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blocks inward rectiÞer K+ (Kir) currents (Thompsonet al.
2000). However, the effects of Cs+ or ZD were comparable
and could be perfectly mimicked by local reduction in
the h-conductance (E.Campanac,N.Ankri&D.Debanne,
unpublished observations). Furthermore, Kir2.1 channels
are only weakly expressed in CA1 neurons (Pr¬usset al.
2005).4-AP isnotspeciÞc to theA-typeK+ current (Storm,
1988) but it effectively blocks the transient A-current in
CA1 pyramidal neurons and enhances EPSP amplitude
(Hoffman et al. 1997).

Data acquisition and analysis

Electrophysiological recordings were obtained using an
Axoclamp 2B ampliÞer, Acquis1 software (Bio-Logic,
Orsay, France) or pCLAMP version 8 and 9. Data were
analysed with IGOR version 5.03 (WaveMetrics, Lake
Oswego, OR, USA). Pooled data are presented as either
mean± s.e.m.or box plots and statistical analysis was
performed using the MannÐWhitneyU test or the paired
t test of Student.

EÐScouplingwas representedby theÞringprobabilityas
a function of the EPSP slope. EPSP slopes measured during
the Þrst 2 ms were sorted in 0.2Ð0.5 mV msŠ1 bins. The
Þring probability was determined for each bin. Changes in
EÐScouplingwerequantiÞedbyexpressing themeanÞring
probability after pairing as a percentage of the mean Þring
probability in thecontrol period. In twoneurons, themean
Þringprobabilitywas0beforepairing, thusEÐScoupling in
these cells was arbitrarily set to the mean EÐS potentiation
(194%) calculated from the other data points. To conÞrm
this analysis, the EÐS shift for a Þring probability of 50%
has also been analysed (Staff & Spruston, 2003). Since the
intensity was kept constant during the experiment, the EÐS
curves were not always complete. Therefore the number of
cells where the EÐS shift could be measured was slightly
reduced.

The amplitude/slope (A/Slp) relation of the EPSP was
studied to assess the change in EPSP ampliÞcation. To
quantify the change inA/Slp, EPSP slopes were sorted
in 0.2Ð0.5 mV msŠ1 bins and the mean EPSP amplitude
was calculated for each bin. The change value of each cell
was obtained by averaging the normalized EPSP amplitude
corresponding to each class of EPSP slope. A linear Þt
was performed for each group of data to facilitate the
estimation of theA/Slp change in the Þgures. The spike
threshold was determined as the voltage corresponding to
the time where the derivative exceeded 10 mV msŠ1.

Results

Bidirectional long-term plasticity of EÐS coupling
associated with STDP

All the experiments were performed in the presence
of 100µm PiTX to block GABAA receptor-mediated

inhibition. To avoid epileptiform activity, the CA1 region
was surgically isolated. Stable whole-cell patch-clamp
recordings were obtained from CA1 pyramidal neurons.
Positive pairing with short delays (+ 5< �t < + 50 ms)
induced a stable potentiation of the EPSP slope (Fig. 1A;
129± 6% of the control,n = 29). Dendritic integration
was evaluated before and after pairing by plotting the
probability of spikingversus EPSP slope. After positive
pairing, the EPSPÐspike (EÐS) curve was shifted towards
the left and the Þring probability was increased for a
given EPSP slope, attesting to EÐS potentiation (Fig. 1B).
On average, the EÐS potentiation was 194± 21% of
the control; n = 11) and the mean EÐS shift was
Š0.23± 0.06 mV msŠ1 (n = 10). No change in the input
resistance tested with a brief hyperpolarizing pulse (50 ms;
Š20 pA) was observed after the induction of LTP and EÐS
potentiation (Fig. 1A; 101± 1%,n = 29).

Negative pairing with a delay betweenŠ50 andŠ5 ms
(150 repetitions) induced LTD (Fig. 1C; 82± 3%,n = 25)
and decreased EÐS coupling (Fig. 1D). After negative
pairing, EÐS coupling was 71± 14% (n = 14) of the
control and themeanEÐSshiftwas+ 0.11± 0.01 mV msŠ1

(n = 9). These changes were signiÞcantly different
from those obtained after short positive correlation
(MannÐWhitney U test: EPSP slope,P < 0.01; EÐS
coupling, P < 0.001; and EÐS shift,P < 0.01). No
change in the input resistance was observed after the
induction of LTD and EÐS depression (Fig. 1C; 101± 1%,
MannÐWhitneyU test, P > 0.1, n = 25). Our results
indicate that EÐS plasticity is induced in parallel and in
synergy with synaptic plasticity.

Temporal dependence of long-term plasticity
of EÐS coupling

Synaptic plasticity precisely depends on the timing
between pre- and postsynaptic activities and synaptic
efÞcacy is not affected for long positive or negative
intervals (Debanneet al. 1998; Bi & Poo, 1998; Feldman,
2000). We have therefore examined whether EÐS coupling
was affected by pairing protocols with long positive or
negative delays (> ± 50 ms). We observed that positive
correlation with long delay (�t > + 50 ms) failed to
induce LTP (106± 4%, n = 4; Fig. 2A) and did not
affect EÐS coupling (105± 6% of the control; n = 3;
Fig. 2B). Neither LTD (101± 3%, n = 8; Fig. 2C) nor
EÐS depression (111± 9% of the control EÐS coupling,
n = 4; Fig. 2D) were observed with a delay greater than
Š50 ms. In contrast with short delays, there was no
differential changes for long positive or long negative
intervals (MannÐWhitneyU test: EPSP slope,P > 0.5
and EÐS coupling,P > 0.5). Most importantly, the
time-windows for synaptic and EÐS plasticity were
virtually identical (Fig. 3A and B). Moreover, EÐS
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signiÞcantly different from those obtained in the absence
ofd-AP5 (MannÐWhitneyU test,P < 0.05). Therefore, we
conclude that long-term EÐS potentiation and depression
induced by STDP protocols require activation of NMDA
receptors.

No change in spike threshold

In cerebellar granule cells, facilitation of EPSPÐspike
coupling associated with LTP results from a reduction in
the spike threshold (Armanoet al. 2000). Similarly, the
increased excitability observed after STDP-induced LTP
in CA1 pyramidal neurons is associated with a hyper-
polarization of the spike threshold (Xuet al. 2005).
We therefore analysed whether the threshold of the

Figure 2. Temporal speciÞcity of the plasticity of dendritic integration
Positive pairing with long delay (here+ 106 ms) had no effect on synaptic transmission (A) and dendrtic integration
(B). EÐS shift here wasŠ0.08 mV msŠ1. Negative pairing with long delays (hereŠ97 ms) had no effect on
synaptic transmission (C) and dendritic integration (D). EÐS shift here wasŠ0.07 mV msŠ1. Scale bars 20 ms, 5 mV,
200 pA.

action potential (AP), deÞned as the voltage where
dV /dt exceeded 10 mV msŠ1, was altered after positive or
negative correlation. No differential modiÞcation in the
threshold was observed when LTP or LTD was induced
with short positive or negative correlation, respectively
(variation in the threshold:Š0.48± 0.23 mV n = 7 for
+ 5/+ 50 msversus Š0.61± 0.32n = 11 for Š5/Š50 ms,
MannÐWhitney U test P > 0.05). Thus, changes in
EPSPÐspike coupling cannot be accounted for by a
modiÞcation in the AP threshold measured at the cell body
and other mechanisms should be envisaged.

Changes in the amplitude/slope relation of the EPSP

Alternatively, EÐS changes may result from a change in
EPSP ampliÞcation under the control of voltage-gated
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