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Dorsal Hippocampal Involvement in Appetitive Trace Conditioning
and Interval Timing
Shu K. E. Tam and Charlotte Bonardi
University of Nottingham

Involvement of the dorsal hippocampus (DHPC) in acquisition of Pavlovian trace conditioning and interval
timing was examined in an appetitive preparation in which presentations of one conditioned stimulus (CS)
were immediately followed by food (delay conditioning), and presentations of another CS were followed by
food 15 seconds after its termination (trace conditioning). DHPC lesions did not disrupt acquisition of trace
conditioning, but they selectively affected the distribution of conditioned responding over the course of the
trace CS in the early stage of acquisition. In addition, lesions disrupted accuracy of timing the conditioned
response (CR) for both delay and trace CSs: The control subjects showed maximum CR at the time of food
delivery, but in the DHPC-lesioned subjects, the maximum CR was at an earlier time point. This timing deficit
did not seem to be due to impulsive responding or deficits in response inhibition because, when the early
portion of the delay CS was interrupted shortly by an empty interval, the difference in the time of maximum
responding between the lesioned and control subjects was eliminated. Thus, although the involvement of the
DHPC in appetitive trace conditioning was not found when a gross measure of conditioning was employed,
it was revealed when the temporal distribution of conditioned responding was examined on a moment-bymoment basis as in eyeblink trace conditioning studies.
Keywords: rats, Pavlovian trace conditioning, temporal control, peak procedure, gap

Kesner, 2006), no deficit has been reported in a range of trace
conditioning procedures using appetitive USs (Kyd, Pearce, Haselgrove, Amin, & Aggleton, 2007; Lin & Honey, 2011; Ross, Orr,
Holland, & Berger, 1984; Thibaudeau, Potvin, Allen, Doré, &
Goulet, 2007; Thibaudeau, Doré, & Goulet, 2009; but see Pearce,
George, Haselgrove, Erichsen, & Good, 2005). One reason for this
apparent discrepancy might be that the deficit in trace conditioning
observed with aversive USs can be more subtle than a simple
abolition of the conditioned response (CR) and is sometimes better
characterized as disrupted timing of CR production. For instance,
in the study by Solomon et al. (1986), rabbits with dorsal HPC
(DHPC) and sham lesions all showed conditioned responding in a
trace conditioning task but differed in when this occurred: The
sham-lesioned animals showed a long-latency CR close to US
delivery, whereas the DHPC-lesioned animals responded significantly earlier in the trace interval. More generally, many of the
studies that examined CR timing using aversive trace preparations
reported abnormalities of this type (in eyeblink conditioning preparations: James, Hardiman, & Yeo, 1987; Moyer et al., 1990; Port,
Romano, Steinmetz, Mikhail, & Patterson, 1986; Weiss et al.,
1999; but not in a fear conditioning preparation: Trivedi & Coover,
2006). As no appetitive trace conditioning study has ever examined the temporal distribution of conditioned responding on a
moment-by-moment basis as in eyeblink conditioning studies, this
might explain why no deficit has been detected in this type of
preparation. (The appetitive trace conditioning study by Kyd et al.,
2007, examined the temporal distribution of conditioned responding, but they merely examined responding during the first vs.
second halves of the 20-s trace interval; thus, their study might not
be sensitive enough to reveal any lesion effect.) This raises the
possibility that examining the temporal properties of CR in an

Trace conditioning tasks, in which the unconditioned stimulus
(US) is presented some time after conditioned stimulus (CS)
termination (Mackintosh, 1974), are often regarded as one of the
paradigmatic hippocampus-dependent tasks (e.g., Clark & Squire,
1998; McEchron & Disterhoft, 1999; Weible, O’Reilly, Weiss &
Disterhoft, 2006). Yet, although lesions of the hippocampus (HPC)
result in lower levels of conditioned responding in eyeblink trace
conditioning (Beylin, Gandhi, Wood, Talk, Matzel, & Shors, 2001;
Moyer, Deyo, & Disterhoft, 1990; Solomon, Vander Schaaf,
Thompson, & Weisz, 1986; Weiss, Bouwmeester, Power, & Disterhoft, 1999) and fear trace conditioning preparations (Bangasser,
Waxler, Santollo, & Shors, 2006; Burman, Starr, & Gewirtz, 2006;
Fendt, Fanselow, & Koch, 2005; McEchron, Bouwmeester, Tseng,
Weiss, & Disterhoft, 1998; Trivedi & Coover, 2006; Yoon & Otto,
2007; but see Rawlins & Tanner, 1998; Rogers, Hunsaker, &
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Lorenzo Morè for assistance with surgery and histology.
Correspondence concerning this article should be addressed to Shu K. E.
Tam, Nuffield Laboratory of Ophthalmology, University of Oxford, Level
5– 6 West Wing, John Radcliffe Hospital, Headley Way, Oxford OX3
9DU, United Kingdom. E-mail: eric.tam@ndcn.ox.ac.uk
258

259

HIPPOCAMPUS, TRACE CONDITIONING, AND TIMING

appetitive trace conditioning task could reveal abnormalities in a
way that examination of overall response rate has not; this is the
first objective of the present study.
The assumption underlying this argument is that the trace conditioning deficits seen in aversive conditioning preparations are actually
the result of an underlying abnormality in timing processes. Yet, if
this were the case, one might also expect to see abnormal timing in
standard delay conditioning procedures, in which there is no gap
between US delivery and CS termination (Mackintosh, 1974). In fact,
there is both behavioral and electrophysiological evidence that such a
deficit is present. For instance, Meck, Church, and Olton (1984)
examined the effect of lesions of the fimbria-fornix (fibers connecting
the HPC with various subcortical structures) in the peak procedure, in
which rats were initially trained that a fixed-duration stimulus would
be reinforced at its termination. They then received nonreinforced
peak trials consisting of an extended presentation of the stimulus so
that the time point at which the maximum responding occurred—the
peak time— could be determined, and the proximity of this point to
the time at which food would normally be delivered could be established. They found that in the control rats, the peak time was close to
that at which USs would normally be delivered, indicating that they
timed the occurrence of food delivery, but the lesioned subjects
responded significantly earlier (see also Meck, 1988; but see Dietrich
& Allen, 1998, who failed to find similar effects after aspiration
lesions of the DHPC). Complementary evidence comes from the work
by McEchron, Tseng, and Disterhoft (2003) who, using a similar
peak-trial procedure, found that on the peak trials, pyramidal neurons
of the rabbit DHPC fired maximally at the time point at which USs
had been applied on the conditioning trials (but see Gilmartin &
McEchron, 2005, who failed to observe parallel effects in rats).
Findings of this type have added to the more general perception that it is the HPC, and according to the electrophysiological
evidence the DHPC, that is involved in encoding and maintenance of temporal information within the seconds-to-minutes
range (Balci, Meck, Moore, & Brunner, 2009; Gibbon, Malapani, Dale, & Gallistel, 1997; Hinton & Meck, 1997; Kesner,
1998; Olton, 1986; Sakata, 2006; Young & McNaughton, 2000;
but see Bueno & Júnior, 2011). Nevertheless, the behavioral
evidence does not allow us to be specific about which subregion
of the HPC was responsible for the effects observed. This is
because the rats in the studies of Meck and colleagues (Meck,
1988; Meck et al., 1984) underwent fimbria-fornix lesions
which, by damaging fibers connecting the HPC with various
subcortical structures, could have had different behavioral effects from those produced by damage to the HPC alone (e.g.,
Aggleton, Poirier, Aggleton, Vann, & Pearce, 2009; Ennaceur,
Neave, & Aggleton, 1997; Langston & Wood, 2010; Sanderson,
Pearce, Kyd, & Aggleton, 2006). Thus, there are no behavioral
data that unequivocally establish that damage to the DHPC
produces interval timing deficits as the electrophysiological
evidence seems to suggest. To provide such evidence was the
second objective of the present study.
Rats were trained in an appetitive task in which they were conditioned to two different auditory CSs, one of which was followed
immediately by US delivery, the other after a 15-s trace interval
period. In addition to looking at average CS response rates, we also
examined the rate of responding in successive 1-s time bins over the
course of each CS, both during the conditioning trials and also during
a subsequent series of peak trials. We anticipated that, based on the

findings of previous researchers, no effect of DHPC lesions on the
overall rates of conditioned responding during the trace CS would be
observed; however, we anticipated that differences in the distribution
of conditioned responding over the course of the trace CS would be
observed, similar to those in eyeblink trace conditioning studies.
Moreover, if the timing deficits observed after fimbria-fornix lesions
were actually due to damage to the DHPC, as the electrophysiological
evidence suggests, then the DHPC-lesioned subjects would, like those
in the studies of Meck and colleagues (Meck, 1988; Meck et al.,
1984), show earlier peak responding than the control subjects. Nevertheless, the observation of earlier peak times is not sufficient in itself
to demonstrate a timing deficit in the lesioned subjects. Effects of this
type are as easily attributed to impulsive responding or deficits in
response inhibition, which are often observed after HPC lesions
(Cheung & Cardinal, 2005; Davidson & Jarrard, 2004; McHugh,
Campbell, Taylor, Rawlins, & Bannerman, 2008). In order to rule out
this alternative explanation, we included control test trials in which
the delay CS was interrupted by a short empty interval (gap trials). If
the lesion effects on the peak trials were due to deficits in interval
timing, no early peak responding would be observed on the control
gap trials; in fact, based on the findings of Meck and colleagues
(Meck et al., 1984; Olton, Meck, & Church, 1987; Olton, Wenk,
Church, & Meck, 1988), we anticipated that the lesioned subjects
would show later rather than earlier maximum responding on the gap
trials.

Method
Subjects
Twenty-four naı̈ve Lister Hooded male rats (Charles River,
Kent, U.K.) were used, with an average body weight of 300 g
at the start of surgery. They were caged in pairs in a colony with
a 12-hr light– dark cycle (light phase: 0700 –1900). After recovery from surgery (see below), an 85% ad lib-weight food
deprivation schedule was maintained by feeding each subject a
restricted ration after each experimental session. Their mean
weight was 307g (range: 281–344 g) at the beginning of the
experiment.

Surgery
Subjects were anesthetized with isofluorane. The scalp was
incised along the midline, and the facial muscles were retracted.
Portions of cranial bone above the DHPC were removed with an
electric drill. In the DHPC-lesioned group, bilateral DHPC lesions
were achieved by injecting ibotenic acid into 14 different sites:
anterior-posterior (AP) !2.4 mm, medial-lateral (ML) " 1.0 mm,
dorsal-ventral (DV) !3.0 mm; AP !3.1 mm, ML " 1.4 mm, DV
!2.1 mm; AP !3.1 mm, ML " 1.4 mm, DV !3.0 mm; AP !3.1
mm, ML " 3.0 mm, DV !2.7 mm; AP !3.9 mm, ML " 2.2 mm,
DV !1.8 mm; AP !3.9 mm, ML " 2.2 mm, DV !3.0 mm; and
AP !3.9 mm, ML " 3.5 mm, DV !2.7 mm; the AP and ML
coordinates were relative to bregma, whereas the DV coordinates
were relative to the brain surface. The volume of ibotenic acid
injected at sites AP !2.4 mm, ML " 1.0 mm, DV !3.0 mm was
0.05 #l; the volume injected at all other sites was 0.1 #l. The
concentration of the injected ibotenic acid solution was 63 mM,
which was made from dissolving 5 mg of ibotenic acid solids
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(Sigma-Aldrich, Dorset, U.K.) into 0.5 ml of 0.1 M phosphatebuffered saline (pH 7.4). Injections were administered by an infusion pump (KD Scientific, Holliston, Massachusetts) at rates of
0.03 #l/min using a 2-#l syringe (Hamilton, Bonaduz, Switzerland) with a 25-gauge, bevel-tip needle. After each injection the
needle was left in situ for 1 min, before being withdrawn and
moved to the next site. In the sham-lesioned group, the needle
was lowered into the same sites, but no ibotenic acid was
injected. After all sites were visited, the scalp was sutured.
Subjects were injected subcutaneously with 1 ml/kg of Rimadyl
(Pfizer, Surrey, U.K.) as analgesic and 0.5 ml of warmed saline
to prevent dehydration. All of them recovered from surgery
within two weeks.

Apparatus and Stimuli
Eight operant chambers (Med Associates, St. Albans, Vermont; length $ width $ height: 30 cm $ 25 cm $ 25 cm), each
of which was located inside a sound- and light-attenuating
chamber (72 cm $ 32 cm $ 42 cm) equipped with a ventilation
fan, were used. The sound level inside the operant chamber with
the ventilation fan switched on was 65 dB(A). Each operant
chamber had two short aluminum walls and two long transparent plastic walls (the front one served as the door). The ceiling
was a piece of transparent plastic. The floor consisted of 19
stainless steel bars spaced 1 cm apart; each had a diameter of
0.5 cm and ran parallel to the short walls; located below the
floor was a pan containing a layer of sawdust bedding, which
was changed weekly. A recessed food magazine was located on
one of the short walls, equidistant from the long walls and 3 cm
above the floor. The magazine was accessible via a rectangular
aperture (width $ height: 4 cm $ 5 cm); an infrared beam was
sent from one side of the magazine and received on the other
side; each interruption of the beam was recorded as a discrete
response. The operant chambers were not illuminated during a
session. The CS was either a white noise or 1-kHz click of 75
dB(A), presented via a speaker located at the upper corner of
the short wall, opposite to the wall on which the magazine was
located. The US was a 45-mg food pellet (PJAI-0045; Noyes,
Lancaster, New Hampshire) delivered into the magazine. Experimental events (delivery of CS and US, and head entry
responses) were controlled by the Med-PC package (version IV)
installed on a PC located in another room, and their occurrence
was recorded with a 10-ms resolution.

Procedure
Acquisition phase: Sessions 1– 8.
The experiment began
with a 40-min magazine training session during which one US was
delivered according to a variable-time, 240-s schedule. There
followed eight sessions of acquisition, each of which contained
eight delay and eight trace conditioning trials. For both types of
trial, the CS was 15 s in duration, but on the delay conditioning
trials, US delivery occurred at CS termination, while on the
trace trials, US delivery occurred 15 s after CS termination.
Half of the rats in each group received the click as the delay CS
and the noise as the trace CS, and the remaining rats received
the reverse arrangement. The intertrial interval (ITI; defined as
the interval between the end of one trial and CS onset on the next,

where the end of the trial was defined by US delivery in this phase)
comprised a random interval (drawn from an exponential distribution) with a mean of 150 s plus a fixed interval of 60 s. In this and
subsequent phases, the different trial types within a session were
randomly selected for presentation.
Extinction phase: Sessions 9 –12. Acquisition was followed
by four sessions of extinction. The gradual decline in conditioned responding that occurs when CSs are not reinforced
allowed us to observe responding to the delay and trace CSs at
different levels of performance, thus maximizing the chance of
observing any subtle difference in responding to the two CSs
that might be present (e.g., Bonardi, de Pulford, Jennings, &
Pardon, 2011). Each extinction session contained four nonreinforced presentations of each CS. The fixed portion of the ITI
was increased to 75 s, and was initiated at CS termination; in all
other respects, these sessions were identical to the acquisition
sessions. An unrelated experiment involving delay-conditioning
each subject to two visual CSs in a different set of operant
chambers intervened between the end of this phase and the start
of subsequent phases. Sessions 13 and 14 were retraining sessions identical to acquisition Sessions 1– 8.
Test phases: Sessions 15– 62. These sessions were identical
to the acquisition sessions, except that different types of nonreinforced test trial were randomly intermixed with the delay and trace
conditioning trials. The ITI was a random interval with a mean of
120 s plus a fixed interval of 90 s.
Test I. Sessions 15– 42 contained two additional, nonreinforced peak trials of 45-s duration, one of the delay CS and one of
the trace CS, to assess the degree to which subjects could use CS
onset to time their conditioned responding (delay peak and trace
peak trials respectively; Figure 1). If temporal control of appetitive
behavior was triggered by CS onset, response rates during the peak
trial would be low during the early portion of the trial, reach a
maximum around the time of US delivery (15 s and 30 s for the
delay and trace CSs respectively), and fall during the later portion
of the trial (e.g., Balsam, Drew, & Yang, 2002; Kirkpatrick &
Church, 2000).
Test II. In Sessions 43– 62, a 5-s gap was inserted 7.5 s after
the onset of the delay peak trials, and then the CS was presented
for a further 37.5 s; these gap trials were used to assess the extent
to which timing of the delay CS would be disrupted by an irrelevant short gap. The trace peak trials were also modified such that
the CS was presented for only 15 s, and responding was measured
during the 45 s following CS termination (trace CSoff peak trials;
Figure 1). This modification was introduced because, in Test I,
there was no evidence that subjects used trace CS onset to time for
US delivery, suggesting that they timed from trace CS termination
instead (Buhusi & Meck, 2000).
The timing data from Sessions 15–22 were not recorded due to
a programming error; the data from the test trials were thus
analyzed from Sessions 23– 42 only. There were data from a total
of 20 trials of each of the four types of test trial: (a) delay peak; (b)
trace peak; (c) delay gap; and (d) trace CSoff peak.

Histology
Subjects were sacrificed with an overdose of pentobarbitone
and perfused intracardially with formal saline. Their brains
were stored in formal saline at room temperature for two days,
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Figure 1. Pavlovian conditioning and nonreinforced test trials. Conditioned stimulus, trace interval, and gap
durations are drawn to scale (the bar at the bottom right of the figure indicates a 5-s duration). The vertical lines
indicate the time points of US delivery on the conditioning trials. Conditioned responding was recorded in each
1-s time bin on the conditioning and nonreinforced test trials. The asterisk (†) indicates that the data from the
trace peak trials were not included in the timing analyses.

subsequently in 20% sucrose solution at a temperature of 4 °C
for two days. Brains were then cut with a cryostat at a temperature of !19 °C; coronal sections were 40 #m in thickness, and
every fifth section was collected. The recovered sections were
stained with cresyl violet solution and were dried at room
temperature. Lesion size was estimated in the following way:
For each subject, the AP coordinates of the recovered coronal
sections were identified using the Paxinos and Watson (2005)
atlas. For each identified section, the intact HPC in each hemisphere was outlined using ImageJ (version 1.40; National Institutes of Health, Bethesda, Maryland); the areas of the HPC in
both hemispheres were estimated (in pixels), and the total HPC
area was estimated for each subject. Subsequently, the mean
total HPC area in the sham-lesioned group was calculated, and
the extent of HPC damage of each subject in the DHPClesioned group was estimated relative to the mean total HPC
area in the sham-lesioned group.

Data Analyses
The rate of magazine entry was measured during each CS
presentation, during the interval between CS termination and US
delivery on the trace conditioning trials, and also during the 15-s,
pre-CS period that preceded each CS presentation. The rate of
responding in each 1-s time bin over the course of each type of trial

was also recorded in order to determine accuracy and precision of
CR timing.
Data were analyzed using split-plot analyses of variance
(ANOVAs). Whenever the assumption of sphericity was not met for
a particular within-subjects main effect or its interactive effect, the
Greenhouse-Geisser correction was applied. Significant two-way interactions were examined with simple main effect analyses using the
pooled error term for between-subjects comparisons, and individual
error terms for within-subjects comparisons (Howell, 2010).

Results
Histology
The 12 subjects that received injections of ibotenic acid sustained
bilateral damage to the anterior dorsal portions of the HPC, including
the dentate gyrus, CA3 and CA1 regions. HPC damage tended to start
at AP bregma !1.80 mm (plate #48; Paxinos & Watson, 2005) and
extend to AP !4.68 mm (plate #72). The mean amount of HPC
damage was 34% of total HPC volume (range: 23–43%). Damage to
the dorsal subiculum was minimal in all cases. The subjects in the
sham-lesioned group did not sustain any damage to the HPC. As all
subjects in the DHPC-lesioned group had bilateral damage to the
DHPC and none in the sham-lesioned group had any HPC damage, all
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subjects were included in the behavioral analyses. Photomicrographs
from a representative sham-lesioned subject and a DHPC-lesioned
subject with an amount of HPC damage closest to the group mean are
depicted in Figure 2.

Acquisition of Pavlovian Conditioning
Data treatment. The measure of conditioning in each session
was a difference score: the mean response rate during all trials of
a particular type after subtraction of the response rate during the
corresponding pre-CS periods. The greater the difference score,
the stronger was the conditioning.
Overall response rates. The mean difference scores during the
delay and trace CSs are shown in Figure 3; a Lesion $ Trial Type
(delay or trace CS) $ Session ANOVA revealed main effects of Trial
Type, F(1, 22) % 17.80, p & .0005, and Session, Greenhouse-Geisser
corrected F(4, 77) % 17.12, p & .0005, and a significant interaction
between these factors, F(7, 154) % 5.03, p & .0005; no other effect
was significant, ps ' .70. Lesion $ Session ANOVAs conducted on
the difference scores during the trace interval and responding during
the background pre-CS period (Table 1) revealed main effects of
Session only, ps & .0005. Thus, although the trace conditioning
arrangement produced lower levels of conditioning than the delay
arrangement, there was no sign of any DHPC lesion effect.
Temporal distribution. In order to establish whether DHPC
damage affected the distribution of conditioned responding over
the course of the trace CS, for each subject, the proportion of total

Figure 3. Overall CR rates during the delay and trace CSs (minus
background pre-CS rates) in the acquisition phase. Subjects exhibited
higher levels of conditioned responding to the delay CS (large circles) than
to the trace CS (small circles), but no DHPC lesion effect was observed.
Vertical bars denote standard errors of means.

responding that occurred in each 1-s bin of the CS was calculated
by computing the response rate in each 1-s bin and dividing it by
the sum of response rates in all bins (to minimize the effect of
individual differences in response level). These data, presented in

Figure 2. Photomicrographs of cresyl-violet-stained coronal sections (top to bottom: anterior to posterior) from a
representative sham-lesioned subject (left) and a DHPC-lesioned subject with damage closest to the group mean (right). The
anterior-posterior (AP) coordinates are relative to bregma.
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Table 1
Overall Responding During the Pre-CS and Trace Periods in the Acquisition Phase
Session
Lesion

Measure

1

2

3

4

5

6

7

8

DHPC

Pre-CS
Trace diff
Pre-CS
Trace diff

6.49 (1.10)
!1.58 (0.77)
6.52 (1.15)
!0.50 (1.03)

6.33 (1.08)
0.29 (0.93)
5.27 (1.37)
!1.00 (0.60)

5.02 (1.26)
1.00 (1.63)
3.67 (0.92)
1.38 (1.11)

4.83 (1.61)
0.83 (0.92)
2.79 (0.70)
3.13 (1.33)

3.35 (0.87)
3.29 (1.12)
2.96 (0.66)
4.58 (2.37)

2.90 (0.88)
3.58 (1.53)
1.98 (0.54)
7.38 (3.35)

3.25 (0.99)
5.46 (2.49)
2.98 (0.68)
9.92 (2.86)

1.58 (0.45)
7.17 (2.45)
2.31 (0.76)
9.00 (2.32)

Sham

Note. Standard errors of means are shown in parentheses. DHPC % dorsal hippocampus-lesioned group; Sham % sham-lesioned group; CS % conditioned
stimulus; Trace diff % difference between trace interval responding and pre-CS responding; the unit for Pre-CS and Trace diff is responses/min.

3-s bins, are presented in Figure 4; in order to capture any transient
effect, the data from the two halves of acquisition are presented
separately. Both groups appeared to show a decline in responding
over the course of the delay CS in the first half of acquisition, and
an elevation in the second half (Figure 4, top left and top right
panels); such an elevation would be expected to develop as the
subjects learned that US delivery occurred at the termination of the
delay CS. Nevertheless, while the sham-lesioned group showed a
similar pattern during the trace CS, the DHPC-lesioned group did
not show any within-trial decline in CR in the first half of acquisition (Figure 4, middle left panel), suggesting a lesion effect on
this measure. The distribution of responding was also computed
during the trace interval, but there appeared to be no lesion effect
(Figure 4, bottom left and bottom right panels). The decline in
responding during the trace interval suggests that trace conditioning had not reached asymptote at this stage; however, with extended conditioning, responding elevated during the trace interval,
reached maximum around the time of US delivery (15 s after trace
CS termination), and then returned to a low level thereafter (see
Figure 5).
These impressions were confirmed by statistical analyses. An
ANOVA performed on responding during the delay and trace CSs,
with Lesion, CS Type, Time Bin (3-s bins) and Block (first or
second half of acquisition) as factors revealed a significant fourway interaction, F(4, 88) % 3.26, p & .05, confirming that group
differences in performance to the two CSs were present. Accordingly, Lesion $ Time Bin $ Block ANOVAs were conducted for
the two CSs. For the delay stimulus there was a Time Bin $ Block
interaction, F(4, 88) % 5.92, p & .0005, which was due to a
significant linear within-trial decline in CR in the first half and a
linear elevation in the second half of acquisition, ps & .05. For the
trace stimulus there was a Lesion $ Time Bin $ Block interaction,
F(4, 88) % 3.01, p & .05. To explore this three-way interaction,
two Lesion $ Time Bin ANOVAs were conducted on the data
from each block. In the first half of acquisition, the Lesion $ Time
Bin interaction was almost significant, F(4, 88) % 2.42, p % .054,
because the DHPC-lesioned group showed lower CR in the first
3-s bin than the sham-lesioned group, p & .05; the sham-lesioned
group showed a significant linear within-trial decline in CR, p &
.05, while the DHPC-lesioned group did not, p % .78. In the
second half of acquisition, there was a main effect of Time Bin,
F(4, 88) % 4.06, p & .01, but the Lesion $ Time Bin interaction
was not significant, p % .28. Finally, a parallel Lesion $ Time
Bin $ Block ANOVA performed on the corresponding data from
the trace interval (Figure 4, bottom left and bottom right panels)

revealed a main effect of Time Bin only, F(4, 88) % 3.34, p & .05;
nothing else was significant, ps ' .60.

Extinction of Pavlovian Conditioning
Overall response rates. The mean difference scores during
the delay and trace CSs in the extinction phase are shown in Table
2; as in the acquisition phase, there was no sign of a trace
conditioning deficit in the DHPC-lesioned group. A Lesion $
Trial Type $ Session ANOVA revealed main effects of Trial
Type, F(1, 22) % 5.24, p & .05, and Session, Greenhouse-Geisser
corrected F(2, 48) % 10.01, p & .0005; nothing else was significant, ps ' .09. Similarly, an ANOVA conducted on the difference
scores during the trace interval (Table 2, Trace diff) revealed a
main effect of Session only, Greenhouse-Geisser corrected F(1,
28) % 11.38, p & .0005. There was no difference in background
responding in these sessions (Table 2, Pre-CS), ps ' .09.
Temporal distribution. Within-trial distributions of CR in
the extinction sessions were similar to those in the second half of
acquisition, in that the two groups no longer differed (Table 3).
Both the DHPC- and sham-lesioned groups showed similar elevation in responding over the course of the two CSs. After the
exclusion of one subject in each group that did not respond on any
of the delay or trace trials, an ANOVA with Lesion, CS Type, and
Time Bin (3-s bins) as factors revealed a main effect of Time Bin
only, Greenhouse-Geisser corrected F(3, 55) % 4.49, p & .01;
there was no main or interactive effect of Lesion, ps ' .10.

Timing of Pavlovian Conditioned Responding
Data treatment. One DHPC-lesioned subject did not respond
on any of the delay peak trials and was excluded from the timing
analyses. Accuracy and precision of interval timing were determined following the method employed by Church, Miller, Meck,
and Gibbon (1991). The responses in each 1-s bin of a particular
type of test trial were pooled across 10 or 20 trials, and each CR
distribution was smoothed over four 1-s bins; the resultant CR
distributions were inverted-U shaped (Figure 5, top left and top
right panels). Peak-trial CR distributions were quantified by three
measures: peak rates, peak times (which indicate timing accuracy),
and spreads (which indicate timing precision). The peak rate was
the maximum CR rate, and the peak time was the 1-s bin at
which the maximum CR occurred; if there was more than one
bin with the same CR rate, the median of those bins was taken
(responding during the gap was excluded in calculation of peak
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of the trace CS; thus, we analyzed the timing data from the trace
CSoff peak trials.
Timing accuracy on the delay and trace CSoff peak trials.
Based on the assumption that the findings of Meck and colleagues
(Meck, 1988; Meck et al., 1984) were due to damage to the DHPC,
we expected that the DHPC-lesioned subjects in the present study
would show earlier peak times than the sham-lesioned subjects.
To allow for the possibility that any lesion effect might be
transient, the data from both the delay and trace trials were
presented in two 10-trial blocks. The resultant scores are shown in
the bottom left and bottom right panels of Figure 5, respectively,
and it is clear that the DHPC-lesioned subjects showed earlier peak
times than the sham-lesioned subjects, an impression confirmed by
statistical analyses. A Lesion $ Trial Type $ Block ANOVA
revealed main effects of Trial Type, F(1, 21) % 43.82, p & .0005,
and Lesion, F(1, 21) % 8.44, p & .01; nothing else was significant,
ps ' .25. Four one-sample t tests with Bonferroni correction were
conducted to compare the peak times (averaged across blocks)
with the target times of US delivery. On the delay peak trials,
neither the DHPC- nor sham-lesioned animals’ peak time differed
from the target value of 15 s, ps ' .05. On the trace CSoff peak
trials, the DHPC-lesioned animals’ peak time differed significantly

Figure 4. Temporal distributions of CR on the delay and trace conditioning trials. The top, middle and bottom panels show the CR rates in each 3-s
time bin of the delay CS, trace CS, and trace interval periods, respectively;
CR rates were normalized with respect to the overall rates shown in
Figure 3 and Table 1. The left and right panels show the temporal
distributions of CR in the first (large circles) and second halves of the
acquisition phase (small circles), respectively. During the first half of
acquisition, conditioned responding of the sham-lesioned subjects declined
linearly across the delay CS, trace CS, and trace interval periods (filled
circles); the DHPC-lesioned subjects showed linear decline of conditioned
responding during the delay CS and trace interval, but not the trace CS,
periods (open circles). No lesion effect was observed in the second half of
acquisition. Vertical bars denote standard errors of means.

times on the gap trials). To calculate the spread, each CR
distribution was normalized by dividing the CR rate in each 1-s
bin by the peak rate. The 1-s bin at which responding first
exceeded 50% of the peak rate was identified as the start time,
and that at which it last dropped below 50% of the peak rate, the
stop time; the spread was then defined as the difference between
these values; a smaller spread indicates a narrower CR distribution, and hence, more precise timing. Finally, as mentioned
previously, there was no sign of peak responding on the trace
peak trials, suggesting that subjects did not time from the onset

Figure 5. Accuracy of interval timing on the nonreinforced peak trials.
The top panels show examples of CR distributions on the delay (left) and
trace CSoff peak trials (right). These subjects showed peak times that were
closest to their respective group means; the peaks of the DHPC- and
sham-lesioned subjects are indicated by open and filled circles, respectively. The vertical lines indicate the time points of US delivery on the
conditioning trials (15 s and 30 s in the delay and trace cases, respectively).
The bottom panels show the mean peak times of the DHPC- and shamlesioned groups. The horizontal lines (targets) indicate the time points of
US delivery on the conditioning trials. In all panels, the DHPC-subjects
show earlier peak times than the sham-lesioned subjects. Vertical bars
denote standard errors of means.
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Table 2
Overall Responding in the Extinction Phase
Session
Lesion

Measure

9

10

11

12

DHPC

Delay CS diff
Trace CS diff
Trace diff
Pre-CS
Delay CS diff
Trace CS diff
Trace diff
Pre-CS

5.08 (1.72)
3.75 (1.60)
3.92 (1.60)
1.63 (0.56)
7.25 (2.27)
3.33 (1.18)
4.42 (1.70)
1.33 (0.73)

3.00 (1.61)
0.58 (0.56)
0.25 (0.33)
0.79 (0.24)
3.58 (1.26)
0.08 (0.36)
0.42 (0.47)
0.25 (0.13)

2.25 (0.95)
0.17 (0.36)
!0.17 (0.39)
0.50 (0.12)
1.58 (0.75)
0 (0.51)
!0.92 (0.68)
0.58 (0.33)

1.75 (0.81)
2.42 (1.57)
0.08 (0.19)
0.21 (0.07)
0.25 (1.32)
0.25 (0.18)
0.50 (0.40)
0.79 (0.58)

Sham

Note. Standard errors of means are shown in parentheses. The unit for all measures is responses/min. DHPC %
dorsal hippocampus-lesioned group; Sham % sham-lesioned group; Delay CS diff % difference between delay
CS responding and pre-CS responding; Trace CS diff % difference between trace CS responding and pre-CS
responding; Trace diff % difference between trace interval responding and pre-CS responding; CS % conditioned
stimulus.

from the target value of 30 s, t(11) % 3.31, p & .0125, whereas that
of the sham-lesioned animals did not, p % .93.
Timing precision and peak CR rates on the delay and trace
CSoff peak trials. Meck and colleagues (Meck, 1988; Meck et
al., 1984) did not observe any detrimental fimbria-fornix lesion
effect on precision of timing and peak magnitude of appetitive
responding; similarly, no such effects were observed in the present
study (Table 4). A Lesion $ Trial Type $ Block ANOVA conducted on the peak rates revealed that these were significantly
higher on the delay than on the trace trials, this being evident as a
main effect of Trial Type, F(1, 21) % 8.02, p & .05; nothing else
was significant, ps ' .05. A parallel ANOVA conducted on the
spreads revealed nothing significant, ps ' .10.
Timing accuracy on the delay peak versus gap trials. To
facilitate comparison of the peak times on the delay peak and
gap trials, these were calculated across all 20 test trials; the
resultant scores are presented in Figure 6. The pattern of responding on the peak trials was maintained, with the DHPClesioned subjects showing earlier peak times than the shamlesioned subjects; however, no such difference was apparent on
the gap trials. Consistent with this description of the data, a
Lesion $ Trial Type ANOVA revealed an interaction that
approached conventional levels of significance, F(1, 21) %
4.06, p % .057, due to the fact that the groups differed on the
peak trials, p & .05, but not on the gap trials, p % .38; in

addition, the main effect of Trial Type was significant, F(1,
21) % 38.11, p & .0005. Moreover, although both groups
showed rightward shifts in peak time in the presence of gaps,
ps & .05, this was greater in the DHPC-lesioned group than in
the sham-lesioned group, values of partial (2 % .80 and .42,
respectively. Thus, there was no sign that the DHPC-lesioned
subjects showed earlier peak times on the gap trials, making it
unlikely that the difference seen on the peak trials was due to
impulsive responding or deficits in response inhibition.
Finally, on the peak trials the mean peak time of the shamlesioned subjects, but not that of the DHPC-lesioned subjects, was
close to the time of US delivery, an impression confirmed by the
results of two one-sample t tests, which revealed that the mean
peak time of the DHPC-lesioned group differed from the target
value of 15 s, t(10) % 3.07, p & .025, but that of the sham-lesioned
group did not, p % .64.

Discussion
The first objective of the present study was to examine if lesions
of the DHPC selectively disrupt the temporal distribution of conditioned responding in appetitive trace conditioning as they do in
eyeblink trace conditioning preparations. The second objective
was to establish whether lesions of the DHPC produce deficits in
interval timing; these are discussed in turn.

Table 3
Temporal Distribution of Conditioned Responding During the Delay and Trace CS Periods
(Normalized With Respect to Overall Rates) in the Extinction Phase
3-s Time Bin
Lesion

Trial Type

1

2

3

4

5

DHPC

Delay
Trace
Delay
Trace

2.49 (0.93)
8.17 (1.24)
3.95 (1.15)
2.91 (1.04)

5.38 (1.60)
5.03 (0.98)
3.57 (1.10)
5.88 (1.99)

5.66 (1.14)
5.87 (1.76)
8.20 (2.88)
5.32 (1.84)

12.27 (2.52)
5.86 (1.28)
7.65 (2.09)
9.78 (2.36)

7.53 (1.45)
8.39 (2.74)
9.97 (1.56)
9.44 (1.69)

Sham

Note. Standard errors of means are shown in parentheses. DHPC % dorsal hippocampus-lesioned group;
Sham % sham-lesioned group; CS % conditioned stimulus.

266

TAM AND BONARDI

Table 4
Peak Rates and Spreads on the Delay and Trace CSOff Peak
Trials in the Test Phases
Lesion

Trial Type

Block

Peak Rate

Spread

DHPC

Delay

1
2
1
2
1
2
1
2

38.86 (4.78)
45.41 (5.30)
31.50 (3.13)
35.59 (3.54)
34.88 (6.52)
37.38 (6.53)
29.13 (4.89)
27.50 (5.29)

28.36 (2.39)
27.73 (1.96)
29.45 (2.97)
29.64 (2.95)
28.92 (1.64)
28.33 (1.86)
29.08 (3.01)
27.67 (3.91)

Trace
Sham

Delay
Trace

Note. Standard errors of means are shown in parentheses. The units for
peak rates and spreads are responses/min and seconds, respectively. Trace
CSOff % test trials on which the trace CS was 15 s in duration, and
responding was recorded for 45 s after CS termination (Figure 1); DHPC %
dorsal hippocampus-lesioned group; Sham % sham-lesioned group; CS %
conditioned stimulus.

Trace Conditioning
In accordance with the results of other reported studies (Kyd
et al., 2007; Lin & Honey, 2011; Ross et al., 1984; Thibaudeau
et al., 2007, 2009), there was no evidence of a deficit in
acquisition of conditioned responding to a trace CS in this
appetitive task. Conditioned responding to both the delay and
trace CSs was acquired to similar extents in the two groups and
declined at similar rates in the extinction sessions. Nevertheless, a finer-grained analysis of responding suggested that there
was a difference between groups in the distribution of responding over the course of the trace CS that was absent during the
delay CS. More specifically, although responding over the
course of the delay CS was identical in the two groups,
the sham-lesioned subjects responded more at the start of the
trace CS than at the end in the first half of acquisition, while the
DHPC-lesioned subjects showed, if anything, the opposite pattern. This is consistent with the speculation that, as in eyeblink
trace conditioning preparations, it is the temporal distribution of
responding over the course of the trace CS rather than the
overall response rate that is sensitive to DHPC damage. This
effect was, nevertheless, transient, in that it was present only in
the first half of acquisition; moreover, no difference was observed in responding during the trace interval. The findings
from the present study, thus, provide limited support for the
notion that the DHPC is necessary for formation of associations
between stimuli that are temporally discontiguous (e.g.,
McEchron & Disterhoft, 1999; Rawlins, 1985; Weible et al.,
2006). Our findings present an intriguing parallel with the
findings recently reported by MacDonald, Lepage, Eden, and
Eichenbaum (2011), who found pyramidal neurons of the
DHPC that responded selectively at particular times during the
interval between two key events (an object and an associated
odor, presented after a delay, that signaled that a digging
response would be reinforced). If the orderly temporal pattern
of conditioned responding seen during the trace CS in the
sham-lesioned subjects was mediated by neural signals of this
type, this could explain the altered temporal distribution of
trace conditioned responding in our DHPC-lesioned subjects.

Nevertheless, it is possible that our failure to see an impairment in acquisition of trace conditioning was due to the limited
extent of HPC damage in the present study, mean damage %
34%, which was smaller than that reported in other aversive
trace conditioning studies that found lesion deficits (Bangasser
et al., 2006; Beylin et al., 2001; Burman et al., 2006; Fendt et
al., 2005; McEchron et al., 1998; Trivedi & Coover, 2006;
Weiss et al., 1999; Yoon & Otto, 2007). Yet, in five other
published studies, lesions of the entire HPC have failed to
produce any deficit in appetitive trace conditioning (Kyd et al.,
2007; Lin & Honey, 2011; Ross et al., 1984; Thibaudeau et al.,
2007, 2009), which does not support this interpretation. The
fact that, even with the relatively modest DHPC damage sustained in the present study, a difference in CR distribution was
observed is consistent with some of the findings in the aversive
conditioning literature, where differences in the temporal distribution rather than the overall rate of CR have been observed
(in eyeblink conditioning preparations: James et al., 1987;
Moyer et al., 1990; Port et al., 1986; Weiss et al., 1999; but not
in a fear conditioning preparation: Trivedi & Coover, 2006).
This suggests that the failure to observe any deficit in appetitive
trace conditioning could be due to the measures of conditioning
employed, but in the absence of further evidence, this suggestion must remain speculative.
It is also possible that our failure to see a trace conditioning
impairment with a gross measure of conditioned responding was
due to the relatively short CS and trace interval in the present
study, and a DHPC lesion deficit might be observed if longer
intervals were employed. In eyeblink conditioning preparations,
for instance, a trace conditioning deficit was observed only when
a relatively long trace interval was employed (Moyer et al., 1990).
Some of our unpublished findings suggest that this might not be
the case in appetitive preparations: We found that animals sustaining an amount of DHPC damage, mean damage % 38%, similar to
that in the present study were still capable of acquiring trace
conditioning when the CS duration was 40 s and the trace interval
was 20 s (i.e., the CS onset-food delivery duration was 60 s, twice
as long as that in the present study; Tam, 2011). At the present

Figure 6. Accuracy of interval timing on the nonreinforced delay peak
and gap trials. The horizontal line (target) indicates the time point of US
delivery on the delay conditioning trials (15 s). On the peak trials, the
DHPC-lesioned subjects showed earlier peak times than the sham-lesioned
subjects, but such an effect was eliminated by the interruption of the CS on
the gap trials. Vertical bars denote standard errors of means.
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moment, however, we cannot rule out the possibility that a DHPC
lesion deficit might be observed if an even longer CS or trace
interval duration is employed.1

Interval Timing
Although the modest DHPC damage produced only slight effects during acquisition, a robust effect on interval timing was
observed: The DHPC-lesioned subjects underestimated the time of
US delivery and showed significantly earlier peak times than the
sham-lesioned subjects. These findings parallel those reported by
Meck and colleagues (Meck, 1988; Meck et al., 1984), but also
extend their findings by pinpointing that it is the dorsal portion of
the HPC that is critical for encoding or retrieving temporal information (McEchron et al., 2003; Young & McNaughton, 2000).
Moreover, our results provide evidence against an alternative
interpretation of these results that the timing deficits were the
result of impulsive responding or deficits in response inhibition
(Cheung & Cardinal, 2005; Davidson & Jarrard, 2004; McHugh et
al., 2008); for instance, the effects of DHPC and HPC damage in
another interval timing task, the differential reinforcement of low
rates task (Bannerman, Yee, Good, Heupel, Iversen, & Rawlins,
1999; Braggio & Ellen, 1976; Clark & Isaacson, 1965; Costa,
Bueno, & Xavier, 2005; Jaldow & Oakley, 1990; Jarrard &
Becker, 1977; Johnson, Olton, Gage, & Jenko, 1977; Rawlins,
Winocur, & Gray, 1983; Rickert, Bennett, Anderson, Corbett, &
Smith, 1973; Sinden, Rawlins, Gray, & Jarrard, 1986), are often
considered as deficits in response inhibition (e.g., Clark & Isaacson, 1965). However, the data from the gap trials in the present
study do not support this interpretation. If the earlier peak responding in the DHPC-lesioned subjects were due to deficits in response
inhibition, then one might expect to see a similar pattern on the gap
trials, yet there was no sign of any lesion effect on these trials. This
result, however, stands in slight contrast to that obtained by Meck
and colleagues (Meck et al., 1984; Olton et al., 1987, 1988), who
reported that the control rats suspended timing during the gaps, and
resumed timing after the gaps where they had left off (the stoptiming strategy). In contrast, the fimbria-fornix lesioned subjects
restarted timing when the target stimulus was turned on again after
the gaps, exhibiting later peak times than their control counterparts
(the reset-timing strategy). The rightward shifts in peak time on the
gap trials suggest it is unlikely that the leftward shifts on the peak
trials were due to impulsive responding or deficits in response
inhibition. But although no DHPC lesion effect on the gap-trial
peak times was found in the present study, the DHPC-lesioned
subjects were more affected by the gaps than the sham-lesioned
subjects, which is broadly consistent with the findings of Meck and
colleagues. Our data from the acquisition and extinction phases are
also inconsistent with the response inhibition interpretation. There
was no lesion effect on the decline in appetitive responding to the
background context in the acquisition sessions or to the nonreinforced CSs in the extinction sessions as might be expected if the
DHPC-lesioned subjects could not inhibit appetitive behavior.
Moreover, if the earlier peak times shown by the DHPC-lesioned
subjects were due to deficits in response inhibition, one might
anticipate broader CR distributions on the peak trials (i.e., less
precise timing) due to an inability to inhibit appetitive responding
during the early and late portions of the nonreinforced CSs; however, no such effect was found.

Summary
DHPC involvement in appetitive trace conditioning was revealed if conditioned responding was examined on a moment-bymoment basis, as in eyeblink trace conditioning studies (James et
al., 1987; Moyer et al., 1990; Port et al., 1986; Weiss et al., 1999):
DHPC damage affected the temporal distribution of appetitive
trace CR in the early stage of acquisition, but it did not affect the
overall CR rates. In addition, DHPC damage disrupted interval
timing accuracy in both delay and trace conditioning, in that the
DHPC-lesioned subjects showed earlier peak times on the delay
and trace CSoff peak trials. Moreover, while no difference in peak
times was observed on the gap trials, the DHPC-lesioned subjects
were more affected by the gaps than their sham-lesioned counterparts, providing no evidence that the timing deficits were due to
impulsive responding or deficits in response inhibition. Our findings suggest that DHPC lesions disrupt appetitive, as well as
aversive, trace conditioning if a sensitive measure of conditioning
is employed and that DHPC lesions are sufficient to produce the
deficits in interval timing previously observed with damage to the
fibers connecting the HPC with other subcortical structures.

1
The failure to reveal a trace conditioning deficit with a gross measure
of conditioning in appetitive preparations could also be due to the different
properties of appetitive and aversive USs: Appetitive USs such as food and
water are familiar and nonsalient stimuli, whereas periorbital shocks and
footshocks are novel and salient stimuli.
Contemporary theories of Pavlovian conditioning often suggest that: (a)
the level of activation of a stimulus representation declines when the
stimulus is terminated; (b) the strength of the association established
between a CS and a US depends on the degree of coactivation of the
stimulus representations; and (c) only a limited number of stimulus representations can be activated at each moment (e.g., Wagner, 1981). From this
perspective, on a fear trace conditioning trial, the level of activation of the
CS representation would decline during the trace interval, and the application of a novel and salient footshock US at the end of the trace interval
would further reduce the level of activation of the CS representation,
resulting in a relatively weak CS-footshock association (in healthy animals). If DHPC-lesioned animals are more reactive to novel and salient
stimuli, this would exaggerate the disruptive effect of US application on the
maintenance of CS representation, resulting in an even weaker CSfootshock association; this provides an explanation of the fear trace conditioning deficits in other studies. On an appetitive trace conditioning trial,
however, DHPC lesion effects would be unlikely to be observed because
the application of a familiar and nonsalient US would disrupt the maintenance of CS representation to a minimal extent (Tam, 2011).
Such an interpretation is in accordance with the notion of Shors and
Matzel (1997) that HPC long-term potentiation mechanisms act as an
attentional device that actively maintains the representations of relevant
events in the presence of competing stimuli, and the notion of McNaughton
(1985, 1994; McNaughton & Wickens, 2003) that the HPC is an antiprocessor that suppresses the activation of irrelevant stimuli or responses.
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