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Induction of Synaptic Potentiation in Hippocampus
by Patterned Stimulation Involves Two Events

JoHN LARSON AND GARY LLYNCH

Electrical stimulation of axons in the hippocampus with short high-frequency bursts
that resemble in vivo activity patterns produces stable potentiation of postsynaptic
responses when the bursts occur at intervals of 200 milliseconds but not 2 seconds.
When a burst was applied to one input and a second burst applied to a different input
to the same target neuron 200 milliseconds later, only the synapses activated by the
second burst showed stable potentiation. This effect was observed even when the two
inputs innervated completely different regions of the postsynaptic cells; but did not
occur when the inputs were stimulated simultaneously or when the second burst was
delayed by 2 seconds. Intracellular recordings indicated that the first burst extended
the decay phase of excitatory postsynaptic potentials evoked 200 milliseconds later.
These results suggest that a single burst of axonal stimulation produces a transient,
spatially diffuse “priming” effect that prolongs responses to subsequent bursts, and
that these altered responses trigger spatially restricted synaptic modifications. The
similarity of the temporal parameters of the priming effect and the theta rhythm that
dominates the hippocampal electroencephalogram (EEG) during learning episodes
suggests that this priming may be involved in behaviorally induced synaptic plasticity.

XCITATORY POSTSYNAPTIC POTEN-

tials (EPSP’s) in hippocampal neu-

rons exhibit a persistent potentia-
tion, termed long-term potentiation (LTP),
following high-frequency stimulation (I).
Similar effects are seen in other parts of the
brain (2) and nervous system (3), and it has
been proposed that the underlying mecha-
nisms might be involved in memory storage
(4). LTD is triggered by transient events in
the postsynaptic neuron (5-7) and requires
cooperative-action among many synapses (8,
9). We recently reported that short bursts of
high-frequency axonal stimulation (four
pulses at 100 Hz) do not induce LTP unless
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repeated at intervals of less than 2 seconds;
the optimal interburst interval proved to be
200 msec (10). These short bursts mimic a
discharge pattern commonly seen in hippo-
campal pyramidal cells (11), and the optimal
interburst interval corresponds to the theta
EEG frequency found in exploring rats (12).
The mechanisms through which naturally
occurring activity patterns might produce
synaptic modifications of the type represent-
ed by LTP are not known. One possibility is
that each burst of high-frequency synaptic
activity produces an effect at the activated
synapses that accumulates maximally when
the bursts are repeated at 200-msec inter-

vals; this effect is then directly involved in
producing LTP. Alternatively, a burst of
synaptic activity might produce a diffuse
“priming” effect, which is maximal 200 msec
after the burst and alters the postsynaptic
response to high-frequency activity at any
synapses on the target neuron; these altered
responses would then serve to trigger LTP.
Our results support the priming mechanism
and, in addition, demonstrate that primed
responses directly induce LTP without the
need for further stimulation-dependent pro-
cesses. The findings. clarify the nature and
number of events that translate bursting
activity into LTP and suggest that LTP is
caused by a relatively simple physiological
mechanism.

The experiments were conducted on slices
of rat hippocampus with stimulating elec-
trodes activating separate groups of
Schaffer-commissural projections converg-
ing on a common set of CAl pyramidal
neurons. This preparation is used widely in
studies of synaptic interactions in the hippo-
campus (9, 13, I4). A short burst was
delivered to one set of fibers (S1) every 2
seconds, with each burst followed by an
identical burst to the other set (S2) after a
200-msec delay (Fig. 1A). If LTP is caused
by a specific accumulation mechanism, simi-
lar effects should have been seen on subse-
quent synaptic responses to each input (that
is, LTP on each or no LTP on each) because
each pathway received the same pattern of
stimulation. If, however, induction of LTP
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involves sequential priming and consolida-
tion stages, then only the responses evoked
by the delayed burst input should have been
potentiated.

A very robust and stable LTP appeared in
responses evoked by the second (delayed)

Fig. 1. Demonstration of separate priming and
consolidation stages in the induction of LTP. (A)
Two stimulating electrodes, one placed in stratum
radiatum of CAlc, the other in stratum radiatum
of CAla, were used to activate separate sets of
Schaffer-commissural inputs to a pyramidal cell in
CALlb. The stimulation pattern consisted of four-
pulse bursts (100 Hz) applied to each set of fibers
at 2-second intervals with each burst on 82 occur-
ring 200 msec after a burst on S1. The burst pairs
were repeated ten times, (B) Data are shown for
one neuron in which intracellular EPSP’s were
recorded alternately on each input at 10-second
intervals before and after the burst stimulation
episode. The upper panel shows the amplitude of
the EPSP’s evoked by S1, the middle panel those
evoked by $2 (each point is an average of six
successive responses). Burst stimulation was ap-
plied at the gap in the graphs. LTP only occurred
on the input in which bursts occurred 200 msec
after a burst on the other input. The botrom panel
shows the EPSP amplitudes for both pathways
expressed as a percent of their respective sizes
before the burst episode. (C) EPSP’s recorded 5
minutes before and 40 minutes after burst stimu-
lation. Each record is an average of three succes-
sive responses. Calibration bar: 5 mV, 5 msec.

electrode with no detectable changes in the
responses elicited by the first electrode (Fig.
1, B and C). We have obtained this result in
five different experiments with intracellular
recording, and shown it to be true for
extracellular responses as well. The results of
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Fig. 2. Each pair of priming and delayed bursts produces LTP of the delayed input without requiring
other stimulation-dependent events. (A) Ten pairs of bursts to S1 and 82 (with S2 following S1 by 200
msec) were given at 2-minute intervals. The graph shows the slope of the population EPSP evoked by
test pulses to S2 (each point is an average of three successive responses evoked at 20-second intervals).
Each discontinuity in the graph indicates the presentation of a single burst pair. Note that the
potentiation present 2 minutes after a burst pair increases for the first five pairs but then saturates; the
potentiation after the tenth pair did not decrease appreciably after 2 minutes. The time scale is expanded
in the middle of the graph (that is, during presentation of burst pairs). Population EPSP’s (each trace an
average of four successive responses) recorded 5 minutes before the first burst and 60 minutes after the
last burst are superimposed at the right. (B) The responses to S2 in another slice are shown before and
after a single pair of $1-S2 bursts (arrow). For comparison, the LTP induced by one burst was about
15% while that after ten pairs was abour 45%. Records (each trace is an average of four successive
responses) taken 5 minutes before and 60 minutes after the burst pair are shown at right. Calibration
bar: 1 mV, 5 msec.
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11 experiments in which population EPSP’s
were recorded in the apical dendritic field
are summarized in Table 1. The stimulation
paradigm was as in Fig. 1A, except that the
burst pairs were separated by 5 seconds. In
ten of these experiments, the synaptic re-
sponses evoked by the delayed electrode
(S82) remained potentiated by at least 10
percent for 4 30-minute test period after the
final stimulation burst; responses to the first
electrode (S1) were potentiated in only one
case (15). Thus, we conclude that the first
stimulation burst produced a spatially dif-
fuse priming event that is distinct from a
subsequent, spatially restricted consolida-
tion event produced by the delayed burst.

Because the first (or priming) input,
which was stimulated with bursts separated
by 2 seconds, was not potentiated, we as-
sumed that whatever effect underlies prim-
ing must dissipate between 200 msec (that
is, the interval between stimulation of S1
and S2) and 2 seconds (the interval between
bursts to the same input). The possibility
that the second burst blocks the develop-
ment of LTP in the first can be dismissed
because bursts delivered at 2-second inter-
vals without a follower burst do not elicit
stable potentiation (10). Moreover, delaying
the burst on the second input by 2 seconds
rather than 200 msec (when bursts on the
first input are separated by 5 seconds) does
not result in LTP. It also appears that
priming requires a delay to be effective.
When short bursts are applied to two inputs
simultaneously, LTP does not develop in
either (16). Moreover, bursts delivered to a
single input at 100-msec intervals were not
as cffective as the same stimulation with
interburst intervals of 200 msec (10). To
study the spatial distribution of the priming
effect, we carried out experiments in which
the priming stimulation was applied to fi-
bers terminating in the apical dendrites,
with edch burst followed 200 msec later by a
burst to fibers terminating in the basal den-
drites (17). This paradigm produced LTP of
the basal dendritic synapses in five of seven
experiments [46 = 15 (SEM) percent in-
crease 30 minutes after stimulation]. Prim-
ing is thus diffusely distributed, delayed in
onset, and short-lived.

The above experiments lead to the ques-
tion of whether bursts of synaptic activity in
primed dendrites directly produce LTP or
whether they activate an intermediate proc-
ess that summates across repeated primed
bursts until a threshold is reached for an
additional event that then causes stable po-
tentiation. If repetitive pairings were pro-
ducing a short-lasting process that contin-
ued to build until the actual LTP-eliciting
mechanism was activated, we would expect
that longer intervals between pairs should
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produce less LTP. To test this, we separated
the pairs by 2 minutes. This pattern resulted
in LTP that was as large as that observed
when successive priming and follower pairs
were given every 5 seconds (Fig. 2A). This
indicated that either the hypothetical inter-
mediate event had a very long duration, or
that each pair produced LTP and that LTP
itself was additive across successive pairings.
The experiment illustrated in Fig. 2B points
to the latter conclusion. A single pairing of
priming-follower bursts resulted in a mea-
surable and stable LTP.

It thus appears that a single burst of four
pulses to an input to a previously primed
dendrite is sufficient for the production of
LTP and that further stimulation-dependent
events are not required. Additional studies
with pairs separated by 2 to 10 minutes
indicated that maximal LTP is reached after
only three to five pairings.

These results suggest that repetitive burst
stimulation produces LTP by a simple two-
step sequence in which a burst primes the
postsynaptic neuron such that synapses acti-
vated by a subsequent burst cause a stable
modification step. Some clues about how
priming alters subsequent inputs so that
they produce this effect can be gained from
analyses of single EPSP’s in primed den-
drites. Such potentials have more prolonged
falling phases than those evoked under con-
trol conditions (Fig. 3). Comparable effects
can be detected in extracellular recordings of
the population EPSP, where the prolonga-
tion is maximal 200 msec after a burst and
absent after 2 seconds. The prolongation of
the intracellular EPSP is not mimicked by
hyperpolarizing current applied under con-
trol conditions (that is, no priming) nor is it
blocked by depolarizing the cell during the
priming period (Fig. 3). This suggests that
priming causes either the blockade of a nor-
mally present outward current or the activa-
tion of a normally absent inward cur-
rent. Possibly relevant to the latter hypothesis,
activation of the N-methyl-D-aspartate
(NMA) receptor produces a prolongation of
the population EPSP much like that seen with
priming (I8). This receptor is inactive under
normal conditions, becoming functional only
upon depolarization or removal of magne-
sium (19). Moreover, antagonists of the re-
ceptor suppress the development of LTP (20).
Therefore, priming may transform the NMA
receptor so that it is stimulated by released
transmitter, and the resulting alterations in
synaptic potentials may serve as triggers for
LTP. Alernatively, priming might block an
inhibitory postsynaptic potential or other hy-
perpolarizing current that normally truncates
the EPSP. Appropriate pharmacological ma-
nipulations should distinguish between these
alrernatives.
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Table 1. Average percentage increase (mean
+ SEM, n = 11) of the slope of the population
EPSP evoked by S1 and S2 at various times after
burst stimulation. The baseline value for §1 was
1.30 + 0.05 (SEM) mV/msec and for S2 was
1.25 + 0.06 mV/msec.

Percentage increase in EPSP slope*

Stim-

ulus 0.5 5 10 20 30
min min min min min

S1 4+5 2=x4 2+3 2x3 1%*3

S2 49+5 39+4 33+4 31+4 304

*¥Percent increase 30 mintites after stimulation was sig-
nificantly greater for 82 than for S1 (P < 0.01, two-
tailed # test).

These results provide new insights into
the mechanisms responsible for the produc-
tion of LTP and how these mechanisms
might relate to the naturally occurring theta
bursting pattern. They support the argu-
ment (5-7) that the pertinent processes are
located postsynaptically. It is difficult to
imagine that priming in the apical dendrite
influences synapses in the basal dendrites by
axo-axonic interactions between afferents
separated by a cell body layer. The wide-

spread distribution of priming makes it like-
ly that a physiological change in the postsyn-
aptic cell is involved. In fact, hippocampal
pyramidal cells are electrotonically compact
(21). The induction of LTP by pairs separat-
ed by minutes, and indeed even by a single
pair, indicates that an appropriately primed
input can activate the process that causes
long-term modification of the synapses.
This somewhat simplifies the search for the
triggering mechanism and emphasizes the
importance of determining exactly how
primed responses differ from normal poten-
tials. One correlate of priming is a prolonga-
tion of EPSP’s. In that LTP is blocked by
intracellular injections of calcium buffering
agents (5), it seems plausible that an in-
creased calcium influx due to the opening of
unusual numbers of voltage-sensitive or re-
ceptor-linked calcium channels by burst
stimulation of primed synapses may be the
cause of LTP. However, we have no experi-
mental evidence that the observed EPSP
prolongation is the agency through which
priming is effected and other, more subtle
factors could be involved.

If priming does facilitate the induction of
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Fig. 3. Effect of priming on postsynaptic
responses. (A) Control trace is the re-
sponse of a CAl neuron to single pulse
stimulation of Schaffer-commissural fibers,
priming trace is the response to the same
input 200 msec after a burst of four pulses
to a different set of fibers. The priming
burst was followed by an after-hyperpolar-
ization of about 2 mV upon which the test
response was clicited. Note that the
primed response has a much more pro-
longed falling phase than the control re-
sponse. (B) Effect of depolarization on
control and primed responses. A 200-

msec, 0.1-nA depolarizing current pulse, sufficient to reset the membrane potential to the level present
for the control response in (A) did not alter the prolongation of the EPSP produced by priming. The
current pulse itself did not prolong the EPSP evoked without priming (control). (C) Hyperpolarization
of the membrane (200-msec, 0.1-nA current pulse) does not prolong the control EPSP to the same
extent as a priming burst. Both responses were evoked at the same somatic membrane potential. (D)
Control and primed responses evoked at the same membrane potential. The control record from (A)
and the primed record from (B) are superimposed. (E) Control and primed responses evoked at the
same membrane potential. Control and primed records from (C) are superimposed. Calibration bar for
(A) to (C), 10 mV, 25 msec; for (D) and (E), 5 mV, 12.5 msec. All records are from the same CAl
neuron with resting membrane potential of —62 mV.
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LTP by so simple an action as prolonging-

postsynaptic responses, then it should be
possible to reproduce its effects with a num-
ber of manipulations. Comparisons of prim-
ing with other conditions [for example,
pharmacological blockade of inhibitory
postsynaptic potentials (6)] reported to in-
crease the likelihood of LTP should be
useful in identifying the final events that
potentiate synapses.

Finally, our observations indicate that cer-
tain aspects of naturally occurring physio-
logical activity in hippocampus can be ex-
pected to produce LTP-like phenomena.
The brief trains of three to four action
potentials exhibited by hippocampal pyram-
ida] cells in behaving animals, when used as
stimulation bursts, prove to be fully capable
of producing robust LTD if spaced apart so
as to form a pattern like the theta EEG
thythm found in freely moving rats. Thus
analyses of the priming and execution pro-
cesses may lead to a greater understanding
of how the physiological characteristics of
hippocampal networks are actually translat-
ed into synaptic changes during learning.
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Associative Induction of Posttetanic and Long-Term
Potentiation in CAl Neurons of Rat Hippocampus

B. R. SasTRY, J. W. GOH, A. AUYEUNG

Electrical stimulation of fibers in the stratum radiatum causes an excitatory postsynap-
tic potential in CA1 neurons of the hippocampus. Other excitatory inputs to or direct
depolarization of these CAl neurons during stimulation of the stratum radiatum
caused a subsequent increase in the excitatory postsynaptic potential. This enhance-
ment was characterized as a brief potentiation (2 to 3 minutes, similar to posttetanic
potentiation) and a long-term potentiation (presumed to be involved in learning and
memory). These potentiations are probably induced by an interaction of the postsynap-
tic cell or other presynaptic terminals with the test presynaptic terminals.

REPETITIVE HIGH-FREQUENCY AC-
tivation of an excitatory input in the
A_hippocampus results in a posttetanic
potentiation of short duration (PTP) fol-
lowed by a long-term potentiation (LTP) of
synaptic transmission evoked by the same
input (I). LTP has been implicated as a
mechanism involved in learning and memo-
ry (2). Some investigators reported that a
coactivation of several input fibers is needed
to induce LTP and suggested that the neces-
sity for a coactivation of fibers and the
associative nature of the induction of LTP
could be explained if L'TP is postsynaptic (3,
4). However, presynaptic terminals in the
hippocampus interact with each other (5);
this raises the possibility that these interac-
tions could be involved in associative induc-
tion of LTP. Our results indicate that LTP
and PTP (which is thought to be presynap-
tic) can be induced without a tetanic stimu-
lation of the input, but only if activation of
the test input occurs during either a tetanic
stimulation of other excitatory inputs or a
depolarization of the postsynaptic neuron.
Experiments were conducted on trans-
versely sectioned rat hippocampal slices pre-
pared and maintained as described (5). The
slices were continuously perfused with a
medium containing 120 mAM NaCl, 3.1 mM

KCl, 26 mM NaHCO;, 4 mM MgCl, 4
mM CaCl,, 10 mM dextrose, and 10 uM
picrotoxin. Picrotoxin was added to the
medium to block inhibition and facilitate
the associative induction of LTP (6). To
examine the associative interactions between
afferent fibers in the stratum radiatum lead-
ing to changes in synaptic transmission, a
test electrode was positioned in the stratum
radiatum and stimulated at 0.2 Hz (200 to
600 uV) to evoke a small population excit-
atory postsynaptic potential (EPSP) in the
apical dendritic area of CAl neurons. A
conditioning stimulating electrode was posi-
tioned in another part of stratum radiatum
to evoke a large population EPSP (1 to 3
mV) monitored through the same recording
electrode. If the weak input was stimulated
twice in succession (50-msec interval), the
response to the second stimulation invari-
ably increased in size. If the conditioning
(strong) input was stimulared 50 msec prior
to the test (weak) input, there was no such
facilitation, an indication that these two
inputs did not share common fibers (Fig.
1A). Conditioning was given as one, five, or
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