at 37 Hz were either ineffective in mod-
ulating postsynaptic firing (n = 6) or entrained postsynaptic
suprathreshold activity with a substantial phase lag (n = 5). In the
latter cases, postsynaptic firing probability peaked 10.8 ± 2.8 ms
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Fig. 1. Differential modulation of postsynaptic firing by presynaptic
gamma-frequency activity in two interneuron–interneuron connections.
(a) Firing pattern of the presynaptic (top) and postsynaptic (bottom)
cells evoked separately by depolarizing current pulses. (b, left) IPSPs
evoked in the postsynaptic cell by the presynaptic cell showed paired-
pulse depression (middle); bicuculline (20 µM) antagonized the response
(bottom). (b, right) In electrically coupled neurons, presynaptic action
potentials elicited spikelets in the postsynaptic cell (middle), which
remained unchanged in NBQX (20 µM), D-AP-5 (50 µM) and bicuculline
(20 µM, bottom). (c) Expanded traces. (c, left) Rise of IPSP. (c, right)
Onset of spikelets during the rising phase of the presynaptic spike.
Action potentials during control (1) and drug application (2) superim-
pose perfectly. (d, left) Presynaptic cell firing at 37 Hz elicited IPSPs
showing marked activity-dependent depression (middle). Subsequently,
the postsynaptic cell was tonically depolarized to fire at ∼ 5 Hz (bottom,
30 consecutive superimposed sweeps). (d, right) In the electrically cou-
pled neurons, presynaptic firing elicited spikelets of stable amplitude
(middle). On average, spike frequency in the postsynaptic cell increased
to 121% of control (bottom). (e) Expanding the time scale shows that
gamma-frequency IPSPs (left) phased firing with a considerable delay.
Likewise, in the electrical connection (right) pre- and postsynaptic activ-
ity remained asynchronous, although the postsynaptic cell became effec-
tively entrained with a short phase-lag. (f) Plots of firing probability for
the postsynaptic cells during a representative presynaptic spiking cycle
show that the two types of connections differ in their ability to phase
postsynaptic activity at gamma frequency.
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after the preceding presynaptic spike. To assess putative activity-
dependent changes on the likelihood of postsynaptic action poten-
tials, firing-probability distributions were obtained for the first
and subsequent five cycles, respectively. Statistical comparison
showed no significant differences for those connections which

were mediated by GJPs only (Friedman’s test, p > 0.05). Electrical
connections, which were effective in the entrainment of firing,
increased the mean postsynaptic discharge rate from 3.93 ± 0.97 Hz
to 4.87 ± 1.70 Hz (120 ± 13%). Because the postsynaptic cell fired
tonically, the effect of such a modest increase in firing rate was
unlikely to significantly shift the activation level of voltage and/or
calcium-dependent conductances to introduce confounding fac-
tors beyond those due to the effects of GJPs.

The third class of unitary interneuronal connections (n = 4)
was conjointly mediated by electrical and GABAergic interac-
tions (Figs. 3 and 4). In two instances, coupled pairs of neurons
were characterized by combining biocytin labeling with immuno-
cytochemistry. All four cells were immunoreactive for parvalbu-
min (PV, Fig. 4c). Subsequently, all anatomically recovered
interneurons (n = 6) in this group were electron microscopical-
ly identified as basket cells (n = 82 synapses), targeting predom-
inantly somata (37 ± 7%) and dendritic shafts (57 ±12%), and,
on occasion, dendritic spines (6 ± 6%). Detailed analysis of elec-
tron microscopy of two connections revealed gap junctions as
well as chemical synapses within the perisomatic domain of the
postsynaptic cells. In the first pair of cells, two dendrosomatic
gap junctions and three GABAergic synapses could be verified
on the soma, with an additional synapse on a proximal dendrite
(Fig. 4b). The interaction between the second pair of cells was
mediated by a proximal dendrodendritic gap junction and a
GABAergic synapse at a distance of 2.5 µm, by 2 additional axo-
dendritic and 2 axosomatic synapses. When measured along the
plasma membrane, the average distance between electrical and
chemical synapses in the 2 connections was estimated to be 
13.7 ± 11.2 µm. Moreover, all interaction sites were located in
the perisomatic domain; mean distance of gap junctions from
the soma was 3.6 ± 6.2 µm, and GABAergic synapses were posi-
tioned slightly farther, at 9.1 ± 12.3 µm.

Postsynaptic responses were composed of GJPs followed by
short-latency IPSPs mediated by GABAA receptors and showing
paired-pulse depression (paired-pulse ratio, 0.62 ± 0.17; Fig. 3b).
IPSPs dramatically curtailed the decay of GJPs, as the subsequent
application of bicuculline resulted in a more than 3-fold increase
in the half-width of GJPs from 1.4 ± 0.5 ms to 4.8 ± 1.0 ms 
(n = 4; Fig. 3c). As in purely GABAA receptor-mediated connec-
tions, a marked use-dependent depression of IPSPs could be
observed, with composite responses gradually approaching a rel-
atively stationary level of ∼ 34 ± 10% of the first event (Fig. 3d).
Likewise, presynaptic spike trains at 37 Hz decreased the mean
frequency of spontaneous postsynaptic firing to 74 ± 11% of con-
trol values (from 5.08 ± 1.19 Hz to 3.77 ± 1.13 Hz). However,
following the onset of presynaptic spike trains postsynaptic firing
was instantly synchronized, with no apparent phase-lag (bin
width, 3.375 ms; Fig. 3e–f) and a relatively narrow temporal dis-
persion of action potentials. The initial precision of action poten-
tial timing was due primarily to GABAA receptor activation, and
it decreased in parallel with the use-dependent depression of
IPSPs (Fig. 3e). Consequently, maximal firing probability grad-
ually shifted in phase by 3.4–6.8 ms (3 of 4 cases, not shown).
Moreover, bicuculline either abolished the phasing of postsy-
naptic activity altogether (n = 2) or resulted in the development
of a prominent phase-lag (∼ 10 ms; n = 2; not shown).

The efficacy of presynaptic firing in phasing the postsynap-
tic cell clearly differed depending on the presence or absence of
electrical and/or GABAergic coupling between individual pairs
of cells. We tested whether the grouping of the cells according to
the nature of their interaction would be similar to categories
based solely on the postsynaptic firing behavior. Cluster analy-
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Fig. 2. Electron microscopic evidence for gap junctions between cortical
interneurons. Light micrographs of parvalbumin-immunoreactive (a, d)
and biocytin-filled (g) neurons taken from adult and young (22- and 17-day
old; P22, P17) animals. The corresponding electron microscopic images
(b, e, h) provide evidence that proximal dendrites (d1, d2) established gap
junctions (between paired arrowheads). Synaptic junctions (arrows in b)
targeting the same dendrites are indicated for comparison. (c, f, h) The
electron-lucent stripe of membranes forming the gap junctions between
interneurons containing peroxidase reaction end-product is equidistant to
that of gap junctions between glial cells (1, 2) shown in panel (j).
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sis of postsynaptic firing probability in response to gamma-fre-
quency presynaptic interneuron firing resulted in the delineation
of four categories of cells (Fig. 5). These groups generally corre-
sponded to those delineated on the basis of the nature of synap-
tic interaction; however, cell pairs coupled only electrically fell
into two groups according to the strength of coupling. Non-pyra-
midal cells form gap junctions in the adult hippocampus25 and
neocortex23,24, but the incidence of dye coupling and gap junc-
tions is affected by developmental changes32,33. Because our
recordings were carried out in juvenile animals (P16–P20), we
tested whether gap junctions, the anatomical substrate of elec-

trical connections, are also present between parvalbumin-positive
cells in adult animals. We observed evidence for gap junctions
between PV-immunoreactive cells in both young (P22) and adult
perfusion-fixed animals (Fig. 2). Gap junctions could be identi-
fied between the proximal dendrites and/or somata of all select-
ed juxtaposed PV-positive cell pairs (P22, n = 4 pairs; adult, n =
5 pairs).

DISCUSSION
Our results suggest that within interneuronal networks, elec-
trical and synaptic coupling act synergistically to enhance the
degree and precision of neuronal synchronization. The rela-
tive timing of GJPs and IPSPs originating in the same presy-
naptic cell is invariant, thereby generating a precisely molded,
biphasic postsynaptic compound potential which efficiently
dictates the timing of postsynaptic action potentials. In addi-
tion, electron microscopy reveals that the spatial proximity of
the interaction is bound to accentuate phasing accuracy by
allowing local integration of GJPs and IPSPs. The proximal
placement of synapses on or close to the soma minimizes the
effects of dendritic filtering and the time required for signal
propagation.
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Fig. 3. A single presynaptic GABAergic neuron can synchronize postsy-
naptic firing at gamma-frequency by conjoint action of neighboring gap
junctions and chemical synapses (Fig. 4). (a) Independently evoked firing
patterns of the presynaptic (red) and postsynaptic (black) basket cell. 
(b) Presynaptic action potentials elicited spikelets followed by short-
latency IPSPs in the coupled neuron. The IPSP showed paired-pulse
depression (middle). Bicuculline (20 µM) blocked the hyperpolarizing, but
not the depolarizing component of the response (bottom). (c) An
expanded time scale shows that the GABAergic component starts at the
peak of the spikelet, dramatically curtailing its decay, apparent in the pres-
ence of bicuculline. Upper traces show superimposed action potentials in
control solution (1) and in bicuculline (2). (d) Presynaptic action poten-
tials at 37 Hz elicited a compound response, consisting of spikelets of sta-
ble amplitude and decrementing IPSPs, leveling at a plateau of ∼ 31% of
the peak amplitude of the first event (middle). During presynaptic activity
the average frequency of postsynaptic firing was reduced by 27% and, in
contrast to purely electrical or synaptic connections, postsynaptic firing
was effectively synchronized to presynaptic activity, also shown at an
expanded time scale (e). (f) Temporal correlation of postsynaptic firing
probability and a representative presynaptic action potential cycle.

Fig. 4. Identification of interneurons involved in conjoint electrical and
synaptic interaction as shown in Fig. 3. (a) Reconstructions of the presy-
naptic (soma and dendrites, red; axon, green) and postsynaptic (soma,
dendrites: black, axon: blue) cells. Cortical layers (I–V) are indicated on
the left. (b) The electron-microscopically identified synaptic junctions
(1–4) and gap junctions (5, 6) mediating the interaction between the
coupled cells were found nearby on the soma and a proximal dendrite.
(c) Both presynaptic (arrowhead) and postsynaptic (double arrowhead)
cells were parvalbumin-immunoreactive, as shown by the corresponding
light micrographs (top, AMCA-streptavidin for biocytin; bottom, FITC
imunofluorecence for parvalbumin). Arrows indicate parvalbumin-
immunonegative somata.
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Both electrical and chemical synapses are reported between
striatal20, hippocampal25 and neocortical21,22 GABAergic neurons.
Therefore, the synergy of mixed electrical and GABAergic cou-
pling might represent a general mechanism for the synchroniza-
tion of neural population activity in a variety of CNS regions.
Here we identified electrically coupled cells as parvalbumin-
expressing basket cells by assessing the quantitative distribution
of their postsynaptic targets. Basket cells also target their own
perisomatic domain via autapses34. Therefore, following an action
potential and the activation of autaptic receptors, gap junction-
al re-excitability by the electrically coupled partners in the net-
work might be limited.

The precise coupling of electrical and synaptic interactions
affects the degree of synchrony, whereas the frequency of oscil-
lations in inhibitory neuronal networks is probably a function of
the decay time constants of the inhibitory postsynaptic currents
(IPSCs)10,14–16. The average time constant of 8.3 ms measured in
the connections presented here is compatible with experimental
measurements and theoretical predictions as a determining fac-
tor for gamma-frequency oscillatory activity10.

Mutual electrical connections between fast spiking (FS) cells
or low-threshold spiking (LTS) cells seemed stronger in layers 4
and 5 than in layers 2/3 of the somatosensory cortex. Indeed,
electrical coupling alone can synchronize pairs of interneu-
rons21,22. Because FS and LTS cells are activated differently by thal-
amocortical input21, strong electrical coupling of the same types
of cells would favor a functional segregation of the two differen-
tially connected interneuron networks, thereby providing two
segregated streams of inputs to principal cells. In contrast, we
show that, depending on the nature of their synaptic inputs, post-
synaptic cells in layers 2/3 may differentially transform gamma-
frequency activity of presynaptic basket cells.

On their own, gamma-frequency IPSPs elicited by basket cells
could set the phase of activity of postsynaptic neurons in the theta
frequency range. In those interactions mediated solely by GABAer-
gic synapses, the latency of the postinhibitory delay of firing
seemed to be determined by the time course of use-dependent

IPSP depression, during persistent gamma frequency presynap-
tic cell firing. The onset of postsynaptic firing after about 150 ms
predisposes the cell to entrainment in the theta frequency range,
presumably in interaction with intrinsic membrane potential oscil-
lation as described for hippocampal pyramidal cells9. However,
in experiments with pyramidal cells, a presynaptic interneuron
fires only one or a brief burst of action potentials and the rebound
firing is determined conjointly by the frequency of intrinsic sub-
threshold membrane oscillations and the decay kinetics of the
IPSP, instead of its use-dependent suppression. Regardless of the
underlying mechanism, such theta-frequency phasing might be
broadly distributed in the cortex, given that basket cell outputs
are widely divergent, innervating principal cells as well as several
different types of interneuron28.

Phasing at gamma frequency is achieved when, in addition to
the chemical synapses, electrical synapses are also involved in
transmitting information from basket cells to their postsynaptic
targets. The precision of gamma-frequency entrainment is prob-
ably influenced by a number of factors, among them emergent
properties of the network, the strength of electrical connec-
tions21,22 and, as shown above, the combination of GABAergic
and gap junctional coupling. We showed that in supragranular
layers, where intracortical interactions dominate neuronal activ-
ity, gap junctional coupling is less efficient for the synchronization
of interneuronal firing. In the absence of network activity, syn-
chrony is achieved only by the postsynaptic integration of pre-
cisely timed GJPs and IPSPs. Both the amplitude and the duration
of the GABAergic component of the compound potential report-
ed here are amenable to activity-dependent changes and modu-
latory influences by endogenous substances and drugs. These
factors may influence neuronal synchronization in an activity-
dependent manner.

METHODS
Electrophysiology. Young (P16–P20) Wistar rats were anesthetized by
i.p. injection of ketamine (30 mg per kg) and xylazine (10 mg per kg),
and coronal slices (350 µm) were prepared from their somatosensory
cortices. Slices were incubated at room temperature for 1 h in a solution
composed of 130 mM NaCl2, 3.5 mM KCl, 1 mM NaH2PO4, 24 mM
NaHCO3, 1 mM CaCl, 3 mM MgSO4, 10 D(+)-glucose, saturated with
95% O2 and 5% CO2. The solution used during recordings differed only
in that it contained 3 mM CaCl2 and 1.5 mM MgSO4. Whole-cell patch-
clamp recordings were obtained at ∼ 32˚C from concomitantly recorded
pairs of layer II/II putative interneurons visualized by infrared DIC (dif-
ferential interference contrast) videomicrospcopy (Zeiss Axioskop micro-
scope, Hamamatsu CCD camera, Luigs & Neumann Infrapatch set-up
and HEKA EPC 9/double patch-clamp amplifier). Micropipets (5–7 MΩ)
were filled with 126 mM K-gluconate, 4 mM KCl, 4 mM ATP-Mg, 
0.3 mM GTP-Na, 10 mM HEPES, 10 mM creatine phosphate and 8 mM
biocytin at pH 7.25 and 300 mOsm. Signals were filtered at 5 kHz, digi-
tized at 10 kHz and analyzed with PULSE software (HEKA). Presynaptic
cells were stimulated with brief (2-ms) suprathreshold pulses at 60-ms
intervals (16.6 Hz) for the paired-pulse protocol and at 37 Hz for the
gamma-frequency phasing protocol. Depression of IPSPs fully develops
only after four or more postsynaptic events, therefore we used ten presy-
naptic cycles to test the effect of the use-dependent suppression of IPSPs
on the phasing of postsynaptic activity. We applied the same protocol
throughout the study for consistency. To minimize intertrial variability,
trains were delivered at intervals greater than five seconds. During paired-
pulse trials, membrane potentials of postsynaptic cells were held at 
–55 ± 3 mV. For phasing trials, they were depolarized with constant cur-
rent injections to just above threshold to elicit firing. Unless specified,
traces shown are averages of 50–200 episodes. The amplitude of a post-
synaptic event was defined as the difference between the peak amplitude
and the baseline value measured before the IPSP onset. Firing-probabil-
ity plots were constructed from 50–100 consecutive trials as follows: with-
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Fig. 5. Classification of postsynaptic interneuron firing behavior by clus-
ter analysis of firing probability in response to gamma-frequency presy-
naptic firing. The firing behaviors fall into four groups. The first cluster
contains all controls (absence of presynaptic firing, n = 16) and 6 con-
nections mediated only by gap junctions, ineffective in altering postsy-
naptic firing. The second cluster comprises connections mediated by
GABAA receptor-mediated IPSPs. Electrical connections that phase-lock
but do not synchronize postsynaptic firing to the presynaptic cell is also
a distinct group; interactions mediated by gap junctions as well as
GABAA receptor-mediated synaptic responses comprise an additional
group. Differences between clusters were significant in all permutations
(p ≤ 0.03–0.001; Friedman’s test). Dlink/Dmax, linking and maximal
Euclidean distances.

Dlink/Dmax (percent)

© 2000 Nature America Inc. • http://neurosci.nature.com
©

 2
00

0 
N

at
u

re
 A

m
er

ic
a 

In
c.

 •
 h

tt
p

:/
/n

eu
ro

sc
i.n

at
u

re
.c

o
m



nature neuroscience  •  volume 3  no 4  •  april 2000 371

articles

in a given cycle (interval separating two presynaptic action potentials),
postsynaptic spike latencies were measured from the peak of the preced-
ing presynaptic action potential. Subsequently, unless otherwise speci-
fied, the data were pooled regardless of the position in the presynaptic
spike train. Controls were collected before the onset of the presynaptic
spike train using an identical cycle length. Data are given as mean ± s.d.
Mann-Whitney U-tests were used for statistical analysis, differences were
considered statistically significant if p ≤ 0.05. Interneurons were classi-
fied by cluster analysis based on postsynaptic cell firing probability (Sta-
tistica for Windows, StatSoft, Tulsa, Oklahoma). Joining trees based on
Euclidean distances were constructed by Ward’s method of amalgama-
tion35. Using the number of clusters given by this a priori cluster analysis,
we also used k-means clustering on the data a posteriori. The latter
method grouped the same connections into each particular cluster.

Histology. Visualization of biocytin for permanent preparations, light
microscopic reconstructions and correlated light- and electron
microscopy was performed as described earlier30,31. Monoclonal anti-
bodies to parvalbumin (Sigma, diluted 1:500) and rabbit antibodies to
the C-terminal nonapeptide (107–115) of rat pro-cholecystokinin
(diluted 1:1000) were co-applied to characterize interneurons. Triple
fluorescence immunolabeling of hippocampal slices containing record-
ed and biocytin-filled cells was carried out as described29, using AMCA-
conjugated streptavidin (Vector Labs, Burlingame, California) for
revealing biocytin, Alexa488-conjugated anti-mouse IgG (Molecular
Probes, Eugene, Oregon) for parvalbumin and CY3-conjugated anti-
rabbit IgG (Jackson Labs, West Grove, Pennsylvania) for revealing CCK.
None of the cells was immunopositive for CCK. Images were recorded
digitally. For pre-embedding immunocytochemistry, a young (P22)
and a 3-month old Wistar rat were deeply anaesthetized (sodium pen-
tobarbital, 150 mg per kg, intraperitoneal) and perfused with a fixa-
tive containing 4% paraformaldehyde, 0.05% glutaraldehyde and 0.2%
picric acid in 0.1 M phosphate buffer. Vibratome sections (60 µm) were
incubated with the antibody to parvalbumin (as above) and then react-
ed with the avidin-biotinylated peroxidase complex (Vector Labs). Par-
valbumin immunoreactivity was visualized with diaminobenzidine
tetrahydrochloride.
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