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Bidirectional Modification of Presynaptic
Neuronal Excitability Accompanying
Spike Timing-Dependent Synaptic Plasticity

Naughton et al., 1994; Daoudal et al., 2002). Part of this
apparent increase in excitability can be accounted for
by postsynaptic changes of active conductances in the
dendrite (Wathey et al., 1992). Neuronal excitability can
also be increased in rabbit hippocampal CA1 region
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On the presynaptic side, activity-induced long-term fa-China
2 Division of Neurobiology cilitation at crayfish neuromuscular junctions (Beaumont

et al., 2002) and LTP of mossy fiber-CA3 synapses inDepartment of Molecular and Cell Biology
University of California the hippocampus (Mellor et al., 2002) have both been

reported to result from modifications of presynaptic IhBerkeley, California 94720
channels. In cultures of hippocampal neurons, induction
of LTP by correlated pre- and postsynaptic activation
is accompanied by an immediate and persistent en-Summary
hancement of the intrinsic neuronal excitability of the
presynaptic neuron, a modification that was caused byCorrelated pre- and postsynaptic activity that induces
enhanced gating properties of Na� channels (Gangulylong-term potentiation is known to induce a persistent
et al., 2000).enhancement of the intrinsic excitability of the presyn-

In the present study, we examined whether there isaptic neuron. Here we report that, associated with
also alteration of intrinsic neuronal excitability followingthe induction of long-term depression in hippocampal
the induction of LTD by correlated pre- and postsynapticcultures and in somatosensory cortical slices, there
activation. Using simultaneous whole-cell recording inis also a persistent reduction in the excitability of the
pre- and postsynaptic neurons in hippocampal culturespresynaptic neuron. This reduction requires postsyn-
and in somatosensory cortical slices, we showed thataptic Ca2� elevation and presynaptic PKA- and PKC-
LTD induction at synapses between glutamatergic neu-dependent modification of slow-inactivating K� chan-
rons is accompanied by a reduction of the global intrin-nels. The bidirectional changes in neuronal excitability
sic excitability of the presynaptic neuron. In culturedand synaptic efficacy exhibit identical requirements
neurons, this presynaptic change can be attributed tofor the temporal order of pre- and postsynaptic activa-
an enhanced activation of voltage-dependent slow-tion but reflect two distinct aspects of activity-induced
inactivating K� channels. Furthermore, we found thatmodification of neural circuits.
this presynaptic modification requires postsynaptic
Ca2� elevation and presynaptic activation of both PKAIntroduction
and PKC. Together with the previous finding on LTP-
related enhancement of presynaptic excitability (Gan-Persistent changes in neural circuits induced by electri-
guly et al., 2000), these results demonstrate that cor-cal activity are essential for experience-dependent re-
related pre- and postsynaptic activation can inducefinement of the developing nervous system (Katz and
bidirectional modification of presynaptic excitability.Shatz, 1996; Zhang and Poo, 2001) and for learning and
Such presynaptic changes require an immediate retro-memory functions of the mature brain (Hebb, 1949; Bliss
grade signaling across the synapse and a rapid spreadand Collingridge, 1993; Martin et al., 2000). In many parts
of cytosolic signals throughout the presynaptic neuron,of the central nervous system, a brief period of electrical
leading to global modification of ion channels.activity can induce long-term potentiation (LTP) or long-

term depression (LTD) of synaptic transmission (Bliss
and Lømo, 1973; Malenka and Nicoll, 1999; Bear and Results
Linden, 2001). In addition to these changes in synaptic
efficacy, there is now increasing evidence that the intrin- Bidirectional Modulation of Presynaptic

Firing Propertiessic excitability of pre- and postsynaptic neurons is also
regulated by electrical activity. Alteration of neuronal Cultured rat hippocampal neurons were prepared from

E17 to E20 rat embryos and used after 8 to 20 daysexcitability may be induced by chronic modulation of
neuronal firing (Turrigiano et al., 1994; Marder et al., in vitro (Bi and Poo, 1998). Dual perforated whole-cell

recordings were made from pairs of neurons that formed1996; Desai et al., 1999; Nick and Ribera, 2000) or by a
brief period of tetanic activity (Aizenman and Linden, functional synapses. The nature of the synaptic connec-

tion (glutamatergic versus GABAergic) was determined2000; Armano et al., 2000; Ganguly et al., 2000). In the
hippocampus, increased probability of neuronal spiking by the time course, the reversal potential and, in some

cases, the sensitivity of the synaptic currents to specificoccurs in parallel with the tetanus-induced LTP (Bliss
and Lømo, 1973; Taube and Schwartzkroin, 1988; Mc- pharmacological blockers (see Experimental Proce-

dures). To assay presynaptic neuronal excitability, trains
of action potentials were evoked in the presynaptic neu-*Correspondence: shumin@ion.ac.cn (S.-m.D.), mpoo@uclink.
ron (current clamped at �70 mV) by injecting prolongedberkeley.edu (M.-m.P.)

3These authors contributed equally to this work. depolarizing currents (0.03–0.2 nA, 300 ms) at a low
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Figure 1. Changes in Firing Property of Pre-
synaptic Neuron Induced by Repetitive Cor-
related Synaptic Activity in Cultured Hippo-
campal Neurons

(A) Representative raster plot of spike times
during injection of a step-depolarizing current
(300 ms) into the presynaptic neuron. Repeti-
tive correlated pre- and postsynaptic stimuli
(1 Hz for 80 s) were applied at time 0 and
30 min to induce LTD and LTP, respectively,
using a negative (�8 ms, post before pre, S1)
and a positive (�5 ms, pre before post, S2)
interval. Sample test traces on the right (T1,
T2, and T3) depict paired recordings of the
firing pattern of the presynaptic neuron under
current clamp (c.c., Vc � �70 mV) in response
to a standard step depolarization and of
EPSCs in the postsynaptic neuron under volt-
age clamp (v.c., Vc � �70 mV) at the times
marked by the arrows. Spike time 0 refers to
the onset of 300 ms depolarizing step. Scales
for T1–T3: 50 mV (pre) or 50 pA (post), 100
ms. Also shown are sample paired recordings
of membrane potentials of pre- and postsyn-
aptic neurons (S1 and S2) during repetitive
co-activation at 0 and 30 min marked by the
arrows. Scales for S1 and S2: 1.0 nA (pre) or
50 mV (post), 10 ms.
(B) The mean interspike interval (ISI) of the
presynaptic spiking induced by the step de-
polarization before and after correlated acti-
vation (marked by arrows) that induced LTD
and LTP, respectively, for the experiment de-
scribed in (A). Dotted lines depict average
values during the three periods.
(C) The peak amplitude of the first EPSCs
(Vc � �70 mV) evoked by the presynaptic
step-depolarization test stimuli at various
times before and after the correlated stimula-
tion, for the experiment described in (A).

frequency (0.017 Hz). The mean interspike interval (ISI) 1C). Thus, there were bidirectional modifications of both
synaptic efficacy and presynaptic firing properties.of action potentials was used as a parameter for the

firing characteristics. The synaptic strength between the Similar recordings were made from many connected
pairs of hippocampal neurons, using correlated activa-pair of recorded neurons was monitored by the ampli-

tude of the first excitatory postsynaptic current (EPSC) tion at different time intervals. For 16 neuronal pairs
in which LTD was induced by coactivation at negativeevoked by a train of action potentials.

In the first set of experiments, we examined the effect intervals in the range of �15 to �5 ms, there was a
consistent increase in the mean ISI of the presynapticof correlated pre- and postsynaptic activity that is

known to induce LTP or LTD at glutamatergic synapses neuron following LTD induction (Figures 2A and 2B). At
10–20 min after coactivation of the neuronal pairs within these hippocampal cultures (Bi and Poo, 1998). Repet-

itive step-depolarizations (1 ms, �150 mV) were applied reciprocal connections (n � 11), the mean ISI increased
by 35% � 16% (mean � SEM) and the EPSC amplitudeto the presynaptic neuron (Vc � �70 mV, 1 Hz, 80 s),

each paired with a postsynaptic action potential, either decreased by 38.6% � 9.6% (mean � SEM). Similar
changes were observed in neuronal pairs with (n � 11)before (“negative” intervals) or after (“positive” intervals)

the presynaptic stimulation. An example of the recording or without (n � 5) recurrent connections, suggesting
that the observed changes in presynaptic firing werefrom a pair of glutamatergic neurons is shown in Figure

1. Following repetitive coactivation of the neurons at a unlikely to result from the presence of recurrent connec-
tions. Ganguly et al. (2000) had previously reported anegative interval of �8 ms (post/pre, S1 in Figure 1A),

there was a persistent reduction in the amplitude of the decreased threshold for spiking after LTP induction.
Here we observed an increased threshold for spikingfirst EPSC. Subsequent repetitive coactivation of the

same pair of neurons at an interval of �5 ms (pre/post, after LTD (from �43.8 � 4.1 to �37.5 � 5.7 mV, SEM,
n � 4, p � 0.05, paired t test). In agreement with GangulyS2 in Figure 1A) resulted in a persistent elevation of the

amplitude of the first EPSC. Accompanying the sequen- et al. (2000), we also observed a persistent reduction in
the mean ISI (Figures 2C and 2D) following the inductiontial induction of LTD and LTP, we observed an increase

and a decrease in the mean ISI in the presynaptic neu- of LTP by repetitive coactivation at positive intervals
(�3 to �10 ms). At 10–20 min after correlated activation,ron, respectively, as assayed by repetitive injections of

an identical step-depolarizing current (Figures 1B and the mean ISI decreased by 34.1% � 6.1% (SEM, n � 6)
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Figure 2. Changes in the Presynaptic Firing
Property Induced by Repetitive Correlated
Activation at Different Intervals in Cultured
Hippocampal Neurons

(A and B) Elevation of the mean ISI accompa-
nying the induction of LTD by correlated acti-
vation at negative intervals (�15 to �5 ms).
Results for glutamatergic neuronal pairs are
separated into two groups (see diagram
above): those reciprocally connected (n � 11,
filled circles) and those containing no recur-
rent connections (n � 5, open circles). Data
points (mean � SEM, n � total number of
experiments) were normalized by the average
value during the control period prior to repeti-
tive coactivation. Dotted lines depict average
values during the control periods.
(C and D) Reduction of the mean ISI accom-
panying the induction of LTP by correlated
activation at positive intervals (�3 to �10 ms).
(E and F) No change in the mean ISI and syn-
aptic strength by correlated activation at
large negative intervals (�100 to �40 ms).
(G and H) No change in the mean ISI and
synaptic strength following repetitive stimu-
lation of the pre- (n � 5, filled circles) or post-
synaptic (n � 6, open circles) neuron alone,
with the post- or presynaptic neuron voltage-
clamped at �70 mV, respectively.

and the EPSC amplitude increased by 79% � 26% (SEM, changes in the mean ISI were observed, the input resis-
tance of the presynaptic neuron remained stable (97% �n � 6). Consistent with the bidirectional modulation of

ISI, there were corresponding changes in the total spike 2.7% of the control value at 10–20 min after correlated
activity of negative intervals, n � 16, p � 0.81; 96% �number during a 300 ms step depolarization. The spike

number decreased by 25.0% � 3.3% (SEM, n � 16; p � 5.3%, n � 6, p � 0.66 for positive intervals). Thus, the
observed alteration in the presynaptic firing was unlikely0.001) after LTD induction and increased by 37.6% �

9.1% (SEM, n � 6; p � 0.005) after LTP induction. In to result from activity-induced changes in passive mem-
brane properties, at least at the soma. Furthermore, thecontrast to the above results, repetitive coactivation at

spike timing intervals in the range of �100 to �40 ms constancy in the membrane potential changes induced
by injection of step hyperpolarizing current during mea-failed to induce any modification of either synaptic

strength or presynaptic excitability (Figures 2E and 2F). surement of input resistance suggests that Ih channels
are not involved in the changes in presynaptic excitabil-Furthermore, pre- or postsynaptic activation alone (at 1

Hz for 80 s) was also ineffective (Figures 2G and 2H). ity (see below).
Similarly, repetitive postsynaptic activation alone had
no effect on mean ISIs observed in the postsynaptic Dependence on the Spike Timing

Previous studies in several systems have shown that theneurons (see Supplemental Figure S1 at http://www.
neuron.org/cgi/content/full/41/2/257/DC1). Thus, induction of LTP/LTD depends critically on the relative

timing of the pre- and postsynaptic spikes (Markram etchanges in the presynaptic firing properties were due
to a specific temporal relationship between pre- and al., 1997; Debanne et al., 1998; Zhang et al., 1998; Bi

and Poo, 1998; Feldman, 2000; Nishiyama et al., 2000;postsynaptic activation.
Throughout these experiments, the presynaptic mem- Froemke and Dan, 2002). We have systematically exam-

ined the presynaptic firing property following correlatedbrane potential remained unchanged. It was �70.7 �
1.7 mV at 0–10 min before and �70.1 � 1.5 mV (SEM, n � pre- and postsynaptic activation at different spike timing

intervals from �100 to �100 ms. As shown in Figure 3,16, p � 0.93, paired t test) at 10–20 min after correlated
activation at negative intervals. For positive intervals, it we observed a marked correspondence between the

time windows for activity-induced changes in the meanwas �70.6 � 0.79 mV and �69.5 � 0.71 mV (SEM, n �
6, p � 0.20), respectively. In addition, when marked ISI and synaptic efficacy, both requiring that the interval
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acute cortical slices are fully consistent with the findings
in hippocampal cultures described above.

Dependence on the Postsynaptic Cell Type
In addition to the synapses between pairs of gluta-
matergic neurons, we have also examined glutamatergic
synapses onto GABAergic neurons (E→I) in hippocam-
pal cultures. As shown in Figures 5A and 5B, repetitive
coactivation at intervals of �8 to �6 ms, which normally
induces an increase in presynaptic ISI and LTD of E→E
synapses, was ineffective in modifying either synaptic
efficacy or the presynaptic firing property. This result
is consistent with previous findings that at these E→I
synapses correlated pre- and postsynaptic activationFigure 3. Dependence on the Timing of Pre- and Postsynaptic Acti-
failed to induce LTP (Bi and Poo, 1998) or to enhancevation
the excitability of the presynaptic neuron (Ganguly etSummary of changes in the mean ISI of presynaptic firing and in
al., 2000). Thus, there appears to be a tight link betweenthe amplitude of the first EPSC following correlated pre- and post-

synaptic activation at different intervals. Each data point represents synaptic plasticity and changes in the presynaptic firing
result from one experiment. The percentage changes for ISI (red) property, suggesting common underlying mechanisms.
and EPSC amplitude (blue) were calculated from the mean value at
10–20 min after correlated activation, as compared to the mean

Changes in the Intrinsic Excitabilityvalue during the control period. The interval refers to the time be-
The decreased presynaptic firing frequency in responsetween the onset of the EPSP and the peak of the postsynaptic spike.
to depolarization accompanying the induction of LTD
may result from a reduction in the intrinsic excitability
of the presynaptic neuron or a stimulation-induced re-between the pre- and postsynaptic activation lie within
duction of the background synaptic drive received byabout �20 ms. Increase and decrease in the presynaptic
the presynaptic neuron, e.g., a reduced tonic gluta-firing frequency tightly correlate with synaptic potentia-
matergic input or an increased GABAergic inhibition (Lution and depression, respectively.
et al., 2000). To test this possibility, we examined the
firing property of the presynaptic neuron after gluta-
matergic and GABAergic transmission was abolishedReduction of Presynaptic Excitability Associated
by perfusing the culture with specific antagonists ofwith LTD in Cortical Slices
non-NMDA, NMDA, and GABAA receptors, i.e., DNQX,In order to determine whether the above finding ob-
D-APV, and bicuculline, respectively. During the periodtained in cell cultures also occurs in a more intact neural
of correlated activation, however, these blockers weretissue, we have examined the modulation of presynaptic
washed out and replaced with normal recording solutionexcitability after LTD induction in somatosensory corti-
to allow synaptic activation. As shown in Figures 5C andcal slices obtained from P12–P16 rats (see Experimental
5D, we observed a consistent increase in the mean ISIProcedures). Excitatory neurons were selected based
(36.9% � 6.9% of the control, SEM, n � 5) in the absenceon morphological criteria and the pattern of spiking dur-
of synaptic transmission following correlated activationing injection of a depolarizing current (Figures 4A and
(at an interval of �8 ms) that induced LTD. These results4B; McCormick et al., 1985; Feldmeyer et al., 1999).
indicate that a reduction of intrinsic excitability is likelyDual whole-cell patch recording from two synaptically
to be the cause of reduced presynaptic firing in responseconnected excitatory neurons in layers 2/3 and 4 was
to depolarization.made (Feldmeyer et al., 1999; Egger et al., 1999), and

LTD was induced using correlated pre- and postsynap-
tic activation at negative intervals. Perforated patch re- Requirement of Postsynaptic Ca2� Elevation

Calcium influx into the postsynaptic neuron followingcording was used for the presynaptic cell in order to
obtain reliable measurement of presynaptic ISI (see Ex- correlated pre- and postsynaptic activation is critical for

the induction of LTP and LTD, which require activationperimental Procedures). Repetitive depolarizations (1.0
to 1.6 ms, �100 mV) were applied to the pre- and post- of NMDA receptors and/or L-type Ca2� channels at some

synapses (Koester and Sakmann, 1998; Bi and Poo,synaptic neurons (in current clamp, 0.5–1 Hz for 3 to 6
min), with a negative time interval of �10 to �5 ms (post/ 1998; Malenka and Nicoll, 1999). In the present study,

we have examined whether NMDA receptors and L-typepre, see Figure 4B). In 21 cases examined, the amplitude
of the first EPSPs decreased by 19.7% � 5.9% (SEM, Ca2� channels are also involved in the modification of

presynaptic excitability. Nifedipine (10 �M), a specificp � 0.01, paired t test; Figure 4D) at 20 to 30 min after
the coactivation and the presynaptic ISI increased by L-type Ca2� channel blocker, was added to the bath 3

min before correlated activation (at an interval of �817.6% � 6.5% (SEM, p � 0.01). In contrast, repetitive
correlated activation of similar pattern but the interval of and �5 ms). As shown in Figures 6A to 6B, this treatment

abolished both LTD and the reduction of presynaptic�200 to �100 ms (n � 9) failed to induce any significant
change in either ISI or EPSP amplitude (Figure 4E). In excitability, but did not block LTP and the increase of

presynaptic excitability (Figures 6C and 6D), consistentthese experiments, changes in the input resistance were
less than 10% and showed no correlation with the extent with the previous finding (Bi and Poo, 1998). Surpris-

ingly, bath application of D-APV (50 �M), although itof changes in either ISI or EPSP. These results from
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Figure 4. Reduction of Presynaptic Excitabil-
ity Accompanying LTD in Somatosensory
Cortical Slices

(A) DIC image of two connected layer 4 spiny
neurons, with recorded responses shown in
(B) and (C). Scale bar equals 10 �m.
(B) Typical presynaptic bursting spiking
caused by injection of a step current (240 pA,
300 ms) and postsynaptic responses before
(I) and after (II) repetitive correlated activation
(0.5 Hz for 360 s at an interval �5 ms, middle
traces, in c.c.). Arrow indicates the onset of
EPSP elicited by the presynaptic spike. Scale
bars for I and II equal 50 (pre) or 2.0 (post) mV,
100 ms. Scale bars for correlated activation
equal 50 mV, 20 ms.
(C) Left: The mean ISI of presynaptic firing
elicited by a step-depolarization test stimuli.
Right: The peak amplitude of the first EPSPs
(Vc � �70 mV) before and after correlated
activation (arrow), for the experiment de-
scribed in (B).
(D) Summary of the change in the mean ISI
accompanying the induction of LTD by corre-
lated activation at negative intervals (�10
to �5 ms).
(E) Summary of ISI changes and synaptic
modification for all slice experiments, using
repetitive correlated spiking at intervals
of �10 to �5 ms or �200 to �100 ms, and
presynaptic spiking alone (at the same fre-
quency). The histograms represent mean per-
centage change in ISI (left) and reduction in
EPSP amplitude (right) at 20–30 min after cor-
related spiking. The number in the parenthe-
ses depicts the number of neuron pairs re-
corded. Only data for �10 to �5 ms interval
were significantly different from the control
value before correlated spiking.

blocked LTP induction and ISI change (data not shown), postsynaptic neurons (1 Hz, 80 s, interval �8 ms) was
applied 40 min following the onset of loading, we foundhad no significant effect on the induction of LTD

(�43.2% � 2.0%, n � 6, Figure 6F) and the reduction no significant change in either synaptic efficacy or pre-
synaptic excitability (Figures 6G and 6H). Calcium re-of presynaptic excitability (ISI increased by 58.0% �

3.8%, n � 6, Figure 6E) induced by the correlated activ- lease from intracellular stores is known to be crucial for
the induction of LTD (Nishiyama et al., 2000). Consistentity. This lack of APV effect does not agree with that

previously reported (Bi and Poo, 1998). The discrepancy with this, we found that treatment with thapsigargin (1.0
�M) prior to and during the experiment abolished bothmay result from the use of different culture media, which

consist of serum supplements from different sources LTD and reduction of presynaptic excitability (Figures
6G and 6H). Thus, postsynaptic Ca2� elevation resulting(see Experimental Procedure). Distinct trophic factors

in the serum may result in differences in the expression from Ca2� influx through L-type Ca2� channels and Ca2�

release from intracellular stores are required for the in-of NMDA receptors, Ca2� channels, Ca2� buffering pro-
teins, or other cytoplasmic signaling mechanisms, lead- duction of LTD and the reduction in presynaptic neu-

ronal excitability.ing to differences in the relative contributions of various
Ca2� sources involved in activity-induced Ca2� eleva-
tion. To further examine the role of postsynaptic Ca2� The Role of Presynaptic PKC and PKA

Changes in intrinsic neuronal excitability are likely tosignaling, we loaded a rapid Ca2� buffer BAPTA-AM
(2 mM) into the postsynaptic neuron via the perforated- result from modulation of active conductances, e.g.,

through phosphorylation of various voltage-dependentpatch recording pipette. The effectiveness of BAPTA
loading was confirmed by the appearance of coloaded ion channels by protein kinase C (PKC) and protein ki-

nase A (PKA) (Madison and Nicoll, 1986; Hu et al., 1987;membrane-permeable fluorescence markers along the
nerve processes (data not shown) and the concurrent West et al., 1991; Schroeder et al., 1998; Hoffman and

Johnston, 1998; Beaumont et al., 2002). Ganguly et al.reduction in synaptic output of the loaded neuron (Gan-
guly et al., 2000). When correlated activation of pre- and (2000) reported that presynaptic PKC, but not PKA activ-
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Figure 5. Changes in the Firing Property Are
Dependent on Postsynaptic Cell Type and In-
dependent of Synaptic Drive

(A and B) No change in the mean ISI and
synaptic strength following repetitive corre-
lated activation (at intervals of �8 to �6 ms)
of glutamatergic synapses when the postsyn-
aptic neuron was GABAergic (I). All five pairs
recorded were reciprocally connected (see
diagram above).
(C) The change in the presynaptic firing prop-
erty induced by correlated activation is not
due to increased synaptic drive. Data from a
representative experiment are shown. The ISI
of presynaptic spiking triggered by a step de-
polarization (300 ms) was measured in the
presence of D-APV (50 �M), DNQX (2.0 �m),
and bicuculline (10 �m), as marked by the
bar, except for the 2 min period of repetitive
coactivation, during which the drugs were
washed out by perfusing the culture with
fresh recording solution.
(D) Summary of all experiments similar to that
shown in (C). The mean ISI measured in each
experiment was normalized to the mean value
during the control period.

ity, is required for the enhancement of presynaptic neu- blocking PKC or PKA activity in the presynaptic neuron
affects LTD induction and the reduction of presynapticronal excitability following the correlated activation that

induces LTP. In the present study, we examined whether excitability. As shown in Figures 7A and 7B, induction

Figure 6. Dependence on the Postsynaptic
Ca2� Elevation

(A and B) No change in the mean ISI and
synaptic strength following repetitive corre-
lated activation at a negative interval (�8 ms)
in the presence of nifedipine (10 �M).
(C and D) Reduction in the mean ISI and en-
hancement of synaptic response following re-
petitive activation at a positive interval (�5
ms) in the presence of nifedipine (10 �M).
(E and F) Elevation of the mean ISI accompa-
nying the induction of LTD by correlated acti-
vation at negative intervals (�10 to �8 ms)
in the presence of D-APV (50 �M).
(G and H) No change in the mean ISI and
synaptic strength following correlated activa-
tion at negative intervals (�10 to �8 ms), in
the presence of pipette-loaded BAPTA-AM
(2 mM) in postsynaptic cells or bath-applied
thapsigargin (1.0 �M).
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Figure 7. Dependence on Presynaptic PKC
and PKA Activities

(A and B) An example experiment in which
the presynaptic neuron was loaded with the
PKC inhibitor Calphostin C (100 nM) through
the perforated patch pipette. No change in
the mean ISI of presynaptic firing was found
following the induction of LTP (A) and LTD
(B) by correlated activation at positive (�6
ms) and negative (�8 ms) intervals, respec-
tively, at the times marked by arrows. Sample
traces above depict presynaptic firing pat-
terns (A) and postsynaptic EPSCs (B) at the
time marked by the arrowhead. Scale bars
equal 50mV (200 pA), 100 ms.
(C and D) Presynaptic loading of the PKC
inhibitor, GF 109203X (50 nM) or Calphostin
C (100 nM), abolished changes in the mean
ISI induced by correlated activation, without
affecting the induction of LTD.
(E and F) Presynaptic loading of a PKA inhibi-
tor KT 5720 (1.0 �M) abolished the changes
in the mean ISI induced by correlated activa-
tion, without affecting the induction of LTD.
(G and H) Effects of PKC activation and PKA/
PKC co-activation. In (G), bath application of
PMA (1.0 nM, duration marked by the bar)
reduced the mean ISI. In (H), bath application
of dB-cAMP (100 �M) increased the mean
ISI, but the effect was abolished by the co-
application of Calphostin C (100 nM).

of LTP and LTD by correlated activity was not affected tion in the mean ISI at 5–15 min after the drug treatment.
In contrast, application of dibutyryl cAMP (dB-cAMP,when the presynaptic neuron was loaded with specific

PKC inhibitor Calphostin C (100 nM) through the perfora- 100 �M), a membrane-permeable analog of cAMP, sig-
nificantly decreased the neuronal firing, with 34.8% �ted patch pipette, but the mean ISI remained unchanged

throughout the experiment. The results of all experi- 9.0% (n � 5) increase in the mean ISI (Figure 7H). Be-
cause presynaptic loading of PKC inhibitors was foundments using the LTD-inducing protocol and presynaptic

loading of specific PKC inhibitors GF 109203X (Bisindo- to prevent the ISI increase induced by the LTD protocol
(Figure 7C), we further tested whether PKC activity islylmaleimide I Hydrochloride, 50 nM) or Calphostin C

(100 nM) are summarized in Figures 7C and 7D. Similarly, necessary for the action of PKA in reducing neuronal
firing. As shown in Figure 7H, co-application of Calphos-presynaptic loading with a specific PKA inhibitor KT

5720 (1.0 �M) also blocked the change in the mean ISI tin C (100 nM) together with dB-cAMP (100 �M) indeed
abolished the effect of dB-cAMP on neuronal excitabil-without significantly disrupting LTD induction (Figures

7E and 7F). Thus, both PKC and PKA activities in the ity. Taken together, these results suggest that a basal
PKC activity in the neuron is necessary for PKA-depen-presynaptic neuron are necessary for the reduction of

presynaptic excitability following correlated activation dent processes to reduce neuronal excitability.
that induces LTD.

Previous studies have shown that activation of PKC Enhancement of K� Channel Activation
To further understand the mechanism underlying theor PKA can modulate somatic (Madison and Nicoll, 1986)

or dendritic (Hoffman and Johnston, 1998) excitability. observed reduction of presynaptic excitability, we ex-
amined whether there is any change in K� channel acti-We have also examined in the present culture system

whether direct activation of PKC or PKA is sufficient to vation kinetics following repetitive correlated activation.
We first examined the slow-inactivating K� channels byinduce bidirectional modification of presynaptic excit-

ability. As shown in Figure 7G, bath application of a blocking the Na� channels with tetrodotoxin (1 �M),
Ca2� channels and Ca2�-dependent K� channels withlow concentration of PKC activator PMA (phorbol 1,2-

myristate 1,3-acetate, 1.0 nM) can significantly enhance Cd2� (100 �M), and A type K� channels with 4-AP (2 mM)
(see Supplemental Figure S2 at http://www.neuron.org/the neuronal firing, with a 21.5% � 6.8% (n � 3) reduc-
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Figure 8. Changes in the Activation Kinetics
of Slow-Inactivating K� Channels of the Pre-
synaptic Neuron Following Correlated Ac-
tivity

(A) Effects of repetitive presynaptic activa-
tion. Data recorded in the presence of TTX
(1.0 �M), CdCl2 (100 �M), 4-AP (2.0 mM), and
DNQX (2.0 �M). Voltage-dependent activa-
tion of K� currents (averaged amplitude of
the plateau current at 200 to 300 ms during
the depolarization) before (filled circles) and
after (open circles) repetitive presynaptic ac-
tivation, with postsynaptic neuron held at
Vc � �70 mV. Data points represent K con-
ductance (G) observed at various test pulse
potentials normalized to the maximal value
(Gmax). V1/2 � 27.3 � 1.8 mV (SEM, slope 27.0)
during the control period and V1/2 � 25.9 � 2.4
mV (slope 29.3) at 5 min after the presynaptic
spiking (p � 0.3, paired t test). Also shown
are sample traces of K� currents recorded at
various step potentials (�80 to �40 mV, �20
mV) before (left) and after (right) presynaptic
activation. Scale bars equal 100 ms, 2.0 nA.
(B) Effects of correlated activation at a nega-
tive interval (�6 ms) on K� currents. Experi-
ments similar to those in (A), except that cor-
related pre- and postsynaptic activation was
applied. V1/2 � 25.5 � 1.6 mV (slope 22.4)
during the control period and V1/2 � 15.4 �

1.9 mV (slope 21.1) at 5 min after correlated
activation. The difference is significant (p �

0.01, paired t test).
(C) Effects of correlated activation at positive
intervals. Experiments similar to those in (B),
except that the positive interval of �5 ms was
used. V1/2 � 24.1 � 2.6 mV (slope 13.6) during
the control period and V1/2 � 25.0 � 1.6 mV
(slope 15.7) at 5 min after the correlated acti-
vation (p � 0.5, paired t test).
(D) Effects of correlated activation at negative
intervals (�6 ms) on activation of Na� cur-
rents, recorded at various step potentials
(�80 to �10 mV, �5 mV). Experiments similar

to those in (B), but replacing K-gluconate in the pipette solution with CsCl (55 mM) and CsCH3O3 (75 mM) and perfusing the bath with CdCl2
(100 �M), CsCl (50 mM), 4-AP (5 mM), TEA-Cl (30 mM), D-APV (25 �M), DNQX (2.0 �M), and Picrotoxin (100 �M). V1/2 � �41.3 � 0.9 mV (slope
3.0) during the control period and V1/2 � �41.5 � 1.9 mV (slope 2.1) at 5 min after correlated activation (p � 0.5, paired t test). Scale bars
equal 5 ms, 2.0 nA.
(E) Effects of PKA activation on K� currents. Experiments similar to those in (B), except that correlated activation was replaced by bath
application of dB-cAMP (100 �M). V1/2 � 35.6 � 1.0 mV (slope, 24.4) during the control period and V1/2 � 14.3 � 4.2 mV (slope, 24.3) at 5 min
after the drug application. The difference is significant (p � 0.01, paired t test).
(F) Effects of co-activation of PKA and PKC on K� currents. Experiments similar to those in (C), except that Calphostin C (100 nM) was bath-
applied together with dB-cAMP (100 �M). V1/2 � 40.5 � 0.7 mV during the control period and V1/2 � 39.9 � 0.8 mV at 5 min after application
of the drugs (p � 0.3, paired t test).
(G and H) Effects of TEA (10 mM) on the excitability change and synaptic modification induced by correlated activation at a negative interval
(�10 ms).

cgi/content/full/41/2/257/DC1). Repetitive presynaptic at a negative interval (Figure 8D). To further test whether
these slow-inactivating K� channels are responsible forstimulation alone (80 pulses, 1 ms duration, �150 mV,

at 1 Hz) had no effect on the voltage dependence of the changes in excitability induced by correlated activity
at negative intervals, we bath-applied TEA (10 mM),activation of these K� channels (Figure 8A). However,

after correlated activation at a negative interval (�6 ms), which is known to block most of delayed-rectifier K�

currents (Ficker and Heinemann, 1992). As shown inwe observed a significant shift in the voltage-dependent
activation curve toward more hyperpolarizing potentials Figures 8G and 8H, we found that the change in mean

ISI was completely abolished, while induction of LTD(Figure 8B), suggesting that slow-inactivating K� chan-
nels become more readily activated during depolariza- was not significantly affected. Thus, the increased acti-

vation of delayed rectifier K� channels may account fortion, leading to a reduction of neuronal excitability. In
addition, we did not observe any significant modulation the reduction in neuronal excitability after correlated

activation that induced LTD, although we cannot ex-of K� current after correlated activation at a positive
interval (Figure 8C), nor any modulation of Na� current clude possible involvement of other slow-inactivating
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channels that are sensitive to TEA. Finally, we note that nated the reduction of presynaptic excitability (Figures
7A–7F) further suggests that the expression of LTD andthese hippocampal cultures consist of a heterogenous
the reduction of presynaptic excitability represent diver-population of neurons. Distinct cell types may account
gent downstream effects of postsynaptic Ca2� elevation.for the substantial variation in the profile of K� currents
Similar separation of the enhancement of presynapticand their activation kinetics (see Figures 8A and 8E).
excitability and LTP was also observed previously (Gan-Nevertheless, changes in the activation kinetics of slow-
guly et al., 2000). The precise postsynaptic pathwaysinactivating K� currents following correlated activation
leading to these divergent effects remain to be deter-at negative intervals were consistently observed.
mined.Activation of PKA is known to enhance K� channel

In cortical slices, Markram et al. (1997) observed thatactivation (Schroeder et al., 1998) and thus may account
the firing threshold and current-spiking relation in thefor our finding that direct PKA activation by dB-cAMP
postsynaptic neuron remain stable after the inductioncan reduce neuronal firing (Figure 7H). Consistent with
of LTP. In the present study, we also fail to observethis idea, we observed that voltage dependence of slow-
any significant modification of postsynaptic excitabilityinactivating K� currents showed a leftward shift toward
following correlated activation that resulted in LTP/LTDhyperpolarizing potentials following bath application of
(data not shown), while marked changes in excitabilitydB-cAMP (100 �M, Figure 8E). Furthermore, co-applica-
were observed in presynaptic neurons. Such an asym-tion of the PKC inhibitor Calphostin C (100 nM) together
metric modulation of pre- and postsynaptic neuronalwith dB-cAMP completely prevented the changes in
excitability may play an important role in the informationthese slow-inactivating K� channels (Figure 8F). These
flow within the neural network. In these hippocampalresults showed that activation of PKA is sufficient to
cultures, induction of LTP/LTD at glutamatergic syn-enhance the activation of these K� channels, hence re-
apses is accompanied by a rapid retrograde spread ofducing the neuronal excitability, and that the PKA effect
potentiation/depression to input synapses on the den-depends on the PKC activity.
drites of the presynaptic neuron (Fitzsimonds et al.,
1997; Tao et al., 2000). In contrast, there is no forwardDiscussion
spread of potentiation/depression to the output syn-
apses made by the postsynaptic neuron. The rapid pre-By monitoring changes in the firing frequency of action
synaptic spread of synaptic plasticity and globalpotentials induced by a standard step depolarization,
changes in the excitability may share common mecha-we have shown that correlated pre- and postsynaptic
nisms, both involving cytoplasmic retrograde signalsactivation can modify the intrinsic excitability of the pre-
generated at the presynaptic nerve terminal as a resultsynaptic neuron in a bidirectional manner that mirrors
of correlated synaptic activity. A rapid retrograde infor-changes in synaptic efficacy, with a similar requirement
mation flow in the neural network is the basis of thefor the temporal order of the pre- and postsynaptic acti-
back-propagation algorithm, an efficient computationalvation (Figure 3).
procedure for supervised learning in artificial feedfor-The change in global neuronal excitability is not simply
ward networks (Rumelhart et al., 1986; Churchland and

due to repetitive activation of the presynaptic neuron,
Sejnowski, 1992). The findings of retrograde modifica-

but appears to require trans-synaptic retrograde signal-
tion of presynaptic neurons support the plausibility that

ing, the nature of which depends on the timing of pre-
mechanisms resembling the back-propagation algo-

and postsynaptic spiking. Postsynaptic Ca2� influx rithm may operate in biological neural networks.
through NMDA receptors is required for the increase in Protein kinases are known to regulate neuronal excit-
presynaptic excitability (Ganguly et al., 2000), whereas ability through phosphorylation of voltage-gated ion
Ca2� elevation through L-type Ca2� channels and Ca2�

channels (Madison and Nicoll, 1986; Hu et al., 1987;
released from intracellular stores are required for the West et al., 1991; Schroeder et al., 1998; Hoffman and
reduction of presynaptic excitability (Figures 6A and 6G). Johnston, 1998). For example, direct activation of PKC
Thus, it appears that different spatiotemporal patterns by 1-oleoyl-2-acetyl-sn-glycerol (OAG) can inhibit the
of Ca2� elevation in the postsynaptic neuron associated transient Na� current (West et al., 1991), although OAG
with LTP and LTD can yield distinct retrograde signals, can also increase neuronal excitability by amplifying the
leading to increase and decrease of presynaptic excit- persistent Na� current-dependent subthreshold depo-
ability, respectively. Under physiological conditions, the larization (Franceschetti et al., 2000). In the present
presynaptic neuron may activate different postsynaptic study, we found that treatment of cultured hippocampal
cells that have distinct firing patterns, and thus may neurons with PMA, a PKC activator, can also increase
receive disparate retrograde signals that must be inte- neuronal excitability (Figure 7G). This is consistent with
grated into a coherent global change in presynaptic the previous finding that blocking PKC activity in the
excitability. The molecular nature of retrograde signals presynaptic neuron inhibits the enhancement of presyn-
associated with correlated activity is largely unknown. aptic excitability induced by correlated activity, a pro-
They may represent distinct diffusible substances that cess attributed to the modulation of activation and inac-
act across the synapse (Sjöström et al., 2003). Alterna- tivation kinetics of Na� channels (Ganguly et al., 2000).
tively, trans-synaptic signaling may be conveyed by in- The PKA activity is critical for regulations of neuronal
teractions between membrane bound molecules in the excitability and channel properties (Conn et al., 1989;
pre- and postsynaptic membranes in response to the Vaquero et al., 2001; Mellor et al., 2002). In the present
correlated activity (Fitzsimonds and Poo, 1998). Our study, we showed that activating PKA by dB-cAMP re-
finding that the expression of LTD was unaffected by duced presynaptic excitability (Figure 7H). Moreover,

the reduction of excitability induced by correlated acti-treatments with PKC and PKA inhibitors that had elimi-
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modifications. Hippocampi were removed from E17 to E20 embry-vation was abolished by PKA inhibitor KT 5720 (Figures
onic rats and treated with trypsin for 12–15 min at 37	C, followed7E and 7F). That PKA activation directly underlies the
by gentle trituration. The dissociated cells were plated at densitiesreduction of excitability is further supported by the find-
of 25,000 to 60,000 cells/ml on poly-L-lysine coated glass coverslips

ing that PKA activation by dB-cAMP caused a leftward in 35 mm petri dishes. The plating medium was Dulbecco’s minimum
shift in the voltage-dependent activation curve of slow- essential medium (DMEM, GIBCO) supplemented with 10% fetal
inactivating K� channels (Figure 8E). Interestingly, a calf serum (GIBCO or Hyclone, Logan, Utah), 10% Ham’s F12 with

glutamine (GIBCO). Twenty-four hours after plating, the culture me-basal level of PKC activity is apparently necessary for
dium was changed to the maintenance medium containing Neurothe PKA’s action in downregulating neuronal excitability,
Basal Media and 5% B-27 supplement (GIBCO). This medium differsbecause PKC inhibition prevented the reduction in excit-
from that used in the previous study (Bi and Poo, 1998), which was

ability (Figure 7H) and the modulation of K� channels 80% DMEM � 10% F-12 � 10% serum. Both glia and neurons are
induced by dB-cAMP (Figure 8F). This is consistent with present under these culture conditions. Cultured neurons were used
the previous reports that showed analogous coopera- for electrophysiological recordings after 8 to 20 days in vitro.

Whole-cell perforated-patch recordings were made on two inter-tion of PKC and PKA in ion channel modulation (Payet
connected cultured hippocampal neurons. Recording pipettes wereand Dupuis, 1992; Heath and Terrar, 2000).
tip-filled with intracellular solution (in mM: 150 K-gluconate, 9 NaCl,In the previous study (Ganguly et al., 2000), the induc-
1 MgCl2, 10 HEPES, 0.2 EGTA [pH 7.30]) and then back-filled withtion of LTP was found to be associated with an enhanced
intracellular solution containing amphotericin B (150 to 220 �g/ml,

Na� channel activation, while LTD induction was found Calbiochem, San Diego, CA) (Rae et al., 1991). We have carried
in the present study to be associated with an enhanced out the experiments to test whether the patched membrane was
K� channel activation (Figure 8B). We did not observe ruptured. First, we found that ISI drifted markedly after we ruptured

the membrane during whole-cell recording (see Supplemental Fig-any significant changes in the Na� channel kinetics as-
ure S3A at http://www.neuron.org/cgi/content/full/41/2/257/DC1).sociated with LTD induction (Figure 8D), nor have Gan-
This was not the case in control experiments (Figures 2 and 4) usingguly et al. (2000) found any change in the K� channel
perforated patch configuration. Second, by loading TEA (5 mM) in

kinetics following LTP induction (K. Ganguly L. Kiss, the postsynaptic recording pipette, we found that in ruptured but not
and M.-m.P., unpublished data; see also Figure 8C). Ion in perforated configuration EPSPs became significantly broadened.
channels undergo dramatic modulation during develop- EPSP half-width increased from 47 � 5 to 131 � 13 ms (SEM, n �

5, p � 0.001, unpaired t test; Supplemental Figure S3B). The externalment both in vivo and in vitro (McCormick and Prince,
bath solution was a HEPES-buffered (pH 7.40) saline containing (in1987; Grosse et al., 2000). In addition to correlated acti-
mM): 145 NaCl, 3 KCl, 10 HEPES, 3 CaCl2, 8 glucose, 2 MgCl2.vation, many other kinds of electrical activity can induce
Throughout the experiment, the neurons were constantly perfusedthe modulation of ion channels (e.g., Golowasch et al.,
with fresh bath solution at a slow rate. All experiments were done

1999; Aizenman and Linden, 2000). Although the acute at the room temperature (22	C–24	C). Recordings were done with
effects of correlated activation on Na� and K� channels two patch-clamp amplifiers (Axopatch 200B; Axon Inst., Foster City,
are asymmetrical, long-term homeostatic mechanisms CA) by methods described in Ganguly et al. (2000). For assaying

synaptic connectivity, each neuron was stimulated by a 1 ms stepmay maintain the overall stability and balance among
depolarization from �70 to �80 mV in voltage-clamp mode. Onlyvarious types of conductances, in an activity-dependent
neurons with monosynaptic connections were used. We distinguish(reviewed in Davis and Bezprozvanny, 2001) or -inde-
IPSCs from EPSCs by the following criteria: longer decay times,pendent manner (MacLean et al., 2003). Nevertheless,
reversal potentials between �40 and �80 mV and, in some cases,

with regard to immediate neuronal excitability, the ef- sensitivity to bicuculline methiodide (10 �M, Sigma). The access
fects of Na� and K� channel modulation are symmet- resistances of both pre- and postsynaptic neurons were typically
rical. 50 M
. The series resistance of the postsynaptic neuron was com-

pensated to 80% throughout the experiment. During a typical experi-Together with the report by Ganguly et al. (2000), the
ment, the series resistance did not change by more than 5%. Thefindings described here have demonstrated bidirec-
postsynaptic neuron was voltage-clamped at �70 mV, except fortional modification of presynaptic neuronal excitability
the assay of postsynaptic excitability, in which the neurons wereassociated with the induction of LTP and LTD. While
current-clamped at �70 mV. The presynaptic neuron was current-

modulation of neuronal excitability and changes in syn- clamped at �70 mV during the entire experiment, except for the
aptic strength represent two distinct aspects of activity- experiments testing postsynaptic excitability, in which the presyn-
induced changes in the neural circuit, they may contrib- aptic neurons were voltage-clamped at �70 mV. The presynaptic

neuron was stimulated with current steps (0.03 to 0.2 nA, 300 toute in a synergistic manner to signal processing. For
500 ms, 0.017 Hz) to elicit a set of action potentials. Evoked EPSCsexample, the reliability of information transfer across
or EPSPs were recorded from the postsynaptic neuron. To deter-the potentiated/depressed synapse may be further en-
mine the amount of current needed to obtain a reliable, nonsaturat-hanced/reduced by a corresponding change in the relia-
ing presynaptic firing pattern during the control period, we tested

bility of presynaptic firing, resulting from changes in several current intensities to estimate the current required to gener-
neuronal excitability. Furthermore, global modulation of ate a maximal firing rate. We used the current amplitude that resulted
presynaptic neuronal excitability will affect the plasticity in a firing frequency of 50% of the maximum (�4–6 spikes in 300

ms). The input resistance of the neuron was measured by injectingof “upstream” synapses made onto the presynaptic neu-
a step hyperpolarization (�0.05 to �0.03 nA, 200–300 ms, 0.017ron by modulating the initiation of back-propagating
Hz). Interspike intervals (ISI) were analyzed with Mini Analysis 5.0action potentials. The existence of bidirectional modifi-
(Synaptosoft Inc., Leonia, NJ) using a threshold level set at 50% ofcation of the presynaptic excitability may thus facilitate the spike height. The time of the peak was taken as the spike time.

a distributed activity-induced modification of the neural The ISI was measured as the interval between successive spike
circuit, the functional consequences of which remain to times. D-amino-5-phosphonopentanoic acid (D-APV, 50 �M, Sigma)

and 6,7-Dinitroquinoxaline-2,3(1H, 4H) dione (DNQX, 2.0 �M, Sigma)be explored.
were used to abolish glutamatergic transmission. Bicuculline (10
�M, Sigma) was used to block GABAergic transmission. To measureExperimental Procedures
the change in the activation properties of the slow-inactivating K�

channels following correlated activation, we compared populationsCell Culture Preparation and Recording
of control neurons versus neurons that underwent correlated activa-Low-density cultures of dissociated embryonic rat hippocampal

neurons were prepared as described (Bi and Poo, 1998) with some tion. The plateau current during the last 100 ms depolarization was
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averaged for the K� current assessment. Slow-inactivating K� cur- and Technology Development Foundation. M.-m.P was supported
in part by USNIH (NS 36999).rent was isolated by blocking Na� channels with tetrodotoxin (TTX,

1.0 �M), A-type channels with 2.0 mM 4-aminopyridine (4-AP,
Sigma), Ca2� channels and Ca2�-activated K� channels with 100 Received: July 2, 2003
�M CdCl2 (Sigma), or nifedipine (10 �M, specific for L-type Ca2� Revised: October 20, 2003
channels, Sigma) and AMPA receptor with 2.0 �M DNQX (see also Accepted: December 2, 2003
Supplemental Figure S2 at http://www.neuron.org/cgi/content/full/ Published: January 21, 2004
41/2/257/DC1). Conductance densities were obtained by dividing
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Markram, H., Lübke, J., Frotscher, M., and Sakmann, B. (1997).
Regulation of synaptic efficacy by coincidence of postsynaptic APs
and EPSPs. Science 275, 213–215.

Martin, S.J., Grimwood, P.D., and Morris, R.G. (2000). Synaptic plas-
ticity and memory: an evaluation of the hypothesis. Annu. Rev. Neu-
rosci. 23, 649–711.

McCormick, D.A., and Prince, D.A. (1987). Post-natal development
of electrophysiological properties of rat cerebral cortical pyramidal
neurons. J. Physiol. 393, 743–762.

McCormick, D.A., Connors, B.W., Lighthall, J.W., and Prince, D.A.
(1985). Comparative electrophysiology of pyramidal and sparsely
spiny stellate neurons of the neocortex. J. Neurophysiol. 54,
782–806.

McNaughton, B.L., Shen, J., Rao, G., Foster, T.C., and Barnes, C.A.
(1994). Persistent increase of hippocampal presynaptic axon excit-


