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We have shown previously that electrolytic lesions of the dorsal
hippocampus (DH) produce a severe deficit in contextual fear if
made 1 d, but not 28 d, after fear conditioning (Kim and
Fanselow, 1992). As such, the hippocampus seems to play a
time-limited role in the consolidation of contextual fear condi-
tioning. Here, we examine retrograde amnesia of contextual
fear produced by DH lesions in a within-subjects design. Unlike
our previous reports, rats had both a remote and recent mem-
ory at the time of the lesion. Rats were given 10 tone–shock
pairings in one context (remote memory) and 10 tone–shock
pairings in a distinct context (with a different tone) 50 d later
(recent memory), followed by DH or sham lesions 1 d later.

Relative to controls, DH-lesioned rats exhibited no deficit in
remote contextual fear, but recent contextual fear memory was
severely impaired. They also did not exhibit deficits in tone
freezing. This highly specific deficit in recent contextual mem-
ory demonstrated in a within-subjects design favors mnemonic
over performance accounts of hippocampal involvement in fear.
These findings also provide further support for a time-limited
role of the hippocampus in memory storage.
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After damage to the hippocampal formation, humans display
anterograde amnesia of declarative memory (an inability to form
new memories) that is accompanied by retrograde amnesia (RA)
of declarative memory (a loss of memory acquired before the
damage). In amnesics, RA is typically temporally graded; it
involves the loss of memories acquired just before the lesion
(recent memory), but memories acquired several years before
(remote memory) remain intact [Squire and Alvarez (1995);
Knowlton and Fanselow (1998); but see Nadel and Moscovitch
(1997)]. This effect has been observed through use of retrospec-
tive memory tests, including those examining autobiographical
details, public events, famous faces, and television shows
(Rempel-Clower et al., 1996; Reed and Squire, 1998).

Although many studies in animals have examined the effects of
hippocampal lesions made before training (Olton et al., 1979;
Morris, 1983; Phillips and LeDoux, 1992; Kim et al., 1993),
relatively few studies have examined temporally graded RA after
damage to the hippocampal formation (Winocur, 1990; Zola-
Morgan and Squire, 1990; Cho et al., 1993; Bolhuis et al., 1994;
Kim et al., 1995; Cho and Kesner, 1996; Wiig et al., 1996; Nadel
and Moscovitch, 1997). Kim and Fanselow (1992) gave animals
Pavlovian fear conditioning in which a tone conditional stimulus
(CS) was paired with a shock unconditional stimulus (US) several

times in a novel context. Rats trained in this manner develop a
fear of both the tone and the training context, which can be
measured as freezing, an adaptive species-specific defense reac-
tion (Bolles, 1970; Fanselow, 1980). Electrolytic lesions of the
dorsal hippocampus (DH) made 1 d, but not 28 d, after training
abolished contextual freezing but spared tone freezing. That is,
hippocampal lesions produced a time-limited RA of contextual
fear in rats (Kim and Fanselow, 1992; Maren et al., 1997).
Consistent with the proposed role of the hippocampus in other
forms of memory, we have offered a mnemonic account of the
deficit in context conditioning produced by hippocampal damage
(Maren et al., 1998).

Despite the specificity of this deficit in recent contextual fear
(and not remote contextual fear or tone fear), the mnemonic role
of the hippocampus in contextual fear has recently been ques-
tioned. An alternative account suggests that the deficits observed
in contextual freezing may be attributable to locomotor hyperac-
tivity, a reliable effect of hippocampal lesions (Teitelbaum and
Milner, 1963; Douglas and Isaacson, 1964; Maren and Fanselow,
1997). By this view, hippocampal animals do not exhibit normal
freezing, because hyperactivity generated by the lesion disrupts
inhibition and freezing directly (Blanchard et al., 1977; Good and
Honey, 1997; McNish et al., 1997). This is a performance account
of contextual freezing deficits, because in this view hippocampal
lesions disrupt the performance of the freezing response rather
than fear memory. For this account to handle the specificity of the
deficit for recent contextual fear, several assumptions need to be
made (McNish et al., 1997). First, it is assumed that higher levels
of fear are less susceptible to disruption by hippocampal lesions
than low levels of fear. Second, it is assumed that remote contex-
tual fear is stronger than recent contextual fear because of an
“incubation” of fear over time. Third, tone fear is assumed to be
greater than contextual fear, because it is presumed that the tone
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is a better predictor of the US than the context (i.e., greater
CS–US contingency) (McNish et al., 1997).

Although the specificity of the amnesic effects of hippocampal
lesions observed in the Kim and Fanselow (1992) study did not
appear to relate to the levels of fear observed (Maren et al., 1998),
the between-groups design used did not provide an ideal test of
these assumptions. Because there is considerable variability in the
levels of hyperactivity produced by hippocampal lesions (Maren
and Fanselow, 1997; Maren et al., 1998), an ideal design would
contrast remote and recent fear within subjects.

Thus, to examine these issues, we wanted to determine whether
temporally graded RA of contextual fear could be demonstrated
within subjects. In Experiment 1, the same animals had both
remote and recent (contextual and tone) fear memories at the
time of the hippocampal lesion. This within-subjects design for-
mally examines these performance issues. In Experiment 2, we
reduced the levels of tone fear with respect to contextual fear, and
in Experiment 3, we examined hippocampal lesion-induced hy-
peractivity. Together, these experiments should discriminate be-
tween the performance and mnemonic accounts of hippocampal
lesion-induced hyperactivity and contextual fear deficits.

MATERIALS AND METHODS
Experiment 1: temporally graded retrograde amnesia of fear:
within-subjects examination
Subjects. Twenty-nine female Long–Evans rats (225–250 gm, 90- to
110-d-old at initial training; 290–325 gm, 150- to 170-d-old at the time of
testing) bred at University of California at Los Angeles (stock from
Harlan Sprague Dawley, San Diego, CA) were used in this experiment.
They were housed in individual metal cages located in a colony main-
tained on a 14/10 hr light /dark cycle. They had access to dry food and
water ad libitum and were handled on 3 consecutive d for ;1 min before
initial training.

Training. All of the animals received training in a remote context (with
a remote tone), followed by training in a different recent context (with a

different recent tone) 50 d later. Figure 1 graphically depicts a sample
time line of the experimental procedures. The exact contexts and tones
used show little generalization between each other and were counterbal-
anced (see Contexts below). The training parameters were chosen from
pilot work in which tone conditioning was weaker or equivalent to, but
not greater than, context conditioning. For each conditioning session, the
rats were placed into the conditioning chambers, and after a 4 min
baseline period, the animals received 10 tone (10 sec, 2 or 8 kHz, 85 dB/A
scale)–shock (2 sec, 1 mA) pairings, with each pairing separated by 64
sec. Two minutes after the last trial, the animals were returned to their
home cages.

Surgery. One day after recent training (50 d after remote training), all
of the animals were given atropine methyl nitrate (0.04 mg/kg, i.p.),
anesthetized with sodium pentobarbital (45 mg/kg, i.p.), and mounted
into a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA).
The scalp was incised and retracted, and head position was adjusted to
place bregma and lambda in the same horizontal plane. Small burr holes
were drilled in the skull for placement of a stainless steel electrode (size
00 insect pin insulated with Epoxylite, except for the 0.5 mm tip). Rats
were assigned to either DH (n 5 14) or sham (n 5 15) groups randomly
but with constraints to maintain training context and tone counterbal-
ancing. DH rats received bilateral electrolytic lesions of the dorsal
hippocampus by passing anodal constant current (1.0 mA for 20 sec;
direct current constant current lesion maker DCLM5A; Grass Instru-
ments) at four sites (22.8 mm postural to bregma; 62.0 lateral to
bregma; 24.0 ventral to the skull surface; and 24.2 posterior, 63.0
lateral, 24.0 ventral) (Kim and Fanselow, 1992). Sham rats were treated
similarly, but no current was passed.

Contexts. The context A environment consisted of aluminum (side
walls) and Plexiglas (front, back, and top) chambers (28 cm wide, 21 cm
high, and 22 cm deep; Lafayette Instruments, Lafayette, IN). The floor
of each chamber had 18 stainless steel rods (4 mm diameter, 1.5 cm apart)
connected to a shock scrambler and generator (which along with internal
ventilation fans supplied background noise of 70 dB/A scale). The cham-
bers were cleaned and scented with a 5% ammonium hydroxide solution
(in collection pans below the rods). These computer-controlled (Med-
Associates, Lafayette, IN) chambers were in a well lit room (the
“Wilshire room”) separate from the observers, who viewed the animals
on video screens and were blind to the experimental conditions. Tones
were presented from a speaker in the wall of each chamber. The context

Figure 1. Experiment 1. Sample schematic view of within-subjects procedures. The animals were given remote conditioning in one context, and 50 d
later they received recent training in a different context (with a different tone), followed by dorsal hippocampal or sham lesions 1 d later. After 10 d of
recovery, they were given independent freezing tests for remote and recent, context and tone fear memory. The exact contexts and test orders used were
counterbalanced. Drawings are not to scale.
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B environment was in a separate room (the “Sunset room”). These
chambers (same size as above) had a white rear wall inserted and two
white plastic side walls (24 3 21 cm) placed at 60° to the floor, forming
a triangular enclosure. The floors consisted of 17 staggered rods (two
rows, 1 cm vertically apart; in each row, each rod was 2.6 cm apart).
Background noise (70 dB) was supplied by a white noise generator, and
the chambers were cleaned and scented with 1% acetic acid solution.
This room was kept entirely dark, except for a 30 W red light bulb. The
carriers used to transport the animals to this context were also different
from before, and because this context was located in a different room, the
room had distinctive geometric and distal features. Our previous and
current experience is that rats exhibit no significant generalization be-
tween these contexts (Kim and Fanselow, 1992; Maren and Fanselow,
1997) (see Fig. 5B, BL). The two tones used were 2 and 8 kHz pure tones.
Pilot studies found ,15% generalization between these two tones under
these training parameters. The exact contexts and tones used for remote
and recent training were counterbalanced (i.e., an equal number of
animals were trained in A with 2 kHz, followed by B with 8 kHz 50 d
later; A8–B2, B2–A8, and B8–A2). In this manner, differences between
the levels of fear attained to the different cues (which were small) were
counterbalanced, and counterbalancing was maintained within each le-
sion group. Finally, a third context (C) was used for off-baseline tone
testing. This context consisted of a stainless steel rack of hanging wire
mesh cages (20 cm wide, 25 cm deep, 18 cm high; transparent in the front;
opaque side and rear walls). These cages hung over deep, pine wood
shavings (providing the background odor), and the entire rack was placed
into the same room (Wilshire) as the context A chambers. The room was
now dark, except for a 30 W red light bulb, was isolated and quiet
(background noise, 55 dB), and tones (which achieved 85 dB in the
individual cages) were delivered from conditioning chambers located
behind the rack (although these chambers were not visible to the rats).
The transport carriers used to carry the animals were those used for
either the A or B context (counterbalanced). The animals did not exhibit
significant generalization during baseline between this C context and the
A and B contexts in which they had received training (see Fig. 4A, B, BL).

Freezing. Freezing, an established index of conditional fear in the rat,
was defined as the absence of any visible movement (including the
vibrissae), except that required for respiration (only fluctuation in the
volume of the thorax). It was scored according to a blind instantaneous
8 sec time sampling procedure in which each animal was observed eight
times per 64 sec interval, and these were averaged to yield an estimate of
the percentage time freezing. Prior study has revealed that this measure
is highly amenable to parametric analysis (Fanselow and Bolles, 1979).

Tests for conditioning. After surgery (10–11 d), the animals received
both a remote and a recent 8 min contextual fear test on 2 separate d
(order counterbalanced). This was followed 1–2 d later by remote and
recent (counterbalanced) tone tests. For each test, the rats were brought
to a novel context (context C, above) for an 8 min tone fear test. The
animals were placed in the wire cages, and after a 2 min baseline, either
the remote or recent conditioning tone was presented for 6 min. For each
test, freezing was scored continuously.

Experiment 2: further increase in the level of context fear
relative to tone fear
In Experiment 1, we examined whether RA of recent contextual fear
could be demonstrated even when contextual fear was higher to or
equivalent to tone fear. In Experiment 2, we examined the effect of DH
lesions when contextual fear levels were even higher and unambiguously
greater than tone fear (compared with Experiment 1). To this end,
training parameters were used (based on pilot work) that produced
nearly asymptotic levels of contextual fear, with comparatively low levels
of tone fear. In this experiment, only recently acquired fear was
examined.

Subjects. Twenty-eight female Long–Evans rats were used (as before).
Training. The rats were given one Pavlovian fear conditioning session

in the A context (above). After a 3 min baseline period, the animals
received five tone (30 sec, 2 kHz, 85 dB/A scale)–footshock (2 sec, 1 mA)
pairings separated by 64 sec each. Two minutes after the last pairing, the
animals were returned to their home cages.

Surgery. One day after training, the animals received either DH (n 5
10) or sham (n 5 18) lesions as before.

Tests for conditioning. After surgery (10 d), the animals were returned
to the training context for an 8 min contextual fear test. On the next day,
they were brought to a novel context (B context, above), and after a 2 min

baseline period, the training tone was played for 6 min. Freezing was
scored continuously during the two tests.

Experiment 3: the generality of hippocampal hyperactivity
Increased locomotor activity (“hyperactivity”) after hippocampal lesions
is a well established phenomenon (Douglas and Isaacson, 1964; Maren
and Fanselow, 1997; Maren et al., 1998). By one view, this hyperactivity
reflects a generalized loss of inhibition, of which freezing is an example
(Douglas, 1967; Blanchard et al., 1977; Good and Honey, 1997; McNish
et al., 1997). Consistent with this view, the performance account pro-
poses that DH-lesioned animals fail to exhibit normal contextual freez-
ing, because hyperactivity generated by the lesion directly interferes with
the performance of the freezing response. By quite a different view,
hyperactivity observed on the open field in rats with hippocampal lesions
reflects aberrant exploration caused by a failure of spatial learning
(Teitelbaum and Milner, 1963; Nadel, 1968). Accordingly, the mnemonic
account postulates that both the contextual learning deficit and hyper-
activity on an open field reflect a common spatial learning deficit (Good
and Honey, 1997; Maren et al., 1998).

Thus, we examined open-field activity to test between these two
accounts. Two features of open-field activity were examined for which
these two views make different predictions. First, the time course of
open-field activity was examined. By the performance account, DH-
lesioned animals should immediately and for a sustained period of time
exhibit hyperactivity. By the mnemonic account, sham and DH-lesioned
rats should begin by exploring the environment to a comparable degree,
but DH-lesion-induced hyperactivity should appear as a failure of normal
fast habituation. Second, we examined the effect of a stimulus (anxiety-
provoking bright light) that normally produces behavioral inhibition on
the open field. By the performance account, DH-lesioned animals should
remain hyperactive when a bright light is shined on the open field
because of their generalized loss of inhibition. By the mnemonic account,
an anxiety-provoking bright light should readily gain control over explor-
atory behavior and attenuate hyperactivity. To this end, animals were
tested for activity in a very dark open field for 4 min, followed by testing
in bright light for 4 min.

Subjects. Twenty-seven female Long–Evans rats were used (as before).
Surgery. Animals were given DH (n 5 12) or sham (n 5 15) lesions as

before.
Open-field testing. After surgery (10–20 d), the animals were brought to

an open field for activity testing. The open field was a translucent green
polyethylene storage container (71 cm long, 36 cm wide, 30 cm high)
placed in the center of a room that had been decorated with distal cues
(posters in the rat’s line of sight). The container floor was separated into
eight equal segments (20 3 18 cm each) using black electrical tape
mounted on the underside of the open field. It was placed on a table in
the center of the room and directly below an overhead camera and a 25
W red light bulb, which provided the only illumination for the dark phase
of the test. Two light fixtures, each with a 100 W white bulb directly
facing the outside walls of the translucent open field, were attached to the
table and used to flood the open field with light during the light phase of
the test. Background noise (65 dB/A scale) was supplied by a white noise
generator. For each rat, the experimenter (blind to surgical condition)
placed the animal in the open field, left the isolated room, then scored
line crossovers (defined as the front and rear paws crossing one of the
black lines, i.e., the animal entering a different segment) in the dark for
4 min, then turned on the two 100 W bulbs via remote control, and scored
line crossovers for an additional 4 min (animals were observed on a video
display). The animal was then returned to its home cage, and the open
field was cleaned with 25% ethanol between each rat. Crossovers were
tabulated for each minute of the 4 min dark and 4 min light periods.

Common to all experiments
Histology. Histological verification of lesion location was performed after
behavioral testing was completed. Rats were perfused across the heart
with 0.9% saline, followed by 10% formalin. After extraction from the
skull, the brains were post-fixed in 10% formalin for several days and in
10% formalin–30% sucrose until sectioning. Coronal sections (50 mM
thick, taken every 200 mM) were cut on a cryostat (216°C) and mounted
on glass microscope slides with 70% ethanol. After drying, the sections
were stained with 0.25% thionin. Lesions were verified by visual inspec-
tion of the stained sections reconstructed on rat brain atlas templates
(Swanson, 1992).
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Data analysis
Percentage freezing averaged over several minutes was entered into a
general multivariate ANOVA (MANOVA), followed by multiple post
hoc comparisons. For unpaired comparisons, the MANOVA generates a
post hoc equivalent to an unpaired two-tailed t test. For paired compar-
isons, the post hoc is equivalent to a paired two-tailed t test (Woodward
et al., 1990). Time courses are presented for visualization (see Figs.
3 A, B, 4 A, B, 5 A, B), but unless indicated otherwise, group 3 minutes
interactions were not significant; thus, to simplify data analysis, statistics
are presented only for summary data (see Figs. 3C, 4C, 5C). In all cases,
time course analyses yielded equivalent findings. Where there was a
meaningful group 3 time interaction (see Fig. 6), a full time course
analysis is given. Any additional analyses are as indicated in the text.

RESULTS
Histology: all experiments
Histological reconstruction from a representative Hippocampal
rat is shown in Figure 2. Rats in this group exhibited damage
throughout the rostral-caudal extent of the DH. The lesions were
variable in size, but included damage to CA1, CA3, and dentate
gyrus. Of the included rats, extrahippocampal damage, when
present, primarily included minimal damage to neocortex overly-
ing hippocampus [a previous study has indicated that damage to
these cortical regions does not impact fear conditioning (Kim and
Fanselow, 1992)]. In Experiment 1, three rats were excluded from

the final analysis: one rat had a unilateral lesion and two rats had
damage that extended ventrally into the thalamus (final DH, n 5
11). In Experiment 2, two rats were excluded, because only very
small or unilateral lesions were apparent (final DH, n 5 8). In
Experiment 3, one animal was excluded because it died from
unknown causes before it could be perfused (final DH, n 5 11).
However, exclusion of these rats did not affect any statistical
conclusions or the qualitative appearance of any of the figures.

Experiment 1: temporally graded retrograde amnesia
of fear: within-subjects examination
Context fear
After surgery (10–11 d), the rats were returned to the remote and
recent training contexts for two separate 8 min contextual freez-
ing tests (order counterbalanced) (Fig. 3). Figure 3A depicts the
time course for the freezing response for remote contextual fear
that had been acquired 50 d before the lesion. Figure 3B depicts
the time course of recent contextual fear, learned 1 d before the
lesion (note that despite the appearance of Figure 3B, the le-
sion 3 min interaction for this test was not significant;
MANOVA, F(7,168) 5 1.2, p . 0.3; moreover, DH rats were
significantly impaired for every minute of this test; F(1,24) val-
ues . 7.2, p , 0.02). Figure 3C depicts the average freezing
observed during the first 6 min of the two tests (6 min was used
to make the levels more comparable to the tone tests; see below).
Lesions of the hippocampus produced an obvious and severe but
time-limited RA of contextual fear. There was a significant le-
sion 3 time interaction (F(1,24) 5 16, p , 0.001). Post hoc
comparisons revealed that time-limited RA of contextual fear
was robust whether tested within-subjects or between-groups.
Remote contextual fear differed from recent contextual fear for
hippocampal rats (F(1,10) 5 28, p , 0.001) but not for sham rats
(F(1,14) 5 0.06, p . 0.8), which, importantly, exhibited an equiv-
alent average level of fear to the two contexts. Hippocampal rats
differed from sham rats for recent (F(1,24) 5 34, p , 0.0001) but
not remote (F(1,24) 5 1.3, p . 0.25) contextual fear. Thus, unam-
biguous time-limited RA of contextual fear can be demonstrated
within-subjects.

Hyperactivity cannot account for the present data, because
hyperactivity would be expected to similarly impact both mea-
sures of context fear, taken within-subjects. Moreover, there is no
evidence that remote contextual fear is stronger than recent
contextual fear because of “incubation,” or some other temporal
process (cf. McNish et al., 1997). Indeed, the average remote and
recent contextual fear in sham animals differed by only ;1%.

Tone fear
After contextual fear testing (1–2 d), the animals were brought to
a novel context for remote and recent tone fear testing (order
counterbalanced). For each test, after a 2 min baseline period,
either the recent or remote tone was played for 6 min (Fig. 4).
Figure 4A depicts the time course for the freezing response of
remote tone fear, whereas Figure 4B depicts the time course for
recent tone fear. None of the animals exhibited appreciable
baseline freezing. Figure 4C depicts the average responses during
the 6 min periods when the tones were on. Hippocampal lesions
failed to produce any significant effect in tone fear (MANOVA,
main effect of lesion, F(1,24) 5 0.6, p . 0.4; lesion 3 time
interaction, F(1,24) 5 0.6, p . 0.4). For summary data, there were
no significant post hoc comparisons ( p . 0.2).

Figure 2. Histological reconstruction of representative electrolytic lesion
of the dorsal hippocampus.
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Tone compared with context fear
Although such a comparison is theoretically problematic, it has
been assumed that tone fear is stronger than contextual fear
(McNish et al., 1997), whereas the present study was specifically
designed to provide lower or equivalent levels of tone fear.

Average analysis
Compare Figures 3C and 4C. For sham rats, context fear was
indeed higher than tone fear at both the remote (F(1,14) 5 11.7,
p , 0.01) and recent (F(1,14) 5 5.0, p , 0.05) time points (first 6
min of context test vs 6 min of tone test when the tone was on).

Peak analysis
Because the time course for context and tone fear are different
(compare Figs. 3A,B and 4A,B), it is possible that the average
analysis underestimated tone fear. Thus, we computed the peak
continuous freezing for each rat during any 1 min interval for
each of the remote and recent context and tone tests (Maren et
al., 1997). These data and post hoc comparisons are reported in
Table 1 (Experiment 1). Nonparametric post hoc comparisons
were used throughout the peak analysis because of heterogeneity
of variance (substantial compression against the ceiling for con-
text freezing). For sham rats, peak context freezing was indeed

Figure 3. Experiment 1. Temporally graded retrograde amnesia of contextual fear: within-subjects examination. A, Remote contextual fear. Rats that
received DH lesions exhibited equivalent levels of freezing (% time 6 SEM, for each minute of the 8 min test) as sham animals to the remotely acquired
context, for which they were trained 50 d before the lesion. B, Recent contextual fear. The very same DH-lesioned rats exhibited a severe amnesia of
contextual memory that was 1 d old at the time of the lesion. C, Context summary. This is the same data as in A and B, averaged for the first 6 min of
each test (6 min was used to make the levels more comparable to the tone tests; see Fig. 4). DH-lesioned rats exhibited a severe but time-limited
retrograde amnesia of contextual fear.

Figure 4. Experiment 1. Tone conditioning. For each test, the animal was placed into a novel context (C) and after a 2 min baseline (BL) period, a
tone (remote or recent) played continuously for 6 min. A, Remote tone fear. DH-lesioned rats exhibited equivalent levels of freezing (% time 6 SEM,
for each minute of the 8 min test) as sham animals to the remotely acquired tone, for which they were trained 50 d before the lesion. B, Recent tone
fear. DH-lesioned rats exhibited no deficit in freezing to the recently acquired tone, for which they were trained 1 d before the lesion. C, Tone summary.
Same data as A and B, averaged for the 6 min that the tone was on. DH-lesioned rats exhibited normal levels of tone freezing.
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significantly higher than peak tone freezing at both the remote
and recent time points. Moreover, consistent with the results of
the average analysis, DH rats were significantly impaired relative
to sham rats in peak recent context freezing, but not peak remote
context, peak remote tone, or peak recent tone fear (Table 1,
Experiment 1). Thus, average and peak analyses yielded equiva-
lent findings. Although it is difficult to directly compare levels of
tone and context fear, in this study, tone fear was weaker than or
equivalent to but not greater than context fear (cf. McNish et al.,
1997).

As such, in the present study, the deficit produced by hip-
pocampal lesions was highly specific to recent contextual fear. It
was not observed in remote contextual fear, nor was it observed
in weaker tone-elicited freezing.

Experiment 2: further increase in the level of context
fear relative to tone fear
In Experiment 2, we sought to further increase (through manip-
ulation of training parameters) the amount of contextual fear
relative to tone fear. Figure 5A depicts the time course for the 8
min contextual fear test, Figure 5B depicts the time course of the
tone fear test, and Figure 5C depicts the interaction (first 6 min of
the context test, and 6 min from the tone test when the tone was
on). There was an obvious lesion 3 test type interaction
(MANOVA, F(1,24) 5 9, p , 0.01) because DH lesions produced
a substantial deficit for context freezing (ANOVA, F(1,24) 5 25,
p , 0.0001) but not tone freezing (F(1,24) 5 0.2, p . 0.6). This was
despite the fact that average contextual fear levels were nearly
asymptotic in the present study and considerably greater than
tone fear [Figure 5C (sham rats, tone versus context, average of
first 6 min; F(1,17) 5 16.5, p , 0.001)]. As in Experiment 1, we also
computed peak continuous freezing for each rat during any 1 min
interval of the context and tone tests (Table 1, Experiment 2).
For sham rats, peak context freezing was again significantly
greater than peak tone freezing; moreover, DH rats were signif-
icantly impaired relative to sham rats for peak context but not
peak tone fear (Table 1, Experiment 2).

Finally, examination of Figure 5B reveals that even as tone fear
extinguishes and becomes weaker, hippocampal deficits still fail
to appear. For example, in min 6, sham fear has diminished to
31.2 6 10.5%, but DH rats still fail to show any significant deficit
(34.4 6 17.0%, F(1,24) 5 0.03, p . 0.8). Taken with the data from
Experiment 1, it is apparent that hippocampal lesion-induced
deficits in freezing cannot be predicted based simply on levels of
fear (McNish et al., 1997).

Experiment 3: the generality of
hippocampal hyperactivity
In Experiment 3 we examined the generality of DH lesion-
induced hyperactivity. It was predicted that although DH animals
would be hyperactive in a dark open field, bright anxiety-
provoking lights might be able to substantially attenuate open-
field activity. Figure 6 depicts the average cage crossovers during
each minute of the dark and light phases of the open-field activity
test. There was a lesion 3 time interaction (MANOVA, F(7,168) 5
3.2, p , 0.01), so each minute was considered separately. DH-
lesioned animals were not significantly more active than controls
during the first minute of the test (F(1,24) 5 0.9, p . 0.3; however,
they were numerically elevated: sham 5 12.8 6 1.7 crossovers;
DH 5 15.6 6 2.5), but were markedly hyperactive during the next
3 min (F(1,24) values . 6.7, p , 0.02). DH-lesioned animals also
failed to show significant habituation during this phase (first vs
fourth minute, F(1,10) 5 0.4, p . 0.5), whereas sham animals
showed a marked decrease in activity from the first to the fourth
minute (F(1,14) 5 11.7, p , 0.01). Surprisingly, when the bright
lights were shined onto the maze during the last 4 min of the test,
DH-lesioned animals were not hyperactive relative to shams
(F(1,24) values , 3, p $ 0.1). Finally, both groups of animals
exhibited a marked inhibition of crossovers when the lights were
shined onto the open field relative to the dark phase (total of 4
min dark phase vs total of 4 min light phase; sham, F(1,14) 5 10.4,
p , 0.01; DH, F(1,10) 5 31, p , 0.001).

These data provide support for the view that rats with DH
lesions are not universally hyperactive; rather, external stimuli
seem to control when hyperactivity is observed. The determi-
nants of this hyperactivity remain unknown, but it does not
appear to represent a generalized and uncontrollable loss of
inhibition. Indeed, the present results suggest that DH lesion-
induced hyperactivity can be readily abolished by external
activity-suppressing stimuli. Moreover, hippocampal hyperactiv-
ity at least partially reflects a failure of habituation to a novel
environment (and perhaps a spatial learning deficit), because
their hyperactivity seemed to partially reflect a lack of the rapid
habituation seen in sham animals.

DISCUSSION
In the present study, we determined whether time-limited RA of
contextual fear could be demonstrated within-subjects. It was
found that despite having a severe deficit in recently acquired
contextual freezing, the same DH-lesioned rats exhibited no
deficit in remotely acquired contextual fear or tone fear. These
findings are consistent with the view that has emerged from work
in animals and humans that the hippocampus plays a time-limited
role in the consolidation of some forms of memory [Zola-Morgan
and Squire (1990); Squire and Alvarez (1995); Knowlton and
Fanselow (1998); but see Nadel and Moscovitch (1997)].

The within-subjects design used in the present study also af-
fords considerable control because the deficit in recent contextual
fear cannot be attributed to a compromised freezing response, as

Table 1. Peak fear

Context Tone

Experiment 1
Remote

Sham 95.8 6 2.0 75.8 6 8.2 p 5 0.02*
DH 96.6 6 2.4 75.0 6 11.7 p 5 0.2

p . 0.6 p . 0.9
Recent

Sham 95.8 6 1.6 80.0 6 6.3 p 5 0.01*
DH 71.6 6 8.4 71.6 6 12.5 p . 0.99

p 5 0.02* p . 0.9
Experiment 2

Sham 99.3 6 0.7 84.0 6 7.6 p 5 0.03*
DH 79.7 6 9.1 92.2 6 4.7 p 5 0.2

p , 0.01* p . 0.8

Peak freezing (mean 6 SEM) was computed by taking each rat’s maximum freezing
for any continuous minute during each of the 8-min context and 6-min (post-
baseline) tone fear tests. Paired comparisons contrast context and tone freezing
within-subjects using the Wilcoxon signed-rank post hoc; unpaired comparisons
contrast Sham and DH groups for each test using the Mann–Whitney U post hoc. For
both Experiments 1 and 2, DH lesions produced significant impairments in average
(Figs. 3–5) and peak (above) recent context fear but not remote context or tone fear.
For Sham animals, peak (above) and average (Figs. 3–5) context fear was greater
than, or equivalent to, but not weaker than tone fear.
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has been proposed recently (Good and Honey, 1997; McNish et
al., 1997). By the performance view, hippocampal lesion-induced
hyperactivity directly interferes with the freezing response. This
account deals with the specificity of the deficit for recent contex-
tual fear by assuming that high levels of freezing are resistant to
disruption by hyperactivity, and further assuming that remote
context fear and tone fear exceed recent context fear. The present
data do not support these assumptions. Although the RA of

recent contextual fear was severe, reducing average freezing by
more than half, it was also quite specific. The very same animals
did not exhibit any significant deficit in remote contextual fear or
in tone-elicited fear. Moreover, in sham controls, remote and
recent contextual fear differed by ;1%, and tone fear was actually
weaker than context fear. Thus, the amnesic effects of hippocam-
pal lesions on fear conditioning cannot be predicted simply on the
basis of the levels of fear observed. The present results are
actually quite similar to the observations of Kim and Fanselow
(1992), in which the temporal gradient was manipulated between-
groups. Indeed, because of the substantial training given in the
present experiments (5–10 trials with high-intensity shocks) and
in Kim and Fanselow [(1992) 15 trials], the levels of contextual
fear under which RA after hippocampal lesions have been ob-
served are actually quite high.

Moreover, we have shown recently that even when lesions are
made before training, where deficits in contextual fear are less
substantial, hyperactivity cannot predict freezing deficits (Maren
and Fanselow, 1997; Maren et al., 1998). Because it is proposed
that hyperactivity directly disrupts freezing, a necessary condi-
tion for this view is that there be a strong, negative, within-group
activity-freezing correlation, and there is not (Maren et al., 1998).
That is, a direct relationship between each individual animal’s
activity and freezing deficit should be observed. Because not all
animals with hippocampal lesions exhibit hyperactivity (Maren
and Fanselow, 1997; Maren et al., 1998), those without hyperac-
tivity should exhibit no freezing deficit, and those with the most
severe hyperactivity should have the most severe deficit. In a
sample of 48 DH-lesioned rats, there was no significant correla-
tion between hyperactivity and freezing deficit (Maren et al.,
1998). Because hyperactivity and contextual freezing deficits pro-
duced by hippocampal lesions do not correlate, hyperactivity and
freezing deficits are not causally related, and a basic condition of
response competition is not met (Maren et al., 1998). The evi-
dence that the deficit in the present study was specific to recent
contextual fear and was not observed in equivalent levels of
remote contextual fear or in weaker levels of tone fear further

Figure 5. Experiment 2. Further increase in the level of context fear relative to tone fear. Rats were trained only in one training context with one tone,
and then given DH lesions 1 d later. A, Recent contextual fear. DH-lesioned animals exhibited a severe deficit in context freezing (% time 6 SEM, for
each minute of the 8 min test), although fear levels in sham animals were nearly asymptotic. B, Recent tone fear. DH-lesioned animals did not exhibit
deficits in tone freezing, even as tone fear extinguished across the test period and became weaker. C, Interaction. Same data as A and B, averaged for
the first 6 min of the context test and 6 min that the tone was on test (6 min was used to make the levels more comparable). DH-lesioned animals exhibited
a deficit only in contextual freezing, although tone fear was substantially weaker than context fear in Sham animals.

Figure 6. Experiment 3. The generality of hippocampal hyperactivity.
Rats were placed on a dark open field (lit only by a 25 W red bulb), and
crossovers were scored for 4 min. Two bright lights (two 100 W white
bulbs) were then shined onto the open field, and crossovers were scored
for another 4 min. Open-field activity was assessed by scoring segment
crossovers (mean 6 SEM), which are depicted for each minute of the dark
and light periods. DH-lesioned animals exhibited a robust hyperactivity
during the dark phase of the test, but this hyperactivity disappeared when
the lights were turned on. Moreover, hippocampal lesion-induced hyper-
activity observed during the dark phase appeared to result from a lack of
habituation that was seen in sham animals.
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bolsters this conclusion. Indeed, it is apparent from examination
of Figures 3A, 4, A and B, and 5B that DH-lesioned rats can in fact
stand still and freeze at the same levels as sham controls. The
evidence that this hyperactivity can be abolished by external
stimuli (Fig. 6) further strengthens the view that it need not
compete with freezing behavior.

The discussion so far has focused on lack of support for the
hyperactivity account of contextual freezing deficits; however,
McNish et al. (1997) presented data showing that context-
potentiated startle was not affected by electrolytic DH lesions
made immediately after training. This suggests that the deficits in
recent contextual freezing that we have found may be specific to
freezing, because no deficit was observed with another index of
fear: potentiated startle. However, there are problems in the
design used by McNish et al. (1997) that require qualification of
this conclusion. Because the measure of context-potentiated star-
tle was a comparison of the presurgery training baseline and
postsurgery testing, it is possible that hippocampal lesions them-
selves (through hyperactivity) elevated startle as an unconditional
effect of the lesion (J. J. Kim, personal communication). This
elevation of baseline may have occluded any amnesic effect on
context-potentiated startle. Indeed, there is evidence that startle
is elevated unconditionally in hippocampal rats (Coover and
Levine, 1972; Tilson et al., 1987). In fact, although the direct
comparison was not given, Lee and Davis (1997) reported data
supporting this view. Electrolytic DH and knife-cut fornix lesions
substantially elevated numerical baseline startle scores relative to
electrolytic shams (Lee and Davis, 1997, their Table 1), although
animals had been matched for startle performance scores before
the lesion.

Thus, to establish that elevated startle in hippocampal rats was
actually potentiated by contextual fear, a comparison of postsur-
gical startle between a trained and untrained context, or with an
untrained hippocampal-lesioned control, is necessary. Alterna-
tively, other behavioral indices of contextual fear may be helpful
in resolving this discrepancy.

Nonetheless, some caution should be exercised when examin-
ing freezing in animals that exhibit hyperactivity. Although hip-
pocampal hyperactivity was not sufficient to disrupt freezing
under the conditions in the present study, it is possible that this
hyperactivity, under other conditions, may interfere with freezing
or contribute to the magnitude of the observed deficit. For exam-
ple, we have reported that fornix lesions made before training
produce greater contextual freezing deficits and greater hyperac-
tivity than DH lesions (Maren and Fanselow, 1997). Moreover, it
is obvious that a manipulation that produced more profound
movement disturbance than DH lesions may disrupt freezing
directly.

There is at least some evidence, however, that hippocampal
lesion-induced hyperactivity observed on an open field may not
be a disorder of motor inhibition, but may at least partially reflect
a learning deficit similar to the contextual learning deficit. In
Experiment 3, the robust hyperactivity observed on an open field
appeared to be partially attributable to impaired habituation to
the test environment (Fig. 6), although hippocampal rats may
eventually habituate after repeated presentation (Nadel, 1968).
Interestingly, one can speculate that the 1–2 min time course
required to habituate for sham animals is similar to what we have
argued is the time for the animal to form a representation of the
context. Rats given electric shocks with brief context placement-
to-shock intervals (,1.5 min) exhibit a deficit in context condi-
tioning known as the immediate shock deficit. In fact, if the

placement-to-shock interval is short enough, rats may not exhibit
any context conditioning at all (Fanselow, 1986, 1990). We have
argued that it is during this time that the intact hippocampus may
form the representation of the contextual CS (Young et al., 1994;
Maren et al., 1998).

In the present study, electrolytic lesions of the dorsal hip-
pocampus produced a severe RA of recently acquired contextual
fear. In contrast, these lesions did not produce deficits in remotely
acquired contextual fear or tone fear. We have argued previously
that the hippocampus plays a role in assembling a unified spatial
or configural representation of the contextual CS, which is then
consolidated and stored permanently elsewhere (Kim and
Fanselow, 1992; Young et al., 1994). As such, hippocampal rats
may have a deficit specifically in recognizing the recently ac-
quired context. By one view, this is a reflection of a generalized
spatial learning deficit produced by hippocampal lesions (Nadel
and Willner, 1980; Nadel et al., 1985). Indeed, in our preparation,
context includes not only aspects of the conditioning chamber but
also distal features and geometry of the room, which partially
control contextual freezing (our unpublished observations). Con-
ditioning context may also be viewed as configural in nature,
because the assembly of a unified contextual CS may involve the
configuration of multiple elemental cues (Sutherland and Rudy,
1989; Frankland et al., 1998).

Nadel and Moscovitch (1997), however, have argued recently
that time-limited RA is observed only after partial damage to the
hippocampus, although this conclusion remains in dispute
(Knowlton and Fanselow, 1998). Thus, because only the effects of
DH lesions were examined in the present study, the role of ventral
hippocampus in fear conditioning remains unexplored.

Nonetheless, the present study found time-limited RA after
damage to the hippocampal formation. Although many studies in
rodents have involved the manipulation of temporal intervals
between-groups, the present study examined the temporal gradi-
ent within-subjects (Zola-Morgan and Squire, 1990). The present
data provide further support for the view that the hippocampus
plays a time-limited role in the storage of some forms of memory
(Squire and Alvarez, 1995; Knowlton and Fanselow, 1998). The
statistical power and control afforded by this Pavlovian contextual
fear-conditioning preparation may be a useful method to advance
our knowledge of this process.
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