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The hippocampus is essential for episodic memory, which requires
single-trial learning. Although long-term potentiation (LTP) of
synaptic strength is a candidate mechanism for learning, it is
typically induced by using repeated synaptic activation to produce
precisely timed, high-frequency, or rhythmic firing. Here we show
that hippocampal synapses potentiate robustly in response to
strong activation by a single burst. The induction mechanism of this
single-burst LTP requires activation of NMDA receptors, L-type
voltage-gated calcium channels, and dendritic spikes. Thus, den-
dritic spikes are a critical trigger for a form of LTP that is consistent
with the function of the hippocampus in episodic memory.
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Long-term potentiation (LTP) is widely acknowledged as the
primary candidate mechanism for the cellular basis of learn-

ing and memory (1). It is therefore important to understand what
types of stimuli can induce LTP, in the hopes of determining
whether patterns of activity capable of inducing LTP in reduced
preparations such as a slice might also induce LTP in behaving
animals.

Most forms of LTP follow a Hebbian rule, requiring coinci-
dent presynaptic and postsynaptic activity. The presynaptic
signal for LTP induction is thought to be glutamate release,
whereas the postsynaptic signal is depolarization, sufficient to
allow influx of calcium through NMDA receptors and/or voltage-
gated calcium channels (2). Another feature of most LTP
induction protocols used to date is repetition. Tetanic stimula-
tion (e.g., 100 Hz for 1 s) and �-burst stimulation (100 Hz bursts
repeated at 5 Hz for 1 s) both use tens of stimuli, usually repeated
multiple times to induce LTP lasting for hours. Spike-timing
dependent plasticity (STDP) is induced by pairing presynaptic
stimulation and postsynaptic action potential firing (3); although
the number and frequency of such pairings required to induce
STDP depend on several factors (4), repeated stimulation (usu-
ally �100 events) is a universal feature of all published studies
on STDP. Primed bursts and high-strength synaptic stimuli have
also been used to induce LTP. In most cases, however, these
stimuli were repeated several times, albeit at relatively low
frequency (5, 6).

Although repeated stimulation is typically used to induce LTP,
it may not be required for all forms of LTP (7, 8), nor is it clear
what kinds of transmembrane potentials might be required to
induce LTP without repetition of the induction pattern. We
therefore tested whether LTP induced by dendritic spikes (9)
requires repetition of the stimulus or whether a single dendritic
spike is capable of inducing LTP. We found that a single burst
of action potentials in CA3 axons (Schaffer collaterals) can
induce LTP at synapses on CA1 pyramidal neurons, provided
that the postsynaptic depolarization triggers a dendritically
initiated spike. These findings have important implications for
predicting how in vivo activity might lead to LTP at these
synapses.

Results
Whole-cell recordings were obtained from CA1 pyramidal neu-
rons in rat hippocampal slices and excitatory postsynaptic po-

tentials (EPSPs) were evoked by stimulation of the Schaffer
collaterals (SCs) using a stimulating electrode positioned in the
stratum radiatum (SR) near the CA3/CA1 border (for details,
see Materials and Methods). Except where noted, GABA-
mediated inhibition was blocked by including GABAA and
GABAB receptor blockers in the bath solution. In some exper-
iments, field EPSPs were also recorded (Fig. 1A; see Materials
and Methods). Stimulus intensity was set to elicit large intracel-
lular EPSPs (see Table 1). After monitoring the EPSP amplitude
for 5 min, SCs were activated with a single burst (five pulses at
100 Hz). Temporal summation during the burst resulted in the
firing of 2–5 action potentials (4.1 � 0.2 action potentials; Fig.
1A). After this single-burst conditioning stimulus, EPSPs were
potentiated robustly for at least 20 min (Fig. 1B; potentiation
ratio: 1.66 � 0.07, n � 21). In recordings held for longer times,
this potentiation lasted �1 h (1.63 � 0.04, n � 6), and poten-
tiation of field EPSPs lasted �2 h (Fig. 1C; potentiation ratio:
1.60 � 0.07, 2 h after burst, n � 4), indicating that activation of
synaptic inputs with a single burst is sufficient to induce robust
and stable LTP (Fig. 1D).

Because most forms of LTP require Ca2� entry as a trigger,
we tested the ability of NMDA-type glutamate receptor antag-
onists or L-type Ca2� channel blockers to inhibit single-burst
LTP (see Materials and Methods). Blocking each of these chan-
nels individually resulted in significant inhibition, but not com-
plete block, of single-burst LTP [supporting information (SI)
Fig. 6; potentiation ratio: control, 1.66 � 0.07, n � 21; NMDA
receptor block, 1.26 � 0.05, n � 9; L-type channel block, 1.19 �
0.07, n � 10]. The effects of NMDA receptor and L-type Ca2�

channel blockers on LTP were of similar magnitude, suggesting
that depolarization and/or Ca2� entry through each of these
classes of channels contributes approximately equally to induc-
tion of single-burst LTP.

Several possible sources of depolarization contribute to induction
of single-burst LTP. One is the synaptic depolarization itself,
mediated by �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA)- and NMDA-type glutamate receptors. Strong
synaptic depolarization may also trigger locally generated den-
dritic spikes, a second possible source of depolarization. Finally,
somatic or axonally initiated action potentials can propagate
back to the synapses, providing a third possible source of
postsynaptic depolarization. To determine the contribution of
action potential backpropagation, we applied tetrodotoxin
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(TTX) locally to the soma, proximal axon, and proximal den-
drites (i.e., perisomatic) during the LTP-inducing burst. TTX
was applied at a concentration sufficient to prevent action
potential firing in response to large somatic current injections
(see Materials and Methods). Local TTX application also pre-

vented the firing of full-amplitude action potentials during the
synaptic burst (Fig. 2A). In most cases, however, small-amplitude
spikes (spikelets) were triggered by the bursts. When experi-
ments with and without spikelets were considered separately,
LTP was only observed in the experiments with spikelets (Fig. 2
B and C).

We have shown previously that spikelets observed under
similar conditions in response to perforant path (PP) stimulation
reflect large-amplitude dendritic spikes, which are significantly
attenuated in the soma (9). To determine whether this is also the
case during SC stimulation, we performed simultaneous somatic
and dendritic recordings (recording distance: 180–285 �m from
the soma) during single-burst stimulation and perisomatic TTX
application (Fig. 3). In six of seven recordings, the peak dendritic
depolarization was larger than the peak amplitude of the spikelet
observed in the soma, and the dendritic membrane potential had
a rapid depolarizing phase characteristic of a dendritically
initiated spike.

These data suggest that somatic spikelets are indicators of
dendritic spikes, which in turn contribute to the induction of
single-burst LTP. In addition, because neither the initial EPSP
amplitude nor the burst integral was significantly different in
experiments with spikelets and LTP compared with those with
no spikelets and no LTP (see Table 1; unpaired t test, P � 0.5),
synaptic depolarization alone (i.e., without dendritic spikes)
appears to be insufficient to trigger LTP. Furthermore, the

Fig. 1. EPSPs in CA1 hippocampal neurons robustly potentiate after a
single-burst stimulation of the Schaffer collateral pathway. (A) (Left) Record-
ing configuration with whole-cell somatic patch-clamp recording, simulta-
neous extracellular field-potential recording, and stimulation electrode in
stratum radiatum (SR, close to CA3/CA1 border). (Right) Intracellular (upper
trace, resting membrane potential: �66 mV) and simultaneous extracellular
(lower trace) recording of a single-burst response to a SR stimulus consisting
of five pulses at 100 Hz (middle trace). (Insets) Representative EPSPs (upper)
and field EPSPs (fEPSPs, lower) before (pre) and 20 min after (post) a single-
burst SR stimulus. (B) Mean EPSP amplitude recorded in whole-cell patch-
clamp configuration plotted vs. time. Time 0 indicates delivery of the stimulus.
(C) Normalized fEPSP amplitude recorded before and after stimulation. All
fEPSPs were recorded for at least 120 min (n � 4). In two of these experiments,
LTP was recorded for up to 210 min (data not shown). (D) Potentiation ratio
for whole-cell recordings (average EPSP 15–20 min after stimulation divided
by the average of the 5-min baseline) and field potential recordings (average
fEPSP 20–30 min and average fEPSP 110–120 min after stimulation divided by
the average of the 10-min baseline). The potentiation ratio was not different
between intracellular and extracellular recordings (ANOVA, P � 0.4). The
number of experiments in each condition is indicated at bottom of the
respective bars. Open circles represent the distribution of potentiation ratios
in intracellular recordings (20 min after stimulation). Data are presented as
mean � SEM.

Table 1. Comparison of baseline EPSP amplitudes and integrals
of single-burst responses in different experimental conditions

Single EPSP, mV
Burst EPSP

integral, mV�s

Control 7.19 � 0.27 (21) 9.787 � 0.114 (21)
NMDA receptor block 7.52 � 0.53 (9) 10.582 � 0.130 (9)
L-type VGCC block 7.03 � 0.55 (10) 10.220 � 0.140 (10)
TTX spikelets 7.09 � 0.18 (7) 9.845 � 0.375 (7)
TTX no spikelets 6.94 � 0.32 (4) 9.610 � 0.168 (4)

VGCC, voltage-gated calcium channel. Numbers in parentheses indicate the
number of experiments.

Fig. 2. Single-burst LTP depends on dendritic spikes and does not require
backpropagating action potentials. (A) (Left) Recording configuration with
somatic whole-cell recording of a CA1 pyramidal neuron and stimulation of
SR. Action potential generation and backpropagation was blocked by local
pressure application of TTX (2 �M; see Materials and Methods) to the soma
and axon initial segment. (Right) Four example traces of somatic whole-cell
responses to single-burst stimulation during somatic TTX application (four
different cells; resting membrane potentials from left to right: �64 mV, �65
mV, �66 mV, �65 mV). Somatic spikelets (asterisks), indicating dendritically
initiated spikes, are apparent in the three leftmost traces. (B) EPSP amplitude
before and after single-burst stimulation of SR with action potential gener-
ation and backpropagation blocked by local TTX application; 7 of 11 neurons
displayed somatic spikelets, whereas the other 4 did not. The 7 neurons
exhibiting spikelets also exhibited potentiation in response to single-burst
stimulation, whereas the 4 neurons with no spikelets did not exhibit LTP (P �
0.05). (C) Potentiation ratio for neurons that either displayed somatic spikelets
or for neurons where no somatic spikelets were apparent. The number of
experiments in each condition is indicated at bottom of the respective bars.
Data are presented as mean � SEM.
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magnitude of LTP induced during perisomatic TTX application
was not different from that induced in control experiments
(potentiation ratio: control, 1.66 � 0.07, n � 21; TTX, 1.65 �
0.10, n � 7; single-factor ANOVA, P � 0.7). This result suggests
that action potential backpropagation does not significantly
affect the induction of LTP in response to strong synaptic bursts.
Rather, somatic and axonal action potentials are likely triggered

by dendritically initiated, forward-propagating spikes, which do
not give rise to backpropagating action potentials in CA1
pyramidal neurons (10). Taken together, the data indicate that
synaptic depolarization is not sufficient to induce LTP, that
dendritic spikes are required for the induction of LTP, and
that backpropagating action potentials do not affect the magni-
tude of LTP induced by dendritic spikes after single-burst
synaptic activation.

NMDA receptor blockers, and to a lesser extent L-type Ca2�

channel blockers, reduced the number of action potentials
during the single-burst synaptic conditioning stimulus (SI Fig. 6).
However, the finding that block of action potentials using
perisomatic TTX does not affect the magnitude of LTP makes
it unlikely that the reduced number of action potentials itself
contributes to the block of LTP by these drugs. Furthermore, the
stimulus intensity was set to obtain EPSPs of the same amplitude
in drugs as in control (see Table 1), and indeed the integral of
the summated EPSPs during the burst was also not smaller in the
drugs than in control (see Table 1). Thus, the effect of these
drugs may be largely dendritic, influencing synaptic depolariza-
tion (by dendritic spiking or otherwise) more than axonal or
somatic action potential initiation. Our data do not allow us to
determine, however, whether the primary influence of these
channels on single-burst LTP induction is dendritic spike-
mediated depolarization, Ca2� entry, or both.

To determine whether single-burst LTP is specific to the
stimulated synapses, we performed an additional series of ex-
periments using three stimulating electrodes to activate SC
synapses in proximal, medial, and distal SR (Fig. 4A). Paired-
pulse responses in the same pathway were compared with
two-pathway responses at the same interval to determine path-
way independence (see Materials and Methods). In six such
experiments where three independent pathways were stimulated,
LTP was observed only in the pathway activated by using a
single-burst conditioning stimulus (always medial SR; potenti-
ation ratio: 1.55 � 0.06, n � 6; Fig. 4 B and C). Neither LTP nor
heterosynaptic long-term depression (LTD) was observed in
either of the unconditioned pathways (proximal and distal
SR; potentiation ratio: 1.06 � 0.08 and 0.95 � 0.07, n � 6,
respectively).

We also tested whether single-burst LTP of SC synapses
induced heterosynaptic LTP or LTD in PP synapses from the
entorhinal cortex by placing a stimulating electrode in stratum
lacunosum-moleculare (SLM; SI Fig. 7A). Again, no heterosyn-
aptic plasticity was observed in the unstimulated pathway
(unstimulated SLM:potentiation ratio 0.98 � 0.04, n � 8; SI
Fig. 7B).

To determine whether single-burst LTP can also be induced
at PP synapses, we performed similar experiments using PP as
the pathway activated with the single-burst conditioning stimulus
and SC as the unstimulated pathway. In these experiments, a
single burst induced only modest, yet significant LTP in the PP
(SI Fig. 7C; potentiation ratio: 1.17 � 0.03, n � 8; statistically
significant potentiation was observed in five of eight neurons).
No heterosynaptic plasticity between SC and SLM synapses was
observed (unstimulated medial SR: potentiation ratio 0.98 �
0.04, n � 8). The larger amount of single-burst LTP observed in
SC compared with PP (SI Fig. 7D) suggests that the ability of
single bursts to induce LTP in CA1 pyramidal neurons is more
robust in SC synapses from CA3 pyramidal neurons than in PP
synapses from pyramidal neurons in layer III of entorhinal
cortex.

Although bursts of action potentials clearly occur in both CA3
and CA1 pyramidal neurons of behaving animals (see Discus-
sion), reproducing this situation by stimulating CA3 axons while
blocking inhibition in the slice could alter the dynamics of
dendritic integration and plasticity. Therefore, to determine
whether single SC bursts could induce LTP with inhibition

Fig. 3. Spikelets observed during single-burst stimulation originate from the
dendrites. (A) Recording configuration. Whole-cell current-clamp recordings
from the main dendrite of CA1 pyramidal neurons and from the soma were
performed simultaneously. TTX was pressure applied to the soma, axon initial
segment and proximal dendrite through a patch pipette. The response to
strong somatic current injections was routinely monitored to confirm the
absence of somatic regenerative events before and during single-burst stim-
ulation (see Materials and Methods). (B) Dual somatic and dendritic whole-cell
recordings of responses to single-burst stimulation during somatic TTX appli-
cation in four different neurons (somatic resting membrane potentials from
top to bottom: �65 mV, �67 mV, �65 mV, �64 mV). Six of seven neurons
(including the four neurons shown here) exhibited a dendritic depolarization
larger than the peak amplitude of the spikelet observed in the soma, and the
dendritic membrane potential had a rapid depolarizing phase characteristic of
a dendritically initiated spike. The locations of the dendritic recordings were
180–285 �m (median 220 �m) from the soma.
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intact, we performed a similar series of experiments in the
absence of GABA receptor blockers. With appropriate position-
ing of the stimulating electrode (Fig. 5A; see Materials and
Methods) we could elicit 5–8 mV somatic EPSPs (mean: 6.67 �
0.26 mV, n � 9), which summated during a burst to trigger 1–3
action potentials (Fig. 5B; compare with 2–5 action potentials in
GABA blockers). We monitored EPSP amplitude for 5 min
before and at least 20 min after the single-burst conditioning
stimulus, and we observed significant LTP in 9 of 12 experiments
(Fig. 5C). In 3 of the 9 experiments where LTP was induced, 10
�M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 50 �M
2-amino-5-phosphonovaleric acid (APV) were bath-applied to
block excitatory drive of pyramidal neurons and inhibitory
interneurons. In these experiments, CNQX and APV reduced
the inhibitory postsynaptic potential (IPSP) by almost 90%
(88.3 � 5.6%), suggesting that most of the IPSP was caused by
feedforward inhibition. By contrast, the same test was performed
in two of the three experiments not exhibiting LTP, and the IPSP
was blocked by �35% (34.6% and 30.2%), suggesting that most
of the IPSP was caused by direct stimulation of inhibitory axons.
These observations suggest that single-burst LTP can be induced
in the presence of feedforward inhibition, but not when inhib-
itory interneurons are activated directly and synchronously with

excitatory inputs. Not surprisingly, the magnitude of LTP with
inhibition intact was smaller than in the presence of GABA
receptor blockers, but significant LTP was nevertheless induced
by the single burst (potentiation ratio: 1.38 � 0.03; Fig. 5D).

Discussion
These experiments suggest that robust and stable LTP can be
induced by a single burst of synchronous inputs from CA3 to
CA1, provided that the input is strong enough to elicit a dendritic
spike (and large enough to be detected as a spikelet in the soma
during perisomatic TTX application). As is the case for some
other forms of LTP requiring strong synaptic activation, single-
burst LTP did not require somatic action potentials (6, 9, 11, 12).
The ability of dendritically initiated spikes to provide the nec-
essary depolarization to induce LTP, even during single presyn-
aptic bursts, indicates that this may be an important function of
the voltage-gated Na� and Ca2� channels expressed in pyrami-
dal neuron dendrites.

One important question to consider is whether the strong,
synchronous synaptic activation we used reasonably mimics in
vivo activity. Assuming a mean unitary EPSP amplitude of 0.2
mV (13), EPSPs of 5–8 mV represent successful release and
activation of 25–40 synapses, �0.1% of the Schaffer collateral
synapses on a CA1 neuron (14). The presence of inhibition
further increases the number of synapses that must be synchro-
nously activated to produce the 5- to 8-mV EPSPs we used to
induce single-burst LTP with inhibition intact. Considering that
�10% of all CA3 pyramidal neurons may be synchronously
activated during sharp-wave oscillations (15, 16), which occur not
only during sleep but also during exploratory behavior (17), a
similarly large percentage of CA3–CA1 synapses are likely to be
activated synchronously in vivo. Indeed, given that resting po-

Fig. 4. Single-burst LTP is specific to stimulated synapses. (A) Recording
configuration: three stimulation electrodes were placed in distal, medial, and
proximal stratum radiatum (dSR, mSR, and pSR, respectively). Pathway inde-
pendence was confirmed with a cross-facilitation paradigm (see Materials and
Methods). In all six experiments the medial pathway (mSR) was used for
single-burst LTP induction. (B) EPSP amplitudes recorded with stimulation
electrodes in dSR (open circles), mSR (filled circles), and pSR (gray circles)
before and after single-burst stimulation of mSR. LTP was only observed in the
pathway activated by using the single-burst conditioning stimulus (mSR).
Neither heterosynaptic LTP nor LTD was observed in either of the uncondi-
tioned pathways (pSR and dSR). (C) Potentiation ratios of pSR, mSR, and dSR.

Fig. 5. Single-burst LTP can be induced with intact inhibitory synaptic
transmission. (A) Recording configuration: the stimulation electrode was
positioned at proximal SR in the CA3 region. At this site monosynaptic inhib-
itory responses (direct stimulation of inhibitory axons) was negligible. (B)
Examples of whole-cell current-clamp responses to single-burst stimulation
recorded with inhibitory transmission intact. Each trace represents a recording
obtained from a different cell. (C) EPSP amplitude recorded before and after
single-burst stimulation of SR. (D) Potentiation ratio after single-burst stim-
ulation (average EPSP 15–20 min after stimulation divided by the average of
the 5-min baseline). The magnitude of potentiation with inhibition intact was
significantly smaller than in the presence of GABA receptor blockers (ANOVA
P � 0.05) but displayed significant LTP compared with baseline (P � 0.01). The
number of experiments in each condition is indicated at bottom of the
respective bar. Data are presented as mean � SEM.
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tentials measured in vivo are around �60 mV, synchronous
activation of several tens of excitatory synapses is seemingly
necessary for CA1 to reach action potential firing threshold.

With stimuli just above threshold, CA1 pyramidal neurons
have only weak intrinsic burst-firing properties (18, 19). There-
fore, even larger numbers of synapses are likely necessary to
drive the bursting normally observed both in CA1 pyramidal
neurons in awake, behaving animals (20–24) and in response to
the stimuli we used to evoke dendritic spikes. Bursting of the
presynaptic CA3 pyramidal neurons also occurs in behaving
animals (21–24), with the number and frequency of spikes per
burst well within the range we used for our stimulus (five spikes
at 100 Hz). Finally, dendritic spikes have been observed in apical
dendritic recordings from hippocampal CA1 pyramidal neurons
in vivo, particularly during sharp waves (25). Together, the
available data in the literature therefore suggest that burst-like
activation of large numbers of CA3 pyramidal neurons occurs in
vivo, leading to postsynaptic dendritic spikes and bursts in CA1
pyramidal neurons, conditions that would appear consistent
with single-burst LTP occurring in the hippocampus of awake
animals.

As in other studies, we found that the magnitude of LTP
observed in the presence of inhibition was less than when
inhibition was blocked (5, 9, 26). Previous studies have demon-
strated that LTP can be induced in vitro and in vivo by single
bursts preceded by a heterosynaptic or homosynaptic priming
stimulus (6, 7, 27). The function of the priming stimulus is not
known, but it may facilitate LTP by reducing synaptic inhibition
(27–31).

Another study showed that LTP and depotentiation could be
induced by a single burst at the peak or trough of cholinergic
�-rhythms, respectively (8). Cholinergic reduction of inhibition
(32–34) as well as the timing of the burst at the peak of � (least
inhibition) may also contribute to this form of LTP. Our study
extends previous work by demonstrating that single-burst LTP
does not require a priming stimulus or a bath-applied modulator,
provided that the burst is strong enough to activate dendritic
spikes, NMDA receptors, and L-type Ca2� channels.

In the cortex, strong single shocks have been shown to induce
LTD (35), suggesting that the ability of brief stimuli to induce
synaptic plasticity may generalize to other brain regions. We did
not observe LTD, however, nor did we observe heterosynaptic
LTD of unstimulated synapses. Combined with the modest
single-burst LTP at PP synapses in CA1, these comparisons
suggest that the type of plasticity induced by single bursts may
vary between different classes of synapses.

Although LTP is widely acknowledged as the primary candi-
date mechanism for the cellular basis of learning and memory,
the connection is difficult to prove and certainly not universally
accepted (36–39). One common criticism of this link is that many
stimuli are required to induce most forms of LTP or STDP,
whereas many forms of learning require only a single trial. For
example, in rodents, fear conditioning, conditioned taste aver-
sion, and inhibitory avoidance can all be learned in a single trial
(40–44). In humans, the hippocampus is required for episodic
memories, which must by definition be formed on a single trial
(45, 46). Rodents also perform a number of hippocampus-
dependent tasks in ways that indicate the capacity for episodic
memory (46, 47). It has therefore been suggested that stimuli
briefer than those normally used to induce LTP are necessary for
the hippocampus to encode experience (48). Consistent with this
idea, a recent report demonstrated that LTP is induced during
single-trial learning (44).

How single-burst LTP relates to synaptic plasticity that occurs
in vivo, in response to naturally occurring firing patterns (such as
multiple bursts) and during different behavioral and neuro-
modulatory states, clearly requires further study. For example, it
is not clear what neural activity occurs during a single-trial task

to probe learning or during a single episode of experience.
Nevertheless, our findings indicate that very brief electrophys-
iological events can lead to LTP. Together with previous reports
(7, 8, 35), this finding enhances the notion that natural neural
activity might lead to memory storage at hippocampal synapses,
even during brief, one-time events, as required for single-trial
learning and episodic memory.

Materials and Methods
Hippocampal Slice Preparation and Electrophysiology. Transverse
hippocampal slices (300 �m) were made from 3- to 5-week-old
Wistar rats by using standard artificial cerebrospinal f luid
(ACSF) and intracellular solutions as described previously (9).
Recording temperature was 35 � 2°C. In some recordings, the
GABAA and GABAB receptor antagonists SR95531 (4 �M) and
CGP52432 (1 �M) were added to the ACSF. Somatic and
dendritic whole-cell current-clamp recordings were made in
conjunction with one or two bridge amplifiers (BVC-700; Dagan,
Minneapolis, MN). Electrode resistance in the bath for somatic
recordings ranged from 2 to 4 M�, and series resistance ranged
from 8 to 20 M�. The dendritic electrode resistance was 6–9
M�, and series resistance ranged from 14 to 35 M�. The average
membrane resting potential was �65.6 � 0.2 mV (n � 66
neurons). Field potentials were recorded with an Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA) by using ACSF-
filled patch-clamp electrodes with a tip resistance of �5 M�.
Electrophysiological traces were digitized by an ITC-16 board
(Instrutech, Port Washington, NY) under control of macros
custom programmed in IGOR Pro (WaveMetrics, Lake Oswego,
OR). EPSP amplitude was monitored by using 0.05-Hz synaptic
stimulation. When noted, 2.5 �M TTX was pressure-applied
(PMI-100; Dagan) through a patch pipette positioned near the
soma and axon initial segment under visual guidance. The
pressure injection preceded the stimulation by 2 s and lasted
0.5 s. The flow of solution was monitored by using 0.1% Fast
Green in the TTX pipette and optimized to avoid TTX diffusion
into SR. TTX application prevented axonal action potential
generation in response to large (1.5–3 nA, 5 ms) somatic current
injections. In all neurons, the EPSP amplitude during TTX
application at the time of LTP induction remained unchanged.
All other drugs were bath-applied and present throughout the
entire experiment.

Synaptic Stimulation. Bipolar stainless-steel electrodes (FHC,
Bowdoin, ME) were used in conjunction with Dagan BSI-950
biphasic stimulators. Stimulating electrodes were positioned in
distal stratum radiatum, closer to SLM than stratum pyramidale.
Electrodes were always positioned at least 100 �m away from the
recorded neuron and toward CA3. Thus, the activated synapses
are likely distributed across several dendritic branches.

In some experiments, up to three separate stimulation elec-
trodes were placed in proximal, medial, and distal SR and in
SLM (see Fig. 4 and SI Fig. 7). To confirm pathway indepen-
dence, the paired-pulse ratio (150-ms interpulse interval) was
determined separately for each of the stimulated pathways; then
adjacent pathways were paired at the same interval. Only those
recordings that exhibited paired-pulse facilitation in all stimu-
lated pathways and no significant cross-facilitation after 10
repetitions were included.

Data Analysis. Analysis of electrophysiology data and statistical
tests were performed by using IGOR Pro and Excel (Microsoft,
Redmond, WA). Statistical analysis of multigroup data were
performed by using a single-factor analysis of variance (Prism 4;
GraphPad Software, San Diego, CA). When a significant dif-
ference between the groups was observed, Tukey’s multiple
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comparison tests were performed to determine the level of
significance for each pairwise comparison. For integral calcula-
tion of single-burst responses all action potentials were trun-
cated. All measurements are presented as mean � SEM.
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Fig. 6. Single-burst long-term potentiation (LTP) requires NMDA receptors (NMDARs) and L-type
voltage-gated calcium channels (VGCCs). (A) Examples of whole-cell current-clamp responses to single-
burst stimuli [five pulses at 100 Hz delivered to stratum radiatum (SR); each trace represents a recording
obtained from a different cell] recorded in three different pharmacological conditions: Control, NMDAR
blockade with 50 mM AP-5 and 20 mM MK-801, and blockade of L-type VGCC with 10 mM nimodipine.
(B) No. of somatic spikes observed after single-burst stimulation of SR (*, P < 0.01; one-way ANOVA).
(C) EPSP amplitude in control conditions (filled circles) and NMDAR blockade (open circles). (D) EPSP
amplitude in control conditions (filled circles) and L-type VGCC blockade (open circles). (E) Potentiation
observed in control conditions, NMDAR blockade, and L-type VGCC blockade (*, P < 0.01; ANOVA,
Tukey's multiple comparison test). Twenty minutes after stimulation, the average EPSP amplitudes in
NMDAR blockade and L-type VGCC blockade remain significantly potentiated compared with baseline
(baseline: control, 7.2 ± 0.3 mV; NMDAR blockade, 7.5 ± 0.5 mV; L-type VGCC blockade, 7.0 ± 0.6 mV.
Twenty minutes: control, 11.5 ± 0.5 mV; NMDAR blockade, 8.3 ± 0.7 mV; L-type VGCC blockade, 8.2 ±
0.8 mV; paired t test, P < 0.05). The number of experiments in each condition is indicated at bottom of the
respective bar. Data are presented as mean ±SEM.
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Fig. 7. Single-burst stimulation potentiates perforant path synapses less robustly. (A) (Left) Recording
configuration with whole-cell somatic patch-clamp recording and two stimulation electrodes, one placed in
SR and one more distally in stratum lacunosum-moleculare (SLM; at least 200 mm away from the
dendrite). For excitatory postsynaptic potential (EPSP) monitoring, pathways were alternately stimulated at
0.05 Hz. (Right) Three sample traces showing somatic whole-cell responses to single-burst stimuli (5 pulses
at 100 Hz) delivered to perforant path (PP) in SLM. (B) Mean EPSP amplitudes recorded before and after
single-burst stimulation of PP (PP induction) or Schaffer collaterals (SC induction). The stimulus intensity
was set to elicit large EPSPs in the test pathways, which received the single-burst stimulus (filled symbols)
and smaller EPSPs in the control pathways (no stimulus; open symbols). (C) Potentiation ratios after single-
burst stimulation of SC (n = 7) and after single-burst stimulation of PP in SLM (n = 8). Note that SC
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synapses potentiate robustly (**, P < 0.01, paired t test), whereas the more distally situated PP synapses
exhibit a less pronounced potentiation (*, P < 0.05, paired t test). The number of experiments in each
condition is indicated at bottom of the respective bars. Data are presented as mean ±SEM.
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