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TRACE FEAR CONDITIONING: A ROLE FOR CONTEXT?
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INTRODUCTION

Several recent studies of fear conditioning are based on trace-conditioning. which
allows manipulations of the balance between conditioning to explicit and back-
ground contextual cues (55). However. because in trace conditioning a temporal gap
(the trace interval) separates the conditioned stimulus (CS) from the unconditioned
stimulus (US). trace conditioning remains a challenge to most association theories
which require contiguity between the events to be associated (21). While already
puzzling when limited 1o trace intervals of a few hundred milliseconds, as in condi-
tioning of the nictitating membrane (31). this question becomes unavoidable when
dealing with extremely long trace intervals (hours) as in taste aversion learning (18).
We will focus on the intermediate case of fear conditioned responses (CRs) which
can be obtained over trace intervals of one minute or more (28. 46). Through a brief
survey of the literature relevant to trace fear conditioning, this article explores the
idea that background contextual cues might provide the missing link between the
temporally separate CS and US.

LACK OF SPECIFICITY OF TRACE CONDITIONED RESPONSES,

Fear conditioning is obtained in many species by pairing an initially neutral CS
(often auditory) with an aversive US such as a mild electric shock. The resulting
internal state of ““fear”, induced by presentation of the CS alone. is characterized by
the activation of several response systems, both physiological and behavioural (15),
although fear is usually evaluated by conditioned suppression (28) or freezing (6).
Fear responses constitute a distinet class of CRs since they are rapidly acquired and
allow relatively long CS-US intervals (33). To account for trace conditioning,
Pavlov (52) postulated the existence of a stimulus “trace™ in the nervous system
which did not stop with the physical stimulus. but persisted for long enough to allow
associations between this trace and a subsequent US.

The notion of persistent stimulus traces raises the question of when trace CRs
will occur. Conditioned responses obtained under a delay protocol (US occurring
just at the end of the CS) are known to display a maximum near the expected time
of occurrence of the US (13, 50, 60). With a trace protocol, the temporal specifici-
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ty of CRs is less well known (12), except in the case of nictitating membrane
responses (30). Experiments with cardiac fear responses conditioned to auditory
stimuli have shown that the duration and temporal parameters of responses are not,
as some theories would predict (19). proportional to the CS-US interval (37). Rather,
CRs tend 1o follow one of two privileged shapes (Fig. 1). In particular. responses
obtained with trace intervals of 7 sec and 15 sec were identical. Similar characteris-
tics of trace CRs were observed by McEchron er al. (44), These results suggest that
during trace conditioning. the timing of US occurrence may be encoded in a cate-
gorical (short/long) rather than in a proportional manner. This issue would require
investigation with longer trace intervals and different measures of fear.
Conditioned responses acquired under a trace protocol have other peculiarities.
Pavlov (52) was the first Lo report that trace responses conditioned to a given stim-
ulus were prone to generalize to a variety of novel stimuli, including some from
other sensory modalities. More recently, Honey and Hall (27) confirmed that dis-
criminative fear conditioning appeared more slowly under a trace protocol than
under a delay protocol. A similar result was obtained with cardiac CRs (36).
Furthermore, Marchand and Kamper (37) observed more generalization of cardiac
responses following conditioning with a trace interval of 7 to 15 sec than with a trace
interval of 3 sec. These results argue in favour of the existence of both a short stim-
ulus trace capable of sustaining specific responses and of a longer type of trace
which allows generalization between stimuli. Interestingly. generalization of audito-
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Fig. L. - Time course of cardiae trace responses during CS alone trials.

Increases in the inter-beat interval (1B following CS onset correspond to conditioned bradycardia, Rats
were submitted to trace pairings of 4 0.5 sec auditory CS with a tail shock US. CS-US intervals were 3,
7 or 15 sec. The peak bradycardiac response did not occur at the expected time of US occurrence
(arrows), nor at a time proportional 10 the CS-US interval. Adapted from Marchand and Kamper (37).
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ry-cue fear responses has been studied by Rudy and Pugh (63). although in a delay
protocol with Ireezing as the fear measure. These authors proposed that generalized
fear responses shared similar mechanisms with fear conditioned to contextual cues.

ANALOGIES BETWEEN TRACE FEAR RESPONSES AND CONTEXTUAL FEAR.

This raises the possibility that trace conditioning could involve conditioning to
background contextual cues. which are necessarily present throughout the experi-
ment and in particular during the “empty” trace interval. Fear to contextual cues is
known to develop when no explicit CS is present to signal shocks. This has led to a
number of investigations in rodents (40) using various measures of contextual fear
(2). Contextual conditioning is thought to require an unifying process between a
number of tonically present stimuli with low salience (16, 62). Assuming that these
contextual stimuli are represented by a low level of activity in the nervous system,
a stimulus trace could have similar properties: not only is it present for long periods
of time, but also it is likely to elicit far less activity than the CS itself.

With trace conditioning, there is evidence that CRs can develop o both the CS
and the context. Actually. a trace conditioning protocol is one of the conditions used
to favour contextual conditioning (38. 74). Although the contextual stimuli are
always present at the time of US occurrence, in a delay protocol conditioning to the
CS may occur with much less contextual conditioning than in a trace protocol (38.
39). This overshadowing of the context by the explicit CS results in a balance
between conditioning to the two stimuli (58). On the other hand, to the extent that
trace conditioning depends upon contextual conditioning, there should be no balance
between conditioning to the context and conditioning to the CS in this condition (38)
(Fig. 2). Indeed, rats conditioned with a long truce interval (30-60 sec) may display
more conditioning to the context than rats conditioned with a short trace interval (0-
10 s), without displaying less conditioning to the CS (55, 74, 75). In other studies,
conditioning of CS and context showed a balance (25. 46, 51, 66). In these studies,
the trace response to the CS is usually measured during the CS itself. However.
when tested with a long CS. trace responses do not appear homogeneous, the early
part of freezing responses showing much less freezing than the later part (38).
Morecover, a measure after the CS could yield different results. Quinn er al. (55)
actually reported that marked levels of freezing were present after presentation of
the CS and even in a group conditioned with a backward (US-CS) protocol, which
would be expected to prevent conditioning to the CS. Similar observations were
made by Marchand er al. (39) with trace procedures and an explicitly unpaired pro-
cedure. as compared with conditioning with unsignaled shocks. These observations
suggest that fear responses to the context and atter the CS may occur under similar
conditions. and are consistent with the idea that context and CS become associated
during trace conditioning (55).

A second line of evidence in favour ol a link between trace conditioning and con-
textual conditioning comes from lesion. pharmacological and developmental stud-
ies. Lesions of the dorsal hippocampus. for instance are known to disrupt conlextu-
al conditioning when performed either before (534, 66) or after conditioning (1. 32.
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Fig. 2. - Trace conditioning meay nor siiow a balance benween CS and context,

Freezing responses in rats averaged during 8 min of context test or 2 min of tone test in a dilferent con-
text respectively 24 h and 48 h following conditioning with 6 pairings ol a [5 sec¢ CS and a footshock
US. Trace interval was 0 (delay) or 50 sec (trace). Adapted from Marchand er al. (38).

41). Interestingly. hippocampal lesions also impair trace but not delay conditioning
in nictitating membrane experiments (5. 67) and fear conditioning (44). Few exper-
iments have explicitly compared the effects of lesions in contextual and trace fear
conditioning. but impairments in both tasks have been reported following surgical or
neurotoxic lesions performed either before (43. 44) or after conditioning (55).
Similarly, infusions of alcohol prior to conditioning impair contextual and trace but
not delay fear conditioning (73). Finally. unlike delay conditioning which is already
present in 15-18 days-old rats, both contextual (61) and trace (49) fear conditioning
develop during the third and fourth weeks of the rat’s life.

ASSOCIATIVE LEARNING THEORIES AND TRACE CONDITIONING.

There are basically three classes of theoretical accounts for trace conditioning:
timing models, multiple-time-scale models and conditioning of secondary cues.
Actually, some major models of associative learning do not explicitly address trace
conditioning (53, 58). According to timing models (9, 17, 64, 75). any association
embodies a representation of the timing between events, so that trace conditioning
is not different in nature from simple delay conditioning. The trace interval should
not prevent the establishment of an association because time itself is encoded and
not the residual trace of a particular stimulus. These models are specified to various
degrees, the most elaborate being the scalar expectancy theory (SET) and rate esti-
mation theory (RET) models (11. 17). However. these models become rather com-
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plex when applied o trace conditioning. In particular, they appear to require a deci-
sion process that examines the distribution of USs relative 1o a time marker (17, p.
31). Besides. because of their scalar timing properties. these models do not predict
the existence of privileged responses shapes as found in cardiac studies (37). In addi-
tion. RET incorporates a principle of parsimony which minimizes the number of pre-
dictors in a competition situation. As a result, it is not clear how these models allow
conditioning both to the CS and to the context in the same subject. Nevertheless,
timing models have received support from a series of experiments demonstrating
that subjects (rats) learn the intervals between events during conditioning. at least
within a range of 10 sec (3, 12, 65).

However satisfactory timing models may be from a theoretical and empirical
viewpoint, they do not easily map onto a biological implementation. The processes
needed to measure. subtract or otherwise compare temporal intervals do not emerge
in a straightforward manner from the basic properties of neurons or neural networks.
More biologically oriented models of conditioning have been proposed. which
accommodate both delay and trace conditioning, Early models were mostly exten-
sions of conditioning theories assuming that a CS was followed by a single trace (68,
69). Wagner’s SOP model (71) was a little more elaborate, involving a primary CS
trace decaying with a fixed time course and leading to excitatory conditioning inso-
far as it overlapped the primary US trace. A secondary US trace was involved in the
expression ol the conditioned response. In these single trace models, both learning
and expression of the conditioned response are essentially constrained by the
dynamics of the trace. Actually, Wagner introduced an affective extension of his
model which accounted for long CS-US intervals involved in fear conditioning (72).
Later models allowed multiple traces so that time could be to some extent embodied
into the association (30). They constitute a class of connexionist models called mul-
tiple-time-scale models or spectral models (10). These models assume that any sen-
sory event elicits multiple parallel patterns ol activity or traces in the central nervous
svstem, cach trace having a particular time course. Traces may be triggered by the
CS onset or offset (14) but not necessarily maintained during the CS (7). In this way,
time elapsed since the event is uniquely represented by the pattern of active traces.
and this pattern can become associated with the US (8). Moreover. the same traces
which are associated with the US during conditioning are also responsible for the
expression of the conditioned response (Fig. 3). In this way. during conditioning
with short trace intervals, most traces should become associated with the US so that
the response may appear early. However, long traces would largely be active after
the US and thus become inhibitory, preventing the development of responses of long
duration. Conversely, during conditioning with long trace intervals, long traces
become associated with the US but short traces are never active during the US. They
may become inhibitory, resulting in responses being delaved. As a result. the peak
of the conditioned response is expected to approximate the time of US occurrence.
This type of model has been developed in various forms (7. 14, 22, 77). with a relat-
ed class of models relying on behaviour as a support for timing (34). These models
appear quite successful within a time range of one or two seconds as in delay and
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trace conditioning of the nictitating membrane (23). However. they have not often
been matched with fear conditioning experiments (7), which may involve trace
intervals of up to one minute. Furthermore, the nature and diversity of prolonged
trace activity required by these models still awaits firm biological support. Actually,
if only a small number of trace dynamics are available, it would reduce the tempo-
ral selectivity of the conditioned response in a manner compatible with some of the
observed data (37).

A third way to account for trace conditioning is to assume that the CS somehow
becomes associated to other stimuli, that we may call secondary cues, which can
bridge the temporal gap between CS and US. Since it is impossible to eliminate sec-
ondary cues during the trace interval, this possibility must be considered.
Unfortunately, this issue has seldom been addressed (20, 29, 56), and it is not clear
whether an intervening cue (“marking” the CS) facilitates trace fear conditioning or
simply improves discrimination (24). Indirect evidence for an unitary representation
of context and CS may be found in some experiments with delay conditioning in a
first context, showing that further conditioning of the CS in a second, distinct con-
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text enhances fear to the first context (35). Besides. two mechanisms for condition-
ing via secondary cues are sometimes contrasted, second-order conditioning and
within-event learning (42, 57). In the following section, we will see how a theory
imvolving an unitary representation of the CS trace and the context explains some of
the intriguing data about trace fear conditioning and may be used to generate new
predictions.

TRACE FEAR CONDITIONING: AN HYPOTHESIS.

We propose that trace fear conditioning may be best described in the framework
of a theory proposed by McLaren er al. (47). According to this theory. each stimu-
lus is composed of a set of elements which become associated together as long as
they are simultaneously presented. This first process is one of unification. On the
other hand. separate presentation of elements leads to the elaboration of distinct rep-
resentations through inhibitory mechanisms in a second stage. Since we are dealing
with stimuli present for extended periods of time. inhibitory learning should depend
not only upon the discriminability of stimuli, but also upon their duration rather than
number of presentations. A brief. salient CS should be quickly discriminated from
the context. On the other hand. a prolonged stimulus trace may be assumed to con-
sist of few elements which are active simultaneously with background contextual
cues. It should at first undergo the unification process and become embedded into a
unified representation of the context. Generalization may be described in terms of
response to stimulus elements which are common to various CSs. Thus, a long stim-
ulus trace may include mainly common elements and may support discrimination
less easily than a short stimulus trace (37). Moreover, the initial part of the response
may be dominated by the short stimulus trace and may differ from the later part.

The consequences of such an interpretation are that trace fear conditioning should
first generate CRs to both the context and the CS trace, and that these CRs ought to
be mainly apparent after rather than during CS presentation. This should also be the
case lollowing explicitly unpaired CSs and USs, because unification only depends
on the CS being presented in context. This unification process may allow associa-
tions across long trace intervals although the CS trace may not be immediately iden-
tified as a relevant cue. In a second stage of conditioning. the behaviour of an ani-
mal should reflect the discrimination of “safe™ periods (Fig. 4). Thus. responses to
the context should disappear in trace-conditioned subjects, because the US always
occur during the trace and never during presentation of the context alone (39). If,
instead. the CS-US interval exceeds the duration of the trace, which amounts to
unpairing the two stimuli, the US will occur during presentation of the context alone,
and responding after the CS. i.e. during the trace. may extinguish. However, this
may require a number of CS presentations in order to cumulate a sufficient extinc-
tion time for the trace. One may therefore predict that unless extensive trace condi-
tioning is conducted, a response after the CS in very long trace or explicitly unpaired
groups may be present (55).

This interpretation leads to a number of predictions which remain to be tested:
Firstly. unification implies that at an early stage of conditioning. altering the asso-
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ciative status of one of the stimuli (CS or context) should also affect responses to the
other stimulus. Secondly, discrimination processes should depend both on the dis-
criminability of the trace and on the total time of unreinforced exposure to the to-be-
extinguished phase (trace or context alone). Moreover, prior training of a discrimi-
nation between the trace and the context should facilitate the appearance of selective
responses to the context or to the trace CS.

NEURONAL RESPONSES AS SUPPORTS FOR THE TRACE.

These theoretical considerations leave open the question of what constitutes a
stimulus trace of long duration. There is ample evidence for neuronal responses
which outlast a stimulus for several seconds in several brain regions such as the
auditory cortex (64). the prefrontal cortex (4), or the perirhinal cortex (76) and the
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hippocampus (45). Some authors have suggested that these long traces may be elab-
orated by chains of neurons in the perirhinal cortex projecting to the lateral amyg-
dala (70). and that very long persistent activity could be sustained by recurrent
chains of neurones. Responses in the hippocampus are of special interest in the light
of lesion studies. A recent work by McEchron er al. (45) suggests that neuronal trace
fear responses in the CA1 region of the hippocampus can be temporally selective. In
addition, evidence for a convergence of auditory fear CRs onto hippocampal cells
encading spatial context has recently been presented (48). Finally. studies of the
molecular correlates of trace fear conditioning are also now developing (26). Trace
fear conditioning thus represents a challenging task which may require the poten-
tialities of the hippocampus as an associator and a temporal encoder (59). It is an
active research area where combined psychological, physiological and computa-
tional approaches can lead to significant advances.

SUMMARY

Fear conditioning can be rapidly obtained over long trace intervals, but its speci-
ficity with respect to both time and stimulus is uncertain. Long-trace fear condition-
ing olien parallels contextual conditioning, and it is sensitive to hippocampal
lesions. These properties of trace conditioning are not directly addressed by timing
models and multiple-time-scale models of conditioning. It is proposed that during
carly stages of conditioning, a joint representation of the context and the stimulus
trace may underlie conditioned responses. and that discriminative processes allow
the emergence of specilic responses in a later stage.
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