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Abstract

Learning in a contextual fear conditioning task involves forming a context representation and associating it with a shock. The dorsal
hippocampus (DH) is implicated in representing the context, but whether it also has a role in associating the context and shock is unclear.
To address this issue, male Wistar rats were trained on the task by a two-phase training paradigm, in which rats learned the context
representation on day 1 and then reactivated it to associate with the shock on day 2; conditioned freezing was tested on day 3. Lidocaine
was infused into the DH at various times in each of the two training sessions. Results showed that intra-DH infusion of lidocaine shortly
before or after the context training session on day 1 impaired conditioned freezing, attesting to the DH involvement in context repre-
sentation. Intra-DH infusion of lidocaine shortly before or after the shock training session on day 2 also impaired conditioned freezing.
This deficit was reproduced by infusing lidocaine or APV (a-amino-5-phosphonovaleric acid) into the DH after activation of the context
memory but before shock administration. The deficit was not due to drug-induced state-dependency, decreased shock sensitivity or
reconsolidation failure of the contextual memory. These results suggest that in contextual fear conditioning integrity of the DH is

required for memory processing of not only context representation but also context—shock association.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Contextual fear conditioning involves associating an
otherwise neutral context with an aversive stimulus. In a
typical training trial a rat is exposed to a novel environ-
ment for a period of time and then a shock is administered.
Evidence has shown that this association cannot be formed
if a rat has not explored the context sufficiently before
receiving the shock (Fanselow, 1990). This immediate
shock deficit has led to a proposition that contextual fear
conditioning contains a sequence of learning processes:
environmental cues encountered in a context are first inte-
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grated into a unitary representation that can be stored and
retrieved subsequently; then this configural context repre-
sentation is associated with the shock (Fanselow, 2000;
Kiernan & Westbrook, 1993; Rudy, Huff, & Matus-Amat,
2004). These processes are suggested to serially engage dif-
ferent brain structures: the dorsal hippocampus (DH) is
involved in forming and retrieving a context representa-
tion; and the amygdala, particularly the basolateral com-
plex (BLA), is involved in associating this representation
with the shock (Fanselow & Kim, 1994; Fendt & Fanselow,
1999; Maren & Fanselow, 1996; Sanders, Wiltgen, &
Fanselow, 2003).

This view accounts for the findings that lesions of the
DH impaired contextual fear conditioning but not cue-spe-
cific fear conditioning presumably by preventing integra-
tion of multi-modality sensory cues (Kim & Fanselow,
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1992; Phillips & LeDoux, 1992), but lesions of the BLA
impaired both kinds of fear conditioning presumably by
preventing association of the conditioned stimulus or con-
text with the shock (Kim, Rison, & Fanselow, 1993; Phil-
lips & LeDoux, 1992). However, this view is inconsistent
with some of the existing data. A previous study has shown
that after extensive training, rats bearing BLA lesions
could not acquire cue-specific conditioned freezing but
could still acquire contextual conditioned freezing (Maren,
1999a). Spared context-shock association after BLA
lesions was also reported in tasks of Pavlovian fear condi-
tioning (Cahill, Vazdarjanova, & Setlow, 2000) or inhibi-
tory avoidance learning (Berlau & McGaugh, 2003).
These findings suggest that under certain circumstances
brain structures other than the BLA may also be involved
in associating the context and shock.

As the DH has long been implicated in coding stimulus
relationship (Eichenbaum, Otto, & Cohen, 1992), its role in
associating the context and shock was suggested by the pre-
vious evidence that hippocampal lesions impaired certain
forms of conditioned fear expressed in a context including
defecation or body temperature change that was impervi-
ous to amygdala lesions (Antoniadis & McDonald, 2000,
2001; Sutherland & McDonald, 1990). This conjecture
was corroborated by recent findings that the shock experi-
ence in various aversive learning tasks altered the firing
pattern or induced experience-dependent neural plasticity
in the DH neurons (Moita, Rosis, Zhou, LeDoux, & Blair,
2004; Whitlock, Heynen, Shuler, & Bear, 2006). These find-
ings raise a possibility that the DH could be involved in
processing context-shock association in addition to con-
text representation.

A role of the DH in context-shock association during
contextual fear conditioning may be obscured by the typi-
cal training paradigm in which acquisition of context rep-
resentation and context-shock association occurs almost
simultaneously within a single training session, hence inde-
pendent manipulation of the various processes inherent in
the task will be very difficult if not totally impossible. To
address this issue, context learning and context-shock
association must be temporally detached, as accomplished
by some previous studies with a two-phase training para-
digm of contextual fear conditioning (Fanselow, 1990;
Rudy & O’Reilly, 2001). This paradigm pre-exposed a rat
on the first day to the conditioning context without admin-
istering shock to form a latent contextual memory that was
reactivated on the next day, by a brief re-exposure or a
reminder cue, to associate with a shock. By altering the
DH function at the context training session, a role of the
DH in context representation was confirmed (Anagnostar-
as, Gale, & Fanselow, 2001; Matus-Amat, Higgins, Barri-
entos, & Rudy, 2004; Rudy, Barrientos, & O’Reilly,
2002). However, few studies to date have done a critical
test with this paradigm on whether the DH is involved in
processing the context-shock association. The present
study thus employed the two-phase training paradigm to
examine the effects of suppressing the DH with lidocaine

at the context training or context-shock association session
on conditioned freezing.

2. Materials and methods
2.1. Subjects

Male Wistar rats were obtained from Animal Center of National Taiwan
University, Taipei, Taiwan and housed individually with free access to food
and water. The vivarium was maintained on a 12-h light-dark cycle (light on
from 9:00 am to 9:00 pm) with 22-25 °C ambient temperature and 60-70%
relative humidity. Experiments were carried out in the light phase. The ani-
mal care and experimental procedure followed Guidelines for Animal
Research of Agriculture Council, ROC; and approved by Institutional Ani-
mal Care and Use Committee of National Taiwan University.

2.2. Surgery

All rats were subjected to stereotaxic surgery when they weighed
approximately 400 g. They were treated with atropine sulfate (0.4 mg/
kg) to prevent respiratory congestion and then anesthetized with sodium
pentobarbital (45 mg/kg, i.p.). The anesthetized rat was mounted on a ste-
reotaxic instrument (Model 900, David Korpf Instrument, Tijuna, USA)
and a midline incision was made on the scalp to expose the skull. Two
23-gauge stainless steel guide cannulae (10 mm) were implanted bilaterally
into the DH (—3.8 mm posterior to bregma, +2.5 mm lateral to midline,
—2.2 mm ventral to the surface of skull; Paxinos & Watson, 1986). Three
jewelry screws serving as anchors were implanted over the frontal and pos-
terior cortices. The whole assembly was affixed onto the skull with dental
cement. A stylet of 10 mm was inserted into each cannula after surgery to
maintain patency. Rats recuperated in their home cages for at least 7 days.
They were handled 1 min per day for 5 days before an experiment.

2.3. Contextual fear conditioning: A two-phase training paradigm

The two-phase training paradigm of contextual fear conditioning con-
tained a Context session and a Context/Shock session accomplished in
two successive days, while the test was held on the third day (Kiernan &
Westbrook, 1993). Briefly, a conditioning box (30 x 24 x 24 cm; MED Asso-
ciates Inc., East Fairfield, USA) designated as Context A was used for fear
conditioning throughout this study and housed in a sound/light attenuation
chamber (60 x 40 x 58 cm) situated in a dimly lit room. A 10-W incandescent
light bulb for illumination was mounted on the left chamber wall and a fan
for ventilation and generation of masking noise was mounted on the back
wall. The box was cleaned with 75% alcohol after each use.

In the Context session, a rat was carried from its home cage to Context A
and allowed 2 min of free exploration and then returned to its home cage. In
the Context/Shock session on the second day, the rat returned to Context A
and 20 s later a footshock (0.75 mA, 2 s) was administered. The shock was
delivered from a programmable shocker (Model VT 05448; MED Associ-
ates Inc., East Fairfield, USA) connected to the bar grid floor of Context
A. The rat returned to its home cage immediately after receiving the shock.
On the third day conditioned freezing was tested in Context A. The rat was
videotaped for a 6-min test period, during which behavior was sampled every
4 s. Two independent raters blind to the treatment judged at each sampled
time whether the rat showed freezing behavior that was defined as absence
of any movement except for respiration; the percentage of freezing was used
as an index of conditioned fear (Fanselow, 1982). Across experiments an
inter-rater reliability over .95 was achieved. A pilot study showed that this
procedure yielded robust conditioned freezing behavior in our laboratory.

2.4. A reminder cue procedure for the two-phase training paradigm

Some experiments in this study adopted a reminder cue procedure
(Rudy & O’Reilly, 2001) as follows: in the Context session on the first
day, a rat was transported from its home cage to Context A by Chamber
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X carried on a cart, which took about 20 s. Chamber X was a white trans-
lucent plastic cage (45 x 25 x 15 cm) filled with sawdust on the floor and
covered with plywood at the top. Once entering the context, the rat was
allowed free exploration for 2 min at this first stay. It was then carried
back to its home cage by Chamber X and stayed there for 40 s before
the next transportation. This procedure was repeated four additional times
and each time the rat stayed in Context A for only 40 s. In the Context/
Shock session on the second day, the rat was transported by Chamber
X from its home cage to Context A and received a footshock immediately
(within a second or so) after entering the context. On the third day, the rat
was transported by its home cage to Context A for assessing freezing. This
procedure allowed the transportation chamber to become a reminder cue
that activated the full context representation at the Context/Shock session.
Literature has shown that the context memory activated as such could
readily associate with the shock and yield robust conditioned freezing,
even though the shock was administered at a time when the rat might
not yet fully recognize the context (Rudy et al., 2002; Rudy et al., 2004).

2.5. Shock-induced startle: A test for shock sensitivity

To evaluate possible effects of the administered drugs on shock sensi-
tivity, rats were placed into the startle apparatus and subjected to a shock/
acoustic startle test (Chen, Ho, & Liang, 2000). The startle apparatus (San
Diego Instrument, San Diego, USA) consisted of a Plexiglas cylindrical
container with a vibration sensor at its base, and was enclosed in a venti-
lated sound/light attenuation chest (30 x 38 x 55 cm). In a test session, a
rat was placed into the container under a continuous 55 dB background
noise. After an acclimation period of 5 min, it received 45 startle trials with
30-s inter-trial intervals. The stimuli were either 40-ms white noise bursts
at 95, 105 and 115 dB or 100-ms electric shocks in 9 different intensities
ranging from 0 to 1.6 mA in a 0.2-mA step. Each session had three blocks
of trial, each block contained 6 acoustic trials (2 trials for each sound level)
followed by 9 shock trials (1 trial for each shock level). The startle
response was measured by the vibration sensor for a period of 200 ms after
the stimulus onset and digitized by a computer for further analyses. This
paradigm could assess independently effects of a treatment on sensitivity
and motor reactivity to a stimulus. For a treatment specifically affecting
shock sensitivity, an effect should appear only in shock startle but not in
acoustic startle. However, if the treatment affected the startle ability in
general, both forms of startle would change.

2.6. Drug infusion

Lidocaine hydrochloride (Sigma, St. Louis, USA) or Dp,L-2-amino-5-
phosphonovaleric acid (APV; Tocris, Bristol, UK), an N-methyl-p-aspar-
tate (NMDA) receptor antagonist, was dissolved into phosphate-buffered
saline (pH 7.4). The concentration of lidocaine was 4% (w/v), which has
been shown to effectively inactivate the DH (Hammond, Tull, & Stack-
man, 2004; Packard & McGaugh, 1996). The dose of APV was 2.5 or
5.0 pg for each side of the DH. Infusion was accomplished by inserting
a 30-gauge infusion needle into the guide cannula with the needle extend-
ing 1 mm beyond cannula the tip. Infusion of either drug or vehicle was
administered simultaneously to both sides of the DH at a rate of 0.5 pl/
min with a syringe pump (CMA/100, Carnegie Medicin, Stockholm,
Sweden). A total volume of 0.5 ul were infused into each side. After
infusion, the needle stayed in the cannula for 1min before being
withdrawn. One day before the training session, all rats assigned to an
infusion group were acclimated with the above procedure except for
nothing being infused.

2.7. Histology

At the conclusion of each experiment, the implanted rats were anes-
thetized with an overdose of anesthetics and perfused through the heart
with saline followed by 10% formalin. The brain was removed and
stored in formalin solution with 20% sucrose for at least 7 days. Frozen
sections (40 pm) throughout the cannula tract were mounted on slides

@ Lidocaine
® 5.0 pg APV/side
O 2.5 g APV/side

Fig. 1. Distribution of infusion needle tips in the dorsal hippocampus for
a sample of experimental animals. The coronal brain plates are adapted
from the atlas of Paxinos and Watson (1986).

and stained with thionin. Only animals with both cannulae correctly
placed in the DH were accepted. Fig. 1 shows the distribution of can-
nula tips in a sample (51 out of 264) of all experimental animals
included in the final data analysis.

3. Results

3.1. Inactivating the DH at the Context or Context/Shock
session impaired conditioned freezing

This experiment examined effects of inactivating the DH
at various times during the two learning phases on condi-
tioned freezing. Rats were assigned randomly to different
groups to receive bilateral intra-DH infusion of vehicle or
lidocaine at the following times: before the Context session,
after the Context session, or before the Context/Shock ses-
sion (as shown in Fig. 2a). The vehicle group (n=12)
received vehicle at all three occasions. The pre-Context
group (n=12) received lidocaine 5 min prior to the
Context session but vehicle at the other two occasions.
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Fig. 2. Effects of suppressing the dorsal hippocampus with lidocaine at
various times on conditioned freezing during the 6-min test session. (a) A
schematic illustration of the experimental procedure. (b) Percentage of
freezing (mean 4+ SEM) during the test session. Rats received intra-dorsal
hippocampal infusion of lidocaine shortly before the Context session
(Group pre-C), immediately after the Context session (Group post-C), 6 h
after the Context session (Group Dpost-C), or shortly before the Context/
Shock session (Group pre-C/S). The vehicle group (Group VEH) received
vehicle on all three occasions. *p < .05, **p < .01, significantly lower than
Group VEH. ##p < 01, significantly lower than Group Dpost-C.

The 5-min time point was chosen because lidocaine did not
reach its full effect until 3 min after administration (Martin,
1991). The immediate post-Context group (n = 12) received
lidocaine immediately after the Context session and vehicle
at the other two occasions. The delayed post-Context
group (n = 12) received lidocaine 6-h after the Context ses-
sion and vehicle at the other two occasions. The immediate
and 6 h time points were chosen because aversive memory
has been shown to consolidate within this time window
(Izquierdo & Medina, 1997). The pre-Context/Shock group
(n=12) received lidocaine 5 min prior to the Context/
Shock session and vehicle at the other two occasions. Dur-
ing the Context/Shock session, all groups of rats were
placed again into Context A and 20 s later a footshock
was administered.

Fig. 2b shows the mean scores of conditioned freezing
for the five groups: intra-DH infusion of lidocaine shortly
before or after the Context session impaired conditioning,
but the delayed infusion had no effect. Intra-DH infusion
of lidocaine given shortly before the Context/Shock session
also impaired conditioned freezing. A one-way ANOVA
revealed a significant difference among the five groups
(Fla,s5) = 6.64; p <.01). Post hoc analyses with the Fisher
LSD test indicated that the vehicle group exhibited more
conditioned freezing than the pre-Context, immediate
post-Context, and pre-Context/Shock groups (p < .05, .05
and .01; respectively), but the three lidocaine-treated
groups did not differ among themselves (p > .05). The mean
freezing score of the delayed post-Context group was sig-
nificantly higher than that of the immediate post-Context

group (p <.01) but did not differ from that of the vehicle
group.

To evaluate whether the deficits caused by lidocaine
given before either training session were due to state-
dependency, two additional groups of rats received bilat-
eral intra-DH infusion of lidocaine (n=11) or vehicle
(n = 11) before the Context, Context/Shock and test ses-
sions. The averaged score of conditioned freezing was
59.69 £ 6.45% (mean £ SEM) for the vehicle group and
36.46 +£4.52% for the lidocaine group. A one-way
ANOVA revealed a significant difference between the two
groups (F120) = 8.51; p <.01). These results did not sup-
port a state-dependency interpretation for the observed
deficit.

3.2. Inactivating the DH immediately after the Context/
Shock session impaired conditioned freezing

Given the above finding that suppressing the DH before
the Context/Shock session impaired conditioned freezing,
this experiment further tested whether the same treatment
given after the Context/Shock session interfered with con-
text—shock association memory and caused a time-depen-
dent deficit in conditioned freezing. Four groups of rats
were trained with the procedure described in Section 2.3
and received bilateral intra-DH infusion of vehicle or lido-
caine either immediately or 6 h after the Context/Shock
session. Fig. 3 shows the mean freezing scores in the test
for the immediate and delayed infusion groups: lidocaine
impaired conditioned freezing in rats receiving the immedi-
ate infusion but not in rats receiving the delayed infusion.
Two one-way ANOVAs revealed a significant difference

between the two immediate infusion  groups
24 h 24 h
Context ——>  Context/Shock —> Test
?
infusion

b C

80 7 IMMEDIATELY 80 1 DELAY 6 hrs

70 A 70 A

60 - 60 -
X 50 ~ 50 -
2 40 - 40
o
8 30 * 30 A
- 20 | 20

10 - 10 A

0 - 0 -

VEHICLE  LIDOCAINE VEHICLE  LIDOCAINE

Fig. 3. Effects of suppressing the dorsal hippocampus with lidocaine
immediately or 6h after the Context/Shock session on conditioned
freezing. (a) A schematic illustration of the experimental procedure. (b)
Percentage of freezing (mean + SEM) in the groups receiving infusion
immediately after the Context/Shock session. (c) Percentage of freezing
(mean 4+ SEM) in the groups receiving infusion 6 h after the Context/
Shock session. *p < .05, significantly lower than the group receiving
vehicle.
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(F(123y=6.76; p <.05), but not between the two delayed
infusion groups (F(; ) <1). Thus, inactivating the DH
after the Context/Shock session induced a time-dependent
retention deficit in conditioned freezing.

The deficit induced by lidocaine infused after the shock
could be due to disruption of re-storage processing, such as
reconsolidation, of the activated contextual memory. This
possibility was tested by examining the effect of DH sup-
pression after a trial involving only retrieval and re-storage
of the contextual memory but no shock association. If the
deficit observed above was due to disrupted re-storage,
such manipulation would hinder the association formation
in a subsequent Context/Shock session and yield the same
deficit in a later test. However, if the above deficit was
indeed due to interference with context—shock association,
this manipulation would cause no effect. Two additional
groups of rats were subjected to the two-phase training
paradigm modified as follows: on day 1, rats were exposed
to Context A; on day 2, the contextual memory was acti-
vated by putting the rat back into Context A for 20 s with-
out administration of shock. Immediately following this re-
exposure, rats received bilateral intra-DH infusion of lido-
caine (n = 8) or vehicle (n =9). On day 3, the rat was put
into Context A and 20 s later it received a shock. On day
4, all rats were tested for conditioned freezing in Context
A. The mean freezing scores at the test were
55.42 £ 4.57% for the vehicle group and 49.14 + 7.27%
for the lidocaine group. A one-way ANOVA showed no
difference between the two groups (F(; s < 1). These data
showed that suppressing the DH immediately but not 6 h
after the Context/Shock session impaired conditioned
freezing. On the other hand, suppressing the DH immedi-
ately after a pure retrieval trial involving no context-shock
association caused no effect. Thus the treatment impaired
consolidation of the context-shock memory rather than
reconsolidation of the context memory.

3.3. Inactivating the DH during shock administration in a
reminder cue procedure impaired conditioned freezing in
long-term but not short-term memory tests

In view of the findings in Section 3.2, the deficit induced
by intra-DH infusion before the Context/Shock session
observed in Section 3.1 could be due to impairment in
retrieval of the context memory and/or association of this
memory to the shock. Potential contribution of the latter
process to the observed effect could be tested more specifi-
cally by the reminder cue procedure described in Section
2.4 that enabled us to examine whether intra-DH infusion
of lidocaine after retrieving a well-formed context memory
but before associating it to the shock would affect short-
term memory (STM) and long-term memory (LTM) of
conditioned freezing. Three groups of rats were subjected
to the reminder cue training procedure and tested for con-
ditioned freezing immediately and 1-day after training with
a protocol depicted schematically in Fig. 4a. Rats in the
control group (n = 13) were transported from their home

24 h
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Fig. 4. Differential effects of suppressing the dorsal hippocampus with
lidocaine after presentation of the reminding cue but before administra-
tion of the shock on conditioned freezing in an immediate test (STM) and
a l-day test (LTM). (a) A schematic illustration of the experimental
procedure. The control group (CON) received the invalid conditioning
procedure and intra-DH infusion of vehicle, the vehicle (VEH) and
lidocaine (LID) groups received the valid conditioning procedure and
intra-DH infusion of vehicle and lidocaine, respectively. (b) Percentage of
freezing (mean &= SEM) during the STM test in the Context/Shock session.
(c) Percentage of freezing (mean + SEM) during the LTM test. “p < .05,
**p <.01.

cages by Chamber X to explore in Context C, which was
a compartment (35 x 35 X 35 cm) in a shuttle box with fea-
tures and location site different from Context A described
previously. In contrast, the vehicle (n = 13) and lidocaine
(n=13) groups were transported from their home cages
by Chamber X to Context A. At the Context/Shock session
rats in all groups were transported by Chamber X to Con-
text A, and after being removed from Chamber X but
before entering Context A to have shock they received
bilateral intra-DH infusion of vehicle or lidocaine. Immedi-
ately after being placed into Context A, the rat received a
foot shock. Five seconds later, STM was evaluated in Con-
text A by assessing freezing behavior for 30 s in every 2 s.
One day later, LTM for all rats was evaluated in Context
A by a 6-min normal test as previously described. For
the control group, Chamber X was never paired with Con-
text A beforehand, thus in the Context/Shock session this
cue was unable to activate the representation of Context
A to associate with the shock administered immediately
after entry. Thus, the control group received invalid condi-
tioning and its freezing behavior could serve as a no-asso-
ciation baseline, against which STM and LTM of the
vehicle and lidocaine groups receiving valid conditioning
could be compared.

Fig. 4b and c shows the mean freezing scores of the three
groups in the STM and LTM tests. Two one-way ANO-
VAs revealed significant differences among the three
groups in the STM and LTM tests (F(236 = 5.68 and
9.41, respectively; p <.01) . Post hoc analyses with the
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Fisher LSD test indicated that in the STM test, the vehicle
and lidocaine groups receiving valid conditioning expressed
significantly more freezing than the control group receiving
invalid conditioning (p < .05), but the former two groups
did not differ between themselves (p > .10), suggesting that
the vehicle and lidocaine groups equally acquired the asso-
ciation. In the LTM test, while the vehicle group receiving
valid conditioning still showed significantly more freezing
than the control group receiving invalid conditioning
(p <.01), the lidocaine group receiving valid conditioning
failed to do so and showed freezing significantly lower than
the vehicle group (p < .01). These results showed that sup-
pressing the DH after retrieving context memory but
before context—shock association did not affect conditioned
freezing in the STM test but impaired it in the LTM test.

To address the issue that the observed deficit was indeed
due to interference with consolidation of context-shock
association rather than reconsolidation of the activated
context memory, two additional groups of rats were sub-
jected to a modified reminder cue procedure as follows:
all rats received the standard day-1 procedure depicted in
Section 2.4. On day 2, rats were carried by Chamber X
to the conditioning room and then received bilateral
intra-DH infusion of lidocaine (n =8) or vehicle (n = 8)
immediately after removal from Chamber X. After the
infusion, they returned directly to their home cages. On
day 3, all rats were taken from its home cage to Context
A by Chamber X to receive an immediate shock. On day
4, all rats were transported by their home cages to Context
A for testing. The mean freezing scores were 36.53 4+ 5.41%
for the vehicle group and 45.69 4+ 9.05% for the lidocaine
group. A one-way ANOVA revealed no statistical differ-
ence between the two (F(j 14) <1). These results were not
consistent with the idea that the deficit induced by intra-
DH infusion of lidocaine within a Context/Shock session
in the reminder cue procedure could be due to interference
with reconsolidation of the context memory per se.

3.4. Intra-DH infusion of APV in the reminder cue procedure
impaired conditioned freezing

To pursue further whether association of context and
shock indeed required the DH, we examined the effect on
conditioned freezing of blocking hippocampal NMDA
receptors that were implicated in induction but not expres-
sion of experience-driven neural plasticity in the DH (Col-
lingridge, Kehl, & McLennan, 1983). Three groups of rats
were trained with the reminder cue procedure as described
schematically in Fig. 5a. At the Context/Shock session,
after being removed from Chamber X, rats received bilat-
eral intra-DH infusion of vehicle (n =19), 2.5 ug APV
(n=10) or 5.0 ug APV (n=11). After the infusion, they
were placed into Context A and received a shock immedi-
ately. Fig. 5b shows the results that intra-DH infusion of
APV caused a dose-dependent deficit in conditioned freez-
ing. A one-way ANOVA revealed a significant difference
among the groups (F(» 37 = 4.32; p <.05). Post hoc analy-
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Fig. 5. Effects of APV infused into the dorsal hippocampus after
presentation of the reminding cue but before administration of the shock
on conditioned freezing. (a) A schematic illustration of the experimental
procedure. IMM SHOCK: shock administered immediately after entering
the context; H: home cage. (b) Percentage of freezing (mean + SEM)
during the 6-min test session for rats receiving infusion of vehicle (0 pg),
2.5ug or 5.0 ug APV (0.5 ul per side) into the dorsal hippocampus.
*p < .05, significantly lower than the vehicle group.

ses with the Dunnett test revealed that the 5.0 pg group dis-
played less freezing than the vehicle group (p < .05).

To ascertain whether this learning—impairing dose of
APV had any effect on retrieval, two additional groups of
rats were trained with the two-phase training procedure
(Section 2.3) and received bilateral intra-DH infusion of
vehicle or 5.0 ug APV shortly before being tested on the
third day. The mean freezing scores over the 6-min testing
period were 3545+ 7.99% for the vehicle group and
39.44 +£10.29% for the APV group. One-way ANOVAs
revealed no statistical difference between the two groups
(F(1,19) <1). Because in the experiment described above
the shock was administered shortly after APV infusion,
integrity of memory expression at an early phase after
APV infusion would be most critical for forming a normal
association. The minute-by-minute freezing score was scru-
tinized over the test period for possible difference between
the vehicle and APV groups. No significant difference
between the two groups was detected in expression of con-
ditioned freezing by planned ¢-tests for the first or any fol-
lowing minute of the entire test (all ps > .10).

3.5. Intra-hippocampal infusion of lidocaine or APV did not
affect shock sensitivity

To evaluate whether intra-DH infusion of 4% lidocaine
or 5.0 pg APV shortly before shock administration affected
the shock sensitivity, a sample of rats was subjected to a
shock startle test at least 7 days after the conditioning task.
Rats from the groups in Section 3.1 were divided randomly
to receive intra-DH infusion of vehicle (n = 9) or lidocaine
(n =9). Rats from the groups in Section 3.4 were also ran-
domly divided to receive intra-DH infusion of vehicle
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Fig. 6. Lack of effect of lidocaine or APV on the startle amplitude
(mean + SEM) induced by shock (left panel) and acoustic stimuli (right
panel). Three groups of rats received intra-dorsal hippocampal infusion of
lidocaine (LIDO), APV (5.0 pg per side) or vehicle (VEH). No statistically
significant difference among the three groups was detected in either form
of startle.

(n=29) or 5.0 ug APV (n = 10). Because lidocaine caused a
total blockade of the target areca within 3—15 min and the
effect subsided gradually in an hour (Malpeli, 1999; Mar-
tin, 1991), the first two blocks of the startle responses elic-
ited by shock and acoustic stimuli were analyzed. The two
vehicle groups showed no difference in either shock or
acoustic startle, thus their data were pooled into a single
control group. Fig. 6 shows the mean amplitude of startle
response elicited by different intensities of shock and acous-
tic stimuli: intra-DH infusion of lidocaine failed to alter
shock or acoustic startle. While the APV-treated rats
appeared to have lower acoustic startle scores than the con-
trol or lidocaine group, two-way ANOVAs (Drug x Stimu-
lus—Intensity) revealed no statistical significance in either
the shock startle or acoustic startle for the Drug main effect
(F2,34) <1 for the shock data; F{ 34y = 2.24; p > .05 for the
acoustic data) and Drug x Stimulus—Intensity interaction
(Fuepm2) <1, for the shock data; F5 34 =2.08; p> .05,
for the acoustic data). The Stimulus—Intensity main effect
was significant (Fs 272y = 54.7, p <.01 for the shock data;
Fo63)=139.19, p<.01 for the acoustic data), suggesting
that for all three-treated groups, both acoustic and shock
startle responses increased along with elevation of the stim-
ulus intensity.

4. Discussion

To assess the DH roles in context learning and context—
shock association, this study used a training paradigm that
separates the two learning processes in contextual fear con-
ditioning. Consistent with previous results (Kiernan &
Westbrook, 1993; Rudy & O’Reilly, 2001), our data
showed that the context information could be acquired
without explicit reinforcement and stored in dormancy
until being activated for further association. Thus, context
learning in the present study is essentially a kind of latent
learning noted in other behavioral tasks by previous studies
(Liang, 1999; Noda et al., 2001; Tolman, 1948). Results

from this latent learning task suggest that the DH is
involved in formation of memory for both processes.

The present study probed the DH function with lido-
caine that has an effect vanishing in an hour (Malpeli,
1999; Martin, 1991). Thus, its influence could be confined
to a specific phase of memory processing rather than affect-
ing both memory formation and expression as electrolytic
lesions (Phillips & LeDoux, 1992; Rudy et al., 2002). For
infusion experiments, whether the observed effect reflects
a drug action at the infusion site is of great concern. In
view of that 1 pl of 4% lidocaine inactivated a tear-drop
shape area within 1.5 mm of the infusion needle tip (Mar-
tin, 1991), 0.5 pl used in this study should inactivate an
even smaller region encroaching the DH without invading
much of the adjacent tissue. Treatments given before a
training session may exert effects on performance rather
than learning. However, in our study posttraining treat-
ments without influencing sensory or motivational states
during acquisition induced similar effects as pretraining
ones, thus the observed deficits should be due to defects
in learning and memory per se (McGaugh, 2000). The lack
of a lidocaine or APV effect on shock startle argues more
specifically against a contribution of altered shock sensitiv-
ity to the observed deficits. Our data, in line with previous
findings (Matus-Amat et al., 2004), also ruled out a state-
dependency account for the lidocaine effect.

The results that lidocaine infused into the DH before the
Context session impaired conditioned freezing confirm the
previous suggestion for involvement of the DH in acquir-
ing contextual memory (Anagnostaras et al., 2001; Fanse-
low, 2000). Our results also showed that this treatment
given after the session caused a time-dependent deficit, con-
sistent with a notion that the DH is involved in consolida-
tion of the context memory (Biedenkapp & Rudy, 2004;
Malin & McGaugh, 2006) but conflicting with that intra-
DH infusion of muscimol after context training did not
impair conditioned freezing (Matus-Amat et al., 2004).
The cause for this discrepancy is not readily clear but
may be due to the fact that muscimol engages only
GABA-mediated inhibition, yet lidocaine suppresses all
neural activity. Beta-noradrenergic activation has been
shown to overcome GABA inhibition in modulating avoid-
ance memory (Introini-Collison, Castellano, & McGaugh,
1994). Thus, lidocaine may eliminate all memory enabling
factors including those counteracting GABA inhibition,
such as norepinephrine that was implicated in contextual
fear conditioning (Frankland et al., 2004; Ji, Wang, & Li,
2003). Alternatively, lidocaine may exert its effect by
directly inhibiting intracellular cAPM production and
hence protein kinase A activation (Onozuka, Watanabe,
Imai, Nagasaki, & Yamamoto, 1993; Roux et al., 1989),
which played a crucial role in formation of contextual fear
memory (Schafe, Nadel, Sullivan, Harris, & LeDoux,
1999).

The most critical findings of this study are that perturb-
ing the DH at the Context/Shock session impaired condi-
tioned freezing. The impairment induced by intra-DH
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infusion of lidocaine before the session could be due to def-
icits in retrieving the context memory as suggested by a pre-
vious study applying muscimol into the DH (Matus-Amat
et al., 2004). Yet as the lidocaine effect lasted into the post-
shock period, the treatment might also affect processing of
context-shock association. The deficit induced by intra-
DH infusion lidocaine after the Context/Shock session
attested to this conjecture. The time-dependent nature of
this impairment, namely the immediate post-shock infusion
inducing a marked deficit but the delayed infusion inducing
no deficit, is consistent with the interpretation that the
treatment affected the memory consolidation process of
context—shock association. While our data cannot rule
out a possibility that lidocaine given after the shock
affected memory processing of shock per se rather than that
of context-shock association, such an interpretation was
not supported by the findings that manipulating the DH
did not interfere with fear conditioning to a specific cue
(Kim & Fanselow, 1992; Phillips & LeDoux, 1992).

Additional findings in a reminder cue procedure of the
present study provide evidence consistent with, though
not necessarily proving, the above suggestion. Suppressing
the DH after retrieval of the contextual memory but before
its association with the shock significantly impaired freez-
ing behavior tested 1 day after training but had no effect
on that tested within 1 min after shock administration.
The negligible freezing in an invalid-conditioning control
group (Fig. 4b) supports the notion that in contextual fear
conditioning, freezing present shortly after the shock relied
on the context—shock association and thus was a condi-
tioned response (Fanselow, 1982, 1986). The normal
STM but impaired LTM of conditioned freezing in the
lidocaine-treated group is consistent with the notion that
suppressing the DH could prevent the context-shock asso-
ciation from consolidating.

Previous studies also reported that disturbing the DH
functions in various ways did not impair STM of condi-
tioned freezing, and attributed this to association of the
shock to a set of individual elements sampled in exploring
the context (Kim et al., 1993; Sanders & Fanselow, 2003;
Young, Bohenek, & Fanselow, 1994). This interpretation,
however, may not account for our results, because in a
reminder cue procedure a rat had little time to sample ecle-
ments of the context as the shock appeared immediately
upon its entering the context. An intact STM of context—
shock association in our lidocaine group suggests that inte-
grated context memory, once activated under normal DH
functions, may not be repressed by subsequent suppression
of this structure. Such a view, while awaits more evidence
to sustain, is compatible with a theory that the memory
may be stored in the cortex but require the DH only for
its formation and retrieving at an early stage (Squire &
Alvarez, 1995; Teyler & Discenna, 1986).

Based on the findings that that intra-cerebroventricular
infusion of APV impaired acquisition but not expression of
conditioned freezing (Kim, Decola, Landeira-Fernandez,
& Fanselow, 1991) and that APV did not affect formation

and expression of STM in such a task (Sanders & Fanse-
low, 2003), this study infused APV into the DH just before
the shock in a reminder cue procedure and found a dose-
dependent deficit. These findings not only indicate that
the observed deficit was due to compromise of neural oper-
ation within the DH per se, but also suggest that the
NMDA receptors were involved in formation of long-term
context—shock memory. These findings are complementary
to the ones that these receptors were also involved in for-
mation of long-term context memory (Stote & Fanselow,
2004). While our study found no effect of APV on memory
expression activated by the context, a former study showed
that intra-DH infusion of APV blocked expression of con-
ditioned fear to a tone in trace conditioning (Quinn, Loya,
Ma, & Fanselow, 2005). Given the similarity shared by the
reminder cue procedure and trace conditioning in associat-
ing a shock with the image of a stimulus, the issue of
whether APV blocked expression of a context memory acti-
vated by a reminder cue should be pursued in the future by
a better designed experiment.

Our data showed that lidocaine given immediately after
a pure contextual memory retrieval trial in the two training
procedures failed to impair subsequent conditioned freez-
ing. These results suggest that the effect induced by lido-
caine given at the Context/Shock session could not be
due to deficits in re-storage of the contextual memory.
Evidence has suggested that a memory trace once being
activated may undergo a reconsolidation process in re-stor-
age (Nader, Schafe, & LeDoux, 2000), which may engage
different neural processes in the DH than consolidation
(Taubenfeld, Milekic, Monti, & Alberini, 2001). Our data,
in line with that intra-DH infusion of anisomycin after a
retrieval trial failed to affect reconsolidation of context
memory (Biedenkapp & Rudy, 2004), might not resolve
those issues regarding the boundaries under which recon-
solidation of contextual fear memory occurs and what
neural processes in the DH are involved (McGaugh,
2004b; Tronson & Taylor, 2007); however, they rendered
an alternative interpretation unlikely that the observed
deficit in consolidation of context-shock association could
be due to reconsolidation failure of the context memory.

The present results, taken together, suggest that the DH
has roles in memory processing for context—shock associa-
tion in addition to context representation, although they do
not rule out that suppressing the DH before a Context/
Shock session may hamper the association by blocking
retrieval of context memory. This suggestion is consistent
with the evidence that hippocampal place cells altered their
place fields after administration of shock in contextual fear
conditioning (Moita et al., 2004) as well as in an inhibitory
avoidance task footshock training induced NMDA-depen-
dent long-term potentiation in CAl neurons (Whitlock
et al., 2006) and the calcium-independent activity of the
DH calcium calmodulin-dependent protein kinase II impli-
cated in neural plasticity (Tan & Liang, 1996). The findings
that certain immediate early genes in the DH were acti-
vated specifically to context-shock association but others
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were induced by merely exposure to the context (Hall, Tho-
mas, & Everitt, 2000; von Hertzen & Giese, 2005) also sup-
ports involvement of the DH in both context
representation and context-shock association.

While it remains to be tested in paradigms other than
latent learning of contextual fear conditioning, a role of
the DH in context—shock association is not unexpected in
lieu of the evidence that the DH may represent spatial
and temporal relationship for encountered stimuli (Bangas-
ser, Waxler, Santollo, & Shors, 2006; Wallenstein, Eichen-
baum, & Hasselmo, 1998). However, it needs to be
reconciled with some conflicting findings. The reports that
pre- or posttraining electrolytic lesions of the DH did not
abolish contextual fear conditioning if rats had been pre-
exposed to the context a month ago (Anagnostaras et al.,
2001; Young et al., 1994) imply no need for the DH in con-
text—shock association. Yet in view of an idea that process-
ing of contextual memory by the DH is only time-limited
(Anagnostaras, Maren, & Fanselow, 1999; Kim & Fanse-
low, 1992, but see Sutherland et al., 2001 for a different
view), association of a remote contextual memory with
shock could engage structures other than the DH. A for-
mer study reported that anisomycin impaired conditioned
freezing if given after the pre-exposure but had no effect
if given after the shock (Barrientos, O’Reilly, & Rudy,
2002). In view of the evidence that context representation
and context-shock association activated different immedi-
ate early genes and thus syntheses of different proteins
(von Hertzen & Giese, 2005), the two learning processes
may have different sensitivity to protein synthesis inhibi-
tion that could not be revealed by one dose of the drug
given at one time point. In an inhibitory avoidance task,
intra-DH infusion of oxotremorine improved memory if
given after the pre-exposure but had no effect if given after
the shock (Malin & McGaugh, 2006). These findings, taken
together with ours, may suggest that integrity of the DH is
necessary for formation of the context memory and con-
text—shock association memory, but cholinergic activation
of the DH is only sufficient for enhancing the context mem-
ory as the two memories may engage different neurochem-
ical systems in the DH.

Most studies in the literature ascribe the function of
context-shock association to the BLA (Gale et al., 2004;
Kim et al., 1993; Phillips & LeDoux, 1992). While our find-
ings are able to accommodate results incongruent with this
prevailing model, they by no means disprove it. Whether
suppressing the DH completely eliminated or partially
attenuated conditioned freezing is inconclusive in our data,
because except in Section 3.3 a no-association (or no-
shock) baseline of freezing was not available for compari-
son. It is possible that the BLA and DH are both contained
in the circuitry and interacting to subserve context-shock
association. The BLA may affect contextual fear condition-
ing via its influences on the DH (Huff & Rudy, 2004; LaLu-
miere, Buen, & McGaugh, 2003; McGaugh, 2004a), as
suggested by the evidence that manipulating the BLA func-
tion modulated electrophysiological or biochemical mark-

ers of neural plasticity in the DH (Almaguer-Melian,
Martinez-Marti, Frey, & Bergado, 2003; Frey, Bergado-
Rosado, Seidenbecher, Pape, & Frey, 2001; Huff et al.,
2006; Kim, Lee, Han, & Packard, 2001). Alternatively,
the DH may affect the context—shock association by mod-
ulating processes in the BLA (Maren & Fanselow, 1995;
Maren & Hobin, 2007; Mello, Tan, & Finch, 1992) or the
two structures may provide critical inputs converging onto
a third region implicated in contextual fear conditioning,
such as the ventral hippocampus (Donley, Schulkin, &
Rosen, 2005; Maren, 1999b). These views that may not
be mutually exclusive remain to be tested in the future.
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