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Abstract 

Hippocampal pyramidal cells receive GABA-mediated synaptic input from several distinct interneurons. In order 
to define the effect of perisornatic synapses, intracellular recordings were made with biocytin-containing 
microelectrodes from synaptically connected inhibitory and pyramidal cell pairs in subfields CA 1 and CA3 of the 
rat hippocampus. Subsequent physiological analysis was restricted to the category of cells, here referred to as 
basket cells (n = 14), which had an efferent synaptic target profile (n = 282 synaptic contacts) of predominantly 
somatic (48.2%) and proximal dendritic synapses (45.0%). Electron microscopic analysis revealed that in two 
instances identified postsynaptic pyramidal cells received a total of 10 and 12 labelled basket cell synapses 
respectively. At an average membrane potential of -57.8 :!: 4.6 mV, unitary inhibitory postsynaptic potentials 
(I PSPs; n = 24) had a mean amplitude of 450 :!: 238 I!V, a 10-90% rise time of 4.6 :!: 3.2 ms and, measured at 
half-amplitude, a mean duration of 31 .6 :!: 18.2 ms. In most instances (n = 19) the IPSP decay could be fitted 
with a single exponential with a mean time constant of 32.4 :!: 18.0 ms. Unitary basket cell-evoked IPSPs 
fluctuated widely in amplitude, ranging from the level of detectability to > 2 mV. The response reversal of IPSPs 
(n = 5) was extrapolated to be at -74.9 :!: 6.0 mV. Averages of unitary IPSPs had a mean calculated 
conductance of 0.95 :!: 0.29 nS, ranging from 0.52 to 1.16 nS. Unitary basket cell IPSPs (n = 3) increased in 
amplitude by 26.3 :!: 19.9% following bath application of the GABAs receptor antagonist CGP 35845A (1-4 I!M), 
whereas subsequent addition of the GABAA receptor antagonist bicuculline (10-13 I!M) reduced the IPSP 
amplitude to 13.5 :!: 3.1 % of the control response. Rapid presynaptic trains of basket cell action potentials 
resulted in the summation of up to four postsynaptic responses (n = 5). However, any increase in the rate of 
tonic firing (2- to 10-fold) led to a > 50% reduction of the postsynaptic response amplitude. At depolarized 
membrane potentials, averaged IPSPs could be followed by a distinct depolarizing overshoot or postinhibitory 
facilitation (n = 4). At firing threshold, pyramidal cells fired postinhibitory rebound-like action potentials, the latter 
in close temporal overlap with the depolarizing overshoot. In conclusion, hippocampal basket cells have been 
identified as one source of fast, GABAA receptor-evoked perisomatic inhibition. Unitary events are mediated by 
multiple synaptic release sites, thus providing an effective mechanism to avoid total transmission failures. 

Introduction 

Hippocampal interneurons were recognized early as the major source 
of locally generated inhibition which is exerted on excitatory principal 
cells (Andersen eT al. , 1963, 1964a, b). Far from being homogeneous, 
these 'Y-aminobutyric acid (GABA) releasing local-circuit neurons 
show great diversity. They may differ with respect to their content 
of neuropeptides (Somogyi eT 01., 1984; Kosaka eT 01. , 1985; Sloviter 
and Nilaver, 1987; Deller and Leranth, 1990), calcium binding 
proteins (Kosaka eT aI., 1987; Nitsch el aI. , 1990; Gulyas el aI. , )991; 
Miettinen el aI., 1992), expression of neurotransmitter receptors 
(Baude el al. , 1993; McBain and Ding1edine, 1993; McBain et aI., 
1994), their synaptic inputs (Gulyas et al., 1990; Halasy et al., 1992; 
Miettinen and Freund, 1992) and their synaptic target specificity 
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(Somogyi eT aI. , 1983, 1985; Gulyas el aI. , 1993b; Halasy and 
Somogyi, 1993; Han et 01. , · 1993; Buhl et aI., I 994b). Although 
evidently heterogeneous, inhibitory interneurons and their micro
circuits are both stereotyped, 3' modular building blocks which are 
repeated many times over, and specific, being members of a given 
class which is highly distinct due to the defined synaptic inpuHlUl,Put 
relationships of its members. 

Although the connectional rules of inhibitory microcir\,uits are 
gradually emerging in parallel with the advent of sophisticated 
techniques, the functional role of specific GABAergic mechanisms is 
far from being understood. This may be exemplified by the discovery 
that GABAergic synapses innervating the axon initial segment and 
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the soma-proximal dendritic region of pyramidal cells ongmate 
largely from two distinct sources. Axu-axunic cells terminate almost A 
exclusively on the axon initial segment of principal cells (Somogyi 
et al., 1983 ; Somogyi et al. , 1985; Soriano and Frotscher, 1989; 
Soriano et al., 1990; Buhl et al., I 994b), whereas baskel cells 
innervate cell bodies and proximal dendrites (Halasy and Somogyi, 
1993; Buhl el aI. , I 994a). Thus, there are at least two types of 
anatomical ly non-equivalent local-circuit neuron which may mediate 
perisomatic inhibition (Andersen et aI., 1963, 1964a, b). 

A major step towards defining the roles of interneurons was made 
by employing double recording teChniques to reveal the postsynaptic 
effect of a single inhibitory neuron on a monosynaptically coupled 
principal cell (Knowles and Schwartzkroin, 198 1; Miles and Wong, 
1984, 1987; Lacaille et aI., 1987; Lacaille and Schwartzkroin, 1988; 
Miles, 1990; Scharfman et aI. , 1990). Several of these studies were 
targeted at GABAergic neurons in different hippocampal layers and 
it emerged that neurons in different hippocampal strata are presumably 
segregated into two major classes which differ with respect to their 
efferent postsynaptic response. A single presynaptic cell elicits ei ther 
a fast GABAA receptor-mediated inhibitory postsynaptic potential 
(IPSP) or a slow-onset prolonged IPSP which may be due to the 
activation of GABAB receptors (Lacaille and Schwartzkroin, 1988; 
Miles, 1990). However, as each layer contains the cell bodies 
and terminals of several classes of local-circuit neurons, laminar 
differences alone are insufficient cri teria to define the effect of any 
of them. As it is not possible to recognize different classes of 
GABAergic interneurons unambiguously on physiological grounds, 
intracellulariy recorded neurons must be therefore identi fied anatomic
ally to ascertain their identity on the basis of their efferent connections 
(Gulyas et aI., 1993b; Han er al., 1993; Buhl el al., I 994a, b). 
Moreover, the synaptic effect of different cell types is determined 
not only by the location, but also by the number of synaptic release 
sites. Thus the anatomical characterization of connections which 
mediate uni tary interactions between synaptically coupled neuron 
pairs can reveal the role of structural differences which may shape 
postsynaptic responses (Korn el aI. , 1982; Gulyas el aI., 1993a; Buhl 
el aI. , I 994a). In the present study thi s approach has been adopted 
to define the postsynaptic effects and functional microcircuits of 
hippocampal basket cells. Preliminary results have been published 
elsewhere (Buhl er aI. , I 994a). 

Materials and methods 

Slice preparation 

Young adult female Wistar rats (> 150 g) were deeply anaesthetized 
by an intramuscular injection of ketamine ( 100 mglkg) and xylazine 
(10 mglkg). After cessation of pain reft exes the animals were 
intracardially perfused with -30 ml of chilled artificial cerebrospinal 
ftuid (ACSF), their brains were quiCkly removed and immersed in a 
beaker with chilled ACSF. With the aid of a vibroslice (Campden 
Instruments, Loughborough, UK) 400 ~m thick slices were cut in the 
horizontal plane. The hippocampi were dissected free and transferred 
to a recording 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% 0 2/5% CO2, The flow 
rate was adjusted to 1.5 mlImin and the slices were allowed to 
equilibrate for > I h. The ACSF for electrophysiological recordings 
was composed of (i n mM) 126 NaCl, 3.0 KCI , 1.25 NH2PO., 24 Na 
HC03, 2.0 MgSO., 2.0 CaCI2 and 10 glucose. During the initial 
stages of the experiments (perfusion, cutting, incubation) all NaCI 
( 126 mM) was replaced by equimolar sucrose (256 mM), thus 
preventing passive chloride entry, which has been suggested to 
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FIG. I. Physiological identification of interneuron-pyramidal cell pairs. (A) 
During the experiments a search was made for cells which fired trains of 000-

accommodating action potentials and/or had short-duration action potentials 
which were followed by a deep fAHP. (B) While monitoring the impalement 
of the presumed interneuron shown in (A) a second microelccttode was 
advanced into cells that exhibited the physiological characteristics of pyramidal 
cells, such as marked spike frequency adaptation and relatively broad action 
potentials which were followed by a comparatively small fAHP. (C) Once 
two stable impalements had been achieved, the cell with interneuronal firing 
properties was depolarized by small increments of DC current until it fired . 
(D) Spike-triggered averaging techniques were then employed to detennine 
whether both cells were synaptically coupled. If so, neurons with the properties 
shown in (A) invariably elicited short-latency lPSPs in the posL,ynaptic cells. 
(E) Unitary lPSPs were always of short duration and their decay phase could 
be frequentl y fitted with a single exponential function. Membrane potential 
in (D) = -62 m V. The traces in (D) and (E) represent an average of 135 
sweeps. These two cells were identified anatomically using biocytin injections 
and are shown in Figure 2. 



be acutely responsible for neurotoxicity during slice preparation 
(Aghajanian and Rasmussen, 1989). Usually the slices remained for 
30 min in the sucrose solution before the perfusion medium was 
changed to normal ACSF. The drugs used in the pharmacology 
experiments were kept as concentrated stocks which were diluted in 
ACSF and then bath applied. The excitatory amino acid blockers 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX) and DL-2-amino-S-phos
phonopentanoic acid (APS) were obtained from Tocri s Cookson 
(Bristol. UK). Bicuculline hydrochloride was purchased from Sigma 
(Poole, UK) and the GABAs receptor antagonist CGP SS84SA was 
made available by Drs Bittiger and Olpe (Ciba Geigy, Basle). 

Intracellular recordings and data analysis 

Recording electrodes were pulled from standard wall borosilicate 
tubing, fill ed with 2% biocytin (Horikawa and Armstrong, 1988) in 
I.S M KCH}S04 and bevelled to a DC resistance of 80-150 MQ. 
Recordings were obtained in the pyramidal cell layer of the CA I 
and CA3 subfields. Putative interneurons were identified by their 
physiological characteristics, such as short-duration action potentials 
followed by large-amplitude fast afterhyperpolarizing potential s 
(fAHP; Fig. I A). Once a stable recording had been obtained a search 
was made for cells displaying the electrophysiological properties of 
pyramidal neurons (Fig. I B). Capacitive coupling was eliminated 
ei ther off-line (Miles, 1990) or on-line using a modified Axoprobe 
(Axon Instruments, Foster City, CA) amplifier (Mason et aI. , 1991 ). 
Synaptic coupling was tested using on-line spike-triggered averaging 
whilst eliciting firing in the interneuron with either depolarizing 
current pulses or constant DC current injections. Firing rates in the 
interneurons were adj usted by varyi ng the current intensity and, 
depending on the particular protocol, ranged between 0.3 Hz and 
> 100Hz. Recordings were obtained with either an Axoclamp or 
Axoprobe amplifier (both Axon Instruments) which were operated 
in bridge mode. Experimental data were acquired using a PCM 
instrumentation recorder and stored on videotapes. Data analysis was 
continued off-line by (re)digitizing the data at 5-20 kHz using 
commercially available 12 Bit NO boards (RC Electronics 
Computerscope, USA and National Instruments Labmaster+, UK) in 
conjunction with Axograph (Axon Instruments), RC Electronics 
Computerscope (RC Electronics) and WCP (courtesy of 
Or J. Dempster, University of Strathclyde, Glasgow, UK) software 
packages. Unless indicated otherwise data are expressed as mean :!: 

SO. 
Resting membrane potentials were determined following electrode 

withdrawal and are given as the difference between surface DC 
potential and the steady-state membrane potential without bias current 
injection. Membrane time constants were obtained from small hyper
polarizing current pulses as the time necessary to reach e- J (63 %) of 
the maxi mum voltage deflection. Likewise, input resistance was 
determined from measuring the maximal deflection of small hyperpol
arizing current pulses. Spike amplitudes were taken from baseline to 
the peak of the action potential; spike duration was measured at 
half-amplitude. Periods of recordings were selected for amplitude 
measurements when the postsynaptic responses remained stationary, 
judged by the absence of a long-term trend in running averages of 
20-50 responses. Unitary IPSP amplitudes were measured from 
baseline to peak. The corresponding noise levels were determined for 
the same time interval from baseline to baseline, using the pre-event 
interval of the same traces. 

Histological processing and anatomical evaluation 

With few exceptions, when depolarizing current pulses were 
employed, intracellular diffusion of biocytin from the electrode 
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resulted in adequate filling of the recorded neurons. Slices were 
sandwiched between two Millipore filters and fixed in 2.5% paraform
aldehyde, 1.25% glutaraldehyde and 15% (v/v) picric acid in 0.1 M 
phosphate buffer (pH 7.4), usually overnight. Following gelatine re
embedding, taking care to keep them flat, slices were re-sectioned on 
a vibratome at 50--60 ~m thickness and processed for light and 
electron microscopy using the avidin-biotinylated horseradish peroxid
ase complex (Vector Laboratories), closely following previously 
described procedures (Halasy and Somogyi, 1993; Han et al., 1993; 
Buhl et al. , I 994b). Following their embedding into epoxy resin all 
recovered interneurons with extensive axonal filling were scrutinized 
in the light microscope to establish preliminary classification according 
to their salient morphological features (see Results). In three instances 
(see Figs 2 and 3) both pre- and postsynaptic cells were graphically 
reconstructed from serial 60 ~ sections using a light microscope 
and drawing tube at x 1250 magnification. Subsequently portions of 
the axonal arbor of all tentatively identified basket cells were re
embedded for electron microscopy (for details see Somogyi and 
Takagi, 1982). Labelled terminal branches of the axon were traced 
in serial ultrathin sections to determine their postsynaptic targets. 
Apart from one cell (n = 9 contacts), for each presynaptic basket 
cell a minimum of 10 synaptic contacts were rigorously identified. On 
two occasions, where a single pyramidal cell could be unequivocally 
allocated to a physiological recording with the characteristics of a 
principal cell , putative si tes of synaptic interaction were mapped in 
the light mic.roscope and subsequently scrutinized in serial electron 
microscopic sections (Fig. 4). 

Results 

Physiological properties of pre- and postsynaptic cells 

The data presented below are based on a total of 14 physiologically 
as well as anatomically identified basket cells which elicited unitary 
IPSPs in 24 pyramidal cells, the discrepancy of numbers being due 
to the fact that in several instances paired recordings were obtained 
between a single presynaptic neuron and several successively recorded 
principal cells. No attempt was made to precisely determine the 
number of paired recordings without obvious signs of synaptic 
coupling. On a subjective basis, however, it appeared that the overall 
proportion of inhibitory interactions was relatively high, in the range 
of 20-50%, once a stable recording had been obtained from a 
cell which di splayed the physiOlogical properties of an as yet 
morphologically unidentified interneuron . 

Basket cells had a mean resting membrane potential of --M.O :!: 

S.S mV and non-overshooting action potentials with an amplitude of 
60.0 :!: 8.0 mY, whereas pyramidal cells had a slightly less negative 
resting membrane potential of -61.0 :!: 5.4 mV and overshooting 
action potentials (73 .9 :!: 6.4 mY). The average action potential 
duration of basket cells (0.376 :!: 0.118 ms) was considerably shorter 
than in pyramidal cells (0.948 :!: 0.179 ms). Basket cells had a mean 
input resistance of 48 .1 :!: 31.6 MO versus 58.2 :!: 19.0 MO in 
pyramidal cells and a mean time constant of 11.2 :!: 8.2 ms, which 
was shorter than that of pyramidal cells (15.9 :!: 3.7 ms). When the 
physiological properties of pre- and postsynaptic cells were compared 
with a non-parametric statistical test (Mann-Whitney V-test) three 
parameters were found to be significantly different: membrane time 
constant (P < 0.02), action potential amplitude (P < 0.0005) and 
action potential duration (P < 0.0001). In contrast, resting membrane 
potential and input resistance did not differ significantly (P > O.OS). 

In contrast to the obvious differences between ba~ket and pyramidal 
cell properties, it must be emphasized that it was not feasible to 
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Str. lac. mol. 

Str. rad. 

--
Str. or. 

FIG. 2. Light microscopic reconstruction of a synaptically connected and inlracellularly labelled basket/pyramidal cell air. Both cells were identified by their 
distinctive firing patterns (shown in Fig. lA, B). The basket cell (soma. dendrites and axonal arbor in hlack' , iDes not s own elicited a short-latency 
fast lPSP (Fig. ID. E) in the postsynaptic pyramidal cell (dendrites and cell body displayed in re . The inhibitory axon emerge from the basket cell soma 
(arrow) and densely ramified within the cell body layer and the adjacent portions of the strata radiatum (Str. rad.) and oriens (Sir. or.). The border of the strata 
radiatum and pyramidale is indicated by the lines at the left and righl. Although basket cell dendrites, as a genera] rule, entcr the stratum lacunosum moleculare 
(Str. lac . mol.) they do not give rise to a prominent apical tuft. Following light microscopic analysis, the synaptic target profile of the inhibitory cell was 
assessed by means of random electron microscopic bouton sampling. From a total of 61 labelled boutons 29 (48%) were found in synaptic contact with somata 
and 2 (3%) on spines. whereas the remainder (n = 30; 49%) fonned synapses with dendrites. Scale bar = 100 flm . 
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Str. lac. mol. 

"-------

Str. rad. 
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F IG. 3. Intracellularly labelled basket/pyramidal cell pair and electron microscopically determined sites of synaptic interaction. The light nticroscopic drawing 
shows the baskct cell (soma, dendrites and axon in black) in close proximity to the postsynaptic pyramidal cell. Due to the loss of biocytin the basket cell 
dendritic tree is incomplete. The main inhibitory axon branched repeatedly and filled the pyramidal layer (Str. pyr.) and small parts of the adjacent strata 
radiatum (Str. rad. ) and oriens (Str. or.) with a dense cloud of terminal branches. The inset shows the position of the 12 labelled basket cell terntinals which 
were shown by electron rnicroscopy to form synaplic junctions with the posL"iynaptic pyramidal cell . For electron microscopic evidence of labelled release sites 
scc Figure 4. For the amplitude distribution of lPSPs evoked in this pyramid see Figure 7F. Str. lac. mol. = stratum lacunosum moleculare; scale bar = 100 jlm. 

discriminate reliably, on physiological grounds, between the different 
types of local-circuit neuron which reside in the pyramidal cell layer 
of area CA I (see also Buhl et aI., I 994a). Stringent anatomical 
verification was therefore considered essential and recordings without 
adequate morphological recovery (for criteria see below) were there
fore not analysed. 

Anatomical definition of CA 1 basket cells 

Throughout much of the literature it appears that the term 'basket 
cell ' is frequently used as a rather ill-defined denominator for a 

variety of GABAergic local-circuit neurons which reside in and 
around the cell body layer of the hippocampus. Intracellular labelling 
of these neurons has, however, revealed that they generally fall into 
fairly well defined categories, largely determined by the target 
selectivity of their axonal output (e.g. Somogyi et aI. , 1983, 1985; 
Halasy and Somogyi, 1993; Han et al., 1993; Buhl et al. , 1994a). 
Basket cells, as originally described by Ramon y Cajal (1893) and 
Lorente de No (1934), have much of their axon confined to the 
principal cell layer and its immediate surround. The terminal branches 
of several such cells may form pericellular 'baskets' around the 
somata of principal cells. However, since axo-axonic cells in Ammon 's 
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FIG. 4. The ultrastructural correlate of physiologicaHy characterized release sites. Prc- and postsynaptic elements are discernible due to their content of eJectron
dense peroxidase reaction end product. The elecLron micrographs show three of the 12 labelled basket cell boutons which were illustrated in the previous figure. 
All baskel cell terminals were in type 2 symmetrical contact (arrows) with the postsynaptic pyramidal cell. (A) Bouton I (B I) was found to be in synaptic 
contact with the pyramidal cell apical dendrite (PAD). (B) Terminal 12 (BI 2) is an example of the five synaptic contac ts the basket cell established on the 
pyramidal cell soma. (C) The bouton denoted as 10 (BI O) established a synapse with a second-order basal dendrite. Note the clearly diseernible synaptic vesicles 
in the basket cell terminals and the widening of the extracellular space aL the synaptic j unctions (arrow). Scale bars = 0.2 flm in (A); 0.4 flm in (B) for (B) 
and (C). 

horn (Somogyi et ai., 1985 ; Gulyas et al., 1993b; Buhl et al. , 1994b) 
may have a similar axonal arborization pattern, more stringent criteria 
were therefore required to unambiguously identify panicular classes 
of local-circuit cells (Somogyi et al., 1983, 1985; Gulyas et al., 
1993b; Halasy and Somogyi, 1993). In the present study basket cells 
were thus more rigorously defined as GABAergic interneurons with 
a synoptic target profile ellriched ill somatic contacts (> 30%). In 
this respect, basket cells differ from other local-circuit neurons, for 
example axo-axonic or bistratified cells. which very rarely terminate 
on principal cell bodies (Buhl et al., 1994a). 

Morphological features of basket cells 

Biocytin-labelled ba~ket ceUs in the Ammonic sub fields gave rise to 
several primary dendrites that dichotomously branched into secondary 
and teniary processes which fanned out into the strata radiatum and 
lacunosum moleculare as well as oriens (Fig. 2). Most of the dendrites 
were predominantly smooth and beaded, only rarely displaying a few 
spines. Provided the cells were sufficiently well labelled ( 10 of 14 

cell s), most of the apical dendrites could be Lraced into the sLratum 
lacunosum moleculare but rarely branched there. thus differing from 
axo-axonic cells, which frequently form a prominent apical tuft (Li 
et al., 1992; Buhl et al .. I 994b). As a general feature , basket cell 
basal dendrites deeply invaded the alvear white matter, thus differing 
from concomitantly recorded pyramidal cells which have their basal 
dendrites predominantly contained within the stratum oriens. 

The axon of basket cells usually emerged from the cell body and 
ascended into the stratum radiatum, where it branched repeatedly into 
several major. frequently myelinated (data not shown) branches which 
then proceeded along the cell body layer. After successive funher 
branching, preterminal and terminal axons then formed a dense 
mesh work of fibres criss-crossing the cell body layer and proximal 
regions of the strata radiatum and oriens. [n the lighl microscope, 
varicose axons frequently appeared to be wrapped around unlabelled 
cell bodies andlor followed the initial ponion of the proximal apical 
dendrites. The proximal apical dendrite seems to be a preferred site 
of Lerminations. as evident from the accumulation of varicose branches 
at the border of strata radiatum and pyramidale (Figs 2 and 3). What 
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T ABLE I . Location of electron microscopically determined synaptic junctions made by randomly selected labelled basket cell boutons on unlabelled 
postsynaptic targets 

Basket cell Area Number of tested synapses (If ) 

AlS' Soma Dendrite Spine 

I CA3 3 6 6 2 
2 CA I 0 5 7 0 
3 CA I 0 19 18 0 
4 CAI 0 17 19 5 
5 CA I 0 7 5 0 
6 CA3 0 14 2 0 
7 CAI 0 5 6 0 
8 CAI 0 29 30 2 
9 CAI 0 4 7 0 

10 CAI 0 5 6 0 
11 CAI 0 5 5 0 
12 CAI 4 10 9 I 
13 CA I 0 5 5 0 
14 CA I 2 5 2 0 
Total 9 136 127 10 

* AIS = axon initial segment. 

has been described in Golgi studies as 'pericellular nests or baskets' 
is rarely evident, as this peculiar phenomenon may be attributed to 
the bulk impregnation of up to 25 individual basket cell axons, which 
were recently estimated to converge on a single postsynaptic cell 
(Buhl el aI., I 994a). 

Postsynaptic targets of basket cells 

Postsynaptic recordings which displayed the physiological properties 
of principal cells could invariably be allocated to an individually 
labelled or a cluster of biocytin-filled pyramidal cells. In six instances, 
a si ngle pyramidal cell could be unequivocally matched with the 
placement of the second microclectrode, whereas this proved to be 
impossible for the remainder of cases. To some extent, the occurrence 
of multiple labell ing could be attributed to the fact that during the 
course of the experiment several neurons with the characteristics of 
pyramidal cells were impaled in succession. In the remainder of the 
cases, however, a cluster of 2-4 pyramidal cells was recovered, even 
when only one postsynaptic cell had been recorded. In the absence 
of any obvious electrical coupling, this form of multiple labelling 
was therefore interpreted, in agreement with previous reports, as 
resulting from tbe diffusion and/or uptake of biocytin into adjoining 
cells wbich had been damaged by the recording electrode (Gulyas 
el al. , 1993b; Buhl et aI., I 994b). 

In the electron microscope, biocytin labelled basket cell boutons 
were readily discernible due to their content of an opaque reaction 
product (Fig. 4A-C). Vesicle-containing terminals were followed in 
serial electron microscopic sections to determine their postsynaptic 
targets. Synaptic junctions were identified on the basis of tbe rigid 
apposition of pre- and postsynaptic membrane, the widening of 
extracellular space at the synaptic cleft, the slightly electron-dense 
cleft material, the presence of presynaptic vesic les and, finally, the 
postsynaptic density, when detectable. All basket cells made type 2 
(symmetrical) efferent synapses (Gray, 1959; Blackstad and Flood 
1963). Electron microscopic analysis of a random sample of basket 
cell synaptic junctions (n = 282) showed that they predominantly 
targeted cell bodies (48.2%) and proximal dendrites (45%), in roughly 
equal proportions. In contrast, axon initial segments (3.2%) and spines 
(3.6%) formed a relatively minor proportion of postsynaptic targets 
(for detai ls see Table I). 

Relative proportion of synapses (%) 

Total A'S Soma Dendrite Spine Total 

17 18 35 35 12 100 
12 0 42 58 0 100 
37 0 51 49 0 100 
41 0 42 46 12 100 
12 0 58 42 0 100 
16 0 87.5 12.5 0 100 
11 0 45.5 54.5 0 100 
61 0 48 49 3 100 
11 0 36 64 0 100 
11 0 45.5 54.5 0 100 
10 0 50 50 0 100 
24 17 42 37 4 100 
10 0 50 50 0 100 
9 22 56 22 0 100 

282 3.2 48.2 45 3.6 100 

Whenever a single postsynaptic pyramidal cell had been recovered 
(n = 6), the cell body and proximal dendrites were enmeshed in a 
tangle of basket cell axons. Without exception, light microscopical 
estimates revealed several sites of close membrane apposition between 
basket cell terminals and postsynaptic target. A precise prediction, 
however, proved to be impossible because, for example, portions of 
the basket axon were visually occluded by the opaque pyramidal 
soma. In two instances (basket cell I in Figs 3 and 4; for another 
example see figs I and 5 in Buhl el al., 1994a) electron microscopic 
serial sections were therefore employed to systematically scrutinize 
the entire cell body as well as each suspect dendritic target site, 
where an axonal branch appeared to either cross or terminate. Thus 
it was found that the two postsynaptic pyramidal cells received 12 
and 10 synaptic contacts respectively. Pyramidal cell I received seven 
dendritic and five somatic synapses (Fig. 3), whereas in the second 
example the pyramidal cell body and dendrites received five synapses 
each. Evidently the proportion of postsynaptic targets on these 
individual pyramids is also in good correspondence to the overall 
random synaptic target pattern of the respective presynaptic cells. 
Although both pyramidal cells received about half of the basket cell 
terminals on dendrites, these were in close proximity «60 Ilm) to 
the cell body. 

Properties of unitary basket cell-mediated IPSPs 

To determine the parameters of unitary IPSPs, presynaptic cells were 
made 10 fire single action potentials (Fig. I Cl by means of either 
depolarizing constant or pulsed current injection at frequencies near 
I Hz. In view of the inherently low signaUnoise ratios, postsynaptic 
responses were averaged prior to measurements (Fig. ID, E). More
over, postsynaptic cells were frequently depolarized with constant 
depolarizing current to increase the magnitude of the effect. 

At an average membrane potential of -57.8 :':: 4.6 mV, unitary 
lPSPs had a mean amplitude of 450 :':: 238 IlV (n = 23), ranging 
from 124 to 919 1lV. The events had a 10-90% rise of 4.6 :':: 3.2 ms 
(n = 18) and, measured at half-amplitude, a mean duration of 3 1.6 
:':: 18.2 ms (n = 22). Generally larger effects tended to have longer 
rise-times and durations. In most instances (n = 19) the decay pha~e 
of unitary lPSPs could be adequately fitted with a single exponential 
function (Fig. I E) with a mean time constant of 32.4 :':: 18.0 ms. 
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FIG. 5. Voltage dependence of IPSPs and their pharmacological properties. (A) Voltage dependence of a unitary basket cell IPSP. Whenever lested, membrane 
depolarization in postsynaptic pyramidal cells resulted in the successive increase of IPSP amplitudes (Aa-c). (B) Estimation of IPSP response reversal. Linear 
regression was employed to fit graphs to the data points and calculate the response reversal of IPSPs. (C) Pharmacological dissection of unitary basket cell 
[PSP. Using DC current injections the presynaptic cell was made to fire (Ca), whi lst the postsynaptic membrane potential wa< maintained at - 55 :!: I m V 
throughout the experiment. (Cb) Once a stable, synaptically connected pair had been obtained the control response was followed for several minutes until 
superfusion with the excitatory amino acid blockers CNQX and AP5 was commenced. (Cc) Basket cell-evoked unitary IPSP following bath application of 
glutamate receptor antagonise •. (Cd) Addition of the selective GABA8 receptor antagonist CGP 55845A resulted in a marginal (4%) increase of the IPSP 
amplitude. (Ce) Superfusion of the GABAA receptor antagonist bicuculline, however, almost completely eliminated the response. (Ct) Superimposition of the 
averages shown in (Cc-e) reveals that the GABA8 antagonist had only a marginal effect on the amplitude whereas the decay phase of the basket cell-evoked 
IPSP remained unchanged. All traces shown in (A) and (C) represent the averages of > 50 sweeps. 

Likewise, single exponentials were fitted to the decay phase of 
averages of small (-0.1 nA) current pulses delivered through the 
recording electrode. With one exception, the injected currents decayed 
with shorter time constants (20.5 :t 9.5 ms) than the respective IPSPs 
elicited in the same cells. This difference was statistically significant 
(Mann- Whitney U-test; P < 0.025). 

Voltage dependence and conductance of unitary IPSPs 

10 all cells tested (/1 = 5) amplitudes of averaged [PSPs decreased at 
more hyperpolarized membrane potentials (Fig. SA). The relationship 
between membrane voltage and IPSP amplitudes was approximately 
linear (Fig. 5B). Therefnre, linear regression was employed to 
calculate the point of response reversal which, on average, was -74.9 
:t 6.0 mY (11 = 5). In this respect it should, however, be emphasized 
that this correlation may only hold for the range of membrane 
potentials investigated, as previous work indicates increasing non
linearities beyond the point of response reversal (Collingridge e/ a I. , 

1984; Miles, 1990). 
Under current clamp recording conditions, an estimate of the 

average IPSP conductance, GIPS" may be obtained using a procedure 

originally derived fro m Ginsborg (1973) and subsequently adopted 
by others (for details see Miles and Wong, 1984; Benardo, 1994). In 
brief, using the experimentally detennined values for input resistance 
and the slope of the IPSP amplitude-membrane voltage relationship 
(Fig. 5B), the mean unitary IPSP conductance was estimated to be 
0.95 :t 0.29 ns, ranging from 0.52 to 1.1 6 ns. 

Receptor pharmacology of unitary IPSPs 

The pharmacological profile of unitary basket cell IPSPs was investi
gated in three instances. Before drug application, the control IPSPs 
(ranging from 141 to 476 ~V) were monitored for a 10 min period 
to ascertain whether they remained stationary (Fig. 5Cb). Throughout 
the entire procedure presynaptic cells were made to discharge at I 
Hz and the pyramidal cell membrane potentials were manually 
adjusted with small DC current injections to remain constant, generally 
not deviating in excess of :t I mY. Initial ly, the slices were superfused 
with a mixture of the non-N-methyl-D-aspartic acid (non-NMDA) 
receplOr antagonist CNQX (5 or I 0 ~M) and the NMDA receptor 
antagonist AP5 (30 1lM; Fig. SCe). In the presence of the excitatory 
amino acid blockers, the responses showed a small but consistent 
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increase in amplitude (8.3 ::!: 2.5% change of normalized amplitudes). 
Following addition of the GABAB receptor antagonist CGP 35845A 
[I ~ (n = I) or 4 IlM (n = 2)] to the bath, a further average 
increase of 26.3 ::!: 19.9% of the normalized mean lPSP amplitudes 
was observed. It is, however, noteworthy that the increase in response 
amplitude was largely confined to two cells [37.5% (33 and 42%)] , 
whereas in the third example lhe monitored increase (4%; Fig. 5Cd, 
f) was marginal. In all instances, superimposition of the traces 
obtained in the presence of the excitatory amino acid blockers and 
following addition of the GAB As receptor antagonist revealed that 
the decay of the averaged lPSPs remained virtually unchanged (Fig. 
5et). Finally, addition of bicuculline (ID or 13 IlM) reduced the 
amplitude to 15.5 ::!: 3. 1 % of the response obtained in the presence 
of excitatory amino acid blockers. Neuronal input resistances (all 
cells > 40 MQ) were monitored throughout and showed only minor 
ftuctuations. 

Summation of IPSPs and use-dependent depression 

High-frequency trains of presynaptic discharge (Fig. 6Aa) invariably 
resulted in an initial summation of the postsynaptic response (n = 5; 
Fig. 6Ab, c). Up to four lPSPs were effective in approximately 
doubling the amplitude of single action potential-triggered events. 
The first lPSP usually resulted in the largest amplitude increase, 
whereas the contribution of successive events decreased. Then, despite 
maintained presynaptic activity, the response remained stationary, 
until it gradually declined and eventually reached a steady-state level 
(Fig. 6Ab). 

The phenomenon of frequency-dependent tonic depression was 
further investigated at lower presynaptic firing rates. The results 
ill ustrated in Figure 6Bb, c indicate that presynaptic firing rates in 
the range of I Hz may already result in a depression of the postsynaptic 
response. In the example illustrated (Fig. 6B) an - ID-fold increase 
of the presynaptic firing rate resulted in a > 50% reduction of the 
[PSP amplitude (Fig. 6Be). 

Amplitude distribution of unitary IPSPs 

The amplitudes of unitary lPSPs appeared to ftuctuate at all connec
tions tested, although much of the intrinsic variability of the signal 
may have been due to the superimposition of recording noise. In 
several instances, when the limited number of sweeps precluded the 
construction of amplitude histograms, superimposition of successive 
events already indicaled a low number or complete absence of release 
failures (Fig. 7B, C). Moreover, the amplitude of individual events 
seemed to fluctuate considerably around the average of the post
synaptic response (Fig. 7B, D). 

On several occasions recordings were obtained at a given membrane 
potential containing a sufficiently large number of sweeps with events 
whose averaged amplitudes remained unchanged over time and 
generally exceeded that of the recording noise. From these, a total of 
four were selected to construct amplitude histograms. For the unitary 
interactions shown in Fig. 7F, G the number of release sites, as 
predicted from the electron microscopically defined synaptic junctions, 
was 12 and 10 respectively; for the remainder it was unknown. Three 
pairs (Fig. 7F-H) were located in area CA I and one in subfield CA3 
(Fig. 71). In all four interactions the mean amplitude (720 ::!: 11011 V) 
was very close to the respective median (706 ::!: 100 IlV). Individual 
events could be large (in three cells > 2 mV peak amplitude). In 
contrast, very small events appeared to be rare, although the marked 
overlap of the signal and noise distributions (mean ::!: SD of noise = 
294 ::!: 93 IlV) precluded the unequivocal identification of individual 
response failures . The absence of a distinct peak in the 0 mV region 

b 

Ba 

b , 
~, 

c 

d , 
~, 

e -

Basket cell evoked unitary lPSPs 1997 

Aa, Ba: 50 mV 
Ab. c: 1 mV 

Bb-e: 0.5 mV 

Aa, b: 100 ms 
Ac, 8 : 10ms 

basket cell 1 
presynaptic train 

postsynaptic effect 

monoexponential decay 
't= 48.8 ms 

basket cell 2 
presynaptic action potential 

effect @ 0.3 Hz 

effect @ 1 .1 Hz 

effect ~ 3.6 Hz 

6tH!: superimposed 

FIG. 6. Summation of IPSPs and frequency dependent attenuation. (Aa) A 
300 ms train of presynaptic action potentials in a ba~kct cell firing at a non
decrementing frequency > 200 Hz. (Ab) The average of eight postsynaptic 
events in a pyramidal cell revealed an early peak of the response that 
subsequently declined and levelled at slightly more than half of the peak 
amplitude. Note the monoexponcntial decay of the IPSP, which was similar 
to the decay of single action potential-evoked IPSPs. (Ac) Expansion of the 
early response (time window indicated by horizontal bar) shown in (Ab). 
Because of the small variability of interspike intervals in the presynaptic cell 
the first six action potentials (arrows indicate coupling artefacts) superimpose 
precisely_ It is apparent that the peak response is due to the summation of, on 
average, four IPSPs, with some degree of variability in individual events (data 
not shown). In (b) and (c) electrode-coupUng artefacts caused by capacitive 
transients in (a) were clipped for clarity of display. (B) The presynaptic rate 
of discharge may affect the magnitude of the postsynaptic response. A 
twelvefold increase in presynaptic firing frequency from 0.3 (Ab) to 3.6 Hz 
(Ad) resulted in a > 50% decrease of the IPSP amplitude. (Ae) Superimposition 
of traces (Ab-<1). Arrowheads indicate position of spike capacitive artefacts 
which were removed for clarity. All traces in (B) represent averages of 
> 50 responses. 
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of the amplitude histogram would, however, suggest a relatively small 
number of response failures. Finally, a relative measure of the unitary 
IPSP fluctuation wa~ obtained by determining the ratio between the 
variances of TPSP amplitudes and recording noise. Without exception, 
ranging from 1.2 to 4.1 (mean 2.3 :!: 1.6), the variance of the unitary 
TPSPs exceed that of the baseline noise. 

Postinhibitory facilitation and rebound action potentia/s 

When elicited by single action potentials or brief bursts of basket 
cell discharge, the averaged postsynaptic response of four pyramidal 
cells was followed by a distinct depolarizing overshoot, here referred 
to as postinhibitory facilitation. The respective fPSPs had a mean 
amplitude of 414 :!: 344 !IV and were followed by a depolarizing 
wave which, on average, went 210 :!: 219 !IV above the pre-event 
baseline level. When measured from single action potential-elicited 
averages, the humps attained their maximum positivity at 130 :!: 33 
ms after the presynaptic action potential. 

All postsynaptic cells had overshooting action potentials and 
appeared to be, in physiological terms, healthy cells (mean action 
potential amplitude 77 :!: 7 mY; input resistance 51 :!: 19 MQ). 
Interestingly, all cells which displayed postinhibitory action potentials 
had been depolarized to membrane potentials close to the firing 
threshold (- 54.4 :!: 1.6 mV) and were seen to sporadically discharge 
action potentials. To some extent, due to the limited sample size, the 
difference in membrane potential of basket cell effects with versus 
those without a depolarizing hump (-59 :!: 4.6 mY) was not 
tatistically significant (Mann- Whitney V-test; P = 0.088). 

Averages of postsynaptic effects such as the one shown in Figure 
B were obtained by excluding sweeps which were contaminated 

by action potentials. Subsequently a complementary approach was 
adopted by excluding from a string of successive sweeps all events 
when the hump was subthreshold and additionally only those where 
the pyramidal cell discharge preceded the basket cell action potential 
by < 70 ms. When superimposing the remaining events it is apparent 
that the distinctive clustering of pyramidal cell action potentials is 
highly non-random and appears to temporally coincide with the 
occurrence of post-inhibitory facilitation (Fig. 8C, E). 

Discussion 

Identification of pre- and postsynaptic neurons 

There is a general consensus throughout the literature that it is possible 
to discri minate hippocampal GABAergic local-circuit neurons due 
to thei r distinctive firing properties, such as short-duration action 
potentials, fast membrane time constants and non-accommodating 
firi ng pattern. The results presented above for one subclass, the basket 
cells, are clearly in support of this notion, as every presumed 
interneuron was (i) shown to elicit short-latency GABAergic fPSPs 
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in postsynaptic principal cells; (ii) light microscopically identified as 
a smooth dendritic non-pyramidal cell; and (iii) shown by electron 
microscopy to establish symmetrical synaptic contacts predominantly 
with the somata and proximal dendrites oftheir respective postsynaptic 
target cells. It is equally clear, however, that membrane and firing 
properties of basket cells are insufficient criteria by which to discrimin
ate them from several other types of GABAergic interneurons. 
Amongst those are axo-axonic cells, which have relatively few 
distinctive physiological features, such as spike doublets, that would 
allow their unequivocal discrimination from hippocampal interneurons 
that reside within or close to the hippocampal cell body layers (Buhl 
el al. , I 994b). It is noteworthy, however, that this notion of similarity 
in membrane and firing properties does not necessarily apply to 
all hippocampal interneurons, as, for example, stratum lacunosum 
moleculare interneurons do not belong to the physiologically defined 
group of fast spiking cells (Kawaguchi and Hama, 1988; Lacaille 
and Schwartzkroin, 1988). 

Therefore, the apparent similarity of interneuronal membrane and 
firing properties is a relatively poor indicator of their connectional 
heterogeneity. Consequently, until better discriminatory features can 
be routinely exploited in conjunction with intracellular recording 
experiments, morphological identification of cells remains a necessity 
when addressing the specific roles of hippocampal interneurons. 
Moreover, the occasionally deceiving similarity of basket and chande
lier cell axonal arbors at the light microscopic level strongly warrants 
the identification of the different cell types at the electron microscopic 
level by virtue of their distinctive synaptic target profiles. It appears, 
however, that the dendritic arborizations of basket and axo-axonic 
cells in the CA I area are sufficiently distinct to predict the efferent 
synaptic targets of the respective cell type with a high degree of 
probability. Basket cells have more numerous radiaUy oriented dend
rites in the stratum radiatum (Buhl el aI. , 1994a) than axo-axonic 
cells, whereas the latter have conspicuous tufts of dendritic branches 
in the stratum lacunosum moleculare (Somogyi el al., 1985; Li el al., 
1992; Buhl el aI., 1994b), which is generally absent in basket cells. 

The monosynaptic nature of unitary basket cell effects 

Previous work by Miles (1990) has shown that the activity of a single 
CA3 pyramidal neuron is sufficient to elicit, via a disynaptic loop, 
fPSPs in a concomitantly recorded pyramidal cell. This particular 
mechanism involves the glutamate-evoked excitation of an interneuron 
brought to firing by local axon collaterals of the pyramidal cell 
(Miles, 1990). Such a scenario can be excluded in our recordings in 
view of the fact that the presynaptic cells were identified as GABAergic 
basket cells. Accordingly, unitary basket cell lPSPs remained unaf
fected in the presence of CNQX and AP5, whereas disynaptic TPSPs 
are diminished by excitatory amino acid blockers (Miles, 1990). 

Likewise, any arguments in favour of a less well defined polysynap-

FIG. 7. Variation of unitary lPSP-amplirudes in five basket-pyramidal cell pairs. (A) presynaptic spike of a CAI basket cell ( t20794t ). (B) Response variability 
in 33 consecutively el icited pyramidal cell lPSPs. The presynaptic cell was driven at a frequency of -I Hz; the postsynaptic pyramidal cell was held at a 
membrane potential of -M m V. (C) Superimposition of all events reveats the absence of apparent failures during this period. (D) Averaged response. Arrowheads 
indicate cursor positions for amplitude measurements. Noise was detennined between points 0 and N. whereas lPSP amplitudes were taken, with the same time 
difference, between points 0 and P. (E) Ptot showing running averages for the cell shown in (0). (P-H) Histograms showing IPSP amptitude distributions and 
baseline noise levels in three different CA I basket-pyramidal cell pairs. The effect shown in (F) was mediated by 12 synaptic junctions (illustrated in Figs 3 
and 4) whereas the one illustrated in (0) was due to the action of 10 synaptic release sites (sce fig. I in Buhl el al. , I 994a). (1) Unitary basket IPSPs in a 
postsynaptic CA3 pyramidal ceU have a similar bell-shaped amplitude distribution. Note that the amplitude histograms in (F) and (H) are derived from the same 
pn:synaptic basket cell but two successively recorded and therefore different postsynaptic neurons. 
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FIG. 8. Postinhibitory facilitation and rebound action potentials. (A) Brief 
burst of action potentials in a presynaptic basket ce ll. (B) Average of 
postsynaptic response in a synaptically coupled pyramidal cell. By passing a 
constant depolarizing current the pyramidal cell was held close to action 
potential threshold (membrane potential - 54 mY) and was firing sporadically 
« I Hz). Sweeps containing pyramidal cell action potentials were excluded 
from this average. Note the apparent incremental summation of synaptic 
events (see also Fig. 6Ac) which were followed by a large amplitude 'hump' 
which considerably overshot the prc-event baseline level (indicated by stippled 
line). (C) Postinhibitory rebound action potentials. This is the same epoch of 
recording as shown in (B) after excluding all events in which the cell remained 
below the firing threshold. The superimposition of 10 consecutive sweeps 
reveals that the pyramidal cell preferentially discharges during the same time 
window in which postinhibitory facilitation was observed. (D) Presynaptic 
action potential. evoked by a brief depolarizing pulse, in a different basket 
cell. (E) Distinct clustering of consecutive rebound action potenlials in the 
postsynaptic pyrantidal cell. 

tic pathway appear to be rather unlikely, since the very short latencies 
of basket cell rPSPs are not compatible with the inevitably longer 
synaptic and conduction delays required for such a hypothetical 
circuit. Furthermore, the probability of transmission fa ilures would 
be expected to increase disproportionally with the number of synaptic 
links, whereas most basket cell-mediated interactions showed few if 
any apparent failures. Finally. irrefutable evidence in favour of a 
monosynaptic connection was obtained by the anatomical verification 
of identified basket cell terminals being in synaptic contact with two 
unequivocally identified postsynaptic pyramidal cells. 

Unitary basket celllPSPs-some consensus data 

Paired recording techniques have been previously employed to study 
unitary inhibitory interactions in the major hippocampal subfields, 
the dentate gyrus (Scharfman et aI., 1990), subfield CA3 (Mi les and 
Wong, 1984, 1987; Miles, 1990) and area CA I (Knowles and 
Schwanzkroin, 1981 ; Lacaille et al. , 1987; Lacaille and 
Schwartzkroin, 1988). Although anatomical findings would suggest 
that probably most of the data are derived from a pool of heterogeneous 
presynaptic cells, a number of general principles have emerged that 
appear to govern unitary synaptic interactions: first, in most instances 
the probability of successfully encountering a monosynaptic connec
tion is rather high (>0.3; Knowles and Schwanzkroin, 1981 ; Miles 
and Wong 1984; Lacaille et aI., 1987), thus reflecting a high degree 
of divergence of the local inhibitory axonal arbors. For instance, for 
basket cells in the CA3 area, light microscopic estimates of the 
bouton numbers arrived at figures ranging from 3484 to 9972 (Gulyas 
et aI. , 1993b). If a basket cell were to establish , on average, 10 
synaptic contacts with its postsynaptic targets, this would suggest 
-350-1000 postsynaptic cells within the confines of the slice. Compar
able values were recently obtained for axo-axonic cells in the CA I 
area of the rat (Li et al., 1992; Buhl et aL., I 994b). Second, as yet 
there appears to be no evidence for biphasic dual-component unitary 
rPSPs. Third, considerable variabi lity was found not only for the 
average strength of different unitary connections but also for the 
amplitude distribution of individual events within a given connection 
(Miles and Wong, 1984; Miles, 1990; Scharfman et aL., 1990). Fourth, 
tetanic stimulation of the presynaptic cell generally results in the 
summation of several events and is fOllowed by a subsequent 
decrement in the postsynaptic response (Miles and Wong, 1984; 
Lacaille et aI., 1987; Scharfman et al., 1990). 

Receptor pharmacology of basket cell-mediated IPSPs 

The rapid onset, fast rise kinetics and the extrapolated response 
reversals of unitary basket cell rPSPs strongly suggest that they elicit, 
in concert with at least two further types of GABAergic neuron (Buhl 
et aL. , I 994a), the GABAA receptor-mediated component of compound 
IPSPs that are commonly observed in response to the stimulation of 
afferent pathways (Alger and Nicoll , 1979). In marked contrast, 
the relatively sluggish onset of pharmacologically isolated GABAs 
receptor-mediated responses shows a characteristic lag of 6-8 ms, 
which is presumably due to a delay corresponding to the activation 
of postsynaptic G-proteins (Otis et aI., 1993). Moreover, unitary 
basket cell rPSPs decayed rapidly and generally monoexponentially 
back to baseline, approximately an order of magnitude faster than 
GABAs receptor-mediated potentials (Otis et al., 1993). In view of 
the kinetic properties of basket cell-mediated rPSPs, it is not surprising 
that the pre- and postsynaptic GABAs receptor antagonist CGP 
55845A neither decreased (for presynaptic effects see below) their 
amplitude nor appreciably shortened their decay. The dramatic reduc
tion of basket cell-mediated lPSPs by bicuculline would therefore 
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suggest that they were exclusively mediated by the activation of 
GABAA receptors. These physiological results are in agreement with 
the immunocytochemical demonstration of the <XI and ~213 subunits 
of the GABAA receptor in somatic synapses of dentate granule cells 
where dentate basket cells terminate (Nusser et al. , 1995) 

Despite this seemingly straightforward interpretation of these 
fi ndings it is nevertheless conceivable that a different scenario of 
events may lead to GABAB receptor activation, for example the 
spill over of GABA to extra- or perisynaptic sites (Sol is and Nicoll, 
1992; Isaacson et al. , 1993; Mody et al., 1994). It is therefore of 
interest to note that high-frequency long-duration trains of action 
potentials in basket cells failed to appreciably prolong the decay of 
summed IPSPs. In support of these findings, the notion of separate 
populations of GABAergic neurons being responsible for GAB AA 
and GABAn receptor-mediated effects has been repeatedly put forward 
by others. Thus, unitary IPSPs elicited by CA3 pyramidal cell 
layer interneurons are abolished by the GABAA receptor antagonist 
picrotoxin (Miles, 1990), whereas stratum lacunosum moleculare 
interneurons in area CA I evoke slow IPSPs (Lacaille and 
Schwartzkroin, 1988), although their precise receptor mechanisms 
remai n to be established (Williams and Lacaille, 1992). In the dentate 
gyrus spontaneous inhibitory postsynaptic currents (IPSCs) have been 
shown to selectively activate GABAA receptors (Otis and Mody, 
1992). Furthermore, local application of nipecotic acid, which induces 
GABA release, via a heteroexchange mechanism may evoke pure 
GABAA or GABAB responses (Solis and Nicoll, 1992). Finally, in 
hippocampal neurons the potassium channel blocker 4-aminopyridine 
may result in the isolated appearance of either fast or slow spontaneous 
[PS Ps (Muller and Misgeld, 1990; Misgeld et al., 1992), the latter 
being sensitive to the GABAB receptor antagonist 2-hydroxysaclofen 
(Segal, 1990). 

Presynaptic control of basket cell-mediated GABA release 

A wealth of earlier literature indicated that GABAergic inhibition is 
depressed following repetitive activation of afferent pathways (e.g. 
McCarren and Alger, 1985; Thompson and Gahwiler, 1989; for 
review see Thompson, 1994). These findings, however, are sometimes 
difficult to interpret in view of the generally disynaptic nature of the 
evoked IPSPs. This disadvantage can be largely circumvented by 
foc using on monosynaptically elicited unitary events which permit 
the analysis of frequency dependent phenomena on a small number 
of functionally homogeneous synapses. Under these conditions we 
found that responses mediated hy hasket cell synapses show a marked 
frequency-dependent depression of their postsynaptic response, 
al though the response never faded completely, regardless of the 
presynaptic discharge frequency. Pharmacological blockade of 
GABAn receptors resulted in an amplitude increase of averaged IPSPs 
already at presynaptic tonic firing rates in the range of I Hz. The 
most parsimonious explanation for these findings is that GABA which 
is released from basket cell terminals acts not only on postsynaptic 
GABAA receptors but also on presynaptic GABAs autoreceptors 
which govern neurotransmitter release (Davies et al. , 1990; Davies 
and Collingridge, 1993). It is thus possible that, to some extent, the 
measurements of [PSP amplitudes and calculated conductance values 
within this frequency range may also have been affected by the 
activation of presynaptic GABAs receptors. As an alternative explana
tion for frequency-dependent depression of IPSP amplitudes it is 
conceivahle that chloride loading due to the bulk activation of many 
GABAergic synapses may lead to a change in the chloride equilibrium 
potential and thus to a decrease in the response amplitude (Thompson 
and Gahwiler, 1989). This possibility, however, seems rather remote 
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considering that unitary events are mediated by a comparatively small 
number of synaptic contacts: -4% of perisomatically positioned 
basket cell terminals (Buhl et al. , I 994a). 

In line with the data emerging from the analysis of unitary events, 
work on pharmacologically isolated IPSPs (Davies et al., 1990; 
Nathan and Lambert, 1991 ; Davies and Collingridge, 1993; Lambert 
and Wilson, 1993, 1994) and miniature IPSCs (Cohen et al. , 1992; 
Behrends and Tenbruggencate, 1993; Capogna et al. , 1993) has 
provided evidence for the existence of presynaptic GABAB receptors 
on the terminals ofGABAergic interneurons (Davies and Collingridge, 
1993). In addition, presynaptic opioid (Cohen et al., 1992; Capogna 
et al., 1993; Lambert and Wilson, 1993) and muscarinic receptors 
(Behrends and Tenbruggencate, 1993) were also shown to be involved 
in the regulation of transmitter release from GABAergic terminals. 
As yet, however, it is not clear whether anatomically distinct subsets 
of GABAergic interneurons may differ with respect to the expression 
of presynaptic receptors, as Lambert and Wilson (1993) have 
recently proposed. 

Unitary conductance and number of release sites 

In two instances it could be demonstrated that a unitary basket cell 
IPSP was mediated by 10 (Buhl et al. I 994a) and 12 synaptic contacts 
respectively. Previously, counts of synaptic junctions were found to 
be in accord with the number of release sites (n), as determined by 
quantal analysis (Korn et al. , 1982; Gulyas et al. 1993a). Quantal 
models of transmitter release assume that postsynaptic responses 
occur as integer multiples of an elementary synaptic event, the 
response to a single quantum of neurotransmitter (for review see 
Redman, 1990). In area CA I the averaged GABA-mediated quantal 
conductance was estimated to be in the range of 258- 326 pS (Ropert 
et al. , 1990), being very close to the figures which were obtained for 
conductance changes responsible for inhibitory quantal events in 
dentate granule cells (200 - 400 pS; Edwards et al. , 1990). These 
values provide an indication that, on average, unitary basket cell
mediated IPSPs may be due to the synchronous release and summation 
of not more than 3-4 quanta. In view of the -3 times higher number 
of release sites, il would thus appear that the release probability (P) 
at basket cell terminals is relatively low, in the range of 0.3, thus 
being similar to the experimentally determined P at inhibitory synapses 
on the goldfish Mauthner cell (Korn et al. , 1982). In spite of P being 
low, the relatively high n nevertheless restricts the number of total 
transmission failures , as evidenced by the absence of a discerrtible 
failure peak in the amplitude histograms (see also Miles, 1990). 

Inhibitory rebound and population synchronization 

Spencer and Kandel (1961 ), in their pioneering in vivo studies, 
noticed that IPSPs were frequently followed by action potentials, a 
phenomenon to which they referred as 'rebound excitation' . They 
proposed that rebound excitation may be mediated either by the 
arrival of late EPSPs or, alternatively, by a similar mechanism 
such as anodal hreak spikes following hyperpolarizing currents. 
Subsequently, rebound excitation was also noted in conjunction with 
unitary IPSPs which were mediated by stratum lacunosum moleculare 
interneurons (Lacaille and Schwartzkroin, 1988). As excitatory syn
aplic mechanisms do not participate in the generation of unitary 
IPSPs it would thus appear more likely that it is the membrane 
hyperpolarization which is responsible for the generation of the stratum 
lacunosum moleculare and/or basket cell-mediated postinhibitory 
facilitation. Indeed, a variety of voltage dependent conductances have 
been described which may result in a postinhibitory overshooting 
membrane depolarization . Thus, facilitation may be due to the 
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deinactivation of sodium or calcium channels (Carbone and Lux, 
1984; Stafstrom et al., 1985; Llinas, 1988). Likewise, an involvement 
of the hyperpolarization-activated current (lh) cannot be excluded 
(Halliwell and Adams, 1982; Maccalerri et aI. , 1993). 

Although the ionic basis of the depolarizing potential remains to 
be analysed, recent data (Cobb et aI. , 1995) suggest a functional 
role for the rebound facilitation. The occurrence of postinhibitory 
facilitation appears to be correlated with the presence/absence of 
intrinsic membrane oscillations. In entorhinal and hippocampal neu
rons these predominate in a narrow voltage range around the action 
potential threshold (Alonso and Llinas, 1989; Leung and Vim, 199 I; 
Garcia-Munoz et al., 1993) and may thus serve to explain the absence 

. of basket cell-mediated postinhibitory facilitation in CA I pyramidal 
cells at more negative membrane potentia Is. Recent work in other 
systems has provided clear evidence that synaptic events, such as 
IPSPs, may reset the phase of intrinsic oscillations and may thus 
serve as a synchronizing device (Soltesz and Crunelli, 1992). As 
hippocampal pyramidal cells, when depolarized above firing threshold, 
fire predominantly on the positive phase of the oscillation (Leung 
and Vim, 1991; Garcia-Munoz et al., 1993; Soltesz and Deschenes, 
1993), it is equally likely that inhibitory events may also serve to 
determine the timing of action potentials (Ylinen et aI., 1995). Clearly, 
more experiments are required to analyse the effect of unitary basket 
cell IPSPs on intrinsic membrane oscillations and pyramidal cell firing. 

A distinct functional role for basket cells? 

GABAergic basket cells constitute only one of several well defined 
classes of hippocampal GABAergic interneurons. Amongst those, it 
is largely their synaptic target selectivity which renders basket cells 
a distinct neuronal entity. At the onset of the present study it therefore 
appeared reasonable to assume that it may be to some extent also 
their post~ynaptic eftect which provides the relevant cues to the 
specific functional role of basket cells. With respect to eliciting fast, 
perisomatic GABAA receptor-mediated inhibition, however, basket 
cells resemble axo-axonic cells (Buhl et al., 1994a) which act through 
the same postsynaptic receptor type(s), albeit on the axon initial 
segment of principal cells. Although at first glance this similarity of 
effects may render the target specificity of perisomatic GABAergic 
synapses redundant, these findings do rather indicate that differences 
of GABAA receptor-mediated synaptic mechanisms are more subtle 
than currently assumed. 
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