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Associative Synaptic Plasticity in Hippocampal CA1 Neurons Is Not
Sensitive to Unpaired Presynaptic Activity
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CONCLUSIONS

1. Hebbianor associativesynapticplasticity hasbeenproposed
to play an important role in learning and memory. Whereasmany
behaviorally relevant stimuli are time-varying, most experimental
andtheoreticalwork on synapticplasticity hasfocusedon stimuli or
induction protocolswithout temporal structure.Recenttheoretical
studieshave suggestedthat associativeplasticity sensitiveto only
the conjunctionof pre- andpostsynapticactivity is not an effective
learningrule for networksrequired to learn time-varying stimuli.
Our goalin the current experimentwasto determinewhether associative long-termpotentiation(LTP) is sensitiveto temporalstructure. We examinedwhetherthe presentationof unpairedpresynaptic pulsesin additionto pairedpre- andpostsynapticactivity altered
the induction of associativeLTP.
2. By usingintracellular recordingsfrom CA1 pyramidal cells,
associativelong-termpotentiation (LTP) wasinducedin a control
pathway by pairing a singlepresynaptic pulse with postsynaptic
depolarizationevery 5 s (50-70x). The experimentalpathway
received the sametraining, with additional unpairedpresynaptic
pulsesdeliveredin closetemporalproximity, either after or before
associativepairing. Five separatesetsof experimentswere performed with intervals of -200, -50, +50, +200, or +I300 ms.
Negative intervalsindicatethat the unpairedpresynapticpulsewas
presentedbefore the depolarizing pulse. Our resultsshowedthat
thepresenceof unpairedpresynapticpulses,occurringeitherbefore
or after pairing, did not significantly alter the magnitudeof LTP.
3. The experimentaldesignpermitted an analysisof whether
changesin paired-pulsefacilitation (PPF) occur as a result of
associativeLTP. The averagedegreeof PPF was the samebefore
andafter LTP. However, therewasa significantinversecorrelation
betweenthe initial degreeof PPFandthe degreeof PPFafter LTP.
Therewasno relationshipbetweenthe changein PPF, andwhether
the first or secondpulsehad beenpaired with depolarization.
4. Theseresultsindicatethat the presenceof unpairedpresynaptic pulsesdoesnot alter the induction of synaptic plasticity, suggestingthat plasticity of the Schaffer collateral-CA1 synapseis
primarily conjunctive rather than correlative.
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et. al. 1987; Ritter and Kohonen 1989; von der Malsburg
1973).
To date, most theoretical studies that have used Hebbian
plasticity have dealt with the representation of spatial, or
nontime-varying stimuli, i.e., stimuli characterized by the
spatial patterns of activity produced at the sensory layers.
Stimuli that do not vary in time, such as a tone, a bar of
light, or a picture of a face represent only a portion of the
repertoire of such naturally occurring stimuli. Many behaviorally relevant stimuli are time-varying. In speech, music,
and motion processing, the sequenceand duration of events
as well as the interval between events are important. It is not
immediately clear whether Hebbian plasticity is an effective
learning rule for the representation of time-varying stimuli.
Indeed, recent theoretical work has shown that the incorporation of Hebbian plasticity into a network capable of solving
temporal tasks can degrade the representation of time-varying stimuli (Buonomano and Merzenich 1995; see DISCUSSION)

.

One reason the role of Hebbian plasticity in temporal
information processing is not well understood is that relatively little experimental data has addressedhow temporal
structure affects the induction of associative synaptic plasticity. For example, given that many naturally occurring stimuli
are time-varying and may last a few hundred milliseconds it
may be expected that during stimulus presentation synapses
experience periods of both paired and unpaired activity.
However it is not clear whether unpaired activity in close
temporal proximity to paired pre- and postsynaptic activity
effects the induction of associative long-term potentiation
(LTP). From a computational point of view, if associative
LTP is indeed sensitive to correlations, one might expect
that synapsesthat experience both paired and unpaired preand postsynaptic activity might exhibit less facilitation then
synapsessubject only to paired activity.
Our goal in the current experiments was to determine
INTRODUCTION
whether associative LTP induced by pairing was affected by
Hebbian or associative synaptic plasticity is regarded as the presence of unpaired presynaptic pulses presented in
one of the principal neural mechanismsunderlying learning close temporal proximity to paired pre- and postsynaptic
and memory. Indeed, theoretical work has shown that Heb- activity. By presenting unpaired pulsesat five different interbian plasticity, like that described in CA1 pyramidal cells vals both before and after pairing we showed that associative
and neocortex (Kelso et al. 1986; Kirkwood et al. 1993; LTP was unaffected by the presence of unpaired presynaptic
Kirkwood and Bear 1994; Sastry et al. 1986; Wigstrom et activity. We also examined whether or not there were any
al. 1986), is a powerful learning rule. For example, when changesin paired-pulse facilitation( PPF) as a result of assoincorporated into artificial neural networks, Hebbian plastic- ciative LTP. Although there were no changes in the average
ity can account for the development of stimulus-specific neu- degree of PPF, in agreement with the results of Schulz et
ronal responses and the formation of topographic maps al. ( 1994), there was an inverse correlation between the
(Grajski and Merzenich 1990; Miller et al. 1989; Pearson degree of PPF before versus that after the induction of LTP.
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1. Experimental
protocol.
Intracellular
recordings
were made from CA1 cells while stimulating
2 independent
pathways.
Each pathway
received either single or paired pulses during the baseline and testing phases. During training, the
control pathway
received a single pulse paired with a lOO-ms depolarizing
step to the postsynaptic
cell. Pairing occurred
every 5 s for a total of 50-70
times. Experimental
pathway
was also activated in conjunction
with the depolarizing
step,
but in addition received an unpaired pulse at 1 of 5 different
interpulse
intervals (IPI). Interpulse
intervals used were -200,
-50, +50, +200, and +800 ms.
FIG.

MATERIALS

AND

METHODS

Preparation
Experiments were performed on 400~pm thick transverse hippocampal slices from Sprague-Dawley
rats (21-40 days). The hippocampus was removed after anesthesia with pentobarbital
sodium
and decapitation. Slices were cut and submerged in a oxygenated
medium comprised of the following (in mM) : 119 NaCl, 2.5 KCl,
1.3 MgS04, 1.O NaH2P04, 26.2 NaC03, 2.5 CaClz, and 10 glucose.
After an equilibrium period of at least 1 h, slices were transferred
to a recording chamber perfused at a rate of 2 ml/mm and maintained at a temperature of 30- 3 l°C.

Recording and stimulation
Intracellular recordings from CA1 pyramidal neurons were made
with 40-100 MS2 electrodes filled with 3-M KAc. Two stainless
steel bipolar electrodes were used for stimulation (0.1 ms, 5 - 30
PA). Stimulating electrodes were placed in the stratum radiatum,
near the CA3-CA1 border, and at the subicular end of CA1 . Cell
penetrations were considered acceptable if the resting potential was
below -60 mV, the input resistance was ~30 MO, and there were
overshooting action potentials. The two pathways were considered
independent if there was no PPF when both pathways were stimulated 50-ms apart. At the end of experiments, pathway independence was also confirmed by observing no changes in EPSP amplitude in one pathway as a result of a tetanic stimulus applied in the
second pathway.
The training protocol is schematized in Fig. 1. Pathways were
randomly assigned as experimental
or control. During Baseline
and Testing, EPSPs were elicited with paired pulses (in some
experiments single pulses were used). Training was begun after
recording stable EPSPs for at least 10 min; single pulses were
elicited in both pathways and paired with a lOO-ms depolarizing
pulse (2-4 nA) . The experimental pathway received an additional
pulse at one of five different interpulse intervals: -200, -50, +50,
+200, + 800 ( an interval of -200 ms indicates that the unpaired
pulse preceded the paired pulse by 200 ms). Training consisted of
50 to 70 pairings presented every 5 s. The inclusion of the +50
ms interval, in which both pulses were paired with postsynaptic

depolarization,
was to determine whether
duced a significant enhancement of LTP.

pairing

two pulses pro-

Data analysis
The experiment was designed to assess differences in the degree
of associative LTP between the control and experimental pathways.
Only experiments in which at least one pathway exhibited LTP
(more than a 20% increase in excitatory postsynaptic potential
(EPSP) amplitude 30-min after training) are included here. Both
EPSP amplitude and slope were used as measures of synaptic
plasticity; both yielded similar results. Unless otherwise noted amplitude measures are presented. For average data and statistical
analyses LTP was defined as the average facilitation 27-32 min
after training. Two-tailed
paired t-tests were used to examine the
differences in facilitation
between the experimental
and control
pathways. Percent PPF was defined as the ratio of the amplitude
of second and first EPSP multiplied by 100.
RESULTS

In both the experimental and control pathway, single
pulses were paired with a IOO-ms depolarizing pulse during
training. In the experimental pathway, additional unpaired
presynaptic pulses were presented at one of five different
intervals: -200, -50, +50, +200, and +800. Figure 2 displays a representative example of a single experiment with
an interpulse interval of +200 ms. During training both pathways were simultaneously paired with the onset of a lOOms depolarizing pulse, while the experimental pathway received an additional pulse at 200 ms, as indicated by the
EPSP that occurred after the end of the depolarizing pulse.
The degree of facilitation in both the control and experimental pathway was approximately 60%.
Average data for each group revealed no significant differences between the experimental and control pathways. Figure 3 shows the average degree of facilitation in both the
experimental and control pathways 30 min after training for
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FIG. 2. Representative
experiment
using a +200-ms
interpulse
interval.
A : excitatory
postsynaptic
potentials
(EPSPs)
produced by both pathways
at different
phases of the experiment.
During training, both the experimental
and control paths
(E + C) were stimulated in conjunction
with the depolarizing
pulse. Experimental
pathway
received an additional
unpaired
pulse (E) 200-ms after the onset of the depolarizing
step. B: degree of LTP was similar in both the experimental
and control
path. EPSP-1 and EPSP-2 represent the amplitude
of the EPSP produced by the 1st and 2nd pulse to each pathway.
t, time
points from which the baseline and testing traces in A were obtained.

all five intervals. For all intervals examined there was no
significant difference between the control and experimental
pathways. In particular there was no tendency for decreased
LTP for all intervals examined, despite the presence of unpaired pulses. There was a trend (P < 0.1) for increased
LTP in the experimental pathway for the +50-ms group, in
which both pulses were paired with the postsynaptic activity.
‘However, the lack of a significant enhancement suggests
that the presence of a second pulse paired with postsynaptic
activity does not further enhance the induction of associative
LTP over multiple trials.
Changes in paired-pulse

On average there was no significant change in the magnitude of PPF after the induction of LTP. PPF before LTP
was 140 t 3% (mean _+SE; 139 t 4%, for EPSP slope).
After the induction of LTP, average PPF was 138 t 3%
( 138 -+ 3% slope). Although there was no change in PPF
when all cells were averaged, there was an inverse correlation between the degree of PPF before and after LTP
(Fig. 4). The correlation between initial PPF and PPF after
LTP was r = -0.544, P < 0.0004, n = 36 (r = -0.62,
P < 0.0001, slope). LTP tended to decrease PPF if the
initial PPF was above 35%, and increase it if initial PPF
was below 35%.

facilitation

The experimental design also permitted an analysis of
whether the magnitude of PPF changes as a result of associative
LTP. ‘For this analysis, the experimental and control data from
the -200, -50, +50, +200 group were used. As expected,
PPF was more pronounced in the 50-ms groups than in the
200-ms groups. However because the effects of LTP on PPF
were the same for both intervals, the data was pooled for the
correlation analysis. The +800-ms group was not used because
at this interval there was no significant PPF.

DISCUSSION

Associative

plasticity

and temporal structure

Hebbian or associative synaptic plasticity is regarded as
one of the principal neural mechanisms underlying learning
and memory. Although a large number of experimental studies have examined synaptic plasticity, relatively little is
known the sensitivity of plasticity to the temporal structure
of inputs. *
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Given the time-varying nature and the complex temporal
structure of our sensory environment, at least two temporal
aspects of Hebbian plasticity are of interest: I) The importance of the sequential relationship between pre- and postsynaptic activity and 2) whether or not associative synaptic
plasticity is primarily conjunctive or correlative (Brown et
al. 1990).
It has previously been shown that associative LTP in CA1
neurons does exhibit order sensitivity
(Gustafsson
et al.
1987). Presynaptic activity can precede the postsynaptic depolarizing pulse by 100 ms and still result in the induction
of LTP; if however, the presynaptic pulse follows the offset
of the depolarizing pulse by 100 ms, LTP is not induced.
This temporal asymmetry is a result of the long binding time
of glutamate on the N-methyl-D-aspartate
(NMDA)
receptor
(Clements et al. 1992). The fact that associative LTP does
exhibit order sensitivity has been used to suggest that LTP
may provide a neural mechanism for classical conditioning.
Presynaptic activity represents the conditioned stimulus
(CS ) and postsynaptic activity represents the unconditioned
stimulus (US). The order sensitivity of LTP would account
for the need of the CS to precede the US, and the fact that
backward conditioning is generally ineffective.
One of the goals in the current paper was to examine
whether or not associative synaptic plasticity in CA1 neurons
is conjunctive or correlative (Brown et al. 1990). If synaptic
plasticity in dependent solely on the co-occurrence of preand postsynaptic activity, plasticity can be considered conjunctive. If however, synaptic plasticity requires a positive
correlation between pre- and postsynaptic activity, plasticity
is considered correlative. The issue of conjunctive versus
correlational plasticity is analogous to the issue of contingency in classical conditioning. Contingency refers to how
good of a predictor the CS is of the US. If most of the CSs
and USs co-occur, then contingency is high. If in addition
to paired CSs and USs, either the CSs and USs also occur
independently (i.e., unpaired) contingency is low, resulting
in less effective conditioning. For example, if one group of
animals receives 10 CS-US pairings, and a second group
receives the same number of pairings plus 10 additional
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unpaired CS presentations, the second group will exhibit less
conditioning. This occurs because for the second group the
CS is not as good of a predictor of the US, even though the
CS was still paired 10 times with the US (e.g., Mackintosh
1983; Rescorla 1968).
To our knowledge,
the issue of how unpaired activity
(“contingency”)
effects the induction of associative LTP
has not been previously examined. However various studies
have examined a related issue: whether or not unpaired or
anticorrelated activity induces Long-term disability (LTD) .
Unpaired postsynaptic activity has been shown to produce
LTD (Christofi et al. 1993; Kerr and Abraham 1993; Pockett
et al. 1990). Stanton and Sejnowski (1989) have reported
that anticorrelated activity can produce LTD. However, three
labs (Kerr and Abraham 1993; Paulsen et al. 1993) have
shown that LTD is not induced by anticorrelated activity.
Experiments by Debanne et al. (1994) suggest that synaptic
plasticity is sensitive to temporal structure. By using hippocampal slice cultures, they showed that either LTP or LTD
could be induced, depending on the interval between postsynaptic and presynaptic activity. If presynaptic activity followed the offset of postsynaptic
depolarization by a few
hundred milliseconds, LTD was induced. These results suggest that at least under some conditions, synaptic mechanisms that are sensitive to unpaired activity are in place.
In contrast to previous studies, here we have examined
the effects of both paired and unpaired activity on the induction of associative synaptic plasticity. One might expect from
the results of Debanne et al. (1994) that because unpaired
activity produced LTD, unpaired presynaptic pulses presented in addition to paired activity might attenuate the degree of LTP. However,
our results clearly show that the
presence of unpaired presynaptic activity does not decrease
the magnitude of associative plasticity induced. One could
argue that a decrease was not observed because the degree
of facilitation was saturated, and the effects of unpaired
activity were masked by the saturated LTP. This is unlikely,
50%
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FIG. 4.
Inverse correlation
between paired-pulse
facilitation
(PPF) and
long-term
potentiation
(LTP).
A plot of the initial degree of PPF vs. PPF
30-min
after the induction
of LTP shows that the changes in PPF are
inversely
correlated
to initial PPF. Initial %PPF is defined as the ratio of
the 2nd and 1st excitatory
postsynaptic
potential
(EPSP) during baseline,
multiplied
by 100. Change in %PPF was defined as %PPF 30-min LTP
minus the initial %PPF. Points represent cells from all intervals except the
+800-ms
group.

ASSOCIATIVE

LTP AND UNPAIRED

ACTIVITY

635

becauseour protocol did not produce maximal LTP. In 4/4
Theoretical implications
casestested, the control group could be further potentiated
To date few models have examined the effectiveness of
by additional pairings. Furthermore, inducing lessLTP could
Hebbian
plasticity for temporal tasks, i.e., tasks with timealso mask an effect by not permitting resolution of a slight
varying stimuli in which critical features are represented in
decreasein LTP in the experimental path.
These results suggestthat associative plasticity is primar- time rather than space, and in which time is not transformed
ily conjunctive rather than correlative, and thus insensitive into a spatial code at an earlier processing stage. We have
to contingency. Indeed, previous work in the ApZysia sen- previously described an artificial neural network model in
sory-to-motor neuron synapse has shown that associative which the elements incorporate paired-pulse facilitation and
slow inhibitory postsynaptic potential (IPSPs) . This model
plasticity in that synapse is also insensitive to contingency
(Buonomano and Byrne 1990). However, it still remains to was able to solve temporal tasks, such asinterval discrimination (Buonomano and Merzenich 1995). When Hebbian
be determined whether or not unpaired postsynaptic activity
presented in addition to paired activity has any effect on the plasticity was incorporated into the network, there was a
generalized decline in performance. One reason for this deinduction of associative LTP.
cline was that Hebbian or associative plasticity reinforced
Changes in PPF
those connections in which the pre- and postsynaptic eleAverage PPF has been reported not to change with LTP ments were most often coactive. An interval discrimination
in CA1 neurons (Kauer et al. 1988; Manabe et al. 1993; task requires determining whether or not two brief pulses
Muller and Lynch 1988; Zalutzky and Nicoll 1990), with are separated by a short or long interval, e.g., 100 or 150
one exception (Kuhnt and Voronin 1994). Results from ms. In such a task, the connections most often coactive are
Schulz et al. ( 1994), analyzing field EPSPs, also indicate those activated by the first pulse, which was common to
that on average PPF does not change, but that there is an all possible intervals. Thus, many elements of our network
inverse correlation between the initial degree of PPF and the became more responsive to the first pulse, which was devoid
degree of PPF after the induction LTP. In other words, LTP of any temporal information. Progressively fewer elements
tends to decrease PPF if it was initially high, and increase responded preferentially to the second pulse, which conPPF if it was initially low. In the present study, we were tained temporal information, thus impairing temporal proable to 1) examine changes in PPF at intervals of 50 and cessing. These results were obtained by using a conjunctive
200 ms, after pairing-induced LTP; and 2) examine the pos- rule. Specifically coactive neurons underwent an increase in
sibility that changes in PPF may be dependent on a Hebb- synaptic strength, and total synaptic input onto an element
like mechanism; i.e., PPF may increase if the second pulse was normalized, providing a competitive mechanism.
Associative synaptic plasticity has proven to be a very
was paired with depolarization, and decreaseif the first pulse
powerful learning rule for spatial tasks. However, the current
was paired.
In agreement with previous studies (Kauer et al. 1988; results taken together with previous theoretical results sugManabe et al. 1993; Muller and Lynch 1988; Zalutzky and gest that it is likely that learning rules that are sensitive to
Nicoll 1990) we observed no average change in the degree temporal structure will be necessaryto permit the processing
of PPF. However, in agreement with the study of Schulz et of time-varying stimuli. Future research will have to deteral. ( 1994), there was an inverse correlation between the mine whether there are conditions in which associative syninitial and final degree of PPF. The observed changesin PPF aptic plasticity is sensitive to temporal structure, or whether
were independent of whether or not it was the first or second other forms of plasticity perhaps operating on inhibitory elepulse that was paired with postsynaptic activity, indicating ments are sensitive to temporal features of stimuli.
that it is unlikely that changesin PPF are sensitive to whether
or not the first or second pulse was paired with depolarization.
Analysis of the interaction between PPF and LTP has
been used to argue that the locus of synaptic plasticity is
either pre- or postsynaptic. In the present study, it would be
difficult to argue for either pre- or postsynaptic mechanisms.
First, previous studies implicitly assumethat PPF solely results from presynaptic mechanisms,and that the mechanisms
underlying PPF and LTP would interact. Furthermore there
is evidence that other factors may contribute to PPF such
as axonal recruitment (Storm and Lipowsky 1994; D. V.
Buonomano. unpublished observations). Second. our experiments were’performed with intact inhibition, making it Idifficult to rule out the possibility of changes in inhibitory
components. However, independent of the locus of the
changes it is clear that under some conditions, PPF may
change as a result of LTP. Thus from a computational perspective, theoretical models that have proposed roles for PPF
must take into account the possible changes in PPF as a
result of LTP.
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