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-
idal cells in behaving animals, when used as
stimulation bursts, prove to be fully capable
of producing robust LTP 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 LTP 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 mA NaCl, 3.1 mM

KCI, 26 mM NaHCO;, 4 mM MgCl, 4
mM CaCl,, 10 mM dextrose, and 10 pM
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 wV) 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 stimulated 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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ten trains (100 Hz, ten pulses in each train,
one train every 5 seconds). If the test EPSP
was not evoked during conditioning, a de-
pression rather than PTP or LTP of this
response was observed. This finding
strengthens the conclusion that test fibers
are not activated by the conditioning stimu-
lation. If each of the conditioning trains was
paired with a single stimulation of the weak
input given 1 msec after the onset of the
conditioning train, PTP (with one or five
trains) or LTP (with ten trains) could be
induced (Fig. 1A). The PTP was 130 to 200
percent of control (60 seconds posttetanus)
in six of eight experiments; there was no
change in two of eight experiments. The
LTP was 120 to 170 percent of control (15
minutes posttetanus) in six of eight experi-
ments; there was no change in two of eight
experiments. PTP, which lasted 2 to 3 min-
utes, could be repeatedly induced (with no
LTP), usually with one to five paired trains.
In the same experiment, if the number of
paired trains was increased, LTP could even-
tually be induced (Fig. 1A).

To confirm that associative interactions
can occur between two separate inputs, the
above experiments were repeated using stra-
tum oriens stimulation for conditioning.
Results that were similar qualitatively and
quantitatively to those seen with the stratum
radiatum were obtained in five slices.

The necessity for the presence of extracel-
lular Ca®* for associative interactions be-
tween Schaffer collaterals (5) suggested the
participation of CA1 neurons. We therefore
tested whether depolarization of CAl neu-
rons mimicked the conditioning effects of
stratum radiatum or stratum oriens stimula-
tion. For this purpose, EPSP’s evoked by
stratum radiatum and stratum oriens stimu-
lation were recorded from individual CA1
neurons with intracellular electrode filled
with 1M KCI and 1.6M potassium citrate.
The stimulation strengths of the test inputs
were chosen to evoke EPSP’s that were 30
percent of maximum. Unpaired condition-
ing depolarizations (75- to 200-msec dura-
tion, 3 to 10 nA; one, five, or ten depolariz-
ing commands at 0.2 Hz) produced a 10 to
30 percent depression of the EPSP’s (eight
of nine cells, no change in one of nine) (Fig.
2). When each of the conditioning com-
mands was paired with a single stratum
radiatum stimulation, PTP of 2 to 3 minutes
duration (with one or five trains) or LTP
(with ten trains) of the stratum radiatum-—
induced (paired) but not stratum oriens—
induced (unpaired) EPSP was observed de-
pending on the number of paired condition-
ing commands (Fig. 2). The PTP was 140
to 220 percent of control (60 seconds post-
conditioning) in seven of nine cells; there
was no change in two of nine cells. The LTP
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was 130 to 180 percent of control (15
minutes postconditioning in six of nine
cells; there was no change in three of nine
cells.

To determine whether the PTP observed
in our study was associated with a change in
the excitability of presynaptic terminals, as
in the spinal cord (7, 8), a test stimulating
clectrode was positioned in the apical den-
dritic areas of CAl neurons to activate ter-
minal regions of Schaffer collaterals so that
all-or-none antidromic action potentials
could be recorded from CA3 cell bodies

(Fig. 1B). The excitability of the Schaffer
collateral-terminal region was assessed by
monitoring the amount of current required
to induce an action potential (5). A condi-
tioning stimulating electrode was positioned
in stratum radiatum or in stratum oriens to
deliver the conditioning trains (100 Hz, 10
pulses; one, five, or ten trains, one train
every 5 seconds). The conditioning trains
did not activate the test CA3 neuron. The
unpaired conditioning trains themselves did
not produce any postconditioning excitabil-
ity changes in the test fiber. As in the case of
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Fig. 1. Associative induction of PTP and LTP. (A) A bipolar stimulating test electrode (S;) was
positioned in the stratum radiatum and a bipolar conditioning stimulating electrode (S;) was positioned
in another area of the stratum radiatum (left). A recording microelectrode (containing 4M NaCl) was
positioned in the apical dendritic area of CAl neurons to monitor the test EPSP evoked at 0.2 Hz
(stimulation strength was adjusted to obtain a response between 300 and 600 V). The conditioning
stimulation strength was adjusted to evoke a population EPSP of 1 to 3 mV. If a double stimulation of
S, (50-msec interval) resulted in a facilitation of the second population EPSP (inset, left) and if a
stimulation of S; preceding S, stimulation by 50 msec resulted in no facilitation of the second
population EPSP (inset, right), then the S; and S, stimulations were presumed to activate separate
nput fibers. The calibrations (inset, right) represent 20 msec and 0.5 mV. In all experiments, the effect
of unpaired conditioning trains (UC) (the test stimulation was off during the conditioning, each
conditioning train consisted of ten pulses at 100 Hz) and of the paired conditioning trains (PC) (the
test stimulation was on 1 msec after the onset of each train) were examined on the postconditioning test
population EPSP. During the first 3 minutes after UC or PC the response was monitored every 15
seconds and at all other times at 30-second intervals. The graph on the right shows results from one
experiment. PTP occurs after one and five PC’s, and LTP after ten PC’s.  (B) Effects of conditioning
on the excitability of the terminal region of a Schaffer collateral. A monopolar stimulating test electrode
(S;) was positioned in the apical dendritic area of the CAl neurons to activate (0.2-msec negative
pulses; 3 to 10 nA; 0.2 Hz) the terminal regions of Schaffer collaterals so that antidromic all-or-none
action potentials (see inset; the calibration bars represent 6 msec and 0.2 mV) could be recorded from
the CA3 cell bodies. A conditioning stimulation electrode (S;) was positioned in the stratum radiatum
and the unpaired (UC) and paired (PC) conditioning trains were applied as in (A). The conditioning
stimulation did not activate the test Schaffer collateral (5). During the PC, the stimulation strength to
antidromically activate the test Schaffer collateral was increased to twice that of control to make sure that
the fiber was activated during PC. (A similar activation of the test fiber without the presence of the
conditioning produced no changes in the excitability of the test fiber.) The amount of current required
to produce an all-or-none action potential was that which induced a spike in one to two of three

consecutive attempts. Recordings taken at 30-second intervals are at right. Note that one and five PC’s

induced a 3-minute decrease when ten PC’s induced a prolonged decrease in the excitability of the test
fiber terminal. Results in (A) and (B) were from different experiments.
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PTP of the EPSP, however, a pairing of the
conditioning trains with the test stimulation
did cause a postconditioning decrease in the
excitability. The amount of current required
to elicit an action potential was 160 to 210
percent of control (60 seconds after five-
train paired conditioning by radiatum) in six
of seven fibers (Fig. 1B); there was no
change in one of seven fibers. At 60 seconds
after five-train paired conditioning by the
oriens, 130 to 180 percent of the control
current was required in five of six fibers;
there was no change in one of six fibers. An
increase in the number of paired condition-
ing trains eventually led to a prolonged
decrease in the Schaffer collateral terminal
excitability, a phenomenon associated with
LTP (9) (Fig. 1B). The amount of current
required was 130 to 160 percent of control
(15 minutes after ten-train paired condition-
ing by stratum radiatum) in five of six fibers;
there was no change in one of six fibers.
Although PTP is produced by a tetanic
stimulation of the test input (7, 10), LTP
can be induced cither as in Figs. 1A and 2 or
by a tetanic stimulation of the test input
concurrent with a tetanic stimulation of
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other inputs that terminate in the same
region (3, 4). Our results show that a tetanic
stimulation of the test input is not absolutely
required to induce PTP or LTP. A mere
association of the normal stimulation of the
test input with a conditioning tetanic activa-
tion of other inputs to the same postsynaptic
neurons (that do not necessarily terminate in
the same area) can also induce PTP or LTP.
We have also shown that a postsynaptic
depolarization can induce LTP (1I) and
PTP when paired with an activation of the
test input.

Posttetanic potentiation, which has been
described in various excitable systems in-
cluding hippocampus (3), is generally
thought to be presynaptic (3, 7, 10, 12, 13).
During PTP in the spinal cord, the presyn-
aptic terminal excitability is decreased, pre-
sumably because of a hyperpolarization (7,
8, 10). Similarly, in our study, the presynap-
tic terminal excitability is decreased. We do
not yet know how such a presynaptic change
can be caused by postsynaptic or other input
conditioning. The conditioning by stratum
radiatum or stratum oriens tetanization and
intracellular depolarization of the postsyn-

s§UC 5 PC 10UC 10PC
\J A\l A} \}

| Stratum radiatum

T

g

Stratum oriens

10 20 30
Time (minutes)

40

aptic neurons may all induce an “adequate”
depolarization of the CA1l neuronal dendrite
at the test synaptic zone. CAl neurons
“communicate” with each other through
ephaptic interactions (14). Perhaps a similar
ephaptic coupling occurs between the post-
synaptic neuron and the presynaptic termi-
nal. Other possible causes for the condition-
ing effects are a release of potassium or a
chemical signal by the depolarization of the
dendrite that affects the presynaptic termi-
nal. The necessity for pairing conditioning
with an action potential in the presynaptic
terminal to induce PTP or LT indicates
that the conditioning facilitates, rather than
is responsible for, the change required for
PTP or LTP. Presumably, a subliminal facil-
itatory process for transmitter release occurs
following a single action potential in the
presynaptic terminal; when this facilitation
occurs concomitantly with the presynaptic
effect of the postsynaptic depolarization, it is
greatly amplified and leads to PTP or LTP.
Even though evidence presented here sup-
ports a presynaptic involvement for associa-
tive induction of PTP and LTP, an addition-
al postsynaptic mechanism selectively local-
ized to the test synaptic zone cannot be
excluded.
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