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The events of our lives take place against a back-
ground of cues that provide a place, space, or context for
experience. Moreover, the stimulus features that make up
this background play a major role in retrieving specific
memories. Thus, knowing exactly how the brain repre-
sents backgroundor contexthas important implicationsfor
memory processing in general. On psychologicalgrounds,
one can identify two orthogonal ways in which the ele-
ments of a context can be represented: the features view,
where context is represented as a set of independent fea-
tures or elements that each can enter into association with
an event, and the conjunctiveview, where the separate fea-
tures are bound into a new unitary representation that en-
codes their conjunction or cooccurrence.

These dual representations of context have been
mapped onto distinct neurobiological substrates. Nadel
and Willner (1980; Nadel, Willner, & Kurz, 1985) have
suggested that neocortical systems are able to represent
the independent features of the environment and provide
a basis for feature-to-feature association, whereas the
elaboration of features into a unitary representation of a
place or a location requires that the cortex interacts with
the hippocampus. Following O’Keefe and Nadel (1978),
Nadel and his colleaguescall this hippocampal-dependent
representation a cognitive map. More recently, other re-
searchers have referred to the elaborated representation as
a unitaryrepresentation (e.g., Fanselow, DeCola, & Young,

1993), a configuralassociation (Sutherland& Rudy, 1989),
or a conjunctiverepresentation(O’Reilly & Rudy, in press;
Rudy & O’Reilly, 1999).

The goal of this paper is to elaborate the dual-
representation view of how the brain represents context
and to explore the implications of these ideas for under-
standing contextual fear conditioning. We begin with an
introduction to contextual fear conditioningand establish
the idea that it depends in part on conjunctive represen-
tations of context that are supported by the hippocampus.
Next, we constrain the idea that the hippocampusencodes
conjunctive representations and discuss the advantages
that conjunctive representations have over feature repre-
sentations. We then establish, in more detail, the rela-
tionship between the hippocampus and contextual fear
conditioning. The dual-representation view of context
conjunctiverepresentation is then discussed in relationship
to the apparentlydifferential effects producedby damaging
the hippocampus prior to (anterograde effects) versus
after (retrogradeeffects) contextual fear conditioning.The
behavioral implications of the conjunctive view for un-
derstanding why context preexposure can facilitate con-
textual fear conditioning are then presented, along with
new experiments that support the conjunctive view. Fi-
nally, our computational model is described and applied
to the new data that we present.

Contextual Fear Conditioning
The contextual fear conditioning paradigm provides a

useful venue for exploring the dual representations of
context. In a typical fear conditioningexperiment, a rat is
placed into an apparatus and receives pairings of a phasic
auditory cue and electrical shock to its feet. Subsequently,
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The context in which events occur can be represented as both (1) a set of independent features, the
feature representation view, and (2) a set of features bound into a unitary representation, the conjunc-
tion representationview. It is assumed that extrahippocampal (e.g., neocortical)areasprovide a basis for
feature representations,but the hippocampal formation makes an essentialcontribution to the automatic
storage of conjunctive representations. We develop this dual-representation view and explore its impli-
cations for hippocampal contributions to contextual fear conditioning processes. To this end, we dis-
cuss how our framework can resolve some of the conflicts in the recent literature relating the hip-
pocampus to contextual fear conditioning. We also present new data supporting the role of a key
mechanism afforded by conjunctive representations—pattern completion (the ability of a subset of a
memory pattern to activate the complete memory)—in contextual fear conditioning. As is implied by
this mechanism, we report that fear can be conditioned to the memory representationof a context that
is not actually present at the time of shock. Moreover, this result is predicted by our computational
model of cortical and hippocampal function. We suggest that pattern completion demonstrated in ani-
mals and by our model provides a mechanistic bridge to human declarativememory.
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when the auditory-cue conditionedstimulus is presented,
the rodentwill display a natural defensive response termed
freezing—it becomes immobile. In addition to displaying
conditioned freezing to the auditory cue, however, the rat
also displays freezing to the situation or place in which
the shock occurred. This phenomenon is usually referred
to as contextual fear conditioning, and it is the primary
focus of this paper.

By itself, the observation that the rat displays fear to
the place where shock occurs does not distinguishbetween
a features-based and a conjunctive-based representation
view. In fact, given that the rat conditionsstrongly to a sin-
gle phasic auditory cue, one would think that condition-
ing to one or more of the several independent features
that make up a context (e.g., its smell, illumination, floor
texture, or chamber geometry) would be more than suf-
ficient to support the fear response. In addition, there are
no extrinsic demands on the subject to construct a con-
junctive representation of the cooccurring features that
make up the context.

Nevertheless, there are good reasons to believe that a
features representation view alone cannot provide an ad-
equate account of contextual fear conditioning. Two phe-
nomena in particular suggest that contextual fear condi-
tioning requires a dual-representation account. First,
there is evidence that contextual fear conditioning, but
not auditory-cue fear conditioning, is compromised by
damage to the hippocampus (Kim & Fanselow, 1992;
Phillips & LeDoux, 1992). This finding is consistent with
the early suggestions that the hippocampussupports con-
junctive representations (Nadel & Willner, 1980; Nadel
et al., 1985).

An additional link between contextualfear conditioning
and conjunctive representations emerged from Fanselow’s
(1990) analysis of the so-called immediate-shock effect
(Blanchard, Fukunaga, & Blanchard, 1976). The rat will
display fear to the context if placed in the conditioning
chamber for about 1 min before the shock. However, if it
is shocked immediately after being placed in the cham-
ber, the rat will show almost no freezing. The important
observation Fanselow (1990) made was that exposing the
rat to the context prior to the shock session significantly
attenuated the immediate-shock effect—preexposed rats
subsequently displayed conditioned freezing (see also
Kiernan & Westbrook, 1993; Westbrook, Good, & Kier-
nan, 1994).

Fanselow (1986, 1990) argued that context fear de-
pends on the rat’s acquiring a conjunctive representation
of its features (he used Pavlov’s term dynamic stereotype,
but the meaning is the same). Rats shocked immediately
after being placed into the context did not have the op-
portunity to acquire this representation. Preexposure to
the context provides an opportunity for the rat to construct
the conjunctive representation. Thus, provided that this
representation is activated at the time of shock, contextual
conditioning will be acquired.

Together, these findings encourage two key ideas:
(1) Contextualfear conditioningdependson a conjunctive

representation of contextual features, and (2) this con-
junctive representation is encoded in the hippocampus.
Similar ideas about contextual fear conditioning have
been offered by a number of researchers (Fanselow, 1999,
2000; Fanselow & Rudy, 1998; Maren, Aharonov, &
Fanselow, 1997; O’Reilly & Rudy, in press; Rudy &
O’Reilly, 1999; Rudy & Sutherland, 1992, 1994, 1995).

Conjunctive Representations
and the Hippocampus: Some Constraints

Variations on the idea that the hippocampus con-
tributes to memory by binding together the features of a
situation to create a unitary/conjunctive representation
of an experience have been central to many accounts of
the role of the hippocampus in memory (Marr, 1971;
McNaughton & Nadel, 1990; O’Keefe & Nadel, 1978;
Squire, 1992; Sutherland & Rudy, 1989; Tyler & Di-
Scenna, 1986; Wickelgren, 1979). However, we have ar-
gued that, left unconstrained, this idea cannot be correct
(O’Reilly & Rudy, in press), because there is clear evi-
dence that rats with damage to the hippocampus can
solve discrimination problems that require conjunctive
representations of the controlling cues (see Rudy &
Sutherland, 1995, for a review). This evidence was gen-
erated in response to Sutherland and Rudy’s (1989) con-
figural association account of hippocampal function. In
their account, the hippocampus constructs configural
(conjunctive) representations of compound stimuli that
can then be used to control performance.

The configural association account made the strong
prediction that rats with damage to the hippocampus
could not solve nonlinear discrimination problems that
require the construction of configural (conjunctive) rep-
resentations. For example, consider a biconditional dis-
crimination of the form AB+, CD+, AC2, BD2. In this
problem, rats are reinforced (+) for responding in the
presence of the AB and CD compounds but are not re-
warded (2) for responding in the presence of the AC and
BD compounds. The critical feature of this problem is
that each element (A, B, C, D) is equally associated with
rewarded and nonrewarded trial outcomes, so that the lin-
ear combination of the associative strengths of each ele-
ment would be equal across the compounds. This combi-
nation rule cannot support differential responding to the
reinforced (AB+ and CD+) versus nonreinforced (AC2
and AD2) compoundsof the biconditionalproblem. The
only way this problem can be solved is for the rat to con-
struct a conjunctive representation of the compoundsand
associate these unique representations with their respec-
tive trial outcomes. These are difficult problems and re-
quire many trials for animals to solve. Nevertheless, both
intact rats and rats with virtually complete damage to the
hippocampuscan solve these problems (e.g., Alvarado &
Rudy, 1995; Davidson, McKernan, & Jarrard, 1993; Gal-
lagher & Holland, 1992; Whisaw & Tomie, 1991). Thus,
the general idea that the hippocampus uniquely supports
conjunctive representations cannot be correct (see
O’Reilly & Rudy, in press; Rudy & Sutherland, 1995).
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It is important to note that the reinforcement contin-
gencies associated with nonlinear discrimination prob-
lems demand a solution that dependson the subject’s con-
structing a conjunctive representation of the compound
stimuli. In contrast, however, one can imagine that con-
junctive representations might be established automati-
cally just as a consequence of exploring and attending to
the environment. Indeed, this assumption is embedded in
the hypothesis that preexposure attenuates the immediate-
shock effect by providing the rat the opportunity to ac-
quire a conjunctive representation of context. This is be-
cause there are no explicit reinforcement contingencies
present during preexposure that require the rat to acquire
a conjunctive representation. If such a representation is
acquired, it must be an automatic product of the rat’s ex-
ploring the situation.

On the basis of the facts and arguments represented in
the above paragraphs, we have concluded that it is impor-
tant to recognize and discriminate between two types of
conjunctive learning (O’Reilly & Rudy, in press; Rudy
& O’Reilly, 1999): (1) conjunctive learning that requires
considerable training and is forced by the contingencies
of reinforcement that define a problem (e.g., nonlinear
discrimination problems) and (2) conjunctive learning
that occurs automatically and rapidly just as a conse-
quence of the organism’s actively exploring its environ-
ment. We further assume that it is the rapid and automatic
form of conjunctive learning that is especially dependent
on the hippocampus and that conjunctions learned grad-
ually and forced by the contingencies of reinforcement
can be supported by the neocortex.

We have embedded these ideas into an explicit com-
putational neural network model that is able to integrate
a wide range of findings relating hippocampaldamage to
learning and memory, including the nonlinear discrimi-
nation literature, habituation, incidental contextual learn-
ing, transitivity, and some phenomena associated with
contextual fear conditioning(O’Reilly & Rudy, in press).
We will explore in more detail the implications of some
of these general ideas for contextual fear conditioning.
However, it will be useful first to briefly discuss the power
of a conjunctive representation relative to a features rep-
resentation.

The Power of Conjunctive Representations
The first property of conjunctive representations that

should be mentioned is that they will support what is
sometimes termed pattern completion (Marr, 1971; Mc-
Naughton& Morris, 1987;O’Reilly & McClelland,1994).
When an input pattern of features (A, B, C, D, E) is con-
joined into a memory representation, the presentation of
a subset of the features (e.g., A, E) will activate the mem-
ory for the entire input pattern. Clearly, this ability of a
subset to reactivate the whole is important for cued recall
of stored memories, and it has been assumed to underlie
hippocampus-dependent declarative memory in humans.
For example, in his review of this literature, Squire (1992)
suggested that “In the present account the possibility of

later retrieval is provided by the hippocampal system be-
cause it has bound together the relevant cortical sites. A
partial cue that is later processed through the hippocam-
pus is able to reactivate all of the sites and thereby ac-
complish retrieval of the whole memory” (p. 224). One
attractive reason to explore the implications of the con-
junctive representation view of contextual fear is that it
provides a way to link, at a mechanistic level, the animal
literature with human declarative memory.

When two events are similar—composed of overlapping
features (e.g., ABCDE and ABCEF)—the potential for
interference is high. If these similar patterns are repre-
sented as unique conjunctions, however, interference can
be reduced. Thus, a second property of conjunctive rep-
resentations is that they produce pattern-separated rep-
resentations of similar experiences or input patterns.

O’Reilly and McClelland (1994) provided a detailed
argument for why the architecture of the hippocampus
supports both pattern completion (see also McNaughton
& Morris, 1987) and pattern separation. There are obvi-
ous tradeoffs between the demands of pattern completion
and pattern separation. In pattern separation, similar in-
puts are encoded using distinct representations, whereas
pattern completion requires that similar inputs (e.g., the
original item and its subsequent retrieval cue) collapse
onto the same representations. These tradeoffs have been
discussed in detail by O’Reilly and McClelland (1994; see
also O’Reilly & Rudy, in press).

Conjunctions in Contextual Fear Conditioning
The principleof pattern completion is at the heart of the

conjunctive representation and explains (1) why a con-
junctive representation will support more conditioning
than its unconjoined features and (2) why context pre-
exposure produces more conditioning in the immediate-
shock paradigm. We will explore these effects in greater
detail in the following sections but provide a brief overview
here. In the first case, if the rat conditioned just to repre-
sentations of features, the magnitude of the conditioned
response would be a function of the amount of condi-
tioning that had been acquired by the individual features
the rat sampled during testing. However, if conditioning
was based on a conjunctive representation of all the fea-
tures, this representation could be activated by some sub-
set of the features, and the level of fear expressed would
be a function of the amount of conditioning to the entire
set of features active in memory and would not be deter-
mined just by the individual features that happened to be
sampled during testing. In the second case, pattern com-
pletion is the likely basis of the context preexposure ad-
vantage, because if the rat has acquired a conjunctiverep-
resentation during preexposure, then when it is exposed
to the context briefly, immediately prior to shock, the sub-
set of features it sampled should activate the memory en-
semble representing the context. Conditioning then will
be to the entire set of features, as opposed to just the small
subset of features that may or may not be sampled during
testing. Consequently, even though the rat might sample
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only a subset of features during conditioning,during test-
ing responding will be controlled by the entire memory
ensemble, not just by the sampled features.

Hippocampal Conjunctive Representations
Support Contextual Fear Conditioning

An obvious implication of the idea that hippocampal
conjunctive representations support contextual fear con-
ditioningeffects through pattern completion is that dam-
age to the hippocampus should reduce the magnitude of
contextual fear conditioning. There is support for this
prediction; however, the literature is not straightforward
(Anagnostaras, Maren, & Fanselow, 1999; Frankland,
Cestari, Filipkowski, McDonald, & Silva, 1998; Gewirtz,
McNish, & Davis, 2000; Kim & Fanselow, 1992; Kim,
Rison, & Fanselow, 1993;Logue, Paylor, & Wehner, 1997;
Maren et al., 1997; Phillips & LeDoux, 1992, 1994;
Richmond et al., 1999; Selden, Everitt, Jarrard, & Rob-
bins, 1991). So a number of factors must be considered
to bring some order to it, including (1) time of lesion,
whether the hippocampusis damaged before (anterograde
damage) or after (retrograde damage) training, (2) the le-
sion method (electrolytic or excitotoxic), and (3) the site
of the lesion (dorsal, ventral, or complete lesion). We will
briefly review the relevant data and then suggest an over-
all account that preserves the essential role of the hip-
pocampus in conjunctiverepresentationsof context in fear
conditioning, while also allowing for a possible role for
features representations subserved by extrahippocampal
areas.

Damage to the hippocampusafter training (retrograde)
consistentlyimpairs contextual fear conditioning,whether
the damage is induced by electrolytic or excitotoxicmeth-
ods (Anagnostaras et al., 1999; Frankland et al., 1998;
Kim & Fanselow, 1992; Maren et al., 1997). Damage to
the hippocampus prior to training (anterograde) has pro-
duced varied results. Some researchers have reported pos-
itive results (Phillips& LeDoux, 1992, 1994), but there are
also reports that prior damage to the hippocampus has
no effect on contextual fear conditioning (Maren et al.,
1997; Richmond et al., 1999). Furthermore, the effect of
damaging the hippocampus prior to training appears to
depend on both the lesion technique and the site of the
lesion. Contextual fear conditioning is impaired by elec-
trolytic damage to the dorsal hippocampus (Maren et al.,
1997; Maren & Fanselow, 1998) and by excitotoxicdam-
age to the ventral hippocampusor by excitotoxicdamage
to both the dorsal and the ventral hippocampus (Rich-
mond et al., 1999). Excitotoxic damage to just the dorsal
hippocampus, however, does not impair contextual fear
conditioning(Maren et al., 1997; Richmond et al., 1999).

There is some agreement (see Fanselow, 2000; Maren
et al., 1997; Richmond et al., 1999) that the anterograde
impairment produced by electrolytic dorsal lesions and
excitotoxicventral and complete hippocampus lesions is
due to hyperactivity that occurs because of damage to the
ventral hippocampus directly (as in the Richmond et al.,
1999, work) or because electrolytic damage to the dorsal
hippocampusdisrupts fibers projecting to the nucleus ac-

cumbens. Hyperactivity could, then, either interfere di-
rectly with the expression of the freezing response during
testing or result in an abnormal sensory experience either
during training or during testing. In either case, the im-
pairment would be attributed to a performance deficit (see
also Gewirtz et al., 2000). Although the ventral hippocam-
pus may contribute to memories supported by the hip-
pocampus, this contribution at present cannot be distin-
guished from performance effects that are associated with
damage to it. Therefore, we are not inclined to consider
the ventral hippocampus as supporting the conjunctive
representation of context, even though it might.

There is sufficient evidence, however, to support the
view that the dorsal hippocampuscontributes to the learn-
ing and memory process supporting contextual fear con-
ditioning. First, as was noted, damage to the dorsal hip-
pocampus after trainingconsistently impairs the retention
of contextual fear conditioning independent of type of le-
sion. Moreover, Anagnostaraset al. (1999), using a within-
subjects design, found that damage to the dorsal hip-
pocampus disrupted contextual fear conditioning when
given 1 day following training, but not when training oc-
curred 50 days prior to lesioning. That the same rats ex-
pressed fear to the context when training was 50 days be-
fore the lesion but did not when training was 1 day before
the lesion virtually rules out a performance interpreta-
tion of the role of the dorsal hippocampus. In addition,
Bellgowan and Helmstetter (1995) reported that tran-
siently disrupting dorsal hippocampus functioningby in-
jecting musimol bilaterally into the dorsal hippocampus
selectively impaired contextual but not auditory-cue fear
conditioning.Similar results have been reported by Baily,
Sun, Kim, and Helmstetter (1997) to occur when a pro-
tein synthesis inhibitor was injected into the dorsal hip-
pocampus immediately following fear conditioning. Be-
cause, in both cases, the rats were tested in the normal
state, it is difficult to attribute these findings to a perfor-
mance impairment.

The data above strongly imply that the dorsal hip-
pocampus contributes to the conjunctive memory pro-
cesses that support contextual fear conditioning. Why,
then, does damage to the dorsal hippocampus prior to
training often not impair contextual fear conditioning?
Clearly, extrahippocampal systems can support contex-
tual fear. We noted at the outset that one can identify two
positions about how the elements of a context can be rep-
resented: the features view—that the context is repre-
sented as a set of independent features or elements that
each can enter into association with a phasic event (such
as shock)—and the conjunction view. We also noted that
these views are not mutually exclusive and that both rep-
resentations can contribute to contextual fear condition-
ing. It is our view that the preserved contextual fear ob-
served when the hippocampusis damaged prior to training
depends on features-based association in extrahippocam-
pal areas.

This dual-representation view also has been embraced
by Maren et al. (1997; see also Fanselow, 2000) to ac-
count for the variability in anterograde effects. They sug-



70 RUDY AND O’REILLY

gested that two representationsexist, but in a hierarchical
relationship. The intact rat is biased to use the conjunc-
tive representation over the features representation.Thus,
when conditioned prior to the lesion, shock is associated
with the hippocampal-dependent conjunctive representa-
tion at the expense of conditioning to the extrahippocam-
pal features representation. So, when the dorsal hippo-
campus is removed after conditioning, there is a severe
(retrograde) impairment. In contrast, removal of the hip-
pocampus prior to conditioning frees up the extrahip-
pocampal features system to support conditioning. So,
given the right trainingparameters, one may not detect im-
paired fear conditioning, because the extrahippocampal
system will compensate.

One could speculate, given a rapid-learning hippocam-
pal conjunctive system versus a more gradual learning
cortical-based features system, that factors such as the
number of shock presentations could play a role in deter-
mining the contributionof the features representationsys-
tem. It is generally the case that multiple shocks are given
during training (e.g., Maren et al., 1997;Richmond et al.,
1999). However, studies that systematically varied such
parameters as shock number, shock intensity, and duration
of time in the context before shock in combination with
dorsal hippocampaldamage would help greatly to clarify
this situation.

To summarize, there is sufficient support for the idea
that the hippocampus contributes to contextual fear con-
ditioning, and further tests of the specific parameters for
achieving preserved learning with anterograde lesions
should be quite informative regarding the hypothesized
differences in hippocampal versus cortical learning
properties. Although we hypothesize that the hippocam-
pus contributes via pattern completion of conjunctive
representations, it is difficult to isolate this specific con-
tribution, because both a features and a conjunctive en-
coding of context can contribute to the basic contextual
fear response. Therefore, in the next section,we turn to the
effects of context preexposure, to more clearly delineate
the unique hippocampal contribution.

Context Preexposure Depends
on Conjunctive Representations

We noted that preexposure to the conditioning context
can significantlyenhance the level of contextual fear nor-
mally produced by immediate shock. In addition, con-
text preexposure has been reported to facilitate contex-
tual fear conditioningunder a variety of circumstances in
which rats normally acquire very little fear. For example,
Rudy and his colleagues have produced abnormally low
fear conditioning (1) when rats were isolated immedi-
ately after conditioning (Pugh et al., 1999; Rudy, 1996),
(2) if they were conditioned at noon instead of in the
morning or late afternoon (Rudy & Pugh, 1998), (3) if
they received posttraining injections of morphine (Rudy,
Kuwagama, & Pugh, 1999), (4) if they were adrenalec-
tomized prior to training (Pugh, Tremblay, Fleshner, &
Rudy, 1997), (5) if they experiencepostconditioningtreat-
ments that stimulate the release of cytokine interlukin-1

beta (Pugh et al., 1998), or (6) if juvenile rats are tested
10 min after conditioning (Rudy & Morledge, 1994). In
each of these cases, preexposure to the context restored
contextualfear conditioning to control levels. Thus, there
is little doubt that rats learn something about the context
simply as a consequence of exposure and, presumably,
exploration.The critical questions, however, are what do
they learn and how does this facilitate the acquisition of
contextual fear conditioning.

We have already noted how a conjunctive representa-
tion view can explain why context preexposure facilitates
contextual fear conditioning. However, with suitable as-
sumptions, a features-based view also can account for
these effects. Specifically, preexposure could strengthen
the representations of the individual features that collec-
tively make up the context (we have termed this the en-
hanced saliency view; Rudy & O’Reilly, 1999). This en-
hanced saliency allows each feature to more easily
associate with shock and thus facilitates the acquisition
of contextual fear. To experimentally evaluate these two
accounts, we focused on the principle of pattern comple-
tion, which is at the heart of the conjunctive account.
There are at least four implications of this principle that
can be evaluated to determine the validity of the conjunc-
tive representation account: (1) The facilitating effect of
context preexposure depends on a conjunctive represen-
tation; (2) pattern completion can enhance generalized
fear; (3) pattern completion can support conditioning to
a memory representation of a context; and (4) hippo-
campal lesions should impair preexposure effects.

The facilitating effect of context preexposure de-
pends on a conjunctive representation. To appreciate
the first implication, consider the following reasoning
based on the conjunctiveaccount. (1) Preexposure to the
context enhances contextual fear conditioning because it
provides the opportunity for the subject to store a con-
junctive representation. (2) A conjunctive representation
can only be acquired if the entire set of features that make
up the context cooccur and are experienced. (3) There-
fore, for preexposure to the context to facilitate contex-
tual fear conditioning, it is necessary that the subject ex-
perience the features of the context together. Preexposure
to just the individual features that make up the context
should not facilitate contextual fear conditioning. In con-
trast, the enhanced saliency view asserts the following.
(1) Preexposure enhances contextual fear conditioning
because it increases the saliency of the individual features,
thereby increasing the rate of conditioningto each feature.
(2) Therefore, all that matters is that the subject experi-
ence all the features that make up a conditioningenviron-
ment. The features do not have to be sampled together.

We have recently reported a strong test of these two
views (Rudy & O’Reilly, 1999). In one experiment, we
compared the performance of three groups of rats given
different preexposure experiences. The rats in the con-
text preexposure group were exposed to the conditioning
context (Context A). The rats in the feature exposure
group were exposed to the independent features of the
conditioning context, but these features were not experi-
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enced together (Contexts B, C, and D). The rats in the
control group were preexposed for a comparable period
of time to a context that shared no features with the con-
ditioning context, an opaque mouse cage. The exact de-
tails of this experiment can be found in Rudy and O’Reilly
(1999). The top of Figure 1 illustrates the general method-
ologywe used to construct the preexposureprocedures that
were used.

On the day of conditioning, each rat was placed into
the conditioning chamber (Context A) and, 120 sec later,
received an electrical shock to its feet. The rat was re-

turned to the home cage for 10 min and then brought to
the conditioning room, where it was tested for 5 min. We
note that Rudy and Morledge (1994) reported that rats
tested 10 min after conditioningdisplayed a markedly re-
duced level of freezing, as compared with their level of
freezing 24 h after conditioning. They also reported that
rats preexposed to the context 24 h before conditioning
greatly increased the amount of freezing the rats displayed
when tested with a 10-min retention interval. So, we used
this procedure to assess the facilitating effect of context
preexposure.

Figure 1. The top of this figure illustrates the methodology used to expose rats to the
context (Context A) or to the unconjoined features that made up Context A (Contexts
B and C). The rats in the context preexposure condition were preexposed to Context
A, whereas the rats in the features preexposure condition were exposed to Contexts B,
C, and D. The rats in the control condition were exposed to a different context (a
mouse cage) not represented in this figure. The bottom of this figure presents the mean
percentage of freezing as a function of the preexposure conditions just described. Bars
represent standard errors of the mean.
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The conjunctive account predicts that only rats preex-
posed to the conditioning context features together will
benefit from preexposure, whereas the features account
predicts that exposure to either the context or its compo-
nent features will facilitate contextual fear. The results of
this experiment (Figure 1, bottom) clearly supported the
conjunction representation view of context. Note first
that, consistent with Rudy and Morledge’s (1994) find-
ing, the rats in the control condition that had not been ex-
posed to any of the features of the conditioning context
displayed almost no freezing. Moreover, the rats in the
features condition did not differ from the rats in the con-
trol condition.So, preexposure to the separate features of
the conditioningcontext did not facilitate contextual con-
ditioning.In contrast, preexposure to context itself greatly
facilitated contextual fear conditioning. This pattern of
results clearly favors the conjunctive representation view.

We also tested the conjunction versus enhanced
saliency views, using a different preexposure treatment
(Rudy & O’Reilly, 1999). The methodology for this ex-
periment is shown in the top of Figure 2. It displays four
contexts (A, B, C, D). Context C was the conditioning
context, and Context D was composed of a different set
of features. Contexts A and B together contained all of
the same features as Contexts C and D together, but in
different combinations. So, one set of rats (context same)
was preexposed to Contexts C and D. They were subse-
quently conditioned and tested in Context C. Another set
of rats was preexposed to ContextsA and B (context shift)
but were conditioned in Context C. Rats in the control
condition were exposed to an opaque mouse cage that
containednone of the features of the conditioningcontext.

Because rats in the context same and context shift con-
ditionshad equal experiencewith the various features that
composed the conditioningcontext, the enhancedsaliency
position predicts that the rats in these two conditions
should display the same amount of contextual fear condi-
tioning.However, if the context facilitationeffect depends
on rats’ storing a conjunctive representation of the spe-
cific features of the context, rats in the context same con-
dition should display more contextual fear than do rats in
the context shift condition.

The results (Figure 2, bottom) again were consistent
with the conjunctive account. Note that the control rats
displayed a relatively low level of freezing. Rats in the
context same condition displayed enhanced contextual
fear, as compared with the rats in the control condition,
but rats in the context shift condition did not. So, only the
rats that had the opportunity to conjoin the features that
made up the conditioning environment (context same)
displayed the context facilitation effect. In summary, the
two experiments just described cannot be explainedby the
enhanced saliency view, because it predicts that exposure
to the features alone should facilitate contextual fear con-
ditioning. Thus, these results strongly support the idea
that rats acquire a conjunctive representation of its fea-
tures simply as a consequence of exploring a novel envi-
ronment. This, of course, is the major assumption of the
conjunctive account of contextual fear conditioning.

Pattern completion can enhance generalized fear.
We now consider a second implication of conjunctive
context representations—that the pattern completion af-
forded by a conjunctive representation can support en-
hanced generalized contextual fear conditioning. Gener-
alized contextual fear conditioning refers to the situation
in which conditioning to one context also can be elicited
by another context that shares some but not all of the fea-
tures of the original training context. To appreciate the
ability of pattern completion to produce generalized con-
textual fear, consider the two contexts represented in the
top of Figure 3. These two environments were different

Figure 2. The top of this figure illustrates four contexts used to
preexpose rats. The rats in the same condition were preexposed
to Contexts C and D, whereas the rats in the shift condition were
exposed to Contexts A and B. The rats in the control condition
were preexposed to the mouse cage (not illustrated). All the rats
were subsequently conditioned in Context C. Differences in shad-
ing represent differences in illumination of the ice chests in which
the different chambers were placed. The bottom of this figure
presents the mean percentage of freezing as a function of the pre-
exposure conditions.Bars represent standard errors of the mean.
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but shared several features. Imagine that rats were preex-
posed to Context A and conditioned to Context B. Preex-
posure to Context A should establish a conjunctive rep-
resentation of that context. Because Contexts A and B
share several features, it is possible that, during the con-
ditioning session, the features common to both A and B
will pattern complete to the representation of A and that
the A representation will thus become associated with the
shock, in addition to the representation of B. This means
that following conditioningto Context B, rats preexposed
to Context A will display more generalized fear to A than
will rats not preexposed to A.

To test this idea, we preexposed one set of rats to Con-
text A and another set to Context C, which shared no fea-
tures with Context A or Context B. All the rats were con-
ditioned in ContextB. Half of the rats in both preexposure
conditions were then tested for contextual fear in the
conditioning context, Context B, and half were tested in
the generalization context, Context A.

The results of this experiment are presented in the bot-
tom of Figure 3. First, note that the rats in both conditions
displayed similar amounts of freezing in the conditioning

context (Context B). The rats exposed to Context C, the
context that shared no features with the conditioningcon-
text, displayed a modest amount of generalized freezing
to Context A, but much less than they displayed to the
trainingcontext,B. In contrast, the rats preexposed to Con-
text A displayed robust generalized fear when tested in
Context A. Indeed, they displayed as much generalized
fear to the test context as direct fear to the conditioning
context, B. These results thus strongly support the impli-
cation of conjunctive theory that, via pattern completion,
enhanced generalization can be produced.

Nevertheless, there is an alternative, saliency enhance-
ment, explanation of these results. Perhaps as a conse-
quence of preexposure to Context A, the saliency of the
features common to B were enhanced and therefore were
more strongly associated with shock. Thus, the enhanced
generalized fear to A was not due to the network repre-
senting A being activated at the time of conditioning but
simply to increased conditioning to the common features
present in Context B at the time of shock. The implica-
tion of this explanation is that preexposure to Context B
should enhance generalized fear to Context A as much as

Figure 3. The top illustrates two contexts. All the rats were conditioned in
Context B. The rats in one condition were preexposed to Context A. The rats
in the other condition were preexposed to a mouse cage (not illustrated). Dif-
ferences in shading represent differences in illumination of the ice chest in
which the different chambers were placed. The bottom of this figure presents
the mean percentage of freezing as a function of the preexposure conditions.
Bars represent standard errors of the mean.
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preexposure to A. This is because, according to the sa-
liency enhancement account, all that matters is that the
common features be experienced. The conjunctive rep-
resentation account, however, predicts that preexposure
to B will not enhance generalized fear to A, because the
common features can only enhance generalized fear to A
if they have become bound with the unique features of A
prior to conditioning. As is shown in Figure 4, preexpo-
sure to Context A produced enhanced generalized con-
textual fear to A, whereas preexposure to Conditioning
Context B, if anything, reduced generalized fear to Con-
text A. In summary, these two experiments provide strong
support for the idea that because a conjunctive represen-
tation can support pattern completion, enhanced gener-
alized contextual fear conditioning can be observed.

Pattern completion can support conditioning to a
memory representation of a context. We noted that
pattern completion afforded by a conjunctive represen-
tation is fundamental to explaining why preexposure to
context can attenuate the immediate-shock effect. A rat
shocked immediately after being placed in the condition-
ing context shows little or no freezing, because it has not
sampled the array of features that make up the context
and so cannot be conditioned to them. If the rat is preex-
posed to the context, however, the network representing
the context can be activated by a subset of its features ex-
perienced just before shock and thereby support condi-
tioning. There are two assumptions embedded in this
analysis that should be made explicit: (1) A subset of fea-
tures is sampled during the immediate-shock treatment
that retrieves or activates the network or memory of the
context, and (2) conditioning is to a memory representa-
tion of the context.

Fanselow (1990) recognized the importance of the
first assumption in his analysis of the immediate-shock
effect. He reported that preexposure did not eliminate the
immediate-shock effect if the rats indeed were shocked
immediately after being placed into the context (see
Fanselow, 1986). Facilitation only occurred when the rats

were in the context for about 8 sec. Fanselow argued that
some time in the context before shock was necessary for
a subset of cues to retrieve the context representation.

If pattern completion to a memory representation of
context is responsible for this effect, however, it should be
possible to design a preexposure treatment that would fa-
cilitate contextual fear conditioning even when the rat is
shocked immediately after being placed into the context.
To do this, a training procedure is required that ensures
that the memory representationof context is active before
the rat is shocked. The new experiments described below
were directed at this issue.

Experiment 1. We used a rather elaborate preexpo-
sure treatment designed to attach the representation of
the context to the transport cues preceding placing the rat
in the context. Because these experiments have not pre-
viously been published, we provide more detail about the
procedures than was the case for the work just reviewed.
Over a 2-day preexposure training session, we exposed
adult Long–Evans rats (75–85 days old) to either the con-
ditioning context (n = 8) or a control context (n = 7) that
shared no features with the conditioningcontext (a mouse
cage with a stainless steel top). Each rat received a sin-
gle 4-min preexposure on the 1st day. On the 2nd day, all
the rats were exposed to their respective context four
times. Each exposure was approximately40 sec. The first
two exposures and Exposures 3 and 4 were separated by
2 min. A 10-min interval separated Exposures 2 and 3.
The rats exposed to the conditioning context were trans-
ported from their home cages to the conditioning cham-
ber in a black ice bucket that shared no features with the
conditioning context. When they were placed into the
bucket, the lid was put on so that they could not see where
they were being taken. The rats in the control condition
were carried to their exposure environment (an opaque
mouse cage) in a similar mouse cage. The mouse cage and
conditioning chambers were located in different rooms.
The intent of these multiple exposures was to establish the
features of the black bucket as retrieval cues that would
activate the representation of the context. So, as the rat
was being transported to the conditioning room (which
required about 15 sec), the bucket should have activated
the representation of the context. If successful, this pro-
cedure should result in considerable contextual fear con-
ditioning even when rats are shocked immediately after
being placed into the context, because the context repre-
sentation is activated at the time the rat is shocked.

On the conditioning day, all the rats experienced one
additionalpreexposure trial. Two minutes later they were
brought to the conditioning context in their respective
carrying cage (black bucket or mouse cage), placed in
the conditioningchamber, and immediately shocked (2 sec,
0.6 mA). Approximately 24 h later, each rat received the
contextual fear test.

The results of this experiment are shown in the top
of Figure 5. Note that the rats in the control condition
displayed the immediate-shock effect. They showed es-
sentially no freezing. In contrast, the rats given multiple

Figure 4. The mean percentage of freezing as a function of the
preexposure conditions. Bars represent standard errors of the
mean.
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preexposures to the conditioning context displayed sig-
nificantly more freezing than did the control animals
[F(1,13) = 12, p , .005].

Experiment 2. These results suggest that multiple
preexposures established the black bucket as a retrieval
cue that could activate the conjunctive representation of
the context. To ensure that this was the critical feature of
the experiment, we repeated this experiment but gave all
the rats both preexposure treatments: During preexposure
training, each rat was carried in the black bucket and
placed in the conditioning chamber, Context A, and each
rat was carried in a mouse cage and placed into the mouse
cage control environment, Context C. Over 2 days, each
rat was exposed seven times to each environment. The

first exposure to each was for 4 min. Thereafter, it was for
approximately 40 sec. The rats were given three expo-
sures to each environment on Day 1, and four exposures
to each on Day 2. The exposure sequence to A and C and
the time interval separating exposures in parentheses on
Day 1 was A (15 min), C (4 h), A (15 min), C (15 min),
C (15 min), A. On Day 2, the sequence was A (15 min),
C (15 min), C (15 min), A (15 min), C (15 min), A
(15 min), (15 min), A. On the conditioning day, each rat
was brought into the conditioning chamber and shocked
immediately. The rats were carried to the conditioning
chamber in either the black bucket (n = 8) or the mouse
cage (n = 7).

Note that this procedure ensured that each rat had the
opportunity to acquire the conjunctive representation of
the context. However, it uniquely established the black
bucket as a retrieval cue to activate the representation of
the context. Thus, from the pattern completion account,
one would expect that the rats brought to the condition-
ing chamber in the black bucket should display much
more contextual fear conditioning following immediate
shock than rats brought to the conditioning context in the
mouse cage. As is shown in the bottomof Figure 5, the rats
brought to the chamber in the mouse cage (labeled control
in Figure 5) showed the immediate-shock effect—they
displayed very little freezing. In contrast, the rats brought
to the conditioningcontext in the bucket (labeled context
in Figure 5) displayed markedly more freezing [F(1,13) =
13, p , .005].

These results are consistent with the primary premise
of the conjunctive representation view and strongly en-
courage the belief that, as a consequenceof preexposure,
rats have established a memory representation of context
that can support conditioningif it is activated, presumably
via pattern completion, at the time shock occurs.

Experiment 3. There is, however, an even stronger
way to evaluate this position. The implication of these
data and the theory that guided the experiments is that
the physical cues present at the time of shock are less im-
portant for the development of conditioned fear than is
the memory representation that is active at that time. In-
deed, if our interpretation is correct, the rats were con-
ditioned to the memory representation activated by the
transport environment,not to the physical cues present at
the time of shock. To test this idea in its extreme form,
we established a transport–context association through
preexposure and then used this transport to bring rats into
a different context for immediate-shock conditioning.
We then tested the rats in either the original, associated
context or the actual conditioningcontext. If the rats were
to display freezing in the original associated context and
not in the actual conditioning context, this would be
strong support for the idea that the rats were conditioning
to the memory representation active at the point of shock,
and not to the physical cues.

The rats were preexposed to one of two contexts dis-
played as Context A or Context B in Figure 6. Context A
was composed of a large transparent Plexiglas chamber
that sat on a smooth Plexiglas floor inside an Igloo ice

Figure 5. The mean percentage of freezing as a function of the
preexposure conditions. Bars represent standard errors of the
mean. The top of this figure presents the results of the between-
subjects experiment described as Experiment 1 in the text. The
bottom presents the results of the within-subjects experiment de-
scribed as Experiment 2 in the text.
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chest that had a white interior (the same context used in
the previous two experiments). It was illuminated by a
6-W AC light bulb. The door to the ice chest remained
open throughout the experiment. Context B was a mouse
cage with a metal top. The rats were given multiple ex-
posures (nine) to either Context A or Context B distrib-
uted over 2 consecutive days (four on Day 1 and five on
Day 2). The rats were transported to the exposure context
in the black bucket. The first exposure was 4 min; there-

after, all exposures were approximately 40 sec. On Day 2,
between Preexposure Trials 3 and 5, each rat also was
placed twice (for 2 min) into a perforated metal pan that
was part of a balance scale used to weigh the rats.

On Day 3, the rats were conditioned. They were taken
from their home cage in the black bucket, placed in Con-
text C, and shocked immediately. Note that Context C
was designed to be very dissimilar to Context A. There
was no illumination in the room, and the chamber was

Figure 6. The top of this figure illustrates the three phases of Experiment 3. The black rectangle represents the black bucket. Dur-
ing preexposure, different rats were preexposed to either Context A or B (a mouse cage). For the immediate-shock conditioning, all
the rats were transported to Context C in the black bucket. Half the rats from the two preexposure conditions were tested in Context
A, and half were tested in Context C. Note that they were transported to the test context in a perforated metal pan. The results of the
contextual fear test are presented in the bottom of this figure as the mean percentage of freezing as a function of the preexposure con-
ditions. Bars represent standard errors of the mean. Freezing in Context A is presented on the left, and freezing in Context C is pre-
sented on the right.
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small and rectangular. It sat on a grid floor that permit-
ted the delivery of footshock. The chamber was inside
the Igloo ice chest, but it was illuminatedminimally with
red light, just enough to permit the experimenter to put
the rat in the chamber, to deliver shock, and to score
freezing during the test. The day following conditioning,
the rats from each condition were tested for fear of the
shock, Context C (n = 8), or for fear to Context A (n = 8).
To ensure that any freezing during the test was not due
to conditioning to the transport cage that spread to the
conditioning context, we transported the rats to the con-
ditioning chamber in the open metal pan (see Bevins &
Ayres, 1995; Bevins, Rauhut, McPhee, & Ayres, 2000).

Because the rats had not been exposed to Context C
and were shocked immediately, there should be no fear
conditioned to it. However, if, as is implied by conjunc-
tion theory, rats can condition to the memory represen-
tation of context, then the rats that had been preexposed
to A should display substantially more fear to Context A
than the rats who had been preexposed to Context B.
Moreover, the rats preexposed to Context A and tested in
Context A should display more freezing than the rats
preexposed to Context A and tested in Context C (the
place where the rats were conditioned).

As can be seen in Figure 6, the rats apparently were
conditioned to the memory of the representation of Con-
text A. Neither group displayed freezing in the condi-
tioning context, C. This is the immediate-shock effect.
When tested in Context A, however, the rats that had
been exposed to Context A displayed significantly more
conditioning than did the rats preexposed to Context B
[F(1,14) = 18, p , .001]. It is especially important to ap-
preciate that the rats preexposed to Context A displayed
much less freezing when they were tested in Context C,
the conditioning context, than when they were tested in
Context A. This observation rules out the possibility that
conditioning to Context C generalized to Context A. Ev-
idently, the rats were conditioned to a memory represen-
tation of a previously experienced context failed to con-
dition to the environment in which the shock occurred.
This observation thus provides strong support for the con-
junctive representation view of context.

Summary. We have explored some of the implications
that the conjunctive representation has for contextual fear
conditioning.Consistentwith this view, we have provided
evidence that, just by exploring the context, the normal
rat automatically stores a conjunctive representation of
its features. This representation, via its ability to support
pattern completion, can lead to enhanced generalized
contextual fear and mediate fear to the memory repre-
sentation of context. These results provide strong support
for the idea that rats acquire a conjunctive representation
of the context.

Computational Simulations
The theoretical principles behind our account of the

division of labor between the hippocampus and the cortex
have been implemented in a computationalneural network

model, which reproduces a wide range of learning and
memory phenomena in rats (O’Reilly & Rudy, in press).
For example, the model captures the pattern-completion-
based contributions of the hippocampus in two of the
main fear conditioning results summarized previously:
preexposure-mediated elimination of the immediate-
shock effect and the generalized fear effects. Here, we
show that this same model also captures the ability of the
rat to condition to a memory representation of a context,
as was demonstrated in Experiment 3 above. In addition
to showing that this result is consistent with the concrete
implementation of our theoretical principles, the model
makes the strong prediction that this ability to conditionto
the memory of context is dependent on the hippocampus.

We refer the reader to O’Reilly and Rudy (in press) for
the details of the computational model and just summa-
rize the key principles here. The overall structure of the
model (Figure 7) includes a stimulus input representation
that the network learns to map to a corresponding output
representation. In the case of fear conditioning, this out-
put represents an expectation of shock (i.e., fear) or ex-
pectations of other outcomes. Mediating this input–output

Figure 7. The O’Reilly and Rudy (in press) modelofhippocampal–
cortical circuitry. The cortex has 12 different input dimensions (sen-
sory pathways), with four different values per dimension. These
dimensions and values are represented separately in the elemen-
tal cortex (Elem). The higher level association cortex (Assoc) can
form conjunctive representations of these elements, if demanded
by the task. The interface to the hippocampus is via the entorhi-
nal cortex (EC), which contains a one-to-one mapping of the ele-
mental, association, and output cortical representations. The hip-
pocampus can reinstate a pattern of activity over the cortex via
the EC.
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mapping are three different levels of connections. At the
lowest level, there is an elemental cortical representation
that just encodes the stimulus features in a one-to-one
(separate, elemental) fashion and has modifiable weights
to the outputs.This allows for features-based associations,
as was discussed above. In addition, the cortex in our
model also has an association area, which receives from
the elemental inputs and can learn conjunctive represen-
tations thereof. However, this cortical area is not biased to
learn these conjunctions and only learns them slowly and
under pressure from task demands via error-driven learn-
ing mechanisms. The third level is the hippocampus,
which receives from the entire cortex in the model and
sends to the output layer. The simulatedhippocampuscap-
tures the basic neuroanatomical structure of the rat hip-
pocampus, and has sparse activations to produce a strong
bias for learning conjunctive representations (Marr, 1971;
O’Reilly & McClelland, 1994). Thus, this hippocampal
area will naturally and automatically encode conjunctive
representations of the input features presented to it.

To simulate Experiment 3, we f irst presented the
model with preexposure stimuli, as is shown in Figure 8

(top row). The first stimulus represents the black bucket
transport, which is always followed by Context A. The
activationsof the model persist between these two events,
with the result that a common hippocampal representa-
tion develops that encodes both the transport and Context
A together. In this simulation and the original preexpo-
sure simulations in O’Reilly and Rudy (in press), 100 tri-
als of preexposure training were run, where each trial
represents the equivalentof one fixation of a set of visual
features and the learning that takes place as a result of pro-
cessing those features. To condition the model, we present
the patterns shown in Figure 8 (bottom row), which in-
clude the shock association, as patterns over the output
layer of the model. This represents the bucket followed
by the novel conditioning environment (C), which has
the shock input activated (left-hand column of the output
layer). After a single conditioning trial, the model was
tested with Context A (the preexposure context), and
Context C (the actual conditioning context). We ran this
simulation with both an intact model and a model with
the hippocampus removed.

The results of this simulation are displayed in Fig-
ure 9. The dependent variable in this figure (fear re-
sponse) is the average activation over the shock output
units of the model generated by Context A and Context
C. This figure reveals two important results. (1) With the
intact model, Context A, the preexposed context gener-
ated more fear than did ContextC, the actual conditioning
context. This is the same result as that found in the actual
behavioral experiment. (2) Removal of the hippocampal
component of the model eliminated the benefits of pre-
exposure, and neither Context A nor C generated a fear
response. Thus, our model correctly predicts the pattern
of results observed in Experiment 3. It also predicts that
rats with damage to the hippocampuswill not display the
benefits of preexposure. Thus, these results support our
general view that the hippocampus is critical for encod-
ing a conjunctive representation of context and for sup-
porting pattern completion of these conjunctive repre-
sentations.

General Discussion
The goal of this paper was to elaborate on a dual-

representation view of how the brain represents context
and to explore this view in the context of hippocampal
contributions to contextual fear conditioning processes.
In the spirit of Nadel and his colleagues (Nadel & Will-
ner, 1980; Nadel et al., 1985), our position is that either
context can be represented as a set of independent fea-
tures (the features representation view) or these features
can be bound into a unitary encoding that represents their
cooccurrence (the conjunctive representation view). We
assume that extrahippocampal areas provide a basis for
feature representations and that the hippocampus makes
an essential contribution to the encoding of conjunctive
representations. However, we constrained the latter idea
by distinguishingbetween (1) conjunctiverepresentations
that are acquired rapidly and automatically as a result of

Figure 8. Training patterns for simulating Experiment 3 in the
model. The top row shows the preexposure training, where the
features for the black bucket (in column B) are activated, followed
by the features for the Preexposure Context A (in column A). The
bottom row shows the features used for shock conditioning. The
bucket representation was activated again, followed by novel fea-
tures for the conditioning chamber (Context C, in column C).
Note that Context C has fewer features to capture the fact that it
was dark in the experiment. If a larger number of features are
used, the conditioning result remains but is slightly diminished in
magnitude.
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the subject’s exploring its environment and (2) conjunc-
tive representations that are gradually acquired and must
be learned in order for a problem to be solved. The hip-
pocampus, in our view, makes an essential contribution
to conjunctions that are learned automatically.

A key property of hippocampal-dependent conjunc-
tive representations is that they provide a mechanism for
pattern completion, where a subset of a stored pattern
(conjunction) can activate the entire pattern. We inter-
pret the impaired contextual fear conditioning following
damage to the dorsal hippocampus as resulting from im-
paired conjunctive pattern completion. Damage to the
hippocampus,however, may not always result in impaired
contextual fear conditioning, presumably because fear
conditioning can also be supported by hippocampus-
independent feature representations.Because there are at
least two systems that can support contextual fear condi-
tioning, detailed parametric studies will have to be done
to completely understand the factors that determine the
role of the hippocampusand other structures in contextual
fear conditioning.

Although the hippocampal lesion literature is complex,
there can be little doubt that simply as a consequence of
exploring a context, a rat stores a conjunctive represen-
tation. We have shown two particularly interesting results
of this phenomenon, where preexposure can result in en-
hanced generalized fear (Rudy & O’Reilly, 1999) and
can lead to conditioning to memory representations of
context (Experiments 1, 2, and 3). That rats will display
more conditioning to the activated memory of a context
than to the actual place where shock was experienced ap-

pears to demand the operation of the pattern completion
mechanism afforded by a conjunctiverepresentation.Ex-
ploring how damage to the hippocampusaffects these in-
teresting phenomena associated with context preexposure
should establish the role of the hippocampus in storing
conjunctive representations.

One advantage of our theoretical position is that it re-
veals previously unrecognized relationships between
processes embedded in contextual fear conditioning and
those operating in other domains, such as the study of ha-
bituation and incidental learning. There is an emerging
literature indicating that rats automatically store con-
junctive representations in a number of such tasks and
that the hippocampusmakes an important contribution to
these phenomena (e.g., Good & Bannerman, 1997; Good
& Honey, 1991; Honey, Watt, & Good, 1998; Save,
Poucet, Foreman, & Buhot, 1992). They include studies
of the habituation of exploratory behavior (Save et al.,
1992), habituation of the orienting response (Honey
et al., 1998), and the context specificity effect observed
in Pavlovian conditioning (Good & Bannerman, 1997;
Good & Honey, 1991). These studies all provide evi-
dence that animals automatically store representations of
stimulus conjunctions, even though there is nothing
about these tasks that require this learning. The inciden-
tal conjunctive learning was revealed by transfer tests that
occurred following training, in which the relationship
among the features was varied. These studies also show
that this learning depends on the hippocampus. An ob-
vious implication of our theoretical analysis is that the
context preexposure effects we have described should also
require a contribution from the hippocampus. We are
currently evaluating this prediction.

We also have discussed the relationship of our posi-
tion to other theories of hippocampal function (O’Reilly
& Rudy, in press; Rudy & O’Reilly, 1999), so we will
only highlight several key relationships here. At a gen-
eral level, our view has much in common with the ideas
O’Keefe and Nadel (1978) put forth. They assume that
the hippocampus makes an essential contribution to a
locale system that supports cognitive maps and that a
hippocampal-independent taxon system supports other
types of habits. Our view of hippocampus-supported
conjunctive learning goes beyond the learning of spatial
relationships among features of the environment that is
the basis of O’Keefe and Nadel’s cognitivemapping the-
ory. The key point of contact with our position is that they
also assume that these two systems differ on other di-
mensions. Two that relate to our view are (1) learning
rate, where the locale system is viewed as rapidly storing
new information, whereas the taxon system learns and
unlearns by slow increments, and (2) motivation, where
the two systems operate under different motivationalcon-
ditions. The locale system is fundamentally connected to
exploration, and much of what it stores occurs as a result
of novelty-directed behavior. Taxon learning, however,
is motivated to function in the service of problem solv-
ing or achieving goals. It is therefore sensitive to the re-
inforcement contingencies associated with behavior.

Figure 9. Simulation of Experiment 3: Conditioning results
measured in the model for the preexposure context (A) versus the
actual conditioning environment (Context C). The dependent
measure is average activation over the shock/fear units in the out-
put layer. N = 25 different random weight initializations. The
model shows conditioning to the Preexposure Context A, which
was not present during actual conditioning, whereas the actual
conditioning environment was not conditioned.
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We embrace similar ideas in distinguishing between our
hippocampal-dependent conjunctivesystem and the neo-
cortical learning system (see O’Reilly & Rudy, in press).

The idea of the hippocampal formation as a rapid au-
tomatic storage device appeared early in the history of
theorizing about the hippocampus (e.g., Marr, 1971). It is
also present in contemporary views (e.g., McNaughton
& Nadel, 1987; Morris & Frey, 1997; Squire, 1992).
Some other models of hippocampal function, however,
do not appear to be consistent with the incidental role of
hippocampal learning, since they posit that the hip-
pocampus is uniquely responsible for error-driven learn-
ing (Gluck & Myers, 1993; Schmajuk & DiCarlo, 1992).
These models are also inconsistent with the idea that the
cortex is capable of powerful, error-driven conjunctive
learning in the absence of the hippocampus.Nevertheless,
they do endorse the idea that the hippocampus is impor-
tant for learninghigher order conjunctiverepresentations.

In this paper, we have focused on recent issues that have
emerged in the study of the neurobiology of contextual
fear conditioning. It is appropriate to note, however, that
the basic ideas and issues that we have considered orig-
inated in the study of discrimination learning (see Rudy
& Wagner, 1975). The fundamental issue is to conceptu-
alize how the organism represents a stimulus compound.
Is it represented as a set of independent elements or fea-
tures (e.g., Spence, 1936, 1937), or is it represented as a
configuration (e.g., Gulliksen & Wolfle, 1938)?

Elemental theorists assume that associations are to the
independent, feature representations of the compound.
These theories have proven to be extremely powerful in
their ability to explain a range of phenomena observed
when conditioning procedures involve compound stim-
uli. For example, the influentialRescorla–Wagner model
of Pavlovian conditioning (Rescorla & Wagner, 1972)
assumes an elemental representation of compound cues.
It has had remarkable success in accounting for a wide
range of conditioning phenomena involving compounds,
such as blocking (Kamin, 1968), conditioned inhibition,
and the cue-validity effect (Wagner, Logan, Haberlandt,
& Price, 1968). However, their basic model was unable
to account for the fact that animals solve nonlinear dis-
criminations that demand a configural/conjunctive rep-
resentation of the stimulus environment, problems such
as negative patterning (Rescorla, 1972; Whitlow & Wag-
ner, 1972; Woodbury, 1943), or the biconditional dis-
crimination problem (Saavedra, 1975). So, they granted
that configural representations must exist and are capa-
ble of controlling behavior. However, they also assumed
that configural representations do not compete well with
the elemental representations of their components for as-
sociative control of behavior and gain control only when
the task demands their use (see Rescorla, 1972: Whitlow
& Wagner, 1972). They represented this position in their
model by assuming that the configural cue has low saliency
and will be conditioned to very slowly, as compared with
its elemental components.

More recently, Pearce (1987, 1994) has become the
major proponent of configural theory. He has argued that

animals always (automatically) construct a configural
representationof stimulus compoundsand has shown how
this view can account for a wide range of phenomena, in-
cluding blocking, conditioned inhibition, nonlinear dis-
crimination, and generalizationamong the cues of a com-
pound.

It is interesting to compare the basic assumptionsof our
computational neural network model (O’Reilly & Rudy,
in press) with these two theoretical positions—one that
assumes that configural representations only come into
play when the task demands their use (Rescorla, 1972;
Whitlow & Wagner, 1972) and the other that assumes
that configural representations are automatically con-
structed and play a dominant role in associative learning.
We assumed that it is the role of the hippocampus to
rapidly and automatically construct representations of
stimulus conjunctionsbut that, in the absence of the hip-
pocampus, the cortex alone can gradually construct stim-
ulus conjunctions if forced to by the demands of the task.
So, in effect, our position captures both views but assigns
them to different brain systems.

We end this discussionby reiterating the significance of
pattern completionprocessing supportedby hippocampal-
dependent conjunctive representations. We have noted
that Squire (1992) suggested that pattern completion is
at the heart of declarative memory (see also Tyler & Di-
Scenna, 1986). We support this view and emphasize that
pattern completion provides an important bridge for
linking the memory processes that support declarative
memory in people with memory processes operating in
animal models. A major characteristic of human declar-
ative memory is that it supports the conscious recollec-
tion of memory. Animals other than people might be able
to consciously recollect, but we have no way of knowing
this. Thus, it is impossible to point to an animal model of
this feature of declarative memory. However, as has been
discussed extensively in this paper, we do know how to
study conjunctive representationsand pattern completion
in other animals. Therefore, if pattern completion pro-
cesses are critical to human declarativememory, we should
be able to understanda great deal about human declarative
memory by studying basic pattern completion mecha-
nisms in animals.
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