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The  involvement  of  the  rat  dorsal  hippocampus  (dhpc)  in  Pavlovian  conditioning  and  timing  of  condi-
tioned  responding  was  examined  in  an  appetitive  preparation  in which  presentation  of  a  relatively  long,
40-s  auditory  conditioned  stimulus  (CS)  was  followed  immediately  by  food  delivery.  Dorsal  hippocam-
pal  lesions  impaired  Pavlovian  conditioning  in this  task.  They  also produced  a  deficit  in interval  timing,
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replicating  previous  findings  with  short  CSs.  The  conditioning  and  timing  deficits  observed  are  consistent
with  the findings  from  single-unit  recording  studies  in  other  species,  and  suggest  that  the  involvement  of
the dhpc  in  Pavlovian  processes  could  be more  general  than is assumed  by many  of  the  current  theories
of  hippocampal  function.

© 2012 Elsevier B.V. Open access under CC BY license. 

nterval timing

. Introduction

The dorsal hippocampus (dhpc) seems to play only a limited
ole in Pavlovian processes. Lesions of this area have no effect
n aversive delay conditioning, in which the conditioned stimu-
us (CS) is unimodal and contiguous with delivery of an aversive
nconditioned stimulus [US; 1–4].  In contrast, dhpc damage dis-
upts acquisition of fear contextual conditioning, in which the CS
s multidimensional [2,5], and fear trace conditioning, in which
he CS and US are separated by an empty interval [1,2,6].  These
ehavioural dissociations have been taken to suggest that while the
hpc plays no general role in the Pavlovian processes responsible
or the formation or retrieval of CS → US associations, it is involved
n the formation of contextual or configural representations [7,8],
r in the maintenance of stimulus trace across the CS → US interval
9,10]. But findings from appetitive conditioning preparations do
ot support these ideas. Although there is no effect of dhpc lesions
n delay conditioning [just as in the aversive case, 11–15],  acqui-

ition of appetitive contextual [16] and trace conditioning [17] has
lso been found to be unaffected by dhpc lesions. These inconsis-
encies between aversive and appetitive preparations cast doubt

∗ Corresponding author. Tel.: +44 7854596500.
E-mail addresses: eric.tam@ndcn.ox.ac.uk (S.K.E. Tam),

harlotte.bonardi@nottingham.ac.uk (C. Bonardi).
1 Present address: Nuffield Laboratory of Ophthalmology, University of Oxford,

evel 5–6 West Wing, John Radcliffe Hospital, Headley Way, Oxford OX3 9DU, United
ingdom.
2 Tel.: +44 1158467927; fax: +44 1159515324.

166-4328 © 2012 Elsevier B.V. 
oi:10.1016/j.bbr.2012.02.016

Open access under CC BY license. 
on the suggestion that the dhpc plays a fundamental role in the
processes underlying performance in contextual or trace condi-
tioning, as this would imply dhpc involvement regardless of the
valence of the US employed; although the fact that appetitive and
aversive conditioning tasks differ on many dimensions other than
US valence should of course be acknowledged as another possible
source of this discrepancy.

Findings from electrophysiological studies reveal further incon-
sistencies with this theoretical analysis. Single-unit recording
studies reveal learning-related changes in dhpc pyramidal neuronal
activity during Pavlovian delay as well as trace conditioning, in
both appetitive and aversive preparations [18–23];  similar changes
are also shown, albeit to a lesser extent, in the ventral portion of
the structure [vhpc; 23]. These reports suggest that involvement
of the dhpc in Pavlovian processes might be more general than
is assumed by many of the current theories of hippocampal func-
tion [for similar suggestions, see 24–27].  However, if the dhpc does
play a role in the fundamental conditioning mechanism, one might
wonder why no lesion deficit has been found in most reported
delay conditioning studies [for exceptions, see 24,28,29],  or in any
appetitive conditioning task [11–17].

Some light has been thrown on these apparent contradictions in
delay conditioning preparations by the study of Beylin et al. [30], in
which they investigated the effect of manipulating the CS duration,
or inter-stimulus interval (ISI)—the period between CS onset and
US delivery, on conditioning in animals with hippocampal dam-

age. They reported a hippocampal lesion deficit in eyeblink delay
conditioning when the ISI was relatively long (1.4 s), but not when
it was  relatively short (0.75 s), suggesting that the length of the
ISI might determine whether or not a lesion deficit is observed.

dx.doi.org/10.1016/j.bbr.2012.02.016
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:eric.tam@ndcn.ox.ac.uk
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hese findings confirm that even Pavlovian delay conditioning can
e affected by hippocampal lesions provided that the ISI is long
nough, and are thus consistent with the electrophysiological find-
ngs [18–23] suggesting a general role of the dhpc in Pavlovian
rocesses. Nevertheless, Beylin et al. [30] damaged the entire hip-
ocampus; it is unclear if a similar deficit could be found after

esions confined to the dhpc. Moreover, there is as yet no evidence
hat using a longer ISI can also induce a delay conditioning deficit
n an appetitive preparation after dhpc damage. This is particularly
elevant, given that the dhpc-induced deficits listed above have
een almost without exception demonstrated in aversively moti-
ated tasks. Accordingly the objective of the present study was to
ee if a Pavlovian delay conditioning deficit could be observed in an
ppetitive preparation when the ISI was relatively long. As previous
ppetitive delay conditioning studies that did not find any lesion
eficit employed ISIs of shorter than 20 s in duration [11–17],  we
mployed an ISI duration of 40 s.

We also took the opportunity to examine the involvement of the
hpc in interval timing during Pavlovian conditioning, which we
ave recently demonstrated with short ISIs [31]. Thus we  examined
he effect of dhpc lesions on interval timing in the peak procedure
32–37]: after delay conditioning, subjects were given a series of
on-reinforced peak trials, in which the CS was presented for an
xtended period. This allowed us to determine the time at which
he animals anticipated delivery of the US, by examining the time
oint at which conditioned responding reached a maximum (i.e.
eak time). Our previous work has shown that, after training with

 15-s CS, although the control subjects appeared to learn that the
ime of food delivery was 15 s after CS onset, the subjects with dhpc
esions showed maximal conditioned responding at earlier time
oints [31].

In addition, we examined interval timing performance on non-
einforced gap trials, which were identical to the peak trials except
hat the CS was interrupted for a short period, to establish whether
he earlier peak times in the dhpc-lesioned subjects was  due to a
eneral disinhibition of appetitive behaviour [38–40].  On the gap
rials the control subjects tend to suspend timing during the gap.
n contrast, fimbria-fornix lesions, lesions damaging the fibres con-
ecting the hippocampus with other subcortical structures, result

n a restart of timing after the gap; this results in later peak times
han is seen in the control subjects [35–37],  a result which is clearly
ot explicable in terms of a lesion-induced disinhibition of appe-
itive behaviour. In our recent report [31] dhpc lesions had no
ffect on timing on the gap trials, suggesting that the later peak
imes observed after fimbria-fornix lesions [35–37] were not due
o dhpc pyramidal neuronal dysfunction. Nevertheless, our fail-
re to see earlier peak times on the gap trials [31] is consistent
ith the proposal that dhpc damage impairs interval timing, rather

han producing a general disinhibitory effect on responding; in the
resent study we examined if similar results would be found when

 longer, 40-s ISI was employed.

. Method

.1. Subjects

Twenty-four naïve Lister Hooded male rats (Harlan, UK) were used, and their
verage weight was  300 g at the start of surgery. They were caged in pairs in a
olony with a light–dark cycle of 12 h (light phases started at 07:00). After recovery
rom surgery, an 85% ad lib-weight food deprivation schedule was  maintained by
eeding each subject a restricted daily ration after each session. The first, magazine
raining session began one month after surgery, at which point the subjects’ average
eight was  375 g (range: 325–435 g). Subjects were tested seven days a week for

he duration of the entire experiment.
.2. Surgery

Subjects were anaesthetised with isofluorane. The scalp was  incised along the
idline and the facial muscles were retracted. Portions of cranial bone above the
n Research 230 (2012) 259– 267

dhpc were removed with a dental 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  −3.0 mm,  ML  ±1.4 mm,  DV −2.1 mm;  AP −3.0 mm,  ML  ±1.4 mm,  DV −2.9 mm;
AP  −3.0 mm,  ML  ±3.0 mm, DV −2.7 mm;  AP −4.0 mm,  ML ±2.6 mm,  DV −1.8 mm;  AP
−4.0  mm,  ML  ±2.6 mm,  DV −2.8 mm;  and AP −4.0 mm,  ML  ±3.7 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
−3.0  mm,  ML  ±3.0 mm,  DV −2.7 mm and AP −4.0 mm,  ML  ±3.7 mm,  DV −2.7 mm
was  0.1 �l; the volume injected at all other sites was 0.05 �l. The concentration of
the injected ibotenic acid solution was 63 mM,  which was  made from dissolving
5  mg  of ibotenic acid solids (Sigma–Aldrich, UK) into 0.5 ml  of 0.1-M phosphate-
buffered saline (pH 7.4). Injections were administered by an infusion pump (KD
Scientific, Massachusetts) at rates of 0.03 �l min−1 using a 2-�l  syringe (Hamilton,
Switzerland) with a 25-gauge, bevel-tip needle. After each injection the needle was
left in situ for 1 min  before it was 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. All subjects
were injected subcutaneously with 1 ml  kg−1 of Rimadyl (Pfizer, UK) as analgesic
and  0.5 ml  of warmed saline to prevent dehydration, and they fully recovered within
two weeks.

2.3. Apparatus and stimuli

Eight operant chambers (Med Associates, 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 aluminium 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
an  experimental 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 in which the magazine was located. The US was a 45-mg food pellet (PJAI-
0045; Noyes, New Hampshire) delivered into the magazine. Experimental events
(delivery of CSs and USs, 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.

2.4. Procedure

2.4.1. Acquisition of Pavlovian conditioning: sessions 1–10
The study began with a magazine training session in which USs were deliv-

ered according to a variable-time, 240-s schedule; this session was  terminated after
40 min  (or in the event that 20 USs were delivered in less than 40 min). There
followed ten sessions of acquisition; during each session there were 50 delay condi-
tioning trials on which the 40-s auditory CS was followed immediately by delivery
of  the US (Fig. 1A). Half of the subjects in each group received the click as the CS
and  the remainder the noise. The inter-trial interval (ITI, the interval between CS
termination on one trial and CS onset on the next) comprised a random interval
with  a mean of 40 s, and a fixed interval of 40 s which served as the pre-CS period;
the random portion of the ITI was drawn from an exponential distribution. These
sessions lasted 100 min on average.

2.4.2. Interval timing: sessions 11–40
The acquisition phase was  followed by the peak-trial phase; these peak-trial

sessions were identical to the conditioning sessions except that 15 out of 50 of the
conditioning trials were replaced by the non-reinforced peak trials, on which the CS
lasted for 80 s (Fig. 1B). These trials were used to assess how accurately the subjects
had  encoded the time of US delivery on the conditioning trials. These sessions lasted
110  min  on average.

2.4.3. Interval timing: sessions 41–70
The peak-trial phase was then followed by the gap-trial phase; the gap-trial

sessions were identical to those in the peak phase, except that each contained 10
peak trials and 10 gap trials, on which the CS was interrupted 10 s after its onset for
5  s; the total CS duration on the gap trials remained 80 s (Fig. 1C). These gap trials
were used to assess the extent to which timing of US delivery would be affected by

interruption of the CS. These sessions lasted 115 min  on average.

In  all phases, the rate of conditioned responding (magazine entry) was recorded
during each CS presentation, and also during the 40-s pre-CS period that preceded
each CS presentation. In the interval timing test phases, the rate of CS responding in
each 1-s time bin over the course of a non-reinforced peak or gap trial was  recorded;
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cGap would be longer than cPeak by the gap duration, and the value of shift would
be  zero (the stop-timing strategy). If, however, a subject restarted timing from zero
after the gap, cGap would be longer than cPeak by both the gap duration and the CS
duration prior to the gap, and the value of shift would be 10 s (the reset-timing

Fig. 2. A Gaussian model with three parameters: the peak rate, a; the spread, b; and
the  peak time, c. Goodness of each Gaussian fit was determined by the coefficient of
ig. 1. Pavlovian conditioning trials and non-reinforced test trials. Conditioned st
epresents 10 s). The vertical line indicates the time of US delivery on the conditi
indicated by shading) was  5 s. Conditioned responding was recorded in each 1-s ti

he  different trial types within a session were randomly selected by the Med-PC
rogramme.

.5. Histology

Subjects were sacrificed with an overdose of pentobarbitone and perfused
ntracardially with formal saline. Their brains were stored in formal saline at room
emperature for two  days, subsequently in 20% sucrose solution at a temperature of
◦C for two  days. The brains were then cut with a cryostat at a temperature of −19 ◦C;
oronal sections were 40 �m in thickness, and every fifth section was collected. The
ecovered sections were stained with cresyl violet solution and were dried at room
emperature. Lesion size was  estimated in the following way. For each subject, the
P coordinates of the recovered coronal sections were identified using the Paxinos
nd Watson atlas [41]. For each identified section, the intact hippocampus in each
emisphere was  outlined using ImageJ (version 1.40; National Institutes of Health,
aryland); the hippocampal areas in both hemispheres were estimated (in pixels).

he overall hippocampal area (hi) was estimated for each subject. Subsequently, the
ean overall hippocampal area in the sham-lesioned group (�Sham) was calculated,

nd the extent of hippocampal damage of each subject in the dhpc-lesioned group
damagei) was estimated relative to �Sham: damagei = (1 − hi/�Sham) × 100%.

.6.  Data treatment

.6.1. Acquisition of Pavlovian conditioning: sessions 1–10
The magazine entry rates (in responses min−1) during the 40-s CS presenta-

ion and during the 40-s pre-CS period that preceded each CS presentation were
ecorded. The extent of conditioning in each session was expressed in terms of
aw CS response rates. In addition, in order to correct for individual variation in
esponding, and to provide some measure of the degree to which the CS produced
n elevation of background responding, a ratio of the form CS rate/(CS + pre-CS rates)
as  computed; a ratio of 0.5 indicates no conditioning and a ratio of greater than

.5  indicates an animal was  conditioned to the CS, and responded more during CS
resentation that in its absence.

.6.2. Peak-trial interval timing: sessions 11–70
The data from the non-reinforced peak trials were considered in 20, three-

ession blocks, so as to capture any transient effect of dhpc lesions [5,32,42,43]. For
ach subject, magazine entries in 1-s time bins were pooled across three sessions,
nd each resultant conditioned-response (CR) distribution was smoothed over four
-s bins. A Gaussian model with three parameters (the peak rate, a; the spread, b;
nd the peak time, c) was  then fitted onto each CR distribution (Fig. 2):

esponsei = ae
− 1

2

(
ti−c

b

)2

here i indicates each 1-s time bin. The peak times were used as an indication
f  timing accuracy, as were timing error scores of the form |target duration − peak
ime|;  the greater the error score, the less accurate was the timing. The spreads were
sed  as an indication of timing precision; the greater the spread, the less precise
as  the timing. The peak rates were used as an indication of the strength of US

xpectation [the motivational aspect of interval timing; 44,45].  Finally, to assess how
ell a three-parameter Gaussian model could be fitted onto each CR distribution,
e  computed the coefficient of determination of each Gaussian fit (Fig. 2):

2 SSError
= 1 −
SSTotal

here SSError indicates the sum of squares of the differences between the observed
nd predicted responding in every 1-s bin, and SSTotal the sum of squares of the
ifferences between the observed data in every 1-s bin and the observed mean of
s and gap durations are drawn to scale (the bar at the bottom right of the figure
trials (+: trials with US delivery; −: trials with no US  delivery). The gap duration

 on the non-reinforced peak and gap trials.

responding across all bins. A CR distribution with a high R2 coefficient indicates a
high degree of temporal control of conditioned responding (i.e. there was a single
peak on the peak trials; e.g., Fig. 3B), whereas a distribution with a low R2 coeffi-
cient indicates a low degree of temporal control (i.e. there were multiple peaks; e.g.,
Fig.  3A).

2.6.3. Gap-trial interval timing: sessions 41–70
The data from the non-reinforced gap trials were considered in 10, three-session

blocks. A three-parameter Gaussian model was fitted onto each CR distribution,
similar to the treatment of the peak-trial data described above. The degree to which
timing was  disrupted by intervening gaps, the peak shift (�c), was determined by
the calculation of Buhusi and Meck [46–50]:

�c  = cGap − cPeak − g

where cGap and cPeak indicate the central tendencies of the CR distributions on the
gap and peak trials, respectively, and g the duration of the intervening gap (5 s). If a
subject suspended timing during the gap and resumed when the CS started again,
determination, R2. SSError indicates the sum of squares of the differences between the
observed and predicted data in each 1-s time bin, whereas SSTotal the sum of squares
of  the differences between the observed data in each 1-s time bin and the observed
mean across all bins. The greater the R2, the better was the Gaussian fit (and hence
the  higher was  the degree of temporal control of conditioned responding).



262 S.K.E. Tam, C. Bonardi / Behavioural Brain Research 230 (2012) 259– 267

Fig. 3. Conditioned responding under different degrees of temporal control. The examples of CR distributions shown in panel A had relatively low R2 coefficients (dhpc-
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esioned subject #17, R2 = 0.29; sham-lesioned subject #22, R2 = 0.35), whereas those
ham-lesioned subject #05, R2 = 0.94). The vertical lines indicate the time of US de
hase.

trategy). Finally, if a subject continued timing during the gap, cGap would be equal
o  cPeak , and the value of shift would be negative (the run-timing strategy). Note
hat the value of shift could be greater than 10 s, when the animals adopted the
eset-timing strategy but did not restart timing at once after the gap [51].

.7. Statistical analyses

Data were analysed using split-plot analyses of variance (ANOVAs), with Lesion
s  the between-subjects factor, and Session or Block of Sessions as the within-
ubjects factor. Whenever the assumption of sphericity was not met for a particular
ithin-subjects main effect or its interactive effect, the Greenhouse-Geisser cor-

ection was applied. Significant two-way interactions were examined with simple
ain effect analyses using the pooled error term for between-subjects comparisons,

nd individual error terms for within-subjects comparisons [52].

. Results

.1. Histology

The 12 subjects that received injections of ibotenic acid sus-
ained bilateral damage to the anterior dorsal portions of the
ippocampus, including the dentate gyrus, CA3 and CA1 regions.
ippocampal damage tended to start at AP bregma −1.80 mm

plate #48; from 41] and extend to AP −4.68 mm (plate #72). The
ean amount of hippocampal damage was 38% of total hippocam-

al volume (range: 15–45%); damage to the dorsal subiculum was
inimal in all cases. The subjects in the sham-lesioned group did

ot sustain any damage to the hippocampus. As all subjects in the
hpc-lesioned group had bilateral damage to the dhpc and none in
he sham-lesioned group had any hippocampal damage, all subjects
ere included in the statistical analyses. Photomicrographs from a

epresentative sham-lesioned subject and a dhpc-lesioned subject
ith an amount of hippocampal damage closest to the group mean

re depicted in Fig. 4A and B, respectively.

.2. Acquisition of Pavlovian conditioning: sessions 1–10

The CS response rates are shown in Fig. 5A. There is some indica-
ion that the dhpc-lesioned subjects responded at lower rates than
he sham-lesioned subject, but a 2 (Lesion) × 10 (Session) ANOVA
evealed no main effect of Lesion or Lesion × Session interaction
Fs < 1.50, ps > 0.20). There was, however, a main effect of Session
F(4,88) = 3.00, p < 0.005]. Similarly, a parallel ANOVA conducted on

he background rates, shown in Fig. 5C, revealed a main effect of
ession only [F(3,58) = 27.92, p < 0.0005]; the main effect of Lesion
nd the Lesion × Session interaction were not significant (Fs < 1.00,
s > 0.40).
n in panel B had relatively high R2 coefficients (dhpc-lesioned subject #03, R2 = 0.94;
 on the conditioning trials. Data are from the last block of the interval timing test

As  there was  no sign of a difference in background respond-
ing between the groups, conditioning ratios were also computed,
to correct for individual variation, and also to provide a measure
of the degree to which the CS elevated background responding.
The conditioning ratios are shown in Fig. 5E, and the dhpc-
lesioned subjects seemed to have lower ratios, especially in the
second half of acquisition. Indeed, there was  a main effect of
Lesion [F(1,22) = 11.68, p < 0.005] and a Lesion × Session interac-
tion [F(4,82) = 2.34, p < 0.05]. Simple main effect analyses revealed
dhpc lesion effects in sessions 5–10 (ps < 0.05); in addition, there
were simple effects of Session in both groups (ps < 0.005), but the
effect size of Session in the sham-lesioned group was greater than
that in the dhpc-lesioned group (partial �2s = 0.79 vs.  0.35, respec-
tively), which could reflect the apparently more rapid increase in
ratio scores across sessions in these animals.

Finally, there was no difference in the rates of responding during
the magazine training session [means = 7.62 ± 0.73 vs.  7.96 ± 0.63
responses min−1 in the dhpc- and sham-lesioned groups, respec-
tively; t(22) = 0.35, p = 0.73].

3.3. Peak-trial interval timing: sessions 11–70

3.3.1. Timing accuracy
The peak times across the interval timing test phases are shown

in Fig. 6A, which displays a tendency for the dhpc-lesioned subjects
to show earlier peak times than the sham-lesioned subjects. Never-
theless, a 2 (Lesion) × 20 (Block of Three Sessions) ANOVA revealed
a main effect of Block only [F(6,134) = 2.47, p < 0.05], suggesting that
both the dhpc- and sham-lesioned subjects overestimated the 40-s
target duration on the first few blocks but their peak times became
closer to 40 s in subsequent blocks. Neither the main effect of
Lesion nor the Lesion × Block interaction was  significant (Fs < 2.50,
ps > 0.15). When the peak times were pooled across all blocks,
neither the mean overall peak time of the dhpc-lesioned group
(36.58 ± 2.36 s) nor that of the sham-lesioned group (40.13 ± 0.71 s)
differed from the target duration of 40 s [t(11)s < 1.50, ps > 0.15].

The timing errors (i.e. |target duration − peak time|) across the
test phases are shown in Fig. 6B. The dhpc-lesioned subjects seemed
to show greater deviation from the target time than did the sham-

lesioned subjects. Indeed, this was confirmed by a Lesion × Block
ANOVA, which revealed a main effect of Lesion [F(1,22) = 4.83,
p < 0.05]. There was also a main effect of Block [F(7,155) = 2.75,
p < 0.05], suggesting that timing error declined across blocks, but
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ig. 4. Photomicrographs of cresyl-violet-stained coronal sections (top to bottom p
nd  a dhpc-lesioned subject (#09; panel B) with damage closest to the group mean

he Lesion × Block interaction was not significant [F(7,155) = 0.62,
 = 0.74].

.3.2. Timing precision and temporal control of conditioned
esponding

Although dhpc lesions increased timing error, they did not affect
iming precision (i.e. the spreads of CR distributions; Fig. 6C). The

ain effect of Block on the spreads was significant [F(5,104) = 2.73,
 < 0.05], suggesting that interval timing became more precise
cross the test phases, but the main effect of Lesion and the
esion × Block interaction were not significant (Fs < 2.00, ps > 0.20).
orsal hippocampal lesions did not affect temporal control of con-
itioning responding either, as there was no effect of Lesion on
he goodness of Gaussian fit (Fig. 6D). The main effect of Block on
he R2 coefficients was significant [F(8,178) = 7.29, p < 0.0005], sug-
esting that the degree of temporal control increased across the
est phases, but the main effect of Lesion and the Lesion × Block
nteraction were not significant (Fs < 1.50, ps > 0.15).

.3.3. US expectation
The dhpc lesion effects on conditioned responding found in

he acquisition phase seemed to persist in the interval timing
est phases; this is shown in Fig. 5B, in which the peak rates
i.e. maximal CR rates) increased across the test phases. Never-
heless, a Lesion × Block ANOVA revealed a main effect of Block
nly [F(5,100) = 7.07, p < 0.0005], suggesting that in both the dhpc-
nd sham-lesioned groups US expectation around the target time

ncreased across blocks. A parallel ANOVA conducted on the pre-
rial background rates (Fig. 5D) found that background responding
eclined across blocks [F(4,91) = 4.09, p < 0.005]; the dhpc-lesioned
ubjects seemed to respond more to the background, but the
 anterior to posterior) from a representative sham-lesioned subject (#16; panel A)
of total hippocampal volume).

main effect of Lesion fell just short of significance [F(1,22) = 3.88,
p = 0.062].

To facilitate comparison with the findings from the acquisition
phase, conditioning ratios of the form peak rates/(peak + background
rates) were computed. In accordance with the findings from the
acquisition phase, a Lesion × Block ANOVA conducted on the ratios
(Fig. 5F) revealed a main effect of Lesion [F(1,22) = 6.05, p < 0.05],
confirming the persistence of the dhpc lesion effect on Pavlovian
conditioning; there was also a main effect of Block [F(4,97) = 10.54,
p < 0.0005]; however, the almost reliable difference in pre-trial
responding in these sessions means the significant effect of Lesion
on this ratio score should be interpreted with caution.

3.4. Gap-trial interval timing: sessions 41–70

When the 40-s CS was interrupted by a 5-s gap, maximal condi-
tioned responding occurred later in time (i.e. �c  ≥ 0), but there did
not seem to be any group difference in the effect of gaps on tim-
ing accuracy. A 2 (Lesion) × 10 (Block of Three Sessions) ANOVA
was conducted on the peak shifts; a shift value of 0 s indicates
that a subject adopted the stop-timing strategy, whereas a value
of 10 s or higher the reset-timing strategy (Fig. 7): the main effect
of Block fell just short of significance [F(5,113) = 2.10, p = 0.069];
neither the main effect of Lesion nor the Lesion × Block interaction
were significant (Fs < 2.50, ps > 0.15).

4. Discussion
4.1. Pavlovian conditioning

The present study demonstrated involvement of the dhpc in
Pavlovian processes. Dorsal hippocampal lesions disrupted delay
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Fig. 5. Pavlovian conditioning: sessions 1–70. The panels on the left show the overall CS response rates (panel A), the overall pre-CS rates (panel C), and the conditioning
ratios computed from these rates (panel E), during the acquisition phase of the study (sessions 1–10). The panels on the right show the peak CS response rates (panel B), the
overall  pre-CS rates (panel D), and the conditioning ratios computed from these rates (panel F), during the interval timing test phases (sessions 11–70). Dorsal hippocampal
l nside
(

c
s
t
o
p
a
s
t
e
f

esion  deficits in conditioning were revealed when the conditioning ratios were co
SEMs).

onditioning, as indicated by the overall CR ratios during the acqui-
ition phase and by the peak CR ratios during the interval timing
est phases. Our findings extend those of Beylin et al. [30], not
nly confirming that delay conditioning can be affected by hip-
ocampal damage provided that the ISI is sufficiently long, but
lso demonstrating that this occurs in appetitive as well as in aver-

ive preparations. In addition, our findings suggest that damage
o the dorsal portion of the structure is sufficient to obtain these
ffects. The conditioning deficits observed confirm the findings
rom single-unit recording studies, which reveal the involvement
red (panels E and F). In all panels, vertical bars indicate standard errors of means

of dhpc pyramidal neurons in a variety of Pavlovian conditioning
preparations [18–23].  Taken altogether, these findings raise the
possibility that the involvement of the dhpc in Pavlovian processes
might be more general than is assumed by many of the current
theories of hippocampal function [see also 24–27].  Although there
is nothing in the present results to rule out the possibility that

the hippocampus is also involved in the formation of contextual
or configural representations [7,8], or the formation of Pavlovian
associations only if stimuli are temporally discontiguous [9,10],  the
results nonetheless invite the speculation that these more complex
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Fig. 6. Peak-trial interval timing: sessions 11–70. Panel A shows the accuracy of CR timing, as measured by the peak times (the horizontal line indicates the time of US
d n − pe
p termin
e

e
m
t
s
h
a
t

F
i
h
s

elivery  on the conditioning trials); panel B shows the timing errors (|target duratio
anel  D shows the degree of temporal control, as indicated by the coefficients of de
rrors were considered (panel B). In all panels, vertical bars indicate SEMs.

ffects of hippocampal damage could be secondary to a more funda-
ental effect on associative learning. But it must be acknowledged

hat such a suggestion could be oversimplistic, as performance in

uch complex tasks can be multiply determined, and animals with
ippocampal damage can sometimes learn to respond like intact
nimals, presumably by adopting alternative strategies to solve the
asks.

ig. 7. Gap-trial interval timing: sessions 41–70. Peak shift (�c) is the difference
n  peak times on the gap and peak trials, minus the gap duration (5 s). The upper
orizontal line indicates the reset-timing strategy, and the lower horizontal line the
top-timing strategy. Vertical bars indicate SEMs.
ak times|); panel C shows the precision of timing, as measured by the spreads; and
ation, R2. Dorsal hippocampal lesion deficits in timing were revealed when timing

4.2. Interval timing

The present study also confirmed our previous findings that
dhpc lesions disrupted CR timing accuracy [31]. In the sham-
lesioned subjects, the time at which the maximal CR occurred on
the non-reinforced peak trials was close to the time at which USs
were delivered on the conditioning trials [see also 53,54];  how-
ever, in the dhpc-lesioned subjects the time at which the maximal
CR occurred was earlier than the target duration of 40 s. Timing
precision and overall temporal control of conditioned responding
were unaffected. The dhpc lesion effects on CR timing accuracy
extend our recent findings, confirming the involvement of the dhpc
in timing long as well as short ISI durations. The timing deficits
observed confirm the findings from single-unit recording studies,
which reveal that some dhpc pyramidal neurons fire maximally or
minimally at critical time points during Pavlovian fear conditioning
[33] and instrumental conditioning [55], and that different subpop-
ulations of dhpc pyramidal neurons have different, but overlapping,
temporally-specific receptive fields [i.e. time cells; 56, 57]. Taken
altogether, these findings confirm the notion that the hippocam-
pus might be involved in the encoding and retrieval of temporal
information within the seconds-to-minutes range [58,59].

The peak procedure is useful in revealing what roles differ-
ent neural substrates play in interval timing. Dorsal hippocampal
lesions disrupted timing accuracy and reduced the strength of US

expectation, but had no effect on timing precision. Findings from
other lesion studies suggest that neural dysfunction of other kinds
might have different effects. For instance, lesions of the ascending
serotonergic system (the dorsal and median raphe nuclei) disrupt
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iming precision, but have no effect on the strength of reinforcer
xpectation and timing accuracy [60]. In contrast, lesions of part
f the dopaminergic system (the nucleus accumbens core) disrupt
he strength of reinforcer expectation, timing accuracy, and tim-
ng precision [61]. As the vhpc is more innervated by serotonergic
nd dopaminergic inputs than the dhpc [62], a direction for future
tudies is to examine whether the effects of vhpc lesions in the
eak procedure resemble the effects of dhpc damage, or serotoner-
ic/dopaminergic damage.

.3. Summary

Dorsal hippocampal lesions disrupted Pavlovian conditioning
nd CR timing when the ISI was relatively long. The observed lesion
ffects are consistent with the findings from single-unit recording
tudies that reveal conditioning- and timing-related firing in the
hpc. Our findings raise the possibility that the involvement of the
hpc in Pavlovian processes could be more general than is assumed
y many of the current theories of hippocampal function.

isclosure

All procedures were performed in accordance with the United
ingdom Animals (Scientific Procedures) Act 1986 and approved
y the Home Office under the Project Licence 40/2830.

The authors disclose that they have no actual or potential con-
icts of interest, financial or otherwise, related to the present work.

cknowledgements

This study was supported by a Biotechnology and Biological
ciences Research Council (United Kingdom) grant, BB/F013191/1,
warded to the second author and Domhnall Jennings (Newcastle
niversity, United Kingdom). It was presented at the 14th Associa-

ive Learning Symposium (Gregynog, Wales). We  thank Tobias Bast,
omhnall Jennings, Jasper Robinson, and the anonymous reviewer

or comments.

eferences

[1] Bangasser DA, Waxler DE, Santollo J, Shors TJ. Trace conditioning and the hip-
pocampus: the importance of contiguity. J Neurosci 2006;26:8702–6.

[2] McEchron MD,  Bouwmeester H, Tseng W,  Weiss C, Disterhoft JF. Hippocampec-
tomy disrupts auditory trace fear conditioning and contextual fear conditioning
in  rat. Hippocampus 1998;8:638–46.

[3] Solomon PR, Vander Schaaf ER, Thompson RF, Weisz DJ. Hippocampus and
trace conditioning of the rabbit’s classically conditioned nictitating membrane
response. Behav Neurosci 1986;100:729–44.

[4] Weiss C, Bouwmeester H, Power JM,  Disterhoft JF. Hippocampal lesions pre-
vent trace eyeblink conditioning in the freely moving rat. Behav Brain Res
1999;99:123–32.

[5]  Wiltgen BJ, Sanders MJ,  Anagnostaras SG, Sage JR, Fanselow MS.  Context fear
learning in the absence of the hippocampus. J Neurosci 2006;26:5484–91.

[6]  Burman MA,  Starr MJ,  Gewirtz JC. Dissociable effects of hippocampus lesions on
expression of fear and trace fear conditioning memories in rats. Hippocampus
2006;16:103–13.

[7] Anagnostaras SG, Gale GD, Fanselow MS. The hippocampus and contextual fear
conditioning: recent controversies and advances. Hippocampus 2001;11:8–17.

[8]  O’Reilly RC, Rudy JW.  Conjunctive representations in learning and memory:
principles of cortical and hippocampal function. Psychol Rev 2001;108:311–45.

[9] Rawlins JNP. Associations across time: the hippocampus as a temporary mem-
ory store. Behav Brain Sci 1985;8:479–97.

10] Woodruff-Pak DS, Disterhoft JF. Where is the trace in trace conditioning?
Trends Neurosci 2008;31:105–12.

11] Benoit SC, Davidson TL, Chan KH, Trigilio T, Jarrard LE. Pavlovian conditioning
and extinction of context cues and punctuate CSs in rats with ibotenate lesions
of  the hippocampus. Psychobiology 1999;27:26–39.

12] Fox GD, Holland PC. Neurotoxic hippocampal lesions fail to impair

reinstatement of an appetitively conditioned response. Behav Neurosci
1998;112:255–60.

13] Good MA,  de Hoz L, Morris RGM. Contingent versus incidental context pro-
cessing during conditioning: dissociation after excitotoxic hippocampal plus
dentate gyrus lesions. Hippocampus 1998;8:147–59.

[

n Research 230 (2012) 259– 267

14] Han JS, Gallagher M,  Holland PC. Hippocampal lesions disrupt decre-
ments but not increments in conditioned stimulus processing. J Neurosci
1995;15:7323–9.

15] Holland PC, Fox GD. Effects of hippocampal lesions in overshadowing and block-
ing procedures. Behav Neurosci 2003;117:650–6.

16] Hall G, Purves D, Bonardi C. Contextual control of conditioned responding in
rats with dorsal hippocampal lesions. Behav Neurosci 1996;110:933–45.

17] Thibaudeau G, Potvin O, Allen K, Doré FY, Goulet S. Dorsal, ventral, and complete
excitotoxic lesions of the hippocampus in rats failed to impair appetitive trace
conditioning. Behav Brain Res 2007;185:9–20.

18] Berger TW,  Berry SD, Thompson RF. Role of hippocampus in classical condition-
ing of aversive and appetitive behaviors. In: Isaacson RL, Pribram KH, editors.
The Hippocampus, vol 4. New York: Plenum; 1986. p. 203–39.

19] Gilmartin MR,  McEchron MD.  Single neurons in the dentate gyrus and CA1
of  the hippocampus exhibit inverse patterns of encoding during trace fear
conditioning. Behav Neurosci 2005;119:164–79.

20] Ho SA, Hori E, Kobayashi T, Umeno K, Tran AH, Ono T, et al. Hippocampal place
cell  activity during chasing of a moving object associated with reward in rats.
Neuroscience 2008;157:254–70.

21] Moita MAP, Rosis S, Zhou Y, LeDoux JE, Blair HT. Hippocampal place cells acquire
location-specific responses to the conditioned stimulus during auditory fear
conditioning. Neuron 2003;37:485–97.
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