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Hippocampal substrate of classical conditioning
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Results of a series of studies from our laboratory are reviewed which demonstrate that in
simple associative conditioning paradigms there is a very early and marked increase in hippo-
campal neuron activity that precedes and predicts the development of behavioral learning,
both over the trials of training and in terms of the actual amplitude-time course of the appro-
priate conditioned behavioral response being learned. Current approaches to the study of the
possible behavioral functions of the hippocampus are examined, and current theories of hippo-
campal function are evaluated in the context of our experimental results.

Our approach to the hippocampus differs from
that of many students of hippocampal function. We
did not begin by asking, ‘““What is the function of the
hippocampus?’’ In our view, this question, as it is
phrased, is not likely to be very meaningful. Brain
structures da not exist in isolation. Indeed, they are
only structures because we so name them. From a
circuit analysis viewpoint, the brain is a set of synap-
tic interconnections with many specialized local fea-
tures, some of which we name as structures. If the
brain as a whole has any one function, it is informa-
tion processing. Sensory stimulation is transduced,
coded, ‘‘attended to,”’ responded to, and compared
against stored information, and its biological “‘sig-
nificance’’ is evaluated and various response systems
are activated. Whether or not a given brain ‘‘structure”’
like the hippocampus plays any particular or special-
ized role within this general framework can only be
determined by very extensive empirical analysis.
Even if it does, it seems very unlikely that a single
phrase from the English language, such as ‘‘behavioral
inhibition”’ or ‘‘spatial map,’’ can serve adequately
to characterize its functions.

Our basic interest is in neuronal substrates of
learning. Modern analysis of brain mechanisms of
learning and memory began with Pavlov’s formula-
tion of cortical representation (see Asratyan, 1980;

Pavlov, 1927) and Lashley’s concept of the localized -

memory trace or ‘“‘engram’’ (see Lashley, 1929). A
very large number of brain lesion studies of learning
yielded negative results, in the sense that particular
anatomically localized memory traces could not be
demonstrated in the brain (see Lashley, 1950).

This outcome has forced most workers to abandon
the notion of the localized engram; indeed, Lashley
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had abandoned it by 1929 as a result of his own
work. The logic underlying the notion of the local-
ized engram seems to derive from an oversimplified
conception of causality. It is an example of what the
Soviet psychologist Boris Lomov (1980) has termed
linear causality. The basic idea is a linear or series
chain of events from stimulus inputs to final motor
output, with a critical change developing at some
point in the sequence in the brain. Hence, there
would be a direct linear causal chain from this change,
the engram, to the learned behavior. Except in very
simple systems, it is doubtful if such elementary
linear causality ever obtains in the central nervous
system. In spite of this rather self-evident proposi-
tion, much lesion-behavior research still seems to
adopt linear causality as a basic rationale.

Given that a localized engram does not exist and
hence that brain mechanisms of learning cannot be
accounted for in terms of linear causality, what are
the alternatives? We wish to suggest that the memory
system of higher animals—mammals—consists of a
number of brain systems that play various roles dur-
ing learning. These systems can be defined, or at least
characterized, by anatomical and physiological crite-
ria. Various systems may exist more or less separately,
or may overlap or merge. They can have hierarchical
organization (as in a sensory ‘‘system’’), a partly
temporal organization (as in certain motor systems),
or alternative organizations that have not yet been
characterized. The roles these various hypothetical
brain systems play in learning and memory may or
may not correspond to conceptual categories or
terms that now exist. Note that such a multiple
systems theory can also account for results of the
lesion studies that give rise to Lashley’s concepts of
equipotentiality and mass action. A discrete lesion
might interrupt only a part of one or more systems.
They could still function, although perhaps not as
well. A system, almost by definition, is not localized
to one anatomical place. The larger the lesion, the
more systems there are that are damaged, and the
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greater the damage is to some, yielding greater im-
pairment.

In the Soviet Union, the systems approach to brain
organization, particularly in the context of behavioral
processes such as learning and motivation, is the
dominant conceptualization. Pavlov’s notion of the
hierarchical organization of the brain has been devel-
oped extensively by modern workers in the Pavlovian
tradition (e.g., Asratyan, 1980; Gasanov, 1980). A
student of Pavlov, Peter Anokhin, has perhaps de-
veloped the systems approach most explicitly in his
conception of goal-directed functional systems (1974).
His students, in turn, have continued and extended
this approach (e.g., Shvyrkov, 1980; Sudakov, 1965).
A particularly clear example of the systems approach
is to be found in Sokolov’s analysis of the orienting
response (1958/1963).

Modern analysis of the human memory system in
psychology provides a useful analogy. It is character-
ized as consisting of a number of systems with differ-
ent properties which interact (see Atkinson & Shiffrin,
1968). Sensory input is stored accurately but very
briefly (up to 200 msec) in the sensory register or
iconic memory (Sperling, 1960). It seems to be mo-
dality specific. Some of this information is transferred
to longer term stores. The short-term memory store
has a very limited capacity—about seven items or
chunks of information (Miller, 1956)—decays over a
period of about 10-12 sec (Petersen & Petersen,
1959), and seems to involve recoding into ‘‘verbal’’
terms. The search through items in short-term store
is linear, requiring about 37 msec per item (Sternberg,
1966). Some information is established in long-term
permanent store. The search process through long-
term store is, of course, not linear. It takes less than
200 msec to retrieve a remembered item, independent
of the ¢‘size’’ of the item (Wickens, Note 1). How-
ever, once in short-term store, such items must be
searched linearly. In addition to the several memory
stores, there are a variety of control processes in-
volved in storage and retrieval. Granted, this char-
acterization of human memory is hypothetical and
not accepted by all workers. Nonetheless, it has at
least heuristic value and serves to illustrate, at a be-
havioral level, the notion of various systems playing
various roles in learning and memory.

The literature on animal learning provides clear
analogies to the human memory system. Consolida-
tion, the well-established fact that a learning experi-
ence is fragile and easily manipulated for a short
time after the experience (e.g., it can be impaired by
ECS and anesthetics and facilitated; see Duncan,
1949; Hebb, 1955; Kety, 1976; McGaugh, 1966;
McGaugh & Herz, 1972), provides a close analogy
to short-term memory. On the other hand, long-
term memory can be prevented by substances that
interfere with protein synthesis (Agranoff, 1967;
Flexner, Flexner, & Stellar, 1963). Wagner and asso-
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ciates have developed paradigms to analyze short-
term memory in rabbits (Terry & Wagner, 1975).
The human memory system seems, except for language,
to be the mammalian memory system.

In our own work, we have utilized a ‘‘model
system’’ approach to analysis of brain substrates of
associative learning. In essence, this means the selec-
tion of a ““prototypic’’ behavioral system, having the
properties of associative learning, that is well defined
and characterized and that exhibits robust learning.
The model system approach has been employed very
successfully for neural analysis of simple forms of
behavioral plasticity such as habituation, in which re-
flexes of the neurally isolated spinal cord and reflex
pathways in simpler invertebrates can be shown to
exhibit the behavioral properties of habituation
(Kandel, 1976; Thompson & Glanzman, 1976). Since
the ultimate goal of this field is an understanding
of the brain substrates of human learning and mem-
ory, we felt constrained to develop a ‘‘model system”’
involving the intact mammalian brain.

We selected the preparation developed by Gormezano
(Gormezano, Schneiderman, Deaux, & Fuentes,
1962)—classical conditioning of the rabbit nictitating
membrane (NM) response to a tone-conditioned stimu-
lus (CS) using a corneal airpuff unconditioned stimulus
(UCS)—as a simple and discrete model of mammalian
learning. The rabbit NM system has a number of
advantages for analysis of brain substrates of learn-
ing, which we have detailed elsewhere (Thompson,
Berger, Cegavske, Patterson, Roemer, Teyler, &
Young, 1976; see also Disterhoft, Kwan, & Lo,
1977). Some advantages are practical: the animal is
held motionless but is not drugged or paralyzed, and
significant learning occurs within a single 2-h session;
and some are conceptual: thanks to the extensive
studies of Gormezano and associates (1972), the
learned response is well characterized (it is an ex-
tremely well-behaved Pavlovian response and shows
virtually no pseudoconditioning or sensitization),
learning vs. performance substrates can be distin-
guished at the neuronal level, the actual amplitude-
time course of the behavioral response can be mea-
sured easily and precisely, and the essential final
common path controlling the response is relatively
simple, involving only one cranial nerve (abducens).

Given the rationale developed above, we have
adopted the general approach of recording neuronal
unit activity during the course of learning in this
preparation. The goal is to characterize the activity
of various brain systems in learning and memory.
Once this is accomplished, the structures and systems
that exhibit altered activity with learning will have
been identified and analysis of synaptic mechanisms
will be feasible. We began by identifying the immedi-
ate neuronal substrate of the behavioral conditioned
response—the motoneurons—and characterizing their
activity during learning. Having defined the pat-
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tern of change of neuronal activity during learn-
ing at the final common path, it can be used as a
neural ‘‘performance’” measure against which to
compare activity of higher brain structures and sys-
tems. All major brain systems must be explored. In
view of the extensive earlier literature implicating the
hippocampus in learning and memory (see e.g.,
Isaacson & Pribram, 1975; Olds, Disterhoft, Segal,
Kornblith, & Hirsh, 1972; Scoville & Milner, 1957,
Sokolov, 1977; Sokolov & Vinogradova, 1975; etc.),
it seemed a reasonable place to begin.

Methods

The details of our procedures are given elsewhere and will be
indicated only briefly here (Berger, Alger, & Thompson, 1976;
Berger & Thompson, 1978a, 1978b, 1978c; Berry & Thompson,
1978). We have adopted the behavioral procedures developed by
Gormezano (1966). In our standard paradigm, animals are given
atone CS (1 kHz, 85 dB, 350 msec duration) and a corneal airpuff
UCS (210 g/cm pressure source, 100 msec duration, occurring
during the last 100 msec of the tone CS—they terminate simul-
taneously). A mean intertrial interval of 60 sec is used and varied
from 50 to 70 sec to eliminate possible temporal conditioning.
Animals are given eight paired trials and one tone-alone test trial
per block, and are typically given 13 such blocks in a day (i.e.,
training session). Unpaired control animals are given a pseudo-
random sequence of unpaired CS and UCS presentations (ex-
plicitly unpaired procedure) with a mean interval of 30 sec (varied
from 20 to 40), for approximately the same total number of stimu-
lus presentations per session as conditioning animals. The exact
amplitude-time course of the NM extension response is measured
by a micropotentiometer, recorded on tape, digitized at 3-msec
intervals, and stored in the computer. Later analysis involves
computation of onset latencies, averaged responses from eight
trials, and measurement of the area under the NM response curve.
This latter measure provides a useful index of the ‘“‘amount” of
the response in terms of both amplitude and time (Cegavske,
Patterson, & Thompson, 1979).

Unit spike discharges of neurons (either multiple-unit clusters or
isolated single-unit potentials) are recorded using metal micro-
electrodes and stored on tape. The unit discharges are picked off
by a discriminator, converted to standard pulses, and fed into the
computer. The basic data collection program counts the number of
unit discharges in each 3-msec time bin. Data collection begins
250 msec prior to tone CS onset (the pre-CS period) and continues
through the 250 msec of tone (the CS period) and then for an
additional 250 msec beginning with airpuff onset (the UCS period).
Airpuff ‘‘onset” time is the time at which the airpuff actually
arrives at the cornea. Unit counts are cumulated for display (e.g.,
in eight-paired-trial frequency histograms). The standard bin
width used for display is 15 msec. Cumulated eight-trial unit count
data are also converted to standard scores, relative to background
(pre-CS) activity (e.g., for the CS period, the standard score is the
mean CS counts minus the mean pre-CS counts divided by the
standard error of the pre-CS activity, the latter computed on an
entire day’s session). The unit standard score measure for an eight-
trial block for a given time period (e.g., the CS period or the UCS
period) can be compared with the area under the averaged NM
response curve for that same block of trials.

The multiple-unit microelectrode, of insulated stainless steel
with a 5-7-u-diam tip and a 40-50-u shaft exposed, is permanently
implanted in the structure to be studied (while monitoring unit
activity for localization), using halothane anesthesia. For single-
unit recording, a small chronic microdrive system is implanted in
the skull overlying the target structure, and single-unit micro-
electrodes—3-5-u-diam tip, insulated to the tip, 500 kQ to 1 MQ
resistance—are inserted for each recording session. At least 1 week
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is -allowed between surgical implantation procedures and the
beginning of training-recording sessions.

Study of neuronal activity in the abducens motor nucleus pro-
vides both an example and a validation of our techniques. The
highest correlation possible between neuronal and behavioral
events should hold for the behavior and its immediate neuronal
precedent, the activity of motoneurons in the final common path
controlling the behavioral response. In initial studies, we identified
the abducens (sixth nerve) motoneurons as the final common path
for the NM extension response (NM extension is a largely passive
consequence of eyeball retraction via the retractor bulbus muscle,
innervated by the sixth nerve; Cegavske, Thompson, Patterson,
& Gormezano, 1976; Young, Cegavske, & Thompson, 1976). We
recently completed a study comparing eight paired conditioning
and eight unpaired control animals with multiple-unit recording
electrodes implanted in the abducens nucleus ipsilateral to the eye
being conditioned (Cegavske et al., 1979). Examples of eight-trial-
averaged NM responses and histograms of abducens unit activity
are shown in Figure 1 for a conditioning animal before (A) and
after (B) learning and for a control animal to airpuff (C) and to
tone (D). Results are clear—there is a very close coupling between
abducens unit activity and the behavioral response, independent
of whether or not the animal has learned, whether it is a con-
ditioning or control animal, and whether it is a conditioned re-
sponse or a reflex response. Whatever the abducens neurons do,
so does the nictitating membrane.

The group mean increases in neural and behavioral responses
were compared over 2 days of acquisition training for the condi-
tioning animals using index measures—the area under the NM
response waveform and standard score of unit activity—for the
CS period. For Day 1, the correlation coefficient between the
neural and behavioral measures was .99 and for Day 2 it was .98.
There is thus a very close correlation between increases in the
neural and behavioral measures across animals over the course of
training, as might be expected when recording from the final
common path for the behavioral response. These results provide
good validation of the methods of recording and analysis used.

The close correspondence of the amplitude-time of the NM re-
sponse and the histogram of unit activity from the motor nucleus
(Figure 1) is extremely useful. It means that the easily recorded
NM response actually portrays the temporal course of the histo-
gram of unit activity in the motor nucleus. It is particularly helpful
when studying changes in neuronal activity in higher brain struc-
tures during learning. It is necessary to compare the temporal
patterns of neural activity in such structures against the pattern
of activity in the final common path during acquisition of the
conditioned response. Given the present findings (e.g., Figure 1),
it is not necessary to record activity of abducens motoneurons
during acquisition; measurement of the NM response form will
suffice.

The Hippocampal System

Basic findings. Our current interest in the hippo-
campus stems from our initial observations of hippo-
campal neuronal activity during the course of classi-
cal conditioning of the rabbit NM response, made at
Harvard in 1974 (Berger et al., 1976). The finding—
which was unexpected and, to us at least, in some
ways extraordinary—is very simply that, in classical
conditioning, neural activity in the hippocampus
grows very rapidly to form a ‘‘temporal model’’ of
the behavioral response being learned. This increased
unit activity is highly predictive of behavioral learn-
ing over the trials of training and also highly predic-
tive of the actual temporal morphology of the learned
behavioral response within a trial (Berger et al., 1976;
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Figure 1. Examples of eight-trial-averaged behavioral nictitating membrane (NM) responses and associated multiple-unit histo-
grams of abducens nucleus activity (15-msec time bins) for conditioning animals at the beginning and end of training (A, B) and
a control animal for the airpuff UCS (C) and the tone CS (D). In this and all subsequent histogram figures, early cursor indicates
tone onset, late cursor indicates airpuff onset. Total trace length equals 750 msec. Note the close correspondence between the
histogram of unit activity and the behavioral NM response in all cases. (From Cegavske, Patterson, & Thompson, 1979,

reproduced by permission.)

Berger & Thompson, 1978a; Berry & Thompson,
1978; Thompson et al., 1976).

An example of the learned hippocampal unit re-
sponse is shown in Figure 2. Note that the unit histo-
gram shows a clear increase in the UCS period in the
first block of eight paired trials (Figure 2A). Over
training, this response increases markedly and moves
into the CS period as behavioral learning develops.
Indeed, Figures 2A and 2B closely resemble unit
activity from the motor nucleus (see Figure 1). Ac-

tually, the average latency of the hippocampal re-
sponse is shorter than that for motoneurons (42 msec
less than NM onset for hippocampal units and 17 msec
less than NM onset for motor units).

In marked contrast, the control animal hippo-
campal data are completely different from moto-
neuron activity. The eight-trial hippocampal unit
activity and averaged NM are shown for airpuff-alone
trials at the beginning and end of unpaired training
for a control animal in Figures 2C and 2E. Although
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Figure 2. Examples of eight-trial-averaged behavioral NM responses and associated multiple-unit histograms of
hippocampal activity for a conditioning (A, B) and a control (C-F) animal at the beginning and end of training.
Note the very large increase in hippocampal unit activity that develops in the conditioning animal. Upper trace:
Average nictitating membrane response for one block of eight trials. Lower trace: Hippocampal unit poststimulus
histogram (15-msec time bins) for one block of eight trials. (A) First block of eight paired conditioning trials,
Day 1. (B) Last block of eight paired conditioning trials, Day 1, after conditioning has occurred. (C) First block of
eight unpaired UCS-alone trials, Day 1. (D) Last block of eight unpaired UCS-alone trials, Day 2. (E) First block
of eight unpaired CS-alone trials, Day 1. (F) Last block of eight unpaired CS-alone trials, Day 2. (From Berger
& Thompson, 1978a, reproduced by permission.)



there is a clear reflex NM response, there is little
associated unit activity in the hippocampus. There is
essentially no NM response or evoked hippocampal
activity in tone-alone trials (Figures 2D and 2F).

We completed an extensive study (Berger &
Thompson, 1978a) involving 21 conditioning animals
and 12 unpaired controls, with multiple-unit record-
ing in CA1-2 and CA3-4, given 2 days of training.
The hippocampal unit responses illustrated in Figure 2
are closely paralleled for all animals in both condi-
tioning and control groups. For both UCS and CS
periods, unit activity in the hippocampus for condi-
tioned animals increases and remains high over all 26
blocks of paired trials, reaching a mean standard
score of about 15 in the UCS period and 7 in the CS
period by the end of Day 2. In contrast, standard
scores for animals given control training remain low
(less than 3 standard scores for the UCS period and 1
standard score for the CS period) across blocks of
unpaired trials.

Behavioral learning closely parallels the develop-
ment of the hippocampal unit response in the CS
period. For the average data, this occurred on about
Block 6. On the average, behavioral conditioned re-
sponses began to occur when the hippocampal unit
activity in the UCS period had increased to about
12-13 standard scores. This unit activity increases
linearly over initial blocks of training and begins to
decrease its rate of growth at about the time behav-
ioral learning begins to occur.

A variety of control procedures (see Berger &
Thompson, 1978a) indicated that the hippocampal
response is not a sensory evoked response per se, nor
simply a motor concomitant of the behavioral NM
response, but rather a result of paired conditioning
training. However, as learning develops, the hippo-
campal unit response comes to resemble a ‘‘motor”’
response.

Because hippocampal unit activity appeared so
highly developed at the end of the first block of
paired trials in the UCS period (see Figure 2A), an
individual trial analysis for the first eight paired trials
was completed for all animals for the UCS period.
A robust NM response to the airpuff was usually
present from the first trial, yet the hippocampal unit
response did not appear to develop in conditioned
animals until later within the first block. An analysis
of variance showed the paired-unpaired differences
within the first block of training trials to be signifi-
cant. Furthermore, the group data indicate no differ-
ence between groups on Trial 1 and then a growing
separation between paired and unpaired groups
beginning on Trial 2 (Berger & Thompson, 1978a).
Consequently, we suggested that this may be the first
sign of the development of the engram in the brain
(Thompson et al., 1976).

To determine the degree to which the temporal dis-
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tribution of increased hippocampal unit activity ac-
tually ‘“‘models’’ and predicts the amplitude-time
course of the behavioral NM response, we completed
a correlation analysis on the 21 conditioning animals
(Berger, Laham, & Thompson, 1980). A correlation
coefficient was computed for each trial block using
the 3-msec values representing the averaged NM and
the corresponding 3-msec values representing the
cumulative hippocampal histogram for each animal
and then averaged over all animals. As indicated in
Figure 3, the hippocampal ‘‘model’’ grows from
about r=.32 to r=.63 over the course of training.
Because the hippocampal unit response precedes the
NM response in real time by about 40 msec, we also
completed a cross-correlation analysis, shifting the
hippocampal unit response toward the NM response
in 3-msec increments. For a given block of trials, this
correlation grows to reach a maximum value at the
point of temporal synchrony between the two re-
sponses. The time difference between real time and
the number of milliseconds of shift to yield the maxi-
mum correlation, incidentally, provides a very good
estimate of the overall latency difference between the
two responses (Berger, Laham, & Thompson, 1980;
Hoehler & Thompson, 1980). This ‘‘maximized”’
correlation reaches a value of about r = .82 by the end
of training. Thus, the pattern of increased firing of
hippocampal neurons develops a very good predic-
tive temporal ““model’’ of the behavioral NM response.
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Figure 3. Graph of mean real-time correlation coefficient for 21
paired conditioning animals comparing the amplitude-time courses
of the nictitating membrane response and the histogram of in-
creased hippocampal neuron activity for each eight-trial block
over the 2 days of training. (From Berger, Laham, & Thompson,
1980, reproduced by permission.)
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Role of arousal. State of ‘‘arousal’’ is an impor-
tant determinant of hippocampal activity (Bennett,
1975; Black, 1975; Lindsley & Wilson, 1975; O’Keefe
& Nadel, 1978; see also O’Keefe, 1980; Ranck, 1975;
Vanderwolf, Kramis, Gillespie, & Bland, 1975). In
particular, hippocampal ‘“‘EEG’’ seems a useful in-
dex of behavioral arousal. Furthermore, the “‘state’’
of the hippocampal EEG is related to various aspects
of hippocampal unit activity in a variety of mamma-
lian species, including rabbit (see references cited just
above and Berry, Rinaldi, Thompson, & Verzeano,
1978; Lidsky, Levine, & MacGregor, 1974). Perhaps
the most extensive characterizations of hippocampal
EEG in the context of behavioral ‘‘state’” have been
done with rat (O’Keefe & Nadel, 1978; Vanderwolf
et al., 1975; Winson, 1975). Rat and rabbit differ in
that the awake rabbit, when motionless, tends to
show good “‘theta,”” defined as low-frequency (3-8 Hz)
synchronous EEG waves, whereas rat does not. Con-
sequently, direct translations of EEG ‘‘state’’ from
rat to rabbit are difficult. In any event, it is impor-
tant for us to characterize possible relations between
hippocampal EEG and unit activity in our rabbit NM
conditioning paradigm.

In a series of studies (Berry et al., 1978; Berry &
Thompson, 1978, 1979), we have found clear inter-
relations among hippocampal EEG activity, hippo-
campal unit activity, and rate of learning. In brief, a
2-min time sample of hippocampal EEG taken prior
to the onset of training is highly predictive of subse-
quent learning rate, even over a period of days, and
also predictive of the rate of growth of conditioned
increases in hippocampal unit activity. A higher pro-
portion of hippocampal theta (2-8 Hz in rabbit) pre-
dicts faster rates of learning (r= +.72).

To our knowledge, this is among the few demon-
strations that a purely neurophysiological measure
taken prior to the beginning of training can predict
the subsequent behavioral rate of learning. This re-
sult is nicely consistent with consolidation studies
showing a positive relationship between amount of
theta in the posttraining EEG and subsequent reten-
tion performance (Landfield, McGaugh, & Tusa,
1972) and with studies reporting change in hippo-
campal EEG frequency and phase relations during
training (Adey, 1966; Coleman & Lindsley, 1977;
Grastyan, Lissack, Madarasz, & Donhoffer, 1959;
Lindsley & Wilson, 1975).

Prokasy (1972) has developed a most interesting
mathematical model of behavioral learning for the
rabbit classical conditioning NM paradigm, which
indicates that learning occurs in two phases—an
initial phase that extends from the beginning of train-
ing until the animal begins to give conditioned re-
sponses and a second phase that extends from this
point until the response is well learned. Phase 1 is
more variable and more likely to be influenced by
““motivation,”” ‘‘arousal,”” and other conditions.
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In part to determine if Prokasy’s model could be
extended to physiological measures, we compared the
number of trials of training required to give the fifth
conditioned response against the amount of change
in the high/low EEG ratio over training for 16 condi-
tioning animals. The result, shown in Figure 4, is
striking and would seem to provide ‘‘physiological’’
substantiation of Prokasy’s model. The correlation
between the amount of change in the EEG ratio and
the number of trials to the fifth CR is r=-.93, a
highly significant value. This result indicates that the
greater the amount of change in the EEG in early
training, the shorter the duration of Phase 1.

Lesions of the medial septum disrupt hippocampal
theta (as has been shown in many studies) and also
significantly retard both classical conditioning of the
rabbit NM response and the growth of the conditioned
increase in hippocampal unit activity (Berry &
Thompson, 1979). The impairment of learning ap-
pears to be due to a marked prolongation of Phase 1,
again consistent with Prokasy’s model.

It is clear from the above that rabbits come to our
conditioning situation with a considerable range of
‘‘arousal states’’ as defined by hippocampal EEG.
Furthermore, the rates of development of behavioral
learning and the conditioned increase in hippocampal
unit activity are related to hippocampal EEG. How-
ever, if the animal learns at all, the conditioned in-
crease in unit activity invariably develops prior to the
development of behavioral learning. That is to say,
the conditioned increase in hippocampal unit activity
does develop (in animals that learn behaviorally) over
a wide range of hippocampal EEG states character-
istic of the waking rabbit. The development of the
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Figure 4. Scatterplot and regression line showing the relation-
ship between the amount of change in the hippocampal EEG
frequency ratio (see text) and the number of trials to the fifth
conditioned response for a group of 16 paired conditioning animals.



conditioned unit response is not dependent on hippo-
campal EEG ‘‘state,”’ only its rate of development is.
Once an animal has learned, the conditioned increase
in hippocampal unit activity seems relatively
permanent—it persists in animals trained and tested
daily for periods as long as 1 month (Kettner &
Thompson, 1978).

Generality and relation to learning. Results de-
scribed above suggest that the hippocampal system
plays a very important role in simple learning in the
normal, intact mammal. However, results described
to date were all obtained under one standard set of
conditions and stimuli. In order to determine the
possible role(s) of the hippocampal system in learn-
ing and memory, it is necessary to explore the gen-
erality of the conditioned increase in hippocampal
unit activity and to characterize its properties rela-
tive to behavioral learning. It must be noted that our
general finding of a conditioned increase in hippo-
campal unit activity constitutes a clear verification
and extension of the earlier work by Olds and Segal
(e.g., Olds et al., 1972; Segal, 1973) and the work of
Best (Best & Best, 1976).

In a project concerned with signal detection, rab-
bits were overtrained and then given extensive threshold
testing with simultaneous recording of neural unit
activity from auditory relay nuclei and from the
hippocampus (Kettner & Thompson, 1978). Behav-
ioral NM thresholds to the CS (white noise here) were
about equivalent to human thresholds. Trials were
separated into behavioral detection and nondetec-
tion. There was significant evoked unit activity in
the cochlear nucleus, inferior colliculus, and medial
geniculate on both detection and nondetection trials,
and only very small differences between them. Hippo-
campal increased activity, in contrast, was fully
developed on detection trials and nonexistent on
nondetection trials (see Figure 5). The hippocampal
response is thus independent of stimulus intensity.
It is predictively coupled to the occurrence of the
learned behavioral response. In signal detection
terms, the ‘‘decision’’ to respond appears to occur
after the auditory nuclet and at or before the hippo-
campus.

The rapid growth in hippocampal unit activity dur-
ing paired conditioning training occurs in the same
manner with a light CS as with a tone CS (Coates
& Thompson, 1978). It also occurs in the same man-
ner in classical conditioning of the cat NM response
(Patterson, Berger, & Thompson, 1979). The phe-
nomenon is thus independent of conditioned stimu-
lus modality and is not species specific.

A critically important issue concerns the extent to
which the conditioned increase in hippocampal unit
activity is related to the learning aspect of behavior.
As noted above, in the trained animal, the hippo-
campal response seems very much like a motor re-
sponse that correlates closely with behavioral per-
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Figure 5. Comparison of multiple-unit responses from auditory
relay nuclei and hippocampus during detect vs. nondetect trials.
A through D: Average poststimulus histograms (15-msec time
bins) created by averaging from 200 to 300 trials (obtained from
several testing sessions) for cochlear nucleus (A), inferior colliculus
(B), medial geniculate (C), and hippocampus (D) on detect (upper
histogram) vs. nondetect (lower histogram) trials. E: Average
nictitating membrane response for detect (upper trace) vs. non-
detect (lower trace) trials. Detect trials were defined as trials in
which at least .5 mm of NM extension occurred within 500 msec
after CS onset on CS-alone trials. Note the large difference be-
tween hippocampal responses during detect vs. nondetect trials
in comparison with the slight or nonexistent differences in responses
of the auditory relay nuclei.

formance. Can the learning vs. performance aspect
of the hippocampal response be distinguished? If it
is related to learning, then variables that exert strong
control over behavioral learning should have similar
effects on hippocampal neural activity. The inter-
stimulus interval (ISI), the time between CS and UCS
onset, is a powerful determinant of conditionability
in classical conditioning (Gormezano & Moore,
1969). Gormezano and associates have completed an
extensive parametric behavioral analysis of the ISI
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function for classical conditioning of the rabbit NM
response (see Gormezano, 1972). They found no
evidence of conditioning at backward, simultaneous,
or 50-msec-forward pairings, some conditioning at
100 msec, maximal conditioning at 200-400 msec,
and progressively poorer conditioning at longer inter-
vals. Furthermore, the ISI strongly affects the to-
pography or shape of the actual conditioned NM
response—with the response peak always occurring
near the point of UCS onset.

In a recent study (Hoehler & Thompson, 1980), we
recorded neural unit activity from the dorsal hippo-
campus (CA1) during the course of classical condi-
tioning of the rabbit NM response to tone using three
different ISIs: 50, 150, and 250 msec (this last being
the standard interval used in our previous studies).
Results were strikingly clear and can be summarized
in a simple sentence: The effect of the ISI on in-
creased hippocampal unit activity is the same as its
effect on the conditioned NM response. We submit
that this is an extraordinary result. To our knowledge,
it is among the few demonstrations of a brain event
that correlates closely with the learning aspect of
behavior and at the same time does not necessarily
correlate with behavioral performance. Examples of
the results are shown in Figures 6 and 7.

Data are summed over CS-alone test trials for the
last half of Day 2 of training in Figure 6 (arrow in-
dicates where airpuff would have occurred on paired
trials). Any response of the NM or hippocampus
would be a conditioned response, since no airpuff is
given. For the standard 250-msec ISI (6A), both the
conditioned NM response and the conditioned hippo-
campal activity are maximally developed, as described
above. For the 150-msec ISI (6B), the conditioned
NM response form is narrower and the conditioned
hippocampal unit response is similarly narrower and
smaller. At the 50-msec ISI (6C), there is no sign of
behavioral learning or of increased hippocampal
activity. Examples of data averaged over eight paired
trials from Day 2 of training are shown in Figure 7.
Results for conditioned increases in hippocampal
unit activity are generally similar to the test trial data
of Figure 6 for the 250- and 150-msec conditions.
For the 50-msec condition (7C), there is no increase
in hippocampal unit activity, even though the closely
paired tone-airpuff elicits a robust reflex NM re-
sponse (which does not become conditioned—see
Figure 6C). This last result seems to us to provide an
unambiguous dissociation between behavioral re-
sponding (i.e., performance) and increased hippo-
campal responding. In sum, whatever effects the
stimulus and training conditions have on learning,
they have the same effects on hippocampal unit
activity. In other terms, the degree to which behav-
ioral learning will occur can be predicted from the
extent to which the hippocampal unit response de-
velops.
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Figure 6. Averaged nictitating membrane responses (upper
trace) and hippocampal poststimulus histograms (lower trace)
from CS-alone test trials given during the last half of Day 2 (six
trials). Data are from individual subjects trained with CS-UCS
intervals of 250 msec (A), 150 msec (B), and 50 msec (C). Cursor
indicates tone onset. Arrow indicates when the airpuff would
have occurred on the paired trials. (From Hoehler & Thompson,
1980a, reproduced by permission.)

A critically important aspect of the generality of
the hippocampal response relates to the NM para-
digm. It would be odd if neurons in the hippocampus
became massively engaged only in conditioning of
the eyelid. In a preliminary study, we gave rabbits
paired tone and hindlimb footshock, in the restrain-
ing apparatus, using the same temporal parameters
as with the NM, except that animals were given only
50% reinforcement (random sequence) to permit re-
cording during the UCS period on half the trials
(Thompson, Land, Berger, & Patterson, Note 2).
Control animals were given explicitly unpaired stim-
uli. We recorded EMG activity from a hindlimb
flexor muscle to provide a behavioral measure in
some animals from each group. Hippocampal unit
activity was recorded from dorsal CA1 as in the NM
studies above. Conditioned EMG activity exhibits an
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Figure 7. Averaged nictitating membrane responses (upper
trace) and hippocampal unit poststimulus histograms (lower trace)
from the last block of eight paired trials on Day 2. Data are from
individual subjects trained with CS-UCS intervals of 250 msec (A),
150 msec (B), and 50 msec (C). First cursor indicates tone. Second
cursor indicates airpuff onset. (From Hoehler & Thompson,
1980a, reproduced by permission.)
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orderly acquisition in paired animals but no increases
in unpaired controls. Although the Ns are too small
to make strong statements, the conditioned EMG
activity appears to develop substantially earlier in
training than is the case for NM conditioning using
corneal airpuff. Correspondingly, hippocampal unit
activity shows an early, rapid, and significant in-
crease in both the UCS and CS periods in the paired
conditioning animals but not in the unpaired con-
trols. Most important is the fact that the histogram
of increased .hippocampal unit activity precedes in
time and appears to predict the temporal form of the
conditioned increase in hindlimb EMG activity.
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An example is shown in Figure 8 comparing an
eight-trial histogram of hippocampal unit activity
and a corresponding analysis of EMG spike activity
for the same eight-trial block from a well-trained
animal. Note that data were collected only on CS-
alone trials, so the increases are entirely due to con-
ditioning. Comparable CS-alone test trial data for
hippocampal units and the NM response in the NM
conditioning paradigm are shown in Figure 6A above.
There are several points to be noted in Figure 8.
First, as indicated above, the temporal pattern of the
conditioned increase in hippocampal unit activity
parallels closely the temporal pattern of conditioned
increase in EMG activity. Second, the increase begins
earlier in time for hippocampal unit activity than for
the EMG. Third, and most important, is the fact
that the temporal pattern of conditioned increases in
hippocampal unit activity associated with condi-
tioned EMG activity appears to differ from the pat-
tern of conditioned hippocampal unit activity asso-
ciated with the conditioned NM response (compare
Figures 6A and 8). The onset latencies are shorter in
the EMG paradigm. Furthermore, both the condi-
tioned increase in hippocampal unit activity and in
the EMG activity tends to persist longer in time over
the course of the trial period (again, compare Figures
6A and 8). The N is at present small for the EMG
paradigm, so our conclusion must be labeled pre-
liminary. Nonetheless, the data of Figure 8, if con-
sidered representative, argue strongly that during
learning, the hippocampus forms a temporal neuro-
nal model of the appropriate behavioral response
being learned, at least in classical conditioning para-
digms involving an aversive UCS.

Since instrumental avoidance conditioning is in
fact a classical training procedure until the occur-
rence of the first avoidance response, the conditioned
increase in hippocampal unit activity we have de-
scribed above undoubtedly develops in instrumental
avoidance learning as well. Indeed, the behavioral
paradigm initially developed by Olds and associates,
in which they first found conditioned increases in hip-
pocampal unit activity, involved both classical and
instrumental components (Olds et al., 1972).

Mechanism. The experiments described above
have all involved ‘‘multiple-unit’’ recording. Initial
single-unit studies (Berger & Thompson, 1978a) in-
dicated that not all neurons in the hippocampus
participate in the generation of the learned response.
Indeed, using antidromic identification techniques,
we determined that hippocampal pyramidal cells ap-
pear to be the neuronal elements that generate the
learned response (Berger & Thompson, 1978b).
These results are described in detail in the paper by
Berger, Clark, and Thompson (1980) in this sympo-
sium. Consistent with this finding is the fact that
neural unit activity in the lateral septum, a major
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Figure 8. Poststimulus histograms summed over eight trial blocks for hippocampal unit activity summed in 3-msec time bins
(CALl, upper traces) and hindlimb flexor muscle EMG activity (EMG, lower traces) in animals given paired tone-footshock
training with a 50% reinforcement schedule. Data recorded only on nonshock trials arrow indicate time when shock UCS onset
would have occurred on paired trials. (From Thompson, Land, Berger, & Patterson, Note 2.)

projection target of hippocampal pyramidal neurons,
exhibits a similar conditioned increase which, inter-
estingly, develops somewhat more slowly over trials
than does the hippocampal response (Berger, Clark,
& Thompson, 1980; Berger & Thompson, 1978c).

In order to analyze the synaptic mechanisms un-
derlying the conditioned increase in hippocampal
unit activity, it is necessary to: (1) identify the neu-
rons generating the response (as we have done—
pyramidal neurons) and (2) demonstrate that the
conditioned increase in fact occurs within the hippo-
campus. We have approached this second issue by
simultaneous unit recordings from hippocampus and
the major structures afferent to the hippocampus:
the medial septum and the entorhinal cortex. Results
are described in detail in Berger, Clark, and Thompson
(1980). In brief, medial septal neurons show evoked
activity to stimulus onsets but no conditioned in-
creases over training (see also Berger & Thompson,
1978c¢). Entorhinal unit activity does show a within-
trial pattern of increased activity from the early
stages of training; however, this activity does not
appear to increase over the course of training (Berger,
Clark, & Thompson, 1980; Clark, Berger, &
Thompson, 1978). In short, although the initial pat-
tern of increased unit activity in the hippocampus
may be ‘‘projected” to it from entorhinal cortex,
the growth in hippocampal unit activity over the
course of training appears to develop within the hip-
pocampus itself.

Thanks to the extensive basic knowledge available
on the anatomy and physiology of the hippocampus,
it is possible to test directly for long-term changes
in excitability of various synaptic junctions. Specif-

ically, the laminar analysis of field potentials in the
hippocampus completed by Andersen, Lgmo, and
associates (see, e.g., Andersen, 1975; Lgmo, 1971)
makes it possible to record identified monosynaptic
responses of hippocampal neurons to stimulation of
fiber tracts. Winson and Abzug (1978) have recently
made very good use of such field potential recording
from the hippocampus of the waking animal in the
context of the behavioral state.

In current work in progress, we are recording the
monosynaptic population spike response of dentate
granule cells to single-shock stimulation of the per-
forant path, interpolated 225 msec after tone CS on-
set, over the course of classical conditioning in our
rabbit NM paradigm. Preliminary results to date
suggest that there is a progressive and prolonged
increase in the population spike potential over the
course of learning that correlates well with the devel-
opment of behavioral learning (see Figure 9).

One of the most intriguing possible mechanisms
that might form the basis of learning-dependent in-
creases in hippocampal unit activity is the phenom-
enon of long-term potentiation (LTP). A relatively
brief low-frequency tetanus (10-15 Hz) of perforant
path (by electrical stimulation) leads to a persisting
increase in excitability in dentate neurons (Andersen,
1975; Bliss & Lgmo, 1973; Douglas & Goddard,
1975). LTP has been suggested as a possible synaptic
mechanism underlying learning by several authors
(e.g., Andersen, Sundberg, Sveen, & Wigstrom,
1977; Berger & Thompson, 1978a; Lynch, Dunwiddie,
& Gribkoff, 1977). However, there has been no direct
evidence linking LTP with learning-induced increases
in hippocampal unit activity. OQur current finding
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Figure 9. Average amplitude of the dentate granule cell popula-
tion spike is plotted as a function of conditioning trials. The base-
line amplitude (set at 100%) was determined by averaging the
amplitudes of 16 population spikes elicited immediately prior to
the start of training on Day 1. The inset depicts the measurement
used for the amplitude determination. The distance from A to B
was used as the spike amplitude. Individual responses were scored
and training block averages were determined.

(Figure 9) is perhaps the first such evidence. It must,
however, be considered tentative. If LTP in the per-
forant path to dentate granule cell synaptic junctions
is in fact the mechanism of conditioned increases in
hippocampal unit activity, several additional require-
ments must be met. First, it might be expected to
occur in the intertrial interval as well as during the CS
period. Second, it should also occur for the mono-
synaptic population EPSP response. Third, it must
be shown that the increased excitability is not sec-
ondary to a conditioned increase in the afferent
volley in the perforant path. Finally, it must be
shown to be a homosynaptic increase in excitability
(see Andersen, 1978). Evaluation of these possibili-
ties is currently in progress in our laboratory.

Discussion

We do not have any particular theoretical axe to
grind insofar as general theories of hippocampal
function are concerned. As indicated earlier, it seems
to us somewhat premature to develop a comprehen-
sive theory of the “‘function” of the hippocampus,
particularly in the face of our current ignorance.
To take only one example, some basic neurobiologi-
cal information is available about three types of neu-
rons in the hippocampus—pyramidal cells, granule
cells, and basket cells; yet, a recent review identified
21 morphologically distinct types of neurons in one
region of the hippocampus (Amaral, 1978).

There are two methodological-theoretical issues
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that have assumed particular importance in the con-
text of study of the hippocampus, both in this sym-
posium and in the comprehensive volume by O’Keefe
and Nadel (1978). One issue concerns the experi-
mental approach. We have adopted a model system
or ‘‘paradigmatic’’ approach to one aspect of
behavior—learning. As noted above, this involves
selection of a prototypic and simplified learning situ-
ation and then characterization of neuronal process
in all relevant brain systems and structures. In the
case of the hippocampus, having identified a learning-
dependent neuronal process, it is then necessary to
determine the generality of the process in terms of
stimulus and training variables, species, and other
learning paradigms, and its relations to the ‘‘laws”
or variables of learning. In the end, this approach
will result in definition and analysis of the brain
mechanisms of learning.

O’Keefe and Nadel (1978) approach the problem
from the other end, using what they term a ““neuro-
ethological’’ strategy. In essence, they wish to deter-
mine the “‘function’’ of the hippocampus by study of
the hippocampus, more or less in isolation, in a wide
range of behavioral situations (see O’Keefe & Nadel,
1978, pp. 190-196). A difficulty with the ‘‘neuro-
ethological’’ approach is, of course, that neither the
hippocampus nor any other brain structure exists in
isolation. Another difficulty is the fact that their
approach to behavior, in common with classical
ethology, is basically observational. No time-locked
simultaneous measurements of neural and behavioral
events are made, nor is the fine structure of behavior
measured. Our basic finding regarding the learning-
dependent neuronal process in the hippocampus de-
scribed above would not have been possible without
such measurements.

In the end, the relative merits of the ‘‘model system”’
vs. ‘‘neuroethological’’ approaches to brain and be-
havior will be determined empirically. At this point
in time, we would simply note that in the classical
conditioning paradigms we have used, neuronal ac-
tivity in the hippocampus becomes massively engaged
in a time-locked manner to the learned behavioral
response—at least 80% of pyramidal neurons appear
to become so engaged (Berger, Clark, & Thompson,
1980; Berger & Thompson, 1978b; Thompson &
Berger, 1979). Furthermore, as noted above, the
pattern of increased frequency of hippocampal neu-
ron discharge actually models the temporal fine
structure of the learned behavioral response. In
marked contrast, neuroethological studies of hippo-
campal neuron activity indicate only modest engage-
ments in the behavioral observations and situations
employed to date (O’Keefe & Nadel, 1978; Ranck,
1973, 1975, 1978). This is not meant in any sense to
deny the usefulness and importance of the extensive
empirical studies of hippocampal unit activity in the
freely moving animal by these authors and by others
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(e.g., Vinogradova, 1975). In particular, the observa-
tions of ‘‘spatial’’ units are most intriguing. We
would, however, suggest that the ultimate interpreta-
tion of the significance of such unit responses must
await a more fine-grained behavioral analysis.

The other issue concerns the logic of the lesion
approach to brain substrates of behavior. O’Keefe
and Nadel (1978, p. 194) imply that, because hippo-
campal lesions do not impair simple learning, the
hippocampus plays no role in simple learning. This
would seem to be an example of the ‘‘linear causality”’
argument, The motor systems of the mammalian
brain provide a helpful analogy. There are a number
of brain structures and systems categorized as
“motor.”” They interact at all levels from the cerebral
cortex to the final common paths. In animal studies,
the effects of even large lesions of the motor struc-
tures and systems on motor behavior can range from
severe, as with the cerebellum, to moderate or mild,
as with the motor cortex and pyramidal tract, to
virtually nondetectable, as with the basal ganglia.
Yet, these systems are all characterized as motor.
Even a motor structure as well developed in primates
as the pyramidal tract can be ambiguous. Studies by
Evarts (1964) show a precise coding of the force used
in making hand and wrist movements by cells of
origin of pyramidal tract fibers in the motor cortex
of the monkey. Towe (1973), on the other hand,
emphasizes the minimal nature of motor deficits by
monkeys who have had complete bilateral section of
the pyramidal tract. No one would argue from this
absence of a lesion deficit that the pyramidal tract
therefore plays no role in the control of movement.
A particularly clear example concerns control of eye
movements. In primate, two major control regions
are the eye fields of the frontal cortex and the superior
colliculus. However, there are essentially no deficits
in eye-movement control following ablation of either
region alone (Schiller, True, & Conway, 1979). No
one would conclude from this that the frontal eye
fields or the superior colliculus are therefore not
concerned with eye movements. Yet, many similar
arguments are common regarding the roles of various
brain structures in learning.

In general, the lesion-behavior approach per se
has not been overly helpful in detailed analysis of
the roles of brain structures in behavioral movement.
Why, then, should we expect so much more from the
lesion approach with regard to far more complex
aspects of behavior such as learning and memory?
Clearly, deficits in various learned behaviors follow-
ing hippocampal lesions are of interest; indeed, there
is a bewildering variety of such deficits. However,
the absence of a deficit does not necessarily imply
an absence of function.

In terms of classical conditioning of the rabbit NM
response, lesions of the hippocampus do not prevent
simple acquisition (Schmaltz & Theios, 1972; Solomon
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& Moore, 1975). However, several more complex
paradigms that use the classically conditioned rabbit
NM response and involve the more remote after-
effects of stimuli (i.e., memory processes) do show
profound impairment following hippocampal le-
sions: (1) the increasingly rapid extinction with re-
peated extinction sessions (Schmaltz & Theios, 1972),
(2) latent inhibition—the slowing of acquisition fol-
lowing CS-alone trials (Solomon & Moore, 1975),
and (3) the blocking of the response to the new ele-
ment in a compound stimulus when the other element
had previously been reinforced (Solomon, 1977).
This literature is reviewed in detail by Solomon (1980b).

Lesions are not the only way to interfere with func-
tion; disruptive stimulation or activation has also
provided a most useful tool (see Kesner, 1980). Al-
though lesions of the hippocampus do not prevent
simple classical conditioning of the rabbit NM re-
sponse, disruptive electrical stimulation produces a
profound impairment in this simple learning situa-
tion (Salafia, Romano, Tynan, & Host, 1977), as does
penicillin-induced hippocampal seizure activity (un-
published observations, our laboratory). Even small
lesions to the medial septum that damage one projec-
tion system to the hippocampus produce marked im-
pairment of simple acquisition of the NM conditioned
response (Berry & Thompson, 1979). As Isaacson
(1974) noted, a malfunctioning hippocampus can be
much worse than no hippocampus. These seemingly
disparate results between lesions and disruptive acti-
vation of the hippocampus are entirely consistent
with the ‘‘systems analysis’’ point of view described
in the introduction and emphasize strongly that the
hippocampus does not function in isolation.

In terms of current theories of hippocampal func-
tion, the results of our studies are generally con-
sistent with those theories that implicate the hippo-
campus in learning and memory, particularly in rela-
tion to temporal and storage and/or retrieval pro-
cesses (Adey, 1977; Douglas, 1967; Gabriel, Foster,
Orona, Saltwick, & Stanton, 1980; Hirsh, 1974, 1980;
Isaacson, 1974; Jarrard, 1973; John, 1967; Kesner,
Dixon, Pickett, & Berman, 1975; Kimble, 1968;
Livesey, 1975; Milner, 1970; Moore, 1979; Olds et al.,
1972; Olton, Becker, & Handelmann, 1979; Pribram,
1971; Routtenberg, 1972; Segal, 1973; Sokolov &
Vinogradova, 1975; Solomon, 1980a; Vinogradova,
1975).

Our results do not seem to be particularly con-
sistent with the ‘‘spatial map’’ hypothesis of O’Keefe
and Nadel (1978). However, it could be argued that
in the classical conditioning situation, the conditioned
stimulus becomes associated with contextual-spatial
cues such as the restraining apparatus and the chamber
(O’Keefe & Nadel, Note 3). This still does not ac-
count for the fact that hippocampal neurons model
the learned response. In any event, we planned a
study in which there are no spatial-contextual cues—
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Figure 10. Mean NM topographies (upper graph) and mean in-
creases in hippocampal neuron activity (lower graph) averaged
over all animals and all trials of Day 3 of training, separately for
reinforced (R) and nonreinforced (N) trials in a temporal single-
alternation training paradigm. The conditioned NM response
shows no effect of alternation training, but the conditioned in-
crease in hippocampal neuron activity exhibits a highly significant
effect in the last 10th of the CS period. (From Hoehler &
Thompson, 1979, reproduced by permission.)

temporal single alternation (Hoehler & Thompson,
1979).

In brief, rabbits were given a strict alternation of
reinforced (R) and nonreinforced (N) trials, using
our standard conditions and procedures for classical
conditioning of the NM response with multiple-unit
recording from CA1 of the left dorsal hippocampus.
Results are shown in Figure 10. In agreement with
previous studies (Frey, 1969; Leonard & Theios,
1967), the conditioned NM response does not itself
exhibit temporal single-alternation patterning be-
havior (see Figure 10, upper). In other paradigms
and/or response systems, the rabbit can produce
learned temporal single-alternation behavior (e.g.,
Poulos, Sheafor, & Gormezano, 1971), a finding that
led us to this experiment, If the hippocampus is a
part of a brain system involved in the coding of
associative processes, then it ought to exhibit the
associative aftereffects of the alternation schedule,
even though the conditioned NM response does not.
As we had hoped, hippocampal unit activity does
show significant alternation prior to UCS onset
(Figure 10, lower). There are actually two significant
effects—a higher level of unit activity in the pre-CS
period on nonreinforced trials and a higher level of
unit activity in the last 10th of the CS period on rein-
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forced trials. (A separate control group ruled out
possible nonassociative aftereffects of the stimuli.)
In anthropomorphic terms, it is as though the hippo-
campus gradually ‘‘realizes’’ that a R trial is coming,
but is unable to increase its activity sufficiently to
influence differentially the NM response.

In a recent paper, Olton has reviewed the hippo-
campal lesion-behavior literature at length and con-
cluded that damage to the hippocampus impairs all
tasks involving ‘‘working’’ memory but not neces-
sarily “‘reference’’ memory (Olton, Becker, &
Handelmann, 1979, 1980). He uses these terms as
defined by Honig (1978), viz., in working memory
tasks, stimulus information is useful for only one
trial, whereas in reference memory, information is
useful for many trials or the entire task. (A similar
view of hippocampal function was proposed earlier
by Douglas, 1967.) In the temporal single-alternation
paradigm, the animal (in this case, the hippocampus)
must make use of information from the stimulus
events of the immediately preceding trial in order to
respond correctly. Thus, it clearly involves working
memory. Consequently, our result showing that con-
ditioned hippocampal unit activity exhibits the tem-
poral single-alternation effect would seem to be sup-
portive of Olton’s view. Our result is ‘‘strong” in
the sense that the hippocampus exhibits the associa-
tive effects of alternation even though the learned
behavioral NM response does not. In view of the fact
that there are no conceivable differential spatial-
contextual cues in the situation, our result would
seem at variance with the “‘spatial map’’ hypothesis.

Our results are consistent with at least some as-
pects of ‘‘motor’’ theories of hippocampal function
(e.g., Vanderwolf, 1971). Another way of describing
the conditioned increase in hippocampal unit activity
is as a learned motor program or motor plan. It is a
very precise program of the amplitude-time course of
the appropriate conditioned behavioral response
being learned. Our results may provide an example
in the hippocampus of what has variously been termed
“‘efference copy’ (von Holst, 1954), ‘‘corollary
discharge’” (Sperry, 1950), or ‘‘internal feedback’’
(Evarts, 1971). However, it occurs only for learned
responses. It has some of the properties of what
Sternberg, Mousell, Knoll, and Wright (1978) have
termed a ‘‘motor buffer’’ for the retrieval of learned
response sequences in humans.

To summarize our experimental results to date in
the context of the possible role of the hippocampus
in learning and memory processes, the marked in-
crease in hippocampal unit activity that develops
early and rapidly during classical conditioning with
an aversive UCS is not dependent on CS intensity
or modality, is not species specific, and is not spe-
cific to any one particular response system. Further-
more, this increase in hippocampal unit activity pre-
cedes and predicts the development of behavioral
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learning, both over the trials of training and in
terms of the temporal morphology of the appro-
priate conditioned behavioral response being learned.
Since instrumental avoidance conditioning is in fact
a classical training procedure until the occurrence of
the first avoidance response, the conditioned increase
in hippocampal unit activity we have described un-
doubtedly develops in instrumental avoidance learn-
ing as well. Olds et al. (1972) and Segal (1973) earlier
described increases in hippocampal unit activity in a
mixed classical-instrumental learning situation in-
volving food reward training. We therefore infer that
the learning-dependent increase in hippocampal neu-
ron activity that we have described is a general phe-
nomenon whenever training involves the pairing of a
signal stimulus and a reinforcing stimulus.

We suggest that the early developing conditioned
increase in hippocampal unit activity is an electro-
physiological representation of the ‘‘engram.’”’ Be-
cause this conditioned hippocampal activity grows
rapidly to form a temporal model of the appropriate
behavioral response being learned, we suggest further
that the engram, wherever it may ultimately reside,
is a motor plan—a stored ‘‘template’’ or temporal
representation in the nervous system of the learned
behavioral response to be made, at least in simple
associative learning.
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