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E. H. BUHL* and P. SOMOGYI*

*MRC Anatomical Neuropharmacology Unit, Department of Pharmacology, Oxford University,
Mansfield Road, Oxford OX1 3TH, U.K.
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Abstract––GABAergic interneurons sculpt the activity of principal cells and are themselves governed by
GABAergic inputs. To determine directly some of the sources and mechanisms of this GABAergic
innervation, we have used dual intracellular recordings with biocytin-filled microelectrodes and investi-
gated synaptic interactions between pairs of interneurons in area CA1 of the adult rat hippocampus.
Of four synaptically-coupled interneuron-to-interneuron cell pairs, three presynaptic cells were ident-

ified as basket cells, preferentially innervating somata and proximal dendrites of pyramidal cells, but one
differing from the other two in the laminar distribution of its dendritic and axonal fields. The fourth
presynaptic interneuron was located at the border between strata lacunosum moleculare and radiatum,
with axon ramifying within stratum radiatum. Action potentials evoked in all four presynaptic
interneurons were found to elicit fast hyperpolarizing inhibitory postsynaptic potentials (mean amplitude
0.35&0.10 mV at a membrane potential of "59&2.8 mV) in other simultaneously recorded interneurons
(n=4). In addition, three of the presynaptic interneurons were also shown to produce similar postsynaptic
responses in subsequently recorded pyramidal cells (n=4). Electron microscopic evaluation revealed one of
the presynaptic basket cells to form 12 synaptic junctions with the perisomatic domain (seven somatic
synapses and five synapses onto proximal dendritic shafts) of the postsynaptic interneuron in addition to
innervating the same compartments of randomly-selected local pyramidal cells (50% somatic and 50%
proximal dendritic synapses, n=12). In addition, light microscopic analysis also indicated autaptic
self-innervation in basket (12 of 12) and bistratified cells (six of six). Electron microscopic investigation of
one basket cell confirmed six autaptic junctions made by five of its boutons.
Together, these data demonstrate that several distinct types of interneuron have divergent output to

both principal cells and local interneurons of the same (basket cells) or different type. The fast synaptic
effects, probably mediated by GABA in both postsynaptic interneurons and principal cells are similar.
These additional sources of GABA identified here in the input to GABAergic cells could contribute to the
differential temporal patterning of distinct GABAergic synaptic networks. ? 1997 IBRO. Published by
Elsevier Science Ltd.
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The activity of the large network of principal excita-
tory neurons in the hippocampus is governed by
local-circuit neurons releasing the neurotransmitter
GABA. Such GABAergic interneurons occupy dis-
tinct positions within hippocampal microcircuits
where they form mainly local connections and are
thought to perform a range of distinct functions. At
the cellular level, these range from governing action
potential generation,6,40,51,66 firing pattern,7,8,65

membrane potential oscillations17,76 and dendritic

calcium spikes.64 Moreover, at the network level,
GABAergic interneurons are considered to be
important in controlling synaptic strength19 and syn-
chronizing neuronal population activity.17,92

Unlike the relatively stereotyped principal cells,
hippocampal GABAergic interneurons show
great morphological and neurochemical diversity.24

They may differ with respect to their content of
various neuropeptides,1,20,46,81,82 calcium-binding
proteins32,45,62,71 and in their expression of neuro-
transmitter receptors.10,26,57,58 GABAergic inter-
neurons also differ in their synaptic inputs29,35,61 as
well as their synaptic target selectivity.2,13,31,34,36,37,83

Although the division of function suggested by
such heterogeneity remains to be fully established,
some general rules regarding the functional signifi-
cance of different types of interneuron are beginning
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to emerge. Indeed, it has been demonstrated that
the axonal output of many types of GABAergic
interneuron terminate in conjunction with the termi-
nal field of specific excitatory input pathways,13,31,37

whereas cells that specifically terminate onto the
perisomatic domain of principal cells, an area which
lacks significant excitatory input, are particularly
effective at inhibiting and synchronizing the activity
of principal cells.17,64

GABAergic interneurons are themselves under
GABAergic control. They show both fast (putative
GABAA) and slow (putative GABAB) inhibitory
postsynaptic potentials (IPSPs)14,15,48,49,68,80 which
are thought to originate from three main sources.
These include a selective extrinsic input from
GABAergic cells in the medial septum;3,23,29,61 intrin-
sic inputs from hippocampal GABAergic inter-
neurons, which also innervate principal cells;25,38,72,80

and recently described GABAergic interneurons,
which selectively target other interneurons.2,30

Although some physiological evidence suggests
the existence of an interconnected network(s) of
inhibitory interneurons,51,60,78,89,92 electrophysio-
logical studies of GABAergic interneurons, to
date, have focused almost exclusively on their in-
fluence over the local population of principal
cells,12,13,44,49,51,63,65,66,78 and the mechanism and site
of their action on GABAergic cells remain to be
established. In this study, we have used dual intra-
cellular recording techniques in conjunction with
biocytin labelling to identify directly those types of
interneurons in area CA1 of the rat hippocampus
that innervate other interneurons in addition to
pyramidal cells. Moreover, we sought to establish
whether such synaptic interactions differ from those
with pyramidal cells. A preliminary report of these
findings has been published in abstract form.18

EXPERIMENTAL PROCEDURES

Slice preparation

Young adult female Wistar rats (150 g, Charles River,
U.K.) were deeply anaesthetized by intramuscular injection
of ketamine (100 mg/kg) and xylazine (10 mg/kg). After
cessation of pain reflexes the animals were intracardially
perfused with approximately 30 ml of chilled artificial
cerebrospinal fluid (ACSF), their brains were quickly re-
moved and immersed in a beaker with chilled ACSF.
With the aid of a Vibroslice (Campden Instruments, U.K.)
400-µm-thick slices were cut in the horizontal plane. The
hippocampi were dissected free and transferred to a record-
ing chamber where they were maintained at 34–35)C on a
nylon mesh at the interface between oxygenated ACSF and
a humidified atmosphere saturated with 95% O2 and 5%
CO2. The flow rate was adjusted to 1.5 ml/min and the slices
were allowed to equilibrate for 1 h. The ACSF for electro-
physiological recordings was composed of (in mM) 126
NaCl, 3.0 KCl, 1.25 NaH2PO4, 24 NaHCO3, 2.0 MgSO4,
2.0 CaCl2 and 10 glucose. During the initial stages of the
experiments (perfusion, cutting, incubation) all NaCl
(126 mM) was replaced by equiosmolar sucrose (256 mM),
thus preventing passive chloride entry which has been
suggested to be acutely responsible for neurotoxicity during

slice preparation.4 Usually the slices remained 30 min in the
sucrose solution before the perfusion medium was changed
to normal ACSF.

Intracellular recordings and data analysis

Recording electrodes were pulled from standard wall
borosilicate tubing, filled with 2% biocytin39 in 1.5 M
KCH3SO4 and bevelled to a d.c. resistance of 80–150 MÙ.
All recordings were obtained in the CA1 subfield. Putative
interneurons were identified on the basis of their physio-
logical characteristics, such as short-duration action poten-
tials followed by large amplitude fast after-hyperpolarizing
potentials. Once a stable recording had been obtained, a
search was made for an adjacent neuron. When a stable
recording had been established in the second neuron, on-
line spike-triggered averaging was used to test for synaptic
coupling between the cells in both directions. One of the
cells was depolarized by either depolarizing current pulses
or tonic current injection to elicit firing at rates of approxi-
mately 0.1–1 Hz and responses to up to 64 action potentials
were averaged. If a synaptic response was not detected
visually, the electrode was advanced, usually destroying the
cell, or withdrawn and a new search was made for another
cell. Current-clamp recordings were obtained with an
Axoprobe amplifier (Axon Instruments, Foster City,
U.S.A.) and capacitive coupling was eliminated on-line.56

Experimental data was acquired using a PCM instrumenta-
tion recorder and stored on videotapes. Data analysis was
continued off-line by (re)digitizing the data at 5–20 kHz,
using a commercially available 12 Bit A/D board
(RC Electronics Computerscope, Santa Barbara, U.S.A.).
Standard data analysis was carried out using Axograph
(Axon Instruments) software.
Resting membrane potentials were determined following

electrode withdrawal and are given as the difference between
surface d.c. potential and the steady-state membrane poten-
tial without bias current injection. Membrane time con-
stants were obtained from small hyperpolarizing current
pulses as the time necessary to reach e"1 (63%) of the
maximum voltage deflection. Likewise, input resistance was
determined from measuring the maximal deflection of small
amplitude hyperpolarizing current pulses. IPSP measure-
ments include duration (at half-amplitude), rise-time
(10–90%) and averaged peak amplitude. Unless indicated
otherwise, data is expressed as mean&S.D.

Histological processing and anatomical evaluation

Following withdrawal of the recording electrodes, slices
were sandwiched between two Millipore filters and fixed
overnight in 2.5% paraformaldehyde, 1.25% glutaraldehyde
and 15% (v/v) picric acid in 0.1 M phosphate buffer
(pH 7.4). Following gelatine embedding, slices were re-
sectioned on a Vibratome at 50–60 µm thickness and
processed for light and electron microscopy using the
avidin–biotinylated–horseradish peroxidase complex
(Vector Laboratories), closely following previously de-
scribed procedures.37 Following their embedding into
Durcupan resin (Fluka, U.K.) on glass microscope slides,
all recovered interneurons were scrutinized in the light
microscope to establish preliminary classification according
to their salient morphological features. When possible,
portions of the axonal arbor of all recovered interneurons
were re-embedded for electron microscopy.84 Labelled ter-
minal branches of the axon were traced in serial ultrathin
sections to determine their postsynaptic targets. In all cases
tested, a minimum of 10 synaptic contacts were rigorously
identified. In the case of the synaptically-coupled basket cell
pair (Fig. 1), where the axons partially overlapped, care was
taken to sample only non-overlapping areas from the two
most lateral sectors of the axonal fields. The branches in
these areas were traced to the two respective main axons
(Fig. 1). In one instance, all putative sites of synaptic
interaction from a basket cell to a putative bistratified cell
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were mapped in the light microscope and subsequently
scrutinized in serial electron microscopic sections (Fig. 2
and Fig. 3).

RESULTS

In the course of dual intracellular recordings
between interneurons and pyramidal cells in area
CA1 of the rat hippocampus, on several occasions,
due to the fortuitous penetration of a second
interneuron, the presynaptic interneuron could also
be tested for synaptic coupling with other CA1
interneurons. This paper presents the synaptic inter-
actions of these four interneurons with other hippo-
campal interneurons as well as pyramidal cells from a
combined electrophysiological and anatomical per-
spective. In addition to showing interneurons to
innervate other interneurons, we also demonstrate a
high incidence of autaptic self-innervation amongst
hippocampal interneurons.

Basket cell-to-basket cell pair

Anatomical analysis. Following simultaneous re-
cording of two fast-spiking putative interneurons,
visualization of the biocytin labelling confirmed that
both cells shared morphological features common to
many GABAergic interneurons located within the
proximal part of the CA1 area (Fig. 1A). The axonal
and dendritic arbors of both cells were extensively
labelled without any weakening of the intracellular
marker towards distal dendritic and axonal pro-
cesses. Both cells had their cell bodies located within
the pyramidal layer. The presynaptic cell (Fig. 1A;
dendrites displayed in red, axon in black) was located
within the proximal part of the CA1 subfield, adja-
cent to the CA3/CA1 border. Both somata gave rise
to several basal and apical dendrites which were
beaded in their appearance and extended throughout
all hippocampal layers, including the lower half of
stratum lacunosum moleculare, a characteristic of
basket cells.12,34 The cells also resembled the pre-
synaptic basket cell illustrated in Fig. 2. Aided by the
spatial separation of the two cells and the dense,
homogeneous filling of their axons, it was feasible to
trace accurately most collateral branches back to the
parent cell body, thus enabling the untangling of the
two axons in regions of spatial overlap. Several axon
collaterals of the presynaptic cell overlapped with the
somatodendritic domain of the postsynaptic cell.
Both axons were very similar in their appearance,
forming a dense meshwork of terminal branches
criss-crossing the cell body layer and, to a lesser
extent, ramifying in adjacent regions of strata radia-
tum and oriens. For the sake of clarity, only those
axonal branches of both cells are presented (Fig. 1A)
which were in continuity with the respective main
axons in two consecutive 60-µm-thick sections.
The efferent target profile of both neurons was

determined by means of random electron micro-
scopic sampling of synaptic boutons (n=29). One

sample from each cell was taken from representative
non-overlapping parts of the respective axons. The
presynaptic cell made synapses with somata (n=5,
50%) and dendritic shafts (n=5, 50%), one of which
was a dendrite of an unidentified interneuron as it
received several type 1 synaptic junctions. The other
dendrites and the somata had the characteristics of
pyramidal cells. The synaptic target profile of the
postsynaptic neuron was similar, as it also gave
synapses to somata (n=9, 47%) and proximal den-
drites (n=8, 42%) in roughly equal proportions, as
well as to a pyramidal axon initial segment (5%) and
a spine (5%). One of the dendritic shafts was ident-
ified as originating from an unidentified interneuron
on the basis of type 1 synaptic junctions that it
received. Thus not only the distinct light microscopic
appearance but also the characteristic efferent synap-
tic connectivity helps to identify both neurons as
basket cells.12,34 The synaptic terminals of similar
basket cells have been demonstrated extensively,34

therefore electron micrographs are not presented for
this pair. Since there was a very dense axonal plexus
around the postsynaptic cell body, and basket cells
can innervate themselves (see below), no attempt was
made to identify electron microscopically the specific
boutons that mediated the synaptic interaction.

Synaptic coupling. When elicited at a frequency of
1 Hz, single action potentials in the presynaptic
basket cell (Fig. 1B) evoked small amplitude short-
latency IPSPs (Fig. 1C, 0.25 mV mean amplitude at a
membrane potential of"59 mV). The averaged IPSP
was characterized by fast rise and decay kinetics
(Table 1, 1.3 ms rise time and 27.0 ms duration at
half-amplitude). Following the sudden loss of the
presynaptic interneuron it was not possible to test
either for reciprocal coupling or demonstrate the
divergent innervation of pyramidal cells, although
the latter scenario is fairly plausible in view of the
anatomical data indicating the predominance of
pyramidal neurons as the synaptic target of both pre-
and postsynaptic basket cells. It was possible, how-
ever, to study membrane and firing properties of the
postsynaptic basket cell which was characterized by
short-duration action potentials, large-amplitude fast
afterhyperpolarizations and a modest degree of spike
frequency adaptation (Fig. 1D). Subsequently,
0.1 nA hyperpolarizing pulses (not shown) were
injected at resting membrane potential ("64 mV) to
measure the membrane time constant (12.8 ms) and
input resistance (22 MÙ). Higher current intensities
revealed some time-dependent inward rectification
(Fig. 1E).

Basket cell-to-putative bistratified cell pair

Anatomical analysis. Following simultaneous re-
cording of two fast-spiking putative interneurons,
visualization of the biocytin labelling confirmed that
both cells share morphological features common to
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Fig. 1. Light microscopic reconstruction and physiological characterization of basket-to-basket cell
interaction. (A) The presynaptic cell (soma and dendrites in red, axon in black) and the postsynaptic cell
(soma and dendrites in blue, axon in red) are similar, showing a concentration of axon in the pyramidal
cell layer (SP), which is characteristic of basket cells. Electron microscopic analysis of the postsynaptic
targets identified both cells as basket cells. Both dendritic arbors were reconstructed from the entire slice,
but, for clarity, from the axonal arbors only those collaterals are illustrated which were in continuity with
the respective initial segments in two adjacent 60-µm-thick sections. Note that in these sections, the
presynaptic axon overlaps with the dendrites of the postsynaptic cell. (B, C) Synaptic coupling was
revealed by evoking single action potentials in the presynaptic basket neuron (red) and concomitantly
monitoring the evoked response in the postsynaptic neuron (blue). In the average (n=828 sweeps) it is
apparent that presynaptic firing elicited short-latency hyperpolarizing IPSPs with fast kinetics. (D) In
response to depolarizing current pulses (350 ms; 1.1 nA) the postsynaptic basket cell fired a weakly
accommodating train of short-duration action potentials. (E) Upon injection of hyperpolarizing pulses a
small degree of time-dependent inward rectification became apparent. SR, stratum radiatum; SO, stratum

oriens; SLM, stratum lacunosum moleculare. Scale bar=100 µm.



Fig. 2. Intracellularly labelled basket cell-to-bistratified cell pair. The light microscopic reconstruction shows the presynaptic basket cell
(soma and dendrites in red, axon in black) and the nearby postsynaptic interneuron (blue) which has the distinctive dendritic
characteristics of a bistratified cell.31 Arrows indicate the main axons originating from each cell. The axon of the basket cell was similar
to those published earlier,31 therefore only the branches innervating the putative bistratified cell are indicated for clarity. The postsynaptic
cell gives rise to two main axons, which emerge from the basal portion of the soma. The inset indicates all electron microscopically
identified sites of synaptic contact (n=12; see Fig. 3) made by 10 boutons of the presynaptic basket cell axon onto the postsynaptic
bistratified cell. In two instances (marked with an asterisk), a single bouton formed two active zones, so that in total, seven synaptic
junctions were made onto the soma and the remaining five onto proximal dendritic shafts. Electron microscopic evaluation of randomly
selected synaptic terminals (n=12) showed that the basket cell innervated somata (50% of targets tested) and proximal dendritic shafts

(50%) of unlabelled pyramidal cells. SP, stratum pyramidale; SR, stratum radiatum. Scale bar=100 µm; Inset scale bar=50 µm.



many GABAergic interneurons. Both cells had
fusiform somata located in stratum pyramidale,
approximately 150 µm apart (Fig. 2). Their somata
gave rise to several basal and apical dendrites which
were smooth and beaded in appearance. However,
the two cells differed with respect to the extent that
their apical dendrites ramified within the molecular
layer. Whilst the presynaptic cell had extensive den-
drites which fanned out, traversing stratum radiatum
before branching in a dichotomous manner within
stratum lacunosum moleculare, the apical dendrites
of the postsynaptic neuron ramified extensively
within stratum radiatum, but without extending into
the molecular layer. These latter dendritic features
are highly characteristic of bistratified cells.13,34

The axons of both cells branched extensively,
giving rise to multiple local collaterals. A partial
reconstruction of their axons is shown on Fig. 2. The
axon of the presynaptic cell was confined mainly to
an area in and adjacent to stratum pyramidale (only
the connecting branches are shown for clarity of
display, see previous reconstructions for similar cells
in Fig. 1 and Ref. 34). A representative portion of
this well-filled axon was examined at the electron
microscopic level, allowing evaluation of a randomly-
selected sample of boutons and their postsynaptic
targets (n=12). This cell made synapses with somata
(50% of synaptic targets examined) of pyramidal cells
and proximal dendritic shafts. Such selective innerva-
tion of the perisomatic domain of its target neurons
confirms this cell to be a basket cell.12

By continuously following the axon from the
presynaptic basket cell, several axonal branches
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Fig. 3. Light and electron micrographs of selected basket
cell synaptic boutons established with a postsynaptic puta-
tive bistratified cell shown in Fig. 2. Bouton numbers
correspond to those in Fig. 2, inset. (A) Light micrograph
showing basket cell axon crossing the apical portion of the
bistratified cell soma and forming two boutons, b3* and b4.
(B, C) Electron micrographs of boutons b3* and b4 respect-
ively, making type 2 synaptic junctions (arrows) with the
bistratified cell soma (SO). Bouton 3* forms two separate
synaptic junctions which were not joined as proved in serial
sections. (D) Light micrograph of bouton 8 (arrow) in close
apposition to the bistratified cell soma. (E) The correspond-
ing electron micrograph confirms the presence of a type 2
synaptic junction with the postsynaptic neuron (white
arrow). The opposite side of the same bouton makes a
second synapse (open arrow) with an adjacent pyramidal
cell soma (PS). The identified bouton (b8) is adjacent to
another vesicle filled bouton (lower right) that is free of
reaction product. (F) Light micrograph showing the basket
cell axon forming a bouton (arrow, b2) close to a proximal
dendrite of the postsynaptic bistratified cell. (G) Corre-
sponding electron micrograph of the bouton (b2) showing
the synaptic junction (arrow) with the dendrite (d) which
also receives synaptic input (open arrow) from an adjacent
unlabelled synaptic terminal. (H) Light micrograph of a
basket cell bouton (arrow; b10) in close apposition to a
basal dendrite of the bistratified cell. (I) The corresponding
electron micrograph shows b10 forming a type 2 synaptic
junction (arrow) with the dendrite (d). Scale bars:

A, D, F, H=2 µm; B, C, E, G, I,=0.5 µm.
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were found to project towards the labelled post-
synaptic interneuron where several boutons ap-
peared to be apposed to its somatic and proximal
dendritic membrane. A total of 11 suspected sites of
synaptic contact were predicted at the light micro-
scopic level. A block containing all presumed sites
of contact was re-embedded and serial ultrathin
sections were cut for further evaluation at the elec-
tron microscopic level (Fig. 3). Of the 11 boutons
tested, 10 were confirmed to form type 2 (symmetri-
cal) synaptic junctions,11,28 whereas one bouton did
not form a synapse with the postsynaptic neuron.
In two instances, a single bouton made two synap-
tic junctions (Fig. 2 inset, Fig. 3B), which were
completely separated as proved in serial sections. In
total, the presynaptic basket cell established a total
of 12 synapses with the soma (n=7) and proximal
apical (n=2) as well as basal (n=3) dendritic shafts
of the postsynaptic interneuron.
The axon of the postsynaptic cell was weakly filled

and could be only partially visualized. Due to the
difference in biocytin filling, the axonal branches of
the two cells could be identified and differentiated
clearly. Unusually, two separate axons emerged from
the soma, one projecting into stratum radiatum
where it branched extensively, whilst the other one
ramified close to the border between strata pyrami-
dale and radiatum. Primarily from its characteristic
dendritic arbor, and also from the apparent innerva-
tion of the dendritic layers, this cell was identified as
a putative bistratified cell.13,34

Synaptic coupling. Action potentials evoked in the
basket cell (Fig. 4A) were found to elicit hyper-
polarizing IPSPs in the postsynaptic putative bistrati-
fied cell (Fig. 4B, IPSP amplitude 0.37 mV at
"55 mV membrane potential). Evoked IPSPs had
fast kinetics (rise time 21 ms, Table 1) and were of
short-duration (duration 5.6 ms at half-amplitude).
In contrast to the basket-to-bistratified cell inter-
action, action potentials evoked in the putative bi-
stratified cell failed to elicit detectable reciprocal
synaptic responses in the basket cell (data not
shown).
On withdrawal of the microelectrode from the

putative bistratified cell, two pyramidal cells (P1 and
P2) were subsequently impaled whilst maintaining
the same presynaptic basket cell on the other micro-
electrode. Prior to morphological verification follow-
ing biocytin visualization, pyramidal cells were
tentatively distinguished from interneurons by their
distinctive firing response to a depolarizing current
injection, which occurred in the form of a strongly
accommodating train of action potentials. Moreover,
pyramidal cell action potentials were generally over-
shooting, broader and lacked the fast, deep after-
hyperpolarization seen in interneurons (data not
shown). For both pyramidal cells, activation of the
common presynaptic basket cell elicited hyperpolar-
izing IPSPs (Fig. 4C, D; averaged IPSP amplitudes

0.31 mV and 0.28 mV at "57 mV and "60 mV
membrane potential for P1 and P2, respectively),
which also had fast kinetics (rise time 2.6 ms and
3.2 ms; duration 21 ms and 16.4 ms for P1 and P2,
respectively).

Basket cell-to-fast-spiking interneuron pair

Anatomical analysis. Following simultaneous re-
cording from two fast-spiking putative interneurons,
visualization of the biocytin labelling revealed only a
single filled cell in a position corresponding to the
first (presynaptic) recording microelectrode. One
interneuron was recorded for 1.3 h which usually
provides strong and continuous labelling of cells with
our method, therefore we assume that the presynap-
tic cell was recovered. Failure to recover the second
biocytin-injected cell may have resulted from in-
adequate amounts of biocytin entering the cell, owing
to the relatively short (220 min) impalement period,
or to the disintegration of the cell following its loss
from the electrode. However, the characteristic re-
sponse to a depolarizing current pulse in the form of
a rapid train of very brief, non-accommodating

Fig. 4. Synaptic responses in a putative bistratified cell (I2)
and two pyramidal cells (P1, P2), following activation of a
common presynaptic basket cell (I1). Action potentials (A,
single sweep) evoked in the presynaptic basket cell shown in
Fig. 2 elicit fast hyperpolarizing IPSPs in the simultaneously
recorded bistratified cell (B; average of 82 sweeps). Follow-
ing subsequent sequential impalement of nearby pyramidal
cells, activation of the same presynaptic basket cell elicited
fast hyperpolarizing responses (C, average of 34 sweeps; D,

average of 24 sweeps).
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action potentials with fast, deep afterhyper-
polarizations (Fig. 7F), strongly indicates that the
postsynaptic cell was an interneuron. Unfortunately,
in the absence of morphological verification, the
exact type of interneuron cannot be determined from
physiological characteristics alone.15

Evaluation of the morphologically recovered pre-
synaptic cell and subsequent reconstruction (Fig. 5)
showed the multipolar soma (red) located in stratum
pyramidale giving rise to an extensive, stellate-like
dendritic arbor (red). Dendrites extended radially
into strata oriens and radiatum adjacent to the
pyramidal cell layer, but no dendrite entered stratum
lacunosum moleculare. The dendrites were smooth
and beaded and did not branch except in stratum
oriens, close to the alveus (Fig. 5 and Fig. 6A).
Reconstruction of the axon (black) showed this cell

to possess an unusually dense axonal arbor, which
was most dense in stratum pyramidale, but which
also extensively ramified in both strata oriens and
lower radiatum (Fig. 5 and Fig. 6A). In addition, the
lateral extent of the axonal arbor was considerable,
covering almost 900 µm of the CA1 subfield and
implying a highly divergent output. Within stratum
pyramidale, the axon appeared to target somata,
occasionally forming ‘‘pericellular baskets’’ (Fig. 6B)
which, at the light microscopic level, indicated that
the cell was a basket cell. However, an unusual
feature of this cell was that the axon frequently
formed vertically elongated axonal terminal branches
which extended from stratum pyramidale into stra-
tum radiatum. These branches appeared to run
alongside apical dendritic trunks, forming multiple
boutons along their length (Fig. 6C), but we have not
tested the number of synapses provided to individual
apical dendrites. Electron microscopic evaluation re-
vealed the overall postsynaptic targets (n=25, Fig.
6D, E) to be somata of pyramidal cells (40%),
proximal dendritic shafts (56%) and spines (4%).
Such perisomatic innervation of postsynaptic target
neurons confirms this cell to be a basket cell,
although several of its features differ from all basket
cells previously reported in the CA1 area.

Synaptic coupling. Action potentials (duration at
half amplitude 0.40 ms) evoked in the presynaptic
basket cell (Fig. 7A) were found to elicit hyperpolar-
izing IPSPs (Table 1, amplitude 0.3 mV at "61 mV
membrane potential) with a rise time of 15.2 ms and
duration at half-amplitude of 49.6 ms in the post-
synaptic interneuron (Fig. 7B). As with the previous
interneuron pair, activation of the second inter-
neuron failed to elicit any detectable reciprocal syn-
aptic response (data not shown). A short train of fast
(80 Hz), non-accommodating action potentials (am-
plitude 60 mV) evoked by a depolarizing current
pulse in the presynaptic basket cell, resulted in a
summated IPSP in the postsynaptic interneuron
(Fig. 7E). After reaching a plateau (summated IPSP
amplitude 0.85 mV at "65 mV), the synaptic re-

sponse diminished in spite of the continued activation
of the presynaptic basket cell. However, like the effect
seen in pyramidal cells during repetitive high fre-
quency activation of presynaptic basket cells,12 the
synaptic response never completely faded.
Upon withdrawal of the microelectrode from the

postsynaptic interneuron an adjacent pyramidal cell
(identified as such by its distinctive electrophysio-
logical characteristics, see above) was subsequently
impaled. Activation of the common presynaptic
basket cell elicited hyperpolarizing IPSPs (Fig. 7C,
IPSP amplitude 0.6 mV at "57 mV membrane
potential) with a rise time of 11.8 ms and a duration
of 38 ms, similar to those produced in the post-
synaptic interneuron.

Stratum lacunosum moleculare/radiatum border
interneuron-to-bistratified cell pair

Anatomical analysis. After simultaneous recording
of a fast-spiking putative interneuron and a second
fast-spiking interneuron, followed by a putative
pyramidal cell, subsequent visualization of biocytin
labelling revealed three cells, all in good correspon-
dence with the respective recording sites (Fig. 8).
Consistent with the electrophysiological data, two of
the cells (red, blue) revealed morphological charac-
teristics of interneurons whilst, the third (black) was
a CA1 pyramidal cell.
The soma of the first impaled cell (red) was located

in stratum radiatum, close to the border with the
stratum lacunosum moleculare (LM-R interneuron).
This soma gave rise to several main dendrites which
ramified both in strata radiatum and lacunosum
moleculare where they branched, though not exten-
sively. The dendrites could not be completely recon-
structed due to the loss of part of a section containing
one of the dendrites. The dendrites were mostly
smooth, but some proximal main dendritic trunks
protruded large thorn-like processes similar to a type
of interneuron described previously.50,51 The LM-R
interneuron axon was weakly filled, but nevertheless
could be seen to ramify in stratum radiatum. The
postsynaptic target profile of the LM-R interneuron
was not determined. However, since most of the axon
was contained in the stratum radiatum, it seems likely
that it innervated mainly dendritic targets.
The second (postsynaptic, see below) interneuron

(blue) soma was located in stratum pyramidale and
gave rise to smooth, slightly beaded dendrites rami-
fying in stratum oriens and radiatum, but not pro-
jecting into stratum lacunosum moleculare. These
characteristics are consistent with the cell being a
bistratified type interneuron.13,34 Labelling of the
axon was weak and could not be traced far. Evalu-
ation of randomly selected boutons and their post-
synaptic profiles at the electron microscopic level
(n=11) showed this cell to innervate dendritic shafts
(82%) and dendritic spines (18%), thus confirming the
notion from the dendritic branching pattern (Fig. 8)
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that this interneuron was a bistratified cell, presum-
ably innervating the dendritic domain.
The third cell (Fig. 8, black) was identified as a

CA1 pyramidal cell whose soma was located in
stratum pyramidale and whose apical and basal tuft
of highly spinous dendrites extended and branched
extensively in all layers of the CA1 subfield. The axon

of the pyramidal cell (arrowhead indicates main
axon) coursed towards the alveus where it branched,
sending collaterals towards both the fimbria and the
subiculum.

Synaptic coupling. Short trains of 8–10 action
potentials were evoked in the LM-R interneuron

Fig. 6. Light and electron micrographs of the basket cell shown in Fig. 5 and its postsynaptic targets. (A)
Light microscopic montage of the basket cell. At higher magnification, axons were seen to form
characteristic ‘‘perisomatic baskets’’ (B) and vertically elongated collaterals (C), forming multiple
boutons, which appeared to follow unlabelled apical dendrites (arrows). (D, E) Electron micrographs of
labelled basket cell boutons (b), forming synaptic junctions (arrows) with an unlabelled pyramidal cell
soma (som) and a proximal apical dendrite (d). SO, stratum oriens; SP, stratum pyramidale; SR, stratum

radiatum. Scale bars: A=50 µm; B=20 µm; C=10 µm; D and E=0.5 µm.
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when testing for synaptic responses in the simul-
taneously recorded bistratified and pyramidal cells.
This protocol was adopted as previous data have
indicated that single action potentials are often insuf-
ficient to elicit any detectable response mediated by
single interneurons in stratum lacunosum molecu-
lare.51 Therefore this pair was not tested by eliciting
single action potentials. The LM-R interneuron was
found to be synaptically coupled to both the bistrati-
fied cell and the subsequently recorded pyramidal cell
(Fig. 9). Synaptic responses were similar in each case
and were in the form of summated, short latency,
hyperpolarizing IPSPs (Table 1, peak amplitude 0.48
at "61 mV and 0.46 mV at "60 mV for the bistrati-
fied and pyramidal cells, respectively). Since the
presynaptic cell was an anatomically identified
interneuron that also made an IPSP in a pyramidal
cell, it is very unlikely that the effect was produced
through multisynaptic connections. No reciprocal
synaptic coupling was observed in either cell pair (not
shown). Because of the summated nature of synaptic
responses, kinetic measurements of such responses
were not obtained.

Autaptic connectivity of GABAergic interneurons

In addition to targeting interneurons and pyrami-
dal cells, individual basket and bistratified cells also
appeared to form multiple sites of autaptic90 self-
innervation with their own membrane surface. For
each of 18 interneurons, one 60–70 µm section con-
taining the cell body and the majority of the dendrites
was analysed. For 12 of 12 basket cells and six of six
bistratified cells tested, light microscopic evaluation
revealed bouton-laden axon collaterals of the same
cell closely apposed to its somata and /or dendrites.
In a single section, at least two and up to seven
boutons appeared to be apposed to the somato-
dendritic domain of each cell. Conversely, axo-axonic
cells which exclusively innervate the axon initial
segment domain of pyramidal cells13,14,52,83 showed
no such autaptic innervation in any of the 12
biocytin-filled cells examined (not shown). In order to
confirm the synaptic nature of such sites seen at the
light microscopic level in basket and bistratified cells,
a single biocytin-filled basket cell (Fig. 10; full recon-
struction shown in Fig. 2 of Ref. 12) was

Fig. 7. Basket cell-evoked unitary synaptic responses in consecutively recorded interneuron and pyramidal
cell. (A) Action potential (duration at half-amplitude 0.4 ms) evoked in the basket cell shown in Fig. 5 and
Fig. 6 elicits short latency hyperpolarizing IPSPs in a simultaneously recorded interneuron (B; average of
85 sweeps) and in a subsequently recorded pyramidal cell (C, average of 34 sweeps). (D) A train of action
potentials (80 Hz) evoked in the presynaptic basket cell (200 ms, 0.5 nA depolarizing current pulse) elicit
a summated fast hyperpolarizing IPSP in the postsynaptic interneuron (E; average of eight sweeps). Note
that the initial 5–6 IPSPs summate before the synaptic response fatigues (F). A similar intracellular
depolarizing current injection (300 ms, 0.2 nA) produces the same characteristic fast-spiking response
(102 Hz, action potential duration at half-amplitude 0.4 ms) in the postsynaptic interneuron. Inset:
Schematic diagram of synaptic interactions. Reciprocal synaptic coupling was not observed at either

connection (data not shown).
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Fig. 8. Reconstruction of an interneuron at the border of stratum lacunosum/radiatum and postsynaptic bistratified and pyramidal
cells. The soma of the presynaptic cell (red) is situated in stratum radiatum (SR) close to the border with stratum lacunosum
moleculare (SLM). Dendrites (incomplete) project into both strata radiatum and lacunosum moleculare. The postsynaptic
bistratified cell (blue) and pyramidal cell (black) somata are situated in stratum pyramidale (SP). Apical dendrites of the bistratified
cell are beaded and confined to stratum radiatum, whereas the spiny pyramidal cell dendrites extensively ramify in all layers. Only
the main axons (arrowheads) of the bistratified and pyramidal cells and two of the pyramidal basal dendrites are shown for clarity.
The axon of the bistratified cell originated from the soma towards stratum radiatum and turned immediately towards stratum

oriens. Scale bar=100 µm.



re-embedded in resin and the entire perisomatic re-
gion was re-sectioned for electron microscopy. Light
microscopic analysis predicted that seven boutons,
originating from five axon collaterals which could be
continuously traced to the main axon, were closely
apposed to the somatodendritic domain of the basket
cell. Evaluation of serial ultrathin sections at the
electron microscopic level confirmed that five bou-
tons made autaptic junctions (Fig. 11). In one in-
stance (site 3* in Fig. 10), a single bouton formed two
active zones on a principal apical dendrite, close to
where it originated from the parent basket cell soma

(Fig. 11). All autaptic junctions (n=6) were on very
proximal apical and basal dendrites. The perisomatic
placement of autapses is similar to the synaptic target
profile of the same cell to local pyramidal cell targets
(48% somata, 49% proximal dendrites and 2% spines;
n=61; reported in Ref. 12).

DISCUSSION

This study demonstrates directly that local in-
terneurons located in the CA1 area of the rat hippo-
campus receive a GABAergic input from several
discrete intrinsic sources. Moreover, individual
interneurons may provide a common divergent out-
put to both principal cells and other interneurons of
the same (basket cells) or different type, whilst retain-
ing target selectivity towards a particular membrane
domain. Indeed, both the number and placement of

Fig. 9. Synaptic responses recorded in a bistratified and
pyramidal cell, following activation of a common presynap-
tic LM-R interneuron. (A) A short train of action potentials
evoked in the presynaptic LM-R interneuron (shown in Fig.
8) elicits a fast hyperpolarizing synaptic response in the
simultaneously recorded bistratified cell (B; average of 49
sweeps). Repeated activation of the same presynaptic LM-R
interneuron (C) elicits similar fast hyperpolarizing responses
in a subsequently recorded pyramidal cell (D; average of
106 single sweeps). Inset: summary of synaptic interactions
where, I1, I2 and P1 correspond to presynaptic LM-R
interneuron, postsynaptic bistratified cell and pyramidal
cell, respectively. No reciprocal synaptic coupling was

observed (data not shown).

Fig. 10. Light microscopic reconstruction of a basket cell
soma and proximal dendrites, showing multiple sites of
autaptic innervation. The basket cell axon (black) emerges
from the soma (red), branches extensively (Ys indicate
branch points), forming multiple (5) sites of autaptic self-
innervation. Electron microscopic analysis confirmed all the
numbered sites to represent synaptic junctions (see Fig. 11)
and showed one particular bouton (3*) to form two separate
synaptic membrane specializations. SR, stratum radiatum;

SP, stratum pyramidale. Scale bar=20 µm.
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synapses provided by a basket cell to a putative
bistratified cell were similar to those provided to
pyramidal cells by other basket cells in the CA1 area
of the rat.12,13 In agreement, the kinetics and ampli-
tudes of the postsynaptic responses were similar in
both pyramidal cell and interneuron targets and were
consistent with GABAA receptor-mediated synaptic
responses. In addition, a high incidence of autaptic
self-innervation was also detected amongst certain
types of interneuron and the strength (i.e. number)
and placement of autapses are similar to the synaptic
output onto other target neurons.

Identification of pre- and postsynaptic neurons

All recovered fast-spiking cells shared common
morphological features, including smooth aspinous

dendrites and dense local axon, which formed sym-
metrical type synapses. These results are consistent
with the consensus that many interneurons can be
distinguished from principal cells by their distinctive
firing and other salient membrane properties
alone.9,12–15,42,43,50,68,78,79 However, specific mor-
phological subtypes of interneuron cannot be reliably
differentiated from each other solely on the basis of
their intrinsic membrane properties12,13,15 and there-
fore identification requires assessment at the light and
electron microscopic levels.31,41 One of the basket
cells identified in this study (Fig. 5) had dendritic and
axonal morphology different from the other three
cells and those described in previous studies.12,13,34 It
appears to resemble a ‘‘trilaminar cell’’ described
previously by Sik et al.80 or the ‘‘wide axonal basket
cell’’ described in the CA3 area by Gulyas et al.31

Fig. 11. Electron microscopic demonstration of autaptic junctions (also illustrated in Fig. 10). (A) Low
power electron micrograph of the basket cell soma (so) and a proximal basal dendrite (d). Arrow indicates
a bouton of the same basket cell in close apposition to the basal dendrite. At higher power (B) the same
bouton (b1; corresponds to site 1 in Fig. 10) is seen to form an autaptic junction with the dendrite (arrow).
(C) Electron micrograph of a second bouton (b2, site 2 in Fig. 10), forming an autaptic junction (arrow)

onto a basal dendrite (d) of the basket cell. Scale bars: A=2 µm; B, C=0.2 µm.
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Such differences in axonal and dendritic patterns may
reflect different subtypes of basket cell that are
known to exist, based on differential immuno-
reactivity to neurochemical markers.38,72,80 Likewise,
the LM-R interneuron described in Fig. 8 represents
only one example of a number of different inter-
neurons which are known to occur at the stratum
radiatum/lacunosum moleculare border.91

Properties of postsynaptic responses

Hippocampal interneurons are known to express a
range of GABAA receptor subunits

26,73,93 and exhibit
both fast (putative GABAA) and slow (putative
GABAB) IPSPs,13,15,48,49,68,78,80 indicating that
GABAergic neurons are themselves under GABAer-
gic control. This study indicates that synaptic re-
sponses mediated by basket cells are similar in
both pyramidal cells and other interneurons and
their properties are consistent with unitary IPSPs
described previously.12,13,17,44,49,51,63,65,66,78

In the absence of pharmacological verification, the
finding that all unitary synaptic responses were
hyperpolarizing in the range of membrane potentials
tested ("55 to "65 mV) and had fast kinetics (rise
times 1–15.2 ms) is highly suggestive of a GABAA
receptor-mediated effect,12,13,63 as compared to a
GABAB receptor-mediated response which has a
slow onset and a time to peak of 2200 ms.67,70 It
therefore seems likely that responses elicited by indi-
vidual interneurons in both pyramidal cells and other
interneurons are mediated by similar receptor mecha-
nisms. However, GABAA receptor subunits may not
be uniformly expressed across different subtypes of
interneuron.22,26,73 In the future, detailed pharma-
cology of interneuron-to-interneuron connections
may therefore reveal functional differences corre-
sponding to different GABAA receptors with varying
subunit composition.
The hyperpolarizing nature of the unitary synaptic

responses seen in this study is at variance with earlier
studies addressing interneuron-to-interneuron net-
work interactions in which the authors described a
GABAA receptor-mediated excitatory effect over
other interneurons.59,60 However, the hyperpolariz-
ing nature of the responses seen here is consistent
with other studies which examined unitary inter-
actions between unidentified pairs of putative inter-
neurons.51,78 The previously reported depolarizing
responses evoked by population activity59,60 could be
due to changes in the intracellular concentration
of chloride and bicarbonate ions in the cells after
synchronous activation of very large numbers of
synapses.85

The synaptic response mediated by the LM-R
interneuron needs special consideration. Previous
studies have shown that single action potentials elic-
ited in presynaptic LM-R interneurons may fail to
evoke any postsynaptic response, whereas a short
train of action potentials produces summated hyper-

polarizing synaptic responses with slow rise and
decay kinetics,50,51 which may indicate different re-
ceptor mechanisms. However, summated responses
evoked by trains of action potentials make accurate
kinetic measurements difficult to obtain and inter-
pret. Moreover, recent evidence shows that inter-
neurons in stratum lacunosum moleculare are
morphologically more heterogeneous than previously
supposed and their hyperpolarizing postsynaptic
responses can be abolished by GABAA receptor
antagonists.91

Sources of GABAergic input

GABAergic interneurons receive GABAergic input
from three main sources. The primary extrinsic
source originates from GABAergic cells in the medial
septum which selectively target several classes of
hippocampal interneuron.3,23,25,29,61 The second
source is from several recently described populations
of hippocampal interneurons, identified by the pres-
ence of distinct neurochemical markers such as
calretinin and vasoactive intestinal peptide, which
selectively target some types of hippocampal in-
terneuron, whilst avoiding others.2,30 In contrast,
other types of interneuron, including those reported
here, mainly target principal cells as well as provide
an intrinsic source of input onto other interneurons.
These cell classes represent the third main source of
GABAergic input onto hippocampal interneurons
and those reported previously include cells immuno-
reactive for cholecystokinin38,72 and parvalbumin.80

By innervating both other interneurons as well as
principal cells, all four presynaptic cells described in
this study belong to this third category. The results
indicate that the strength of synaptic connections
given to postsynaptic pyramidal cells is approxi-
mately equivalent to that given to interneurons, since
both the amplitude of evoked responses and the
number of synapses provided by a single basket cell
to a postsynaptic putative bistratified cell are similar
to those received by individual pyramidal cells in the
rat hippocampus.12,13 Although the selectivity of a
single interneuron towards one type of postsynaptic
cell over another cannot be established from these
data, a previous study suggested an individual inter-
neuron to innervate both other interneurons and
pyramidal cells at a ratio80 equivalent to which the
two cell types occur in the hippocampus,5 thus im-
plying no preference for one postsynaptic target cell
over the other. However, considerable uncertainties
remain. For example, although we have found evi-
dence that basket cells of the same type are inter-
connected, the extent and strength of such synaptic
links remains to be determined. The interconnection
between basket cells is supported by previous indirect
evidence showing the innervation of parvalbumin-
immunopositive cells by a basket cell80 and
the abundance of GABAergic, parvalbumin-
immunopositive innervation of parvalbumin-positive
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cells.25 It remains to be determined whether the
innervated parvalbumin-positive cells are basket or
axoaxonic cells, as both interneuron types express
parvalbumin.
The high incidence of autaptic self-innervation

seen in this study is surprising and represents a fourth
source of GABAergic input onto hippocampal inter-
neurons. The effect of autapses is expected to be
strongly correlated with the action potential.
Autapses are not uncommon within the central
nervous system,27,41,54,74,75,77,86,87,90 yet their physio-
logical significance remains to be established. It is not
yet clear whether autaptic innervation simply reflects
the fact that these neurons have not evolved a
mechanism to eliminate inappropriately placed syn-
aptic junctions on their own membrane. However,
given that specific interneurons can selectively target
specific subtypes of interneuron whilst avoiding
others,2,30 this seems unlikely. In support of this,
axoaxonic cells which exclusively innervate the axon
initial segment domain of principal cells show no
autaptic innervation. Whether self-innervation de-
scribed here mediates any functional role remains
unknown, but given the emerging importance of
GABAergic interneurons in timing and synchroniz-
ing neuronal activity during rhythmic neuronal
states, it is reasonable to speculate that self-
innervation may help to temporally sculpt a cell’s
own firing during periods of rhythmic activity.

Functional implications

The existence of extensive synaptic cross-talk be-
tween GABAergic interneurons adds further com-
plexity to the way we view hippocampal circuitry.
Indeed, interconnectivity amongst interneurons may
serve a role in controlling both spatial and temporal
aspects of inhibition. The traditional view of an
inhibitory neuron innervating a second such cell is
that the consequent downstream effect would be
disinhibition. Recent evidence suggests that the
GABAergic septohippocampal input onto hippocam-
pal interneurons does suppress spontaneous IPSP
activity in pyramidal cells.88 However, as previous
anatomical and the present results suggest, in the case
of one class of interneuron evoking fast inhibition in
another, it is possible to change the balance of
inhibition from one membrane domain of a principal

neuron to another.2,33 For example, the result of
basket cell synaptic effects on bistratified cells may be
a shift from dendritic to perisomatic inhibition. This
would be achieved by direct input to the perisomatic
domain of pyramidal cells, concurrent with a reduc-
tion of inhibition at the dendritic membrane caused
by the same basket cell inhibiting the activity of
dendrite-targeting interneurons. Switches in spatial
aspects of inhibition have been reported to occur in
vivo during exploratory behaviour in the dentate
gyrus, where perisomatic inhibition is decreased
when dendritic inhibition is increased.69

A second role for interconnectivity amongst inter-
neurons is predictable, given the observations that
many types of interneuron fire within characteristic
frequency bands during specific behavioural states
(see Ref.24). Rhythmic firing, coupled with the com-
plex postsynaptic responses that assist coherence in
the population,17 greatly extends the role of
GABAergic neurons. Neuronal integration and
coding is based both on the magnitude and temporal
structure of responses.21,47,55 The latter is imple-
mented through the interaction of numerous voltage-
gated intrinsic conductances within neurons, which
profoundly shape neuronal responses and may
endow individual neurons with intrinsic oscillatory
properties, which may, in turn, facilitate coherent
population activities.53 Interconnected interneuron
networks may therefore form a system of coupled
oscillators, leading to emergent network proper-
ties16,89,92 which may provide a co-ordinated tempo-
ral structure across areas of the hippocampus,
relative to which specific information is coded. The
synaptic interconnection between the same type of
basket cells demonstrated here could be one compo-
nent contributing to coherent basket cell population
activity. As is evident from the other demonstrated
interactions, more complex spatiotemporal patterns
of GABAergic influence may emerge from the inter-
connections of several distinct types of interneurons.
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