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Recurrent inhibitory loops are simple neuronal circuits found in the central nervous system, yet little is known about the
physiological rules governing their activity. Here we use simultaneous somatic and dendritic recordings in rat hippocampal slices
to show that during a series of action potentials in pyramidal cells recurrent inhibition rapidly shifts from their soma to the apical
dendrites. Two distinct inhibitory circuits are sequentially recruited to produce this shift: one, time-locked with submillisecond
precision to the onset of the action potential series, transiently inhibits the somatic and perisomatic regions of pyramidal cells; the
other, activated in proportion to the rate of action potentials in the series, durably inhibits the distal apical dendrites. These two
operating modes result from the synergy between pre- and postsynaptic properties of excitatory synapses onto recurrent
inhibitory neurons with distinct projection patterns. Thus, the onset of a series of action potentials and the rate of action potentials
in the series are selectively captured and transformed into different spatial patterns of recurrent inhibition.
Action potentials are the principal means of communication
between neurons. It is believed that action potentials convey
information through their timing and frequency1–3. To process
this information, the brain needs neuronal circuits able to extract
and represent these temporal features out of series of action
potentials. Among cortical areas, the hippocampus is one of the
most accessible to neuronal circuit analysis4. We therefore investigated whether distinct temporal features of a series of spikes in CA1
pyramidal cells—the principal hippocampal output—are selectively
captured by local neuronal circuits. Because inhibitory neurons
represent the main local targets of recurrent excitatory synapses of
CA1 pyramidal cell axons4, we monitored synaptic recurrent inhibition on CA1 pyramidal cells. Given that inhibitory synapses are
distributed along the entire somato-dendritic axis of CA1 pyramidal cells5, we recorded from the soma and the apical dendrite
simultaneously6–8 : 307 ^ 8 mm from the soma; range, 233–
427 mm; resting V m soma, 256.4 ^ 0.9 mV; resting Vm dendrite,
257.9 ^ 0.9 mV; n ¼ 28 (Fig. 1a). Recurrent inhibition was
evoked by stimulating the axons of CA1 pyramidal cells at various
frequencies with an electrode placed in the alveus (see Methods;
Fig. 1a)9–12.

Shift of recurrent inhibition along the somato-dendritic axis
At high frequencies, the onset of a series of stimuli delivered to the
alveus elicited recurrent inhibition targeting the soma, whereas
stimuli later in the series shifted recurrent inhibition towards more
apical dendritic regions. Specifically, alveus stimuli repeated at
0.2 Hz elicited recurrent inhibitory postsynaptic potentials
(IPSPs) that were 25.3 ^ 1.8% smaller at the dendritic recording
site than at the somatic one: 1.36 ^ 0.17 mV versus 0:99 ^ 0:12 mV;
P ¼ 2 £ 1026; n ¼ 24 (Fig. 1b, c). In contrast, with series of two to
four stimuli at 100 Hz (delivered every five seconds), inhibition
became progressively larger in the dendrites than in the soma:
16.4 ^ 5.3% larger after four stimuli; 1.52 ^ 0.21 mV in the soma
versus 1.73 ^ 0.21 mV in the dendrite; P ¼ 0.011; n ¼ 12 (Fig. 1b,
c). This shift from the soma to the dendrite is clearly illustrated by
the concomitant decrease and increase of the slopes of IPSPs
recorded in the soma and in the dendrites, respectively (Fig. 1d;
see Methods). To determine the dynamics of this shift we varied the
stimulation frequency. Only those experiments where the shift
had occurred already with the second stimulus (Fig. 1f) were
considered. The shift occurred for stimulation frequencies between
6.25 and 12.5 Hz (n ¼ 4; Fig. 1h) and was due to an increase of
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dendritic inhibition for interstimulus intervals (ISIs) of up to
300 ms, together with a decrease of somatic inhibition below the
ISIs of 100 ms (Fig. 1g).
The smaller and slower recurrent IPSPs recorded in the dendrites
with 0.2-Hz stimulation, or at the onset of a stimulus series, could
reflect either an attenuated IPSP originating near the soma or the
activation of a small and slow inhibitory conductance in the
dendrites13. If the first hypothesis is correct, then preventing somatic
hyperpolarization by voltage clamping (V-clamping) the soma
should eliminate the IPSPs recorded in the dendrites. V-clamping
the soma of CA1 pyramidal cells (V m before V-clamp, 258:0^
0:8 mV; V holding in V-clamp, 258.2 ^ 0.7 mV; n ¼ 17) while keeping the apical dendrite in the current-clamp (I-clamp) configuration (dendrite V m, 257.8 ^ 1.0 mV before and 257.4 ^ 0.9 mV
after V-clamping the soma; n ¼ 17), strongly reduced the amplitude
of the recurrent IPSP recorded in the dendrites when stimulating
at 0.2 Hz (64.5 ^ 4.1% reduction; P ¼ 2.4 £ 1026; n ¼ 17;
Fig. 2a, b).
This reduction was much larger than would be expected if IPSPs
originated near the dendritic recording site. In fact, dynamically
clamping (g-clamping) an inhibitory conductance (for g in,
t rise ¼ 0.6 ms, t decay1 ¼ 3.9 ms and t decay2 ¼ 14 ms; see Methods)
with the dendritic recording pipette produced a simulated dendritic
IPSP whose amplitude was attenuated, by V-clamping the soma, by
only 13.5 ^ 2.7% (n ¼ 4; Fig. 2c, d). Dendritic inhibitory postsynaptic currents (IPSCs), however, may be slower than the one
used for this simulation13 and, hence, be better V-clamped by the
somatic pipette14. We therefore repeated the g-clamp experiment
with slower conductances (Fig. 2d). Even a conductance eight
times slower (for g in8 , t rise ¼ 4.8 ms, t decay1 ¼ 31.2 ms and
tdecay2 ¼ 112 ms) produced a simulated dendritic IPSP that was
attenuated by only 38.5 ^ 2.5% by V-clamping the soma.
These results indicate that recurrent IPSPs elicited at low stimulation frequencies are predominantly generated by perisomatic
conductances. In contrast, IPSPs evoked with repetitive, highfrequency alveus stimulation (100 Hz) and recorded in the dendrites
were much less affected by somatic V-clamp: 65.6 ^ 4.1% and
15.5 ^ 7.0% attenuation of the IPSP elicited with the 1st and 3rd
stimulus respectively; P ¼ 2.9 £ 1025; n ¼ 8 (Fig. 2e, f). Furthermore, the amplitude of IPSCs recorded in the V-clamped soma
progressively decreased with increasing stimulus number (to
51.1 ^ 15.6% after the 3rd stimulus; P ¼ 0.038, n ¼ 8; Fig. 2g),
consistent with the decline of the somatic IPSP slope (Fig. 1d).
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These results demonstrate that after the onset of a series of
stimuli delivered to the alveus, recurrent inhibitory conductances
subside in the pyramidal cell layer and build up in more distal
regions.

Interneurons responding to onset or frequency of spike series
Two types of recurrent circuit could account for the results above:
(1) either CA1 pyramidal cells excite a population of interneurons
that form synapses over extended portions of the somato-dendritic
axis, with proximal synapses depressing and distal ones facilitating;
or (2) pyramidal cells excite different types of interneurons, at the
onset versus later in a series of spikes, that specifically target either
proximal or distal compartments15. To distinguish between these
two possibilities we recorded from interneurons located in the
stratum oriens that are therefore likely to receive recurrent excitation from CA1 pyramidal cells. Recordings were performed in the
loose-patch configuration to preserve the intracellular ionic composition, and the spiking activity of interneurons was monitored in
response to series of ten stimuli at 50 Hz delivered to the alveus
every five seconds (Fig. 3a). We gradually increased the stimulation
intensity until the threshold for spike generation was reached within

Figure 1 Shift of recurrent inhibition along the somato-dendritic axis. a, Experimental
configuration. b, Somatic (black) and dendritic (blue) responses to 0.2 Hz (left) and 100 Hz
(right) alveus stimulation. Insets, note shift in initial slope of the IPSPs. c, Ratio of
dendritic versus somatic peak hyperpolarization plotted against the number of stimuli (n is
shown in parentheses). d, IPSPs’ slope plotted against stimulus number (n ¼ 15; for
isolation of individual IPSPs evoked by a given stimulus in a series, see Methods). e,
Difference between dendritic and somatic IPSPs’ slopes, normalized by their sum, and
718

the first four stimuli in the series (that is, until at least one of the first
four stimuli triggered a spike in at least 20% of the trials, without
exceeding 80%).
The spiking responses to this stimulation protocol allowed us to
distinguish two populations of interneurons. In the first group (33
out of 49 cells), the probability of spiking was highest at the onset of
the series and rapidly fell with subsequent stimuli (‘onset-transient’
interneurons; mean success rate for spike generation: 42.7 ^ 3.6%
after the first stimulus; 4.9 ^ 1.3% after the third stimulus;
Fig. 3a, d). In the second group (16 out of 49 cells) the probability
of spike generation was lowest after the first stimulus and increased
to a plateau between the third and tenth stimuli (‘late-persistent’
interneurons; mean success rate for spike generation: 1.6 ^ 1.6%
for the first stimulus; 28.9 ^ 6% for the third stimulus; Fig. 3a, d).
Spikes recorded in onset-transient interneurons showed very
little variability in delay (‘jitter’; standard deviation, ^470 ms;
Fig. 3b), suggesting that they may operate as coincidence detectors8,16,17. In contrast, spikes recorded in late-persistent interneurons
were much less precise and jittered within a ^2.11 ms window
(Fig. 3b).
Interneurons were then re-patched with an intracellular solution

plotted against stimulus number (n ¼ 15). f, Somatic and dendritic IPSPs in response to
pairs of stimuli with increasing interstimulus interval (ISI). g, Slope of the second IPSP
plotted against ISI (single exponential fits, n ¼ 4). Inset, despite the decrease in the
initial slope of the second somatic IPSP, the increase in its peak amplitude results from the
IPSP increase in the dendrite. h, As in e but plotted against stimulus frequency (1/ISI;
n ¼ 4).
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containing biocytin 0.5% for morphological analysis. The radial
distribution of their axons could be determined in 16 out of 49 cells
(see Methods). The axons of onset transient interneurons (11 out of
16 recovered neurons) were distributed around the pyramidal cell
layer. The average distribution peaked within the pyramidal cell
layer and showed a half-width of about 100 mm (range 20–390 mm;
Fig. 3c, e). In contrast, the average axonal distribution of latepersistent interneurons (5 out of 16 recovered neurons) peaked
320 mm above the border between the stratum pyramidale and
stratum radiatum (Fig. 3c, e) also with a half-width of about
100 mm. The axonal distribution of early-transient and late-persistent interneurons along the radial axis of the hippocampus is
consistent with the axonal arborization of basket, axo-axonic,
bistratified and trilaminar cells on the one hand and of orienslacunosum moleculare interneurons, on the other15. Future
immunohistochemical analysis will allow us to determine the
relative contribution of each interneuronal subtype contained in
our two physiological categories. Nevertheless, the distribution of
spike probabilities during a series of stimuli (Fig. 3d), together with
the axonal arborization of early-transient and late-persistent interneurons (Fig. 3e), strongly suggest that the onset of recurrent
inhibition in the pyramidal cell layer and its subsequent shift to
more distal regions result from the recruitment of distinct interneuron types. Although it is likely that a single CA1 pyramidal cell
axon may contact distinct types of local postsynaptic targets18,19, as

has been shown for CA3 pyramidal cell axons20,21, we cannot exclude
the possibility that different interneuron types may be contacted by
distinct CA1 pyramidal cells.

Figure 2 Transient activation of somatic and delayed activation of dendritic inhibitory
conductances. a, Responses to 0.2-Hz alveus stimulation without (left) and with (centre)
somatic V-clamp. Dendritic IPSPs are superimposed on the right for comparison.
b, Residual amplitude of the dendritic IPSP after somatic V-clamp (n ¼ 17). c, In a
different cell, responses to dynamic current injection in the dendrite; conductance time
course (g in) in green, 5-nS peak amplitude. d, Residual amplitude of the simulated
dendritic IPSPs after somatic V-clamp (n ¼ 4) for conductance time courses as in c, or 2,

4 and 8 times longer. e, In the same cell as in a, responses to 1 stimulus, or 2, 3 and 4
stimuli at 100 Hz without (left) and with (centre) somatic V-clamp. Note that V-clamp
abolishes dendritic IPSPs 1 and 2, but not 3 and 4. f, As in b but for IPSPs elicited by the
1st, 2nd and 3rd stimuli (n ¼ 8; inset, superimposed third IPSPs isolated from traces in
e). g, Peak amplitude of the dendritic IPSP (with somatic V-clamp) and of the somatic IPSC
plotted against stimulus number (n ¼ 8).
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Coincidence detection and integration in different interneurons
Several properties that have been shown to differ between types of
interneurons could account for the onset-transient versus latepersistent recruitment. These properties include the kinetics of
excitatory postsynaptic currents16,22 (EPSCs), their short-term plastic properties18,19,23, the membrane time constant24 and the received
synaptic inhibition25,26. We therefore recorded synaptic activity
evoked by alveus stimulation, in both onset-transient and latepersistent interneurons in the whole-cell V-clamp configuration
(Fig. 4a–d). Initially, these experiments were performed in the
presence of the GABAA receptor antagonist gabazine (6–25 mM).
The amplitude of EPSCs recorded in onset-transient interneurons
depressed during the series of stimuli (to 32.4 ^ 4.8% after the 10th
stimulus; n ¼ 13), whereas it facilitated in late-persistent interneurons (to 393.0 ^ 77.2% after the 10th stimulus; n ¼ 9)
(Fig. 4a, b), consistent with previous observations18,19,23. Recovery
from facilitation of EPSCs recorded in late-persistent interneurons
was slower (295 ms) than recovery from depression in onsettransient interneurons (11 ms; Fig. 4c), consistent with the slower
recovery of dendritic than somatic IPSPs with increasing ISI,
reported above (see Fig. 1g). Furthermore, onset-transient inter-
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neurons showed EPSCs with significantly faster decay kinetics than
late-persistent interneurons: single exponential fit, 1.77 ^ 0.13 ms
(n ¼ 11) versus 4.11 ^ 0.46 ms (n ¼ 7); P ¼ 2.3 £ 1025 (Fig. 4a, d).
To determine the impact that different EPSC kinetics have on the
time course of the EPSP we imposed fast (t rise fast ¼ 0.61 ms,
t decay fast ¼ 1.77 ms) and slow (t rise slow ¼ 0.87 ms, tdecay slow ¼
4:11 ms) excitatory conductances in the g-clamp mode in both
onset-transient and late-persistent interneurons. The amplitudes of
the fast and slow conductances were matched to produce artificial
excitatory postsynaptic potentials (aEPSPs) with similar amplitudes
(range 2–9 nS; Fig. 4e). The half-decay of the resulting aEPSPs were
analysed separately for the two interneuron types because of the
different membrane time constants (t m) displayed by these interneurons: early-transient, t m ¼ 19.2 ^ 1.9 ms (n ¼ 11); late-transient, t m ¼ 35.3 ^ 4.7 ms (n ¼ 8); P ¼ 0.0021. In late-persistent
interneurons, the half-decay of aEPSPs triggered by slow conductances was 24.2 ^ 5.9% longer than when triggered by fast conductances (32.3 ^ 5.4 ms versus 28.0 ^ 5.9 ms, P ¼ 0.0023;
n ¼ 7). The effect was even more pronounced in onset-transient
interneurons, where slow conductances led to aEPSPs that were
53.5 ^ 5.2% longer than those triggered by fast conductances
(18.7 ^ 2.4 ms versus 12.2 ^ 1.5 ms, P ¼ 0.0036; n ¼ 5). Accordingly, the half-decay of EPSPs evoked with alveus stimulation was
significantly shorter in onset-transient interneurons as compared to
late-persistent interneurons (15.5 ^ 2.7 ms versus 31.9 ^ 3.4 ms,
P ¼ 0.0031; n ¼ 14).
These data suggest that fast EPSC kinetics and membrane time
constants may be essential in reducing temporal summation of

consecutive EPSPs in onset-transient interneurons16. In contrast,
the slower EPSCs and membrane time constant observed in
late-transient interneurons may prolong the time for effective
summation of consecutive EPSPs. The resulting difference in
temporal summation between the two interneurons is illustrated
in Fig. 4f (P ¼ 0.023; n ¼ 13). In late-persistent interneurons
the peak depolarization reached by the four last EPSPs in a
series of ten stimuli is 1,265 ^ 308% (n ¼ 6) the amplitude of
the first EPSP, that is, 3.1 times the increment due solely to
synaptic facilitation. In contrast, the peak depolarization reached
by the last EPSP in onset-transient interneurons is 59 ^ 6%
(n ¼ 7) the amplitude of the first EPSP, that is, only 2.2 times
larger than the value of synaptic depression.
We specifically addressed the role of EPSC kinetics on temporal
summation by pharmacologically modifying their decay with
CX546, a substance that slows deactivation and desensitization of
AMPA receptors27. We applied CX546 at a subsaturating concentration of 200–400 mM, to prolong the decay of EPSCs recorded in
onset-transient interneurons to a value that roughly matched
the decay of EPSC recorded in late-persistent interneurons
(before CX546, 2.25 ^ 0.11 ms; after CX546, 4.44 ^ 0.11 ms;
P ¼ 44.2 £ 1025; n ¼ 4) without significantly affecting amplitude
(3.4 ^ 5.7% decrease; P ¼ 0.59; n ¼ 4). CX546 did not significantly affect short-term depression (P . 0.086, for any stimulus in a
train of ten stimuli at 12.5 Hz, n ¼ 4; Fig. 4g), suggesting that EPSC
depression (Fig. 4a–c) is not due to desensitization of AMPA
receptors but instead, is mainly of presynaptic origin.
This prolongation in EPSC kinetics considerably increased the

Figure 3 Onset-transient and late-persistent interneurons project to distinct layers.
a, Loose-patch recording from ‘onset-transient’ (left) and ‘late-persistent’ (right)
interneurons in the stratum oriens, in response to ten alveus stimulations (small arrows,
50 Hz) at threshold intensity. Large arrows, spikes. b, Jitter of spikes evoked by the first
stimulus in onset-transient interneurons (left, n ¼ 30) and by each of the last three stimuli
in late-persistent interneurons (right, n ¼ 16; bin width: 100 ms; the abscissa shows the
difference between the delay of each spike and their mean delay after a given stimulus;
the gaussian fit is shown in red). Insets, five superimposed sweeps. c, Camera lucida
reconstruction of the neurons recorded in a (dark blue, dendrite; black, axon). Alv, alveus;

or, stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum; lm, stratum
lacunosum moleculare; fis, fissure. d, Upper panel, spike probability plotted against
stimulus number for onset-transient and late-persistent interneurons. Lower panel, same
as above but restricted to anatomically recovered neurons. n is shown in parentheses. e,
Axonal density for onset-transient and late-persistent interneurons plotted against radial
distance from the border between strata pyramidale and radiatum (0-mm line). A
reconstructed CA1 pyramidal cell is aligned and scaled to the plot. Schematic recording
pipettes indicate somatic and average dendritic (^s.d., horizontal bar) recording sites for
data illustrated in Figs 1 and 2 (open circles, the 28 dendritic recording sites).
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summation of consecutive EPSPs in onset-transient interneurons:
peak depolarization of the 10th EPSP normalized by the first EPSP;
control, 32.7 ^ 10.3%; CX546, 100.8 ^ 12.7%, P ¼ 74.98 £ 1024;
ten stimuli at 50 Hz, n ¼ 4 (Fig. 4g). Accordingly, CX546 also
modified the spiking behaviour of onset-transient interneurons in
response to series of ten stimuli, from a very transient to a more
persistent one: when the first stimulus elicited a spike with a
probability of ,45% in either condition, the average spiking
probability between the 2nd and 10th stimulus decreased to
5.3 ^ 2.3% in the control but remained at 31.7 ^ 4.5% for
CX546 (P ¼ 8.58 £ 1028; n ¼ 4; Fig. 4h). These results further
demonstrate the crucial part played by EPSC kinetics in the
integrative properties of onset-transient interneurons.
Finally, we determined the role played by disynaptic inhibition
(see Methods) in the differential recruitment of interneurons by
CA1 pyramidal cell activity25,26. Alveus stimulation (in the absence
of the GABAA receptor antagonist gabazine) evoked EPSP–IPSP
sequences in both interneuron types. The disynaptic IPSP decreased

the window for temporal summation of consecutive EPSPs
(Fig. 5a, b). This effect was more marked at the beginning than at
the end of a series of stimuli (Fig. 5a, b) because IPSCs depressed
during repetitive stimulation (to 34.6 ^ 4.5% at the 10th stimulus;
n ¼ 10; Fig. 5c). Hence, disynaptic IPSPs repolarize the membrane
shortly after the first EPSP and are thus likely to contribute to
the transience of the response in onset-transient interneurons. In
late-persistent interneurons, on the other hand, the presence of
disynaptic IPSPs delayed EPSP summation, thus reinforcing their
late response. The inhibition/excitation ratio was computed as the
gabazine-sensitive charge divided by the gabazine-resistant charge
and was found to be 2.1 times larger in onset-transient than in latepersistent interneurons: 1.72 ^ 0.16 (n ¼ 7) versus 0.82 ^ 0.55
(n ¼ 3). (The gabazine-sensitive charge is the time integral of the
control response minus the response in the presence of gabazine,
labelled ‘subtraction’ in Fig. 5c; the gabazine-resistant charge is the
time integral of the response in the presence of gabazine, labelled
‘gabazine’ in Fig. 5c.) These results clearly indicate that disynaptic

Figure 4 Coincidence detection and integration in onset-transient versus late-persistent
interneurons. a, Recordings from an onset-transient (left) and a late-persistent (right)
interneuron: responses to ten threshold alveus stimulations (50 Hz). Top panel, loosepatch, six superimposed sweeps (no gabazine). Bottom panel, whole-cell, V-clamp
(gabazine present, 12.5 mM). b, EPSCs’ amplitude plotted against stimulus number
(50 Hz; n shown in parentheses). c, EPSCs elicited by paired stimuli with increasing ISI.
Summary graph: recovery from short-term depression in onset-transient interneurons and
from short-term facilitation in late-persistent interneurons (single exponential fits). d, Peak
scaled EPSCs from the two interneurons illustrated in a. Summary graphs: cumulative
distribution of EPSCs’ decay time constants. e, aEPSPs elicited by g-clamping a fast and a
slow conductance (green; 9-nS and 6-nS peak amplitude, respectively) in an onsettransient interneuron. Dotted lines, half-decays. f, Same interneurons as in a but in
I-clamp (stimulus intensity as in V-clamp). The summary graphs show the EPSPs’ maximal

depolarization and EPSCs’ amplitude plotted against stimulus number. g, Onset-transient
interneuron with or without CX546 (200 mM; gabazine present). Note that CX546 prolongs
the decay of the EPSC (inset, expanded timescale) without affecting short-term
depression (top panel). Bottom panel, same interneuron in I-clamp (50-Hz stimulation).
The summary graph shows maximal depolarization plotted against stimulus number
(n ¼ 4). h, In a different onset-transient interneuron, loose-patch recordings with or
without CX546 (200 mM; no gabazine). Top panel, six superimposed sweeps (50% spike
probability after stimulus one). Middle and bottom panels, three superimposed sweeps
per panel, ordered depending on whether stimulus one elicited a spike or not (50% spike
probability after stimulus one was maintained in CX546 by decreasing stimulation
intensity). The summary graph shows spike probability plotted against stimulus number
(n ¼ 4).
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inhibition contributes to temporally segregating the activation of
early-transient versus late-persistent interneurons by CA1 pyramidal
cells.

Selective routing via two neuronal modules
This circuit analysis reveals the interplay between four properties,
namely: EPSC kinetics, the membrane time constant, short-term
plasticity and disynaptic inhibition of interneurons. These properties are synergistically tuned to produce recurrent inhibitory circuits
that operate in two distinct modes: coincidence detection and
integration. The two modes extract two different temporal features
of a spike series and route them as independent signals to different
hippocampal layers. The coincidence-detection mode reports the
onset of a spike series by activating perisomatic inhibitory conductances on pyramidal cells. The high frequency firing of basket
cells observed in vivo28 may, hence, signal the sequential onset of
activity of independent excitatory pathways converging onto them.
The integration mode, on the other hand, activates distal dendritic
inhibitory conductances in proportion to the rate of the spikes in a
series (Fig. 5d).
We therefore expect the wide range of temporal activity patterns
characteristic of CA1 pyramidal cells during exploratory behaviour
in rats29 to be represented as a spatially distinct inhibitory pattern
across hippocampal layers. The temporal precision and perisomatic
location of the coincidence-detector module may help synchronize
CA1 pyramidal cell activity with the onset of a spike series.

Subsequent spikes in the series will affect more distal layers, thereby
specifically modulating distal excitatory inputs. Interestingly,
inhibitory interneurons with similar axonal projections and synaptic properties have also been described in the neocortex30,31. Future
work will elucidate whether a frequency-dependent shift of recurrent inhibition along the somato-dendritic axis is an attribute
common to other cortical circuits.
A

Methods
Slice preparation and electrophysiology
Hippocampal slices (400 mm) were prepared from 28- to 32-day-old Wistar rats as
previously described8. Artificial cerebrospinal fluid (ACSF) consisted of (in mM):
119 NaCl, 2.5 KCl, 1.3 NaHPO4, 1.3 MgCl2, 2.5 CaCl2, 26 NaHCO3, 11 glucose
(equilibrated with 95% O2 and 5% CO2). Experiments were performed at 31–32 8C, in the
presence of the GABAB receptor antagonist CGP62349 (1–3 mM) and the NMDA receptor
antagonist D-CPP (25 mM). Whole-cell recordings were performed with patch pipettes
(3–7 MQ for somatic and 13–18 MQ for dendritic recordings) filled with (in mM): 150 Kgluconate, 0.5 MgCl2, 5 HEPES, 1.1 EGTA, and 10 phosphocreatine (pH ¼ 7.25;
280–290 mOsm); biocytin 0.5% (for interneuron recordings). Loose-patch recording
pipettes (10–15 MQ) contained ACSF. Stimulation (100 ms) was applied using
monopolar steel electrodes or ACSF-containing glass pipettes (3–7 MQ). Voltage
measurements were not corrected for the experimentally determined junction potential
(VACSF–V internal solution ¼ 212 ^ 0.4 mV; n ¼ 3). Data were recorded using Multiclamp
700A, Axopatch 200B and Axoclamp 2B amplifiers (digitalization at 5–10 kHz). The drugs
used were NBQX, D-CPP, SR95531 (‘gabazine’), CGP62349 and CX546. All experiments
were carried out in accordance with the guidelines set out by the University of California,
San Diego and the University of Zürich, Switzerland.

Alveus stimulation
The high Cl2 driving force (,20 mV) allowed the detection of IPSP/IPSCs with small
underlying conductances in CA1 pyramidal cells and hence the use of weak stimulation
intensities: V holding, 57.1 ^ 2.1 mV; IPSCs peak amplitude, 28.9 ^ 6.6 pA; V reversal,
78.9 ^ 3.2 mV; peak conductance, 1.34 ^ 0.22 nS; n ¼ 6. The IPSCs were abolished
(99.7 ^ 0.1%) by the selective GABAA-receptor antagonist gabazine (3–10 mM; n ¼ 9).
IPSCs recorded in CA1 pyramidal cells were disynaptic as they were blocked by the AMPA/
kainate receptor antagonist NBQX (20–25 mM; 96.0 ^ 1.3% reduction; delay between the
stimulus and the onset of the IPSC: 6.2 ^ 0.3 ms; n ¼ 20; Supplementary Fig. 1). IPSCs
recorded in interneurons were disynaptic as the initial slope of the EPSC/P did not
significantly change after gabazine perfusion8 (3.1 ^ 2% increase, P ¼ 0.82, n ¼ 13; Fig.
5). IPSP/IPSCs were not contaminated by Schaffer collateral stimulation (feed-forward
IPSP/IPSC) or recurrent excitation between CA1 pyramidal cells (multisynaptic IPSP/
IPSC): see Supplementary Information.

Analysis
Average values in the text and the Figures are expressed as mean ^ s.e.m. The Student ttest was used for statistical comparisons. All traces are averages of 10 to 40 sweeps, unless
stated otherwise. During a series of stimuli, individual somatic and dendritic IPSP/IPSCs
were isolated by subtracting the averaged response to n 2 1 stimuli from the one to n
stimuli (Figs 1d–h and 2e–g). For slope measurements, the IPSP with the steepest initial
slope was selected (usually the 1st for somatic recordings and the 2nd or 3rd or 4th for
dendritic recordings) and used to define the size and the position of a time window (1–
2 ms) to measure the slope of all IPSPs in the series (Fig. 1d–h). Membrane time constants
were estimated by fitting a single exponential to the late portion of the membrane
potential relaxation to a step current injection of 225 to 250 pA.

Dynamic clamp

Figure 5 Disynaptic inhibition contributes to transience in onset-transient and to delay in
late-persistent interneurons. a, Onset-transient interneuron: I-clamp responses to ten
stimuli (50 Hz) with or without gabazine (12.5 mM). Inset, note the lack of effect of
gabazine on the initial slope of the first EPSP (asterisk), indicating that inhibition is
disynaptic. Summary graph: maximal depolarization of EPSPs plotted against stimulus
number (n ¼ 4). b, Late-persistent interneuron, stimulation and recording as in a
(summary graph: n ¼ 4). c, Onset-transient interneuron: V-clamp responses with or
without gabazine and their algebraic difference to isolate disynaptic IPSCs. The summary
graph shows the amplitude of disynaptic IPSCs plotted against stimulus number (onsettransient: n ¼ 7; late-persistent: n ¼ 3). d, Schematic illustration of recurrent inhibition
on pyramidal cells: onset-transient (black) and late-persistent (blue) loops (the
hypothetical GABAergic interneuron represented in dotted lines might be identical to an
onset-transient interneuron inhibiting itself and late-persistent interneurons).
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The operation was performed as described previously8. Artificial inhibitory conductances
(5-nS peak amplitude, E rev ¼ 285 mV) were imposed with the dendritic recording
pipette only when the dendritic series resistance was #30 MQ and could be properly
balanced. The four kinetics used were: for g in , t rise ¼ 0.6 ms, t decay1 ¼ 3.9 ms,
t decay2 ¼ 14 ms; for g in2, t rise ¼ 1.2 ms, t decay1 ¼ 7.8 ms, t decay2 ¼ 28 ms; for g in 4,
t rise ¼ 2.4 ms, t decay1 ¼ 15.6 ms, t decay2 ¼ 56 ms; for g in 8, t rise ¼ 4.8 ms,
t decay1 ¼ 31.2 ms, t decay2 ¼ 112 ms. Ratio of the amplitudes of the two decay components:
0.634/0.366. Artificial excitatory conductances imposed in interneurons (2–9-nS peak
amplitude, E rev ¼ 0 mV) had two different kinetics: for fast conductances, t rise
fast ¼ 0.61 ms, t decay fast ¼ 1.77 ms; for slow conductances, t rise slow ¼ 0.87 ms, t decay
slow ¼ 4.11 ms.

Morphology
Anatomical recovery of biocytin-filled interneurons: see Supplementary Methods.
Interneuron soma, axons and dendrites were reconstructed using a drawing table
(Olympus Optical). To quantify the axonal density along the radial axis, we counted the
number of intersections made by the axons with lines running parallel (or in some cases
concentric) to the border between the pyramidal cell layer and the stratum radiatum and
interspaced by 10 mm.
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