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Timing of Fear Expression in Trace and Delay
Conditioning Measured by Fear-Potentiated Startle
in Rats
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In two experiments, the time course of the expression of fear in trace (hippocampus-dependent) versus delay
(hippocampus-independent) conditioning was characterized with a high degree of temporal specificity using
fear-potentiated startle. In experiment 1, groups of rats were given delay fear conditioning or trace fear conditioning
with a 3- or 12-sec trace interval between conditioned stimulus (CS) offset and unconditioned stimulus (US) onset.
During test, the delay group showed fear-potentiated startle in the presence of the CS but not after its offset,
whereas the trace groups showed fear-potentiated startle both during the CS and after its offset. Experiment 2
compared the time course of fear expression after trace conditioning with the time course in two delay conditioning
groups: one matched to the trace conditioning group with respect to CS duration, and the other with respect to ISI.
In all groups, fear was expressed until the scheduled occurrence of the US and returned to baseline rapidly
thereafter. Thus, in both trace and delay fear conditioning, ISI is a critical determinant of the time course of fear
expression. These results are informative as to the possible role of neural structures, such as the hippocampus, in
memory processes related to temporal information.

Although in Pavlovian delay conditioning presentations of the
conditioned stimulus (CS) and the unconditioned stimulus (US)
overlap, in trace conditioning a temporal gap or “trace” interval
is interposed between the CS and the US. Even though eyeblink
(i.e., skeletal) and fear (i.e., emotional) conditioning rely upon
different neural substrates, the hippocampus has been shown to
be critically involved in trace conditioning in both preparations
(Moyer Jr. et al. 1990; McEchron et al. 1998; Quinn et al. 2002).
Thus, the hippocampus is unlikely to be involved simply in the
expression of the motoric or emotional responses associated with
trace conditioning. Rather, given that trace (hippocampally de-
pendent) and delay (hippocampally independent) conditioning
differ solely with respect to the relative timing of CS and US
presentation, the hippocampus would appear to be critically in-
volved in mnemonic processes related to encoding the temporal
relationship between the CS and the US. To understand hippo-
campal function, it is important, therefore, to characterize how
the timing of conditioned responses in delay and trace condi-
tioning relates to the timing of occurrences of the CS and US in
training (see Quinn et al. 2002). In the current studies, this issue
was addressed by using the acoustic startle reflex to assess the
time course of the expression of conditioned fear after trace and
delay conditioning.

Some evidence supporting the contention that the hippo-
campus is involved in the temporal aspects of memory for trace
conditioning is derived from the finding that hippocampal le-
sions sometimes simply cause a diminution in the latency and
amplitude of conditioned eyeblink responses, rather than an out-
right block of trace eyeblink conditioning (Port et al. 1986; So-
lomon et al. 1986). Similar timing effects have not been observed
in trace fear conditioning (McEchron et al. 1998, 2000; Quinn et

al. 2002). However, this may be related to the selection of specific
behavioral measures (freezing and heart rate conditioning) as the
dependent measures of fear. By using freezing, fear is observed
during the CS and after its offset after delay, trace, contextual,
and backward fear conditioning (Quinn et al. 2002), indicating
that the time course of freezing may not be tightly coupled to the
onset and offset of fear-eliciting stimuli. Although changes in
heart rate show higher temporal resolution, individual differ-
ences in subjects’ tendency to respond during the CS and after its
offset make it difficult to detect specific shifts in timing resulting
from hippocampal lesions (McEchron et al. 2000). Hence, these
measures may not be ideally suited for measuring the temporal
dynamics of fear conditioning.

The current study used fear-potentiated startle, or the in-
crease in acoustic startle reflex amplitude elicited in the presence
of a fearful CS, to map the time course of fear expression after
trace and delay fear conditioning. The startle reflex has a nonzero
baseline, is graded in magnitude, and can be elicited by the ex-
perimenter at specific time points both during and after CS pre-
sentation. This allows one to compare the strength of the sub-
ject’s responses elicited at multiple time points to the subject’s
baseline responses, essentially providing a readout of the level of
fear at any given moment. Consequently, this measure has
proved useful in detecting changing levels of fear with a high
degree of temporal specificity (Davis et al. 1989). The current
experiments were designed specifically to determine which cues
controlled the expression of conditioned fear in delay versus
trace conditioning. Three possibilities were considered:

1. Role of CS Onset. The expression of fear in trace and delay
conditioning may be related to the time of occurrence of the
US in training relative to the onset of the CS, even though the
CS is no longer present when the US occurs in the trace con-
ditioning paradigm. This pattern of conditioned response
magnitude has been observed in delay and trace eyeblink con-
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ditioning (Schneiderman and Gormazano 1964; Smith 1968;
Smith et al. 1969; Kehoe and Napier 1991). It has also been
found in delay fear conditioning, in which the magnitude of
fear-potentiated startle increases gradually from CS onset until
the scheduled occurrence of the US (Davis et al. 1989). Fur-
thermore, by using a conditioned emotional response (CER)
measure, Kamin (1965) found an inverse relationship between
the strength of trace fear conditioning and the CS–US onset
interval (i.e., interstimulus interval [ISI]), when the trace in-
terval was held constant.

2. Role of CS Offset. Offset of the CS may be an essential cue for
the expression of fear in trace conditioning and/or for the
termination of fear in delay conditioning. Not only has CS
offset been shown to serve as a cue for conditioning in other
paradigms (Kamin 1965), but its close temporal proximity to
the US, relative to CS onset, would tend to favor its entering
into an association with the US (Schneiderman and Gorma-
zano 1964; Ost and Lauer 1965). Interestingly, in delay fear
conditioning, fear-potentiated startle decayed only slowly
when the CS was extended beyond the scheduled occurrence
of the US (Davis et al. 1989), suggesting that CS offset may
play some role in the decay of fear. Furthermore, stimulus
offset can serve as a potent inhibitor of fear in a feature-
negative paradigm (Falls and Davis 1997). CS offset also ap-
pears to be influential in the timing of appetitive responses in
an instrumental trace conditioning paradigm (Buhusi and
Meck 2000).

3. Role of Contextual Cues. In trace conditioning, but not in delay
conditioning, the CS may serve as a retrieval cue for context–
US associations, as suggested by Quinn et al. (2002). That is,
the continuing presence of contextual cues may bridge the
interval between CS offset and the eventual occurrence of the
US. Under this scenario, one would expect fear to persist for an
extended period after the presentation of the CS after trace but
not after delay conditioning. The possibility that contextual
cues play an important role in trace fear conditioning is sup-
ported by the strong level of collateral
conditioning to contextual cues seen
in trace fear conditioning (Rawlins
and Tanner 1998), particularly when
a long (i.e., 30-sec) trace interval is
used (Marlin 1981).

Two experiments were conducted
in order to distinguish among these pos-
sibilities. In experiment 1, rats were
given either trace or delay training,
which were identical with respect to CS
duration but differed in terms of the
CS–US onset interval (i.e., ISI). The sub-
jects were then tested for fear-potentiated
startle by using the same test sessions for
all groups. The trace conditioning
groups differed from the delay group in
showing fear-potentiated startle that
persisted after CS offset. However, be-
cause the ISI varied between groups, we
could not determine whether it was the
insertion of a trace interval or simply the
use of longer ISIs that produced the
longer lasting expression of fear in the
trace conditioning groups. Thus, in ex-
periment 2, fear-potentiated startle after
trace conditioning was compared with
fear-potentiated startle in two delay con-
ditioning groups, matched to the trace

group with respect to either CS duration or ISI. The results were
most consistent with the interpretation that CS–US onset inter-
val (the ISI) is a critical factor in the expression of conditioned
fear after both delay and trace conditioning. These results shed
light on the possible function of mnemonic structures (such as
the hippocampus) that are involved specifically in the acquisi-
tion and expression of trace conditioning but not delay condi-
tioning.

RESULTS

Experiment 1
Three groups were given delay fear conditioning (SHORT DELAY,
n = 10) or trace fear conditioning with either a 3-sec (SHORT
TRACE, n = 12) or 12-sec (LONG TRACE n = 12) trace interval
between CS offset and US onset (Fig. 1). The same CS duration (4
sec) was adopted in all groups. Fear-potentiated startle was evalu-
ated in all three groups by using a common testing procedure. On
different presentations of the CS, fear-potentiated startle was
measured at the time points at which the US had occurred in
training in each of the three groups (i.e., 3.5 sec into the CS, or 3
sec or 12 sec after CS offset.)

Findings
Although delay and trace conditioning produced similar peak
levels of fear-potentiated startle, these peaks occurred at different
times relative to the CS. This is indicated in Figure 2, which
shows the magnitude of fear-potentiated startle in the three
groups at each of the three probe times. After delay conditioning,
fear-potentiated startle was greatest when tested during the CS.
In the SHORT TRACE group, fear-potentiated startle was of simi-
lar strength during the CS and 3-sec after its offset, and in the
LONG TRACE group, the highest level of fear-potentiated startle
was observed 3 sec after CS offset. These observations were sup-
ported by statistical analyses. A mixed design (group � probe
time) ANOVA revealed no significant main effect of group

Figure 1 Procedures for fear conditioning training and fear-potentiated startle testing in experiment
1. Animals were given delay conditioning, or trace conditioning with a 3-sec or 12-sec trace interval.
A 4-sec CS was used in all conditions. All subjects underwent the same test session, in which startle was
probed at three time points relative to presentation of the CS.
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(P > 0.1), suggesting similar overall magnitude of fear-poten-
tiated startle in delay and trace conditioning. However, fear var-
ied as a function of the timing of the startle probe, as shown by
a main effect for time of probe (F(2,62) = 14.04, P < 0.0001). Fur-
thermore, the timing of fear expression differed across the
groups, as indicated by a significant interaction between training
condition and time of probe (F(4,62) = 4.727, P < 0.01). New-
man-Keuls post-hoc tests indicated that fear-potentiated startle
in the delay group was significantly greater during the CS than
both 3 sec and 12 sec after CS offset (ts = 14.4 and 19.6, respec-
tively, Ps < 0.01). In contrast, in rats trained with a short trace
interval, fear-potentiated startle was not significantly different
during the CS versus 3 sec after its offset (P > 0.1). However, fear-
potentiated startle was significantly lower 12 sec after CS offset
than during the CS (t = 16.2, P < 0.01). In the group trained with
a long trace interval, fear-potentiated startle did not differ sig-
nificantly across the three time points at which startle was mea-
sured.

Although fear persisted after CS offset in the trace condi-
tioning groups, startle returned to baseline levels during the in-
terval between successive CS presentations, suggesting that pre-
sentation of the CS produced only a transient state of fear. Figure
3 shows mean startle amplitude measured on habituation trials
(startle trials that occurred prior to the first presentation of the
CS) and on startle-alone trials (trials during the test session in
which the CS was not presented). There were no significant dif-
ferences in any group between mean startle amplitude measured
across these two trial types (Ps > 0.1), indicating that fear did not
persist for an extended period after the point in time at which the
US had occurred in training.

Conclusions
In this experiment, trace and delay condi-
tioning were compared by using different
ISIs while holding CS duration constant
(4 sec) across groups. After delay condition-
ing, robust fear-potentiated startle was ob-
served only while the CS was present. After
trace conditioning, fear-potentiated startle
was observed during the CS and after its off-
set. In both delay and trace conditioning,
the fear was transient and consistently re-
turned to baseline during the intertrial in-
terval. This suggests that trace conditioning
did not produce a persistent fear response
related to the presence of contextual cues,
at least with the trace intervals (3 and 12
sec) used in this study. The temporal speci-
ficity of fear expression also suggests that
the fear response was a result of the explicit
association of the CS and US. However, the
role of context or nonassociative factors
cannot be ruled out definitively without in-
clusion of a control group in which the CS
and US are presented in an unpaired man-
ner.

Although the pattern of fear clearly dif-
fered in trace and delay conditioning
groups, it was, however, imperfectly associ-
ated with the scheduled occurrence of the
US (whether timed from CS onset or CS off-
set). That is, both the LONG TRACE and
SHORT TRACE groups showed peak fear-
potentiated startle before the exact time of
US occurrence. This may suggest that a level
of fear sufficient to elevate startle cannot be
maintained for durations much >3 sec. It is

important to note, however, that startle was not probed at inter-
mediate time-points between 3 and 12 sec. Hence, fear in the
LONG TRACE group may actually have peaked at a later time
point than in the SHORT TRACE group, albeit prior to the 12-sec
time point at which the shock had been delivered in training.

These data clearly serve to demonstrate that the fear re-
sponse in trace conditioning, as in delay conditioning (Davis et
al. 1989), shows a temporal function that is related to when the
US occurred in training. A similarly timed emotional response
has been suggested previously (albeit measured indirectly) in ap-
petitive trace conditioning (Cole et al. 1995). However, the de-
sign of experiment 1 precluded further analysis of potential dif-
ferences in the timing of fear expression in trace and delay con-
ditioning. First, because CS duration was held constant across the
groups, trace conditioning differed from delay conditioning not
only with respect to the insertion of trace interval but also with
respect to the CS–US onset interval (i.e., ISI). That is, the ISI was
longer in both trace groups than in the delay group. To evaluate
the relative importance of ISI in timing fear responses, it is im-
portant also to equate ISI across trace and delay groups.

Second, these data were not informative as to whether the
expression of fear in delay and trace conditioning shows equiva-
lent increase and decay functions around the scheduled occur-
rence of the US. If CS offset serves as a signal for the inhibition of
fear in delay conditioning (see Role of CS Offset), one would
predict a more rapid decay of fear in delay conditioning than in
trace conditioning, in which there is no cue that similarly signals
the termination of footshock. In experiment 1, startle was mea-
sured at the three time points at which the shock had been de-
livered to the different groups in training: before CS offset, 3 sec

Figure 2 Fear-potentiated startle test in experiment 1. Startle was probed at the time points at
which the shock had occurred in one of the groups during training: 3.5 sec into the CS (sparse
shading), 3 sec after CS offset (stripes), or 12 sec after CS offset (dense shading). The oval shape
denotes the time point relative to CS onset at which the US had occurred in training. The temporal
pattern on fear expression was distinct in the three groups, related to differences in the time of US
occurrence in training (see text for explanation). *Significantly different (P < 0.05).

Timing of Trace Conditioning

Learning & Memory 207
www.learnmem.org



after CS offset, and 12 sec after CS offset. Thus, even though
startle was measured at the point of scheduled occurrence of the
US, the groups differed with regard to the timing of startle mea-
surement before and after the scheduled occurrence of the US.
For example, in the SHORT DELAY group, startle was measured
3 sec after the scheduled termination of
the US, whereas in the SHORT TRACE
group, startle was only measured 8.5 sec
after the scheduled occurrence of the US
(i.e., 12 sec after CS offset). Thus, even
though fear-potentiated startle had de-
cayed in both groups at these respective
time points, it is not clear whether fear
decayed at the same rate. Similarly, al-
though startle was measured 3.5 sec
prior to the scheduled occurrence of the
US in the SHORT TRACE group, there
was no measure of startle prior to the
scheduled occurrence of the US in the
delay group. Hence, the rate of both the
increase and decay of fear in delay and
trace conditioning could not be clearly
ascertained in experiment 1.

Experiment 2
Experiment 2 was designed to examine
whether the expression of fear after de-
lay and trace conditioning is controlled
by the same cues and follows the same
time course based upon the ISI, or
whether the expression of fear in trace
and delay conditioning differs because
of the presence of a temporal gap be-
tween the CS and US in the trace condi-
tioning paradigm. To address these is-
sues, we compared the time course of
fear after trace conditioning (SHORT
TRACE) with the time course of fear in
two delay groups: one matched to the
trace conditioning group with respect to
the CS duration (SHORT DELAY) and

one matched with respect to the ISI (LONG DELAY). So that the
increase and decay functions of fear expression could be com-
pared, the startle response was measured at similar time points
shortly before, after, and at the time of the scheduled occurrence
of the US in delay and trace conditioning. In addition, to test for
any nonassociative effects of CS and US presentation, a control
group (45-S TRACE CONTROL) was also included in which the
US was presented 45 sec after CS offset. To ensure that any dif-
ferences seen in the time course of fear-potentiated startle in the
delay- and trace conditioned-groups were not the result of
weaker conditioning in the trace group, one additional group
(TRACE OVERTRAIN) was given twice as many training sessions
as were the other groups. The procedures are illustrated in Figure 4.

Findings
As shown in Figure 5, in the SHORT TRACE group and in both
delay groups fear-potentiated startle was observed until the
scheduled occurrence of the US, at which point it declined rap-
idly. The 45-sec TRACE CONTROL group showed no fear-
potentiated startle at any of the test intervals. These observations
were supported by statistical analyses. A two-way mixed-design
(group � probe time) ANOVA found a significant main effect for
probe time (F(2,128) = 12.5, P < 0.0001) and a significant group
by probe time interaction (F(6,128) = 3.7, P < 0.01), suggesting
that different patterns of fear were produced by the several train-
ing conditions. Fear-potentiated startle in the SHORT TRACE
group was significantly higher at the 3.5- and 7.0-sec (i.e., sched-
uled occurrence of the US) intervals than at the 10.5-sec interval,
as indicated by Newman-Keuls post-hoc tests (ts = 19.9 and 10.2,

Figure 4 Procedures for fear conditioning training and fear-potentiated startle testing in experiment
2. Subjects were given either trace or delay conditioning, or presentations of the CS and US separated
by a 45-sec trace interval (45-sec TRACE CONTROL). Delay conditioning was conducted in two groups,
using either a 4-sec or 7.5-sec CS. In the fear-potentiated startle test, startle was probed at the same
three time points relative to CS onset in all four groups.

Figure 3 Mean startle amplitude in each group in habituation trials
(i.e., startle stimulus trials occurring before the first CS presentation,
stripes) was compared with mean startle amplitude in startle-alone trials
(i.e., startle stimulus test trials that were intermixed with CS-containing
test trials, shading). All three groups exhibited very similar startle re-
sponse levels in these two trials types, suggesting that fear dissipated
completely between successive presentations of the CS.

Burman and Gewirtz

208 Learning & Memory
www.learnmem.org



Ps < 0.01 and 0.05, respectively). The SHORT DELAY group
showed significantly higher fear-potentiated startle at the 3.5-sec
interval than at the other intervals (ts = 14.9 and 15.1, Ps < 0.01).
The LONG DELAY group showed peak fear-potentiated startle at
the 7.0-sec interval (i.e., the scheduled occurrence of the US in
this group). However, fear-potentiated startle was not statistically
different at this interval compared with the 3.5-sec interval
(P > 0.1). Fear-potentiated startle was significantly greater at the
7.0-sec interval than at the 10.5-sec interval (t = 11.0, P < 0.05).

Comparisons between the groups revealed similar levels of
fear-potentiated startle in the SHORT DELAY group and in the
SHORT TRACE group at the 3.5-sec interval (P > 0.1). Also, the
LONG DELAY group produced similar levels of fear-potentiated
startle compared with that of the SHORT TRACE group at the
7.0-sec interval (P > 0.1), even though the CS was present at this
time in the delay group but not in the trace group.

The TRACE OVERTRAIN group showed elevated fear-
potentiated startle at the 3.5-sec interval and the 7.0-sec interval
(Fig. 6). A repeated-measures ANOVA revealed a significant effect
for probe time (F(2,7) = 3.74, P < 0.05). Subsequent preplanned
repeated-measures two-tailed t-tests revealed no significant dif-
ferences between the 3.5-sec and the 7.0-sec interval (P > 0.10).
There were trends toward higher fear-potentiated startle at the
3.5- and 7.0-sec intervals than at the 10.5-sec interval (ts = 2.2
and 1.9; Ps < 0.10).

Conclusions
Experiment 2 supported the outcome of experiment 1 by further
demonstrating a temporally specific pattern of fear in both trace
and delay conditioning. Such was the precision of the timing of
fear in delay and trace conditioning groups that there was no
significant fear-potentiated startle as soon as 3 sec after the point
in time of scheduled occurrence of the US. Because CS offset does
not signal US occurrence in trace conditioning, and the decay of
fear is similarly rapid in trace and delay conditioning, it is there-
fore unnecessary to posit a role for CS offset in the inhibition of
fear in delay conditioning. Furthermore, there was no significant

level of fear-potentiated startle at any of the
startle probe intervals in the group trained
with a 45-sec trace interval (45-S TRACE
CONTROL). Hence, not only was fear a dis-
cretely timed response but it appeared to be
related specifically to the relative timing of
CS and US presentations in training.

As in experiment 1, it was also notable
that the continued presence of the CS was
not required for robust fear-potentiated
startle to be observed. Thus, in the SHORT
TRACE group, fear was approximately as
strong 3 sec after CS offset as it was during
the CS in the delay groups (Fig. 5). More-
over, in both groups conditioned with a
3-sec trace interval (SHORT TRACE and
TRACE OVERTRAIN), fear-potentiated startle
was robust during the CS, as well as
3 sec after its offset (Figs. 5, 6), suggesting that
CS offset is not required in trace conditioning
for expression of fear (see Role of CS Offset).
Hence, the results of experiment 2 are most
consistent with the possibility that the ISI is
the critical temporal component encoded in
both delay and trace conditioning.

DISCUSSION
By using the fear-potentiated startle reflex,

this study compared the time course of fear expression after trace
and delay Pavlovian conditioning. In experiment 1, trace and
delay conditioning produced different patterns of fear when the
CS duration was held constant. Fear-potentiated startle was great-
est during CS presentation in both delay conditioning and in
trace conditioning when the trace interval was short (3 sec), but
fear-potentiated startle was greatest after the offset of the CS
when the trace interval was long (12 sec). Experiment 2 com-
pared trace conditioning with delay conditioning in two groups,
equated with the trace group with respect to either CS duration
or ISI. This experiment also included startle probes in close tem-
poral proximity to CS offset and scheduled US occurrence in
order to compare the characteristics of the increase and decay of
fear in delay and trace conditioning. Once again, this experiment
indicated that given sufficient training, fear was maximally ex-
pressed in both delay and trace conditioning before or around
the time of scheduled occurrence of the US. Furthermore, in both
delay and trace paradigms, fear was observed to have dissipated
completely as soon as 3 sec after the time point of scheduled US
presentation.

The most parsimonious interpretation of the current data
set is that both delay and trace fear conditioning are under-
pinned by a common learning mechanism, related to encoding
the time that elapses between CS onset and US onset. However,
one cannot entirely rule out the possibility that CS offset addi-
tionally serves as a “safety signal” in delay conditioning and/or as
an excitatory cue in trace conditioning. Such a determination
would require extending the duration of the CS during test ses-
sions beyond the duration used in training. Unfortunately, a sub-
stantial diminution in fear-potentiated startle resulted in an ex-
periment in which CS duration was varied in test (data not
shown), a finding, also shown in other preparations, that may be
attributable to an enhancement of extinction (Kehoe and Napier
1991; Haselgrove and Pearce 2003). Nonetheless, any role for CS
offset in either delay or trace fear conditioning is likely to be
relatively minor. In trace conditioning, fear-potentiated startle
was observed to be robust prior to CS offset, even after extensive

Figure 5 Fear-potentiated startle test in experiment 2. Startle was probed 3.5 sec after CS onset
(sparse shading), 7.0 sec after CS onset (stripes), and 10.5 sec after CS onset (dense shading). The
oval shape denotes the time point relative to CS onset at which the US had occurred in training.
Fear-potentiated startle was observed both before and coincident with, but not after, the scheduled
occurrence of the US (3.5 sec for the SHORT DELAY, 7.0 sec for the SHORT TRACE and LONG
DELAY groups). *Significantly different (P < 0.05).
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training, making it unlikely that CS offset plays a central role in
triggering a state of fear. Similarly, the decay of fear in trace
conditioning was very rapid (within 3 sec) after the time of
scheduled US occurrence, meaning that one does not have to
invoke any additional mechanisms to explain the rapid decay of
fear seen after CS offset in delay conditioning.

It has long been known that the conditioned eyeblink re-
sponse comes to coincide with the time of US presentation in
trace and in delay conditioning, if sufficient training is provided
(Schneiderman and Gormazano 1964; Smith 1968; Smith et al.
1969; Kehoe and Napier 1991). Delay fear conditioning, mea-
sured by using fear-potentiated startle, is also expressed maxi-
mally at a time point that is coincident with ISI (Davis et al.
1989). In contrast, by using heart-rate or freezing as a measure of
conditioning, fear has been observed to persist, and even on oc-
casion to peak, after CS offset in delay and in trace conditioning
(Quinn et al. 2002; McEchron et al. 2003; Weitemier and Ryabi-
nin 2003), even though the hippocampus appears to encode the
CS-US interval (McEchron et al. 2003). This difference between
freezing and fear-potentiated startle could be at least in part at-
tributable to differences in sensitivity of the two behavioral mea-
sures to contextual fear. Fear-potentiated startle is insensitive to
contextual conditioning after the first habituation trials (McNish
et al. 1997), which are routinely excluded from the analysis of
baseline startle when assessing fear-potentiated startle to an ex-
plicit CS. In the current study, we demonstrated that startle re-
turned to baseline levels between successive CS presentations. In
addition, there was no significant fear-potentiated startle in a
group trained with a 45-sec trace interval (45-S TRACE CON-
TROL). This strongly suggests that fear-potentiated startle mea-
sured by using the current procedure was also insensitive to con-
textual fear. It is possible, therefore, that freezing and fear-
potentiated startle measured after CS offset reflect somewhat
different associative phenomena. That is, perhaps freezing is sen-
sitive to fear resulting from a CS-context configural association,

even when the CS is presented in a novel context (Quinn et al.
2002), whereas fear-potentiated startle is sensitive to fear result-
ing from the CS alone.

This study also differed from the freezing studies in using
shorter trace intervals. In a CER conditioning procedure, Marlin
(1981) found that a 30-sec trace interval—the interval most typi-
cally used in freezing studies—did not produce measurable fear to
the CS but did produce robust contextual conditioning. This is
consistent with the weaker fear-potentiated startle (in numerical,
but not statistical, terms) observed in the current study when a
long (12-sec) trace interval was used, and the absence of fear-
potentiated startle when a 45-sec interval was used. Hence, an
association between the CS and contextual cues may be encour-
aged by the use of longer trace intervals. Indeed, if, under these
circumstances, acquisition of conditioned fear were only possible
through the recruitment of contextual cues, it would be difficult
to distinguish the effects of hippocampal lesions on trace condi-
tioning per se from the known effects of hippocampal lesions on
contextual fear conditioning (Phillips and LeDoux 1994; Maren
et al. 1997).

The use of short trace intervals might also have been respon-
sible for the considerable strength of trace conditioning obtained
in this study, which was not significantly weaker than was delay
conditioning. Previous research has indicated that the strength
of trace conditioning is related to both the trace interval and
overall ISI (Smith 1968; Smith et al. 1969; Marlin 1981; Blazis and
Moore 1991). Several studies have found differences between
trace and delay conditioning when compared in terms of rate of
acquisition (Schneiderman and Gormazano 1964; Smith et al.
1969; Beylin et al. 2001). Even though trace conditioning is ac-
quired more slowly than is delay conditioning, it appears to
reach a similar asymptote after sufficient training (Ellison 1964).
In pilot studies, we found trace conditioning to be less reliably
produced than is delay fear conditioning after 1 d of training,
using our standard acquisition and testing procedures (data not
shown). Thus, in studies designed to test the effects of specific
manipulations or interventions (e.g., involving the hippocam-
pus) in which it is important to equate the strength of trace
conditioning with the strength of delay conditioning, the use of
a short trace interval and/or a large amount of training is prob-
ably recommended.

The timing of trace fear-potentiated startle established here
can be used in future studies to understand the role of the hip-
pocampus in this form of learning. It has been important, for
example, to ascertain whether a hippocampal lesion or inactiva-
tion completely blocks trace conditioning, or whether it disrupts
timing of the expression of fear. It may also be informative to
compare the effects of pretraining and posttraining disruptions
of hippocampal function by using the present set of behavioral
procedures. The facts that (1) trace conditioning only differs pro-
cedurally from delay conditioning by virtue of the insertion of a
trace interval after CS offset, and (2) trace but not delay condi-
tioning is disrupted by hippocampal manipulations, might sug-
gest a role for the hippocampus in retaining the CS representa-
tion in working memory until the US occurs. This would be con-
sistent with the involvement of the hippocampus in a number of
working memory tasks (see Lee and Kesner 2003). On the other
hand, the facts that both posttraining hippocampal lesions (Kim
et al. 1995) and interference with hippocampal neurogenesis
(Shors et al. 2001) disrupt trace eyeblink conditioning suggest a
role for the hippocampus in long-term plasticity for trace memo-
ries.

Reconciling these two apparently contrasting notions of
hippocampal function in trace conditioning may be facilitated
by studying the effects of hippocampal manipulations on the
long-term memory for the timing of conditioned fear responses,

Figure 6 Fear-potentiated startle test after overtraining of trace condi-
tioning. Startle was probed 3.5 sec after CS onset (sparse shading), 7.0
sec after CS onset (stripes), and 10.5 sec after CS onset (dense shading).
Fear-potentiated startle was observed before and during the anticipated
occurrence of the US, but not 3-sec after its offset. There were no signifi-
cant differences between groups. ‡P < 0.10.
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an approach that is currently under way (Shi et al. 2000; Mathews
et al. 2001). Moreover, in light of recent accounts of spatial learn-
ing in terms of associations between successive events separated
along the dimension of time (Wallenstein et al. 1998; Foster et al.
2000; Fortin et al. 2002), these studies may be important in in-
terpreting the role of the hippocampus not only in trace condi-
tioning per se but also in hippocampally dependent forms of
learning more generally.

MATERIALS AND METHODS

Subjects
Male albino Sprague-Dawley rats (Charles River, Wilmington,
MA) weighing between 300 and 400 g at the start of the experi-
ment were used in the present studies. Animals were housed in
groups of eight to a cage and were maintained on a 12-h light/
dark cycle with food and water continuously available. Animals
were allowed to acclimate to the experimental housing for 2
weeks after arrival in the colony. All experimental procedures
conformed to the Guidelines for the Humane Care and Use of Labo-
ratory Animals of the Institutional Animal Care and Use Committee
from the University of Minnesota.

Apparatus
Animals were tested in four identical 8 � 15 � 15-cm stabili-
meter devices. Each stabilimeter consisted of a Plexiglas cage,
which rested on four compression springs and was located within
a ventilated sound-attenuating chamber. Cage movement re-
sulted in displacement of a type 338B35 accelerometer (PCB
Piezotronics) attached to the top of each cage. The resultant volt-
age of the accelerometer was proportional to the velocity of the
cage displacement. This signal was amplified by a signal process-
ing unit (482820 PCB Piezotronics). An InstruNet 100b board
(GW Instruments) interfaced to a Macintosh G3 microcomputer
digitized the analog output of the accelerometer on a scale of 0 to
10 units. Startle amplitude was defined as the peak accelerometer
voltage that occurred during the first 200 msec after onset of the
startle stimulus. High-frequency speakers (Radio Shack Super-
tweeters, range 5 to 40 kHz, 40-1310b) located 5 cm behind each
cage delivered the startle stimuli. The startle stimuli were
50-msec (increase-decay, 5 msec) bursts of white noise (low pass,
22 kHz) at various intensities. The ventilation fans of the sound-
attenuating chamber elevated background noise to 65 dB. The
foot shock was a 0.5-sec, 0.6-mA constant current scrambled
shock, delivered by a shock generator (SGS-004, by BRS-LVE)
through the four bars that made up the bottom of the stabili-
meter. Shock intensity was measured with a 1-k� resistor across
a differential channel of an oscilloscope in series with a 100-k�
resistor connected between two floor bars in each cage. Current
was defined as the root mean square voltage across the k� resistor
where mA = 0.707 � 0.5 � peak-to-peak voltage. The CS was a
4-sec or a 7.5-sec, 75-dB band pass-filtered noise, with high and
low cut-offs set at 4 kHz and 24 dB per octave attenuation. The
noise was generated by the computer and delivered through a
low-frequency speaker (Radio Shack woofer, model 40-1024A)
situated 15 cm from the cage.

Baseline Startle Sessions
To acclimate the rats to the apparatus and startle stimuli, and to
measure levels of baseline startle, the naive rats underwent 2 days
of baseline startle testing prior to training. After a 5-min accli-
mation period, they were presented with 28 startle stimuli, seven
at each of four intensities (90, 95, 100, 105 dB). The various
stimulus intensities were presented in a semirandom order with
a 45-sec ISI. Startle amplitudes for the second day alone were
averaged across all 28 startle stimuli and were used to match the
animals into groups with similar overall mean startle amplitude
(see Davis et al. 1989; Falls et al. 1992).

Fear-Conditioning Procedure
After baseline startle sessions, acquisition was conducted over
three successive days for both experiments 1 and 2, except for
one group in experiment 2 that was given 6 d of training (see
below). On each day, the rats were presented with 16 tone–shock
pairings after a 5-min acclimation period. The interval between
shocks was variable, with a mean of 2.75 min (range, 2.0 to 3.5
min). In experiment 1, for delay conditioning, the 0.5-sec shock
overlapped and coterminated with a 4-sec CS (SHORT DELAY;
n = 10). For trace conditioning, the onset of the shock occurred
3 sec (SHORT TRACE; n = 12) or 12 sec (LONG TRACE; n = 12)
after offset of the 4-sec CS. In experiment 2, for the delay-
conditioned animals, the 0.5-sec shock overlapped and cotermi-
nated with either a 4-sec (SHORT DELAY; n = 12) or a 7.5-sec CS
(LONG DELAY; n = 12). In the trace-conditioned group, the on-
set of the shock occurred 3 sec after offset of the 4-sec CS (SHORT
TRACE; n = 11). In the control group, the shock occurred 45 sec
after CS offset (45-sec TRACE CONTROL; n = 7). To ensure that
any differences seen between trace and delay conditioning were
not a function of strength of learning, an additional group was
given more extensive trace conditioning training (OVER-
TRAINED TRACE; n = 8). Training was conducted by using the
same arrangement of stimuli as in the SHORT TRACE group,
except that 6 days of training were given. In addition, to monitor
the strength of fear-potentiated startle acquired through train-
ing, animals in the OVERTRAINED TRACE GROUP were given
several fear-potentiated startle test trials prior to training trials on
days 2, 4, and 6 of training (see below).

Testing Procedure
All subjects were given a test session 24 to 48 h after completion
of acquisition. After a 5-min acclimation period, 30 startle stimuli
(15 at each of 95 and 105 dB) were delivered in an intermixed
sequence to habituate the rodents to the startle stimulus. Only
two dB levels were used during the test session to minimize the
overall number of trials and, thus, extinction. Only the last 20
stimuli were retained for analysis (habituation trials). These were
followed immediately by presentations of the test trials. The
number and type of test trial was a function of condition (see
below). For experiment 1, startle stimuli (95 and 105 dB) were
presented either alone (startle-alone trials), 0.5 sec prior to offset
of the CS, 3 sec after offset of the CS, or 12 sec after offset of the
4-sec CS (i.e., the time of US onset during acquisition for each
one of the groups; Fig. 1). There were eight of each of the three
CS-containing test trials and 16 of the startle-alone test trials
(trials in which the startle stimulus was presented without the
CS), presented in a pseudorandom order. The CS duration was
fixed at 4 sec. The interval between successive startle stimuli was
45 sec throughout the session. The CS-containing test trials were
compared with the startle-alone trials to measure fear-poten-
tiated startle. For experiment 2, startle stimuli (95 and 105 dB)
were presented either alone (startle-alone trials), 3.5 sec after CS
onset, 7.0 sec after CS onset, or 10.5 sec after CS onset (Fig. 4).
There were six of each of the three CS-containing test trials and
six of the startle alone test trials (three at each dB level), pre-
sented in a pseudorandom order. The CS duration varied as a
function of the acquisition group. Thus, although the SHORT
TRACE, the SHORT DELAY group, and the 45-S TRACE CON-
TROL group received identical test sessions, the LONG DELAY
group was tested with a longer CS duration. The interval between
successive startle stimuli was 45 sec. In the OVERTRAINING
TRACE group, short tests occurred on days 2, 4, and 6 of the 6
days of training in order to monitor strength of conditioning
(Kim and Davis 1993). These tests consisted of 10 startle stimuli
presented alone, followed by six CS-startle trials intermixed with
two startle-alone trials that occurred before training began. On
each of two CS-startle trials, the startle stimulus was presented
3.5, 7.0, and 10.5 sec after CS onset. The startle stimuli (105 dB)
were presented at 45-sec intervals. On days 1, 3, and 5 of training,
the animals were given the same total number (i.e., 18) of 105-dB
startle stimuli before training, but without presentation of the
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CS. On day 7, the testing procedure was identical to that of the
SHORT TRACE group.

Grouping and Statistics
Percentage of fear-potentiated startle was calculated by compar-
ing mean startle obtained on each CS trial type to mean startle
obtained on startle-alone trials (i.e., [CS-startle � startle alone]/
startle alone � 100%). These data were analyzed by using
ANOVA, as in other studies (Davis et al. 1989; Falls et al. 1992).
Two-way mixed-design (group � startle probe time) ANOVAs
were used in both experiments 1 and 2, followed by Neuman-
Keul’s post-hoc tests where appropriate. One animal in the
SHORT TRACE group in experiment 2 was excluded as a statisti-
cal outlier for having fear-potentiated startle >2.6 SD above the
mean (i.e., P < 0.01).
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