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It has been shown recently that extinction of conditional fear
does not depend acutely on NMDA-type glutamate receptors,
although other evidence has led to the hypothesis that L-type
voltage-gated calcium channels (LVGCCs) play a role in condi-
tional fear. We therefore tested the role of LVGCCs in the
acquisition, expression, and extinction of conditional fear of
cue and context in mice. Using systemic injections of two

LVGCC inhibitors, nifedipine and nimodipine, which both effec-
tively cross the blood–brain barrier, we show that LVGCCs are
essential for the extinction, but not for the acquisition or ex-
pression, of conditional fear in mice.
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Fear conditioning is an important form of behavioral plasticity
that has been correlated to changes in synaptic strength in the
amygdala (Rogan and LeDoux, 1995; Rogan et al., 1997). Both
the acquisition and extinction of conditional fear are forms of
active learning. The acquisition of conditional fear requires the
establishment of a novel association by pairing an initially neutral
conditional stimulus (CS), such as a tone, with an intrinsically
aversive unconditional stimulus (US), typically a mild foot shock.
Although extinction, the reduction of conditional responding
after repeated exposures to the CS alone, might initially appear
to be a passive decay or erasure of this association, many obser-
vations indicate that extinction is new inhibitory learning, which
leaves the original memory intact. Conditional fear responding
shows the following: spontaneous recovery with time (Baum,
1988), reinstatement after unpaired US presentations (Rescorla
and Heth, 1975), and renewal with context change (Bouton and
King, 1983). These observations indicate that the original asso-
ciation is not lost during extinction but rather is suppressed by
new, context-dependent learning, which is likely attributable to
plasticity at separate synapses from those mediating acquisition.

Many recent studies have investigated the molecular basis of
fear conditioning and its extinction. Accumulating evidence indi-
cates that fear acquisition and expression require NMDA-type
glutamate receptor (NMDAR) activity in the amygdala (Miser-
endino et al., 1990; Kim et al., 1991, 1992; Falls et al., 1992; Tang
et al., 1999; Rodrigues et al., 2001). There is also evidence that
extinction of fear depends on NMDARs (Falls et al., 1992; Baker
and Azorlosa, 1996; Tang et al., 1999). However, the NMDAR

inhibitors used in these experiments may also have altered basal
synaptic transmission in the amygdala, and thus, fear expression,
which may be required for extinction (Li et al., 1995; Maren et al.,
1996; Lee and Kim, 1998). A recent experiment demonstrated
that NMDAR activity is necessary for the long-term retention of
extinction memories but is not required for the generation of
extinction acutely (Santini et al., 2001). Thus, although it seems
clear that NMDAR activity is required for the formation of fear
acquisition memories, considerably less is known about the mol-
ecules that mediate the induction of fear extinction.

Recently, a form of NMDAR-independent long-term potenti-
ation (LTP) has been described in synapses between thalamic
afferents and neurons in the lateral amygdala (Weisskopf et al.,
1999). This LTP depends, instead, on L-type voltage-gated cal-
cium channels (LVGCCs). Because these synapses have also been
implicated in auditory fear conditioning (Rogan and LeDoux,
1995), amygdaloid LVGCC-LTP is an important candidate for a
mechanism that may underlie some aspect of conditional fear
(Blair et al., 2001; Bauer et al., 2002). In this paper, we tested the
specific hypotheses that LVGCC activity is required for the (1)
acquisition, (2) expression, and (3) extinction of conditional fear
in mice. To do so, we used systemic injections of two dihydropyr-
idine LVGCC antagonists with good penetration through the
blood–brain barrier, nifedipine and nimodipine. Our results indi-
cate that LVGCCs are necessary for the extinction of conditional
fear but are not required for its acquisition or expression.

MATERIALS AND METHODS
Subjects
Naı̈ve 12- to 20-week-old C57BL/6 male mice (Taconic Farms, German-
town, NY) were housed four per cage, were maintained on a 12 hr
light /dark schedule, and were allowed access to food and water ad
libitum. All testing was conducted during the light phase in illuminated
testing rooms following protocols approved by the Institutional Animal
Care and Use Committee of the University of California, Los Angeles.

Drugs
The LVGCC antagonists nifedipine (1.25–80 mg/kg) and nimodipine
(4–16 mg/kg; Sigma, St. Louis) were sonicated into 100% Cremophor
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EL (BASF, Mt. Olive, NJ). PBS was added to make the final vehicle 10%
Cremophor–90% PBS. The highest nifedipine doses were partly suspen-
sions, and care was taken to thoroughly mix the drugs before injecting
them. Mice were injected subcutaneously 20 or 50 min before behavioral
testing (10 ml/kg). Drug pretreatment times were chosen based on pilot
studies and previous reports of systemic administration in rodents (Jan-
icki et al., 1988; Larkin et al., 1992).

Conditioning apparatus
Two contexts (A and B), in separate rooms, were used for all behavioral
fear testing. Shuttle box compartments (Med Associates, St. Albans, VT)
measuring 20.3 � 15.9 � 21.3 cm served as context A, and conditioning
boxes (Med Associates) measuring 30.5 � 24.1 � 21 cm served as context
B. Both contexts had two transparent walls and stainless steel grid floors
(3.2 mm in diameter, 8 mm centers); however, the grid floors in context
B were covered with flat white acrylic inserts to minimize context
generalization. Context A was wiped down before testing with 10%
ethanol, and context B was wiped down with 10% methanol. Individual
video cameras were mounted in the ceiling of each chamber and con-
nected via a quad processor to a standard video cassette recorder and
monitor for videotaping and scoring of freezing. Grid floors were con-
nected to a scrambled shock source (Med Associates). Auditory stimuli
(Med Associates) were delivered via a speaker in the chamber wall.
Delivery of stimuli was controlled with a personal computer and Med-PC
software through a SmartCTL Interface System (DIG-716; Med Asso-
ciates). Background white noise was maintained at 62 dB throughout
behavioral testing.

Open field
Spontaneous locomotor activity was monitored by placing mice in one of
four chambers (40 � 40 � 40 cm) and allowing them to freely explore for
60 min. Chambers had white floors and two white walls; the remaining
two walls were transparent. A video camera was mounted above the
chambers, and total distance traveled was tracked with a personal com-
puter and software (Poly-Track Video Tracking System, Chromotrack
version 4.02; San Diego Instruments, San Diego, CA) and expressed in
arbitrary units.

Conditional fear testing
Cue fear acquisition. Experiments investigating the effects of LVGCC
antagonists on the acquisition of cue fear consisted of two phases: fear
acquisition (context A) and testing (context B). After injections, condi-
tional fear was induced by presenting audible cues (CS: white noise, 2
min, 80 dB) that coterminated with mild foot shocks (US: shock, 2 sec,
0.7 mA). Two minute stimulus-free periods preceded, separated, and
followed the pairings. Most experiments used five CS–US pairings;
however, experiments using one (Fig. 1 F) or two (Figs. 2 E–G, 3 B, C)
pairings were also conducted to ensure that LVGCC blockers did not
impair fear acquisition with weaker training protocols. After allowing 1 d
for memory consolidation, cue fear was tested by presenting one, con-
tinuous, 2 min CS after a 2 min acclimation. In two cases in which
reductions in fear acquisition were observed, a second test was conducted
3 hr later to determine whether the reductions reflected state-dependent
memory retrieval (Fig. 2 D, G). For these state-dependence tests, mice
were reinjected and subjected to an identical test of cue fear. In a
separate test of state dependence, using a 2 � 2 intersubject design, mice
were injected with vehicle or nimodipine (16 mg/kg) (Fig. 3) 20 min
before both training and testing for fear expression 24 hr later.

Cue fear extinction. Experiments investigating the effects of LVGCC
antagonists on cue fear extinction consisted of three phases: fear acqui-
sition (context A), fear extinction (context B), and testing (context B),
each separated by 1 d to allow for memory consolidation. In all experi-
ments, cue fear was induced in nondrugged, naı̈ve mice with the five-
pairing protocol described above. Mice were matched into equivalent
treatment groups based on freezing during the third training CS. One
day later, after injections, mice were placed in context B and allowed to
acclimate for 2 min. Extinction was induced with 60 2 min CS presen-
tations [5 sec intertrial interval (ITI)]. Additionally, nonextinguished
(retention control) mice were injected with vehicle and placed in context
B for an equivalent period of time but not exposed to any CS presenta-
tions. One day after extinction, all mice were returned to context B in the
drug-free state. After a 2 min acclimation, freezing was assessed during
a 2 min, continuous CS presentation. In a subsequent experiment (see
Fig. 7) examining the potential for state-dependent recall of extinction
memories, fear acquisition, extinction, and testing were conducted as

described above; however, mice were reinjected 20 min before the final
test with drug or vehicle.

Context fear acquisition. Experiments investigating the effects of
LVGCC antagonists on context fear acquisition consisted of two phases,
both conducted in context B with the white inserts removed. After
injections, mice were placed in the chambers in which they received

Figure 1. Nifedipine does not affect cue fear acquisition. A, Experimen-
tal design (7–8 mice per group). Open circles, Vehicle; filled circles,
nifedipine. B, Freezing during the five cues that preceded each shock for
mice injected with nifedipine (40 mg/kg dose shown, 20 min pretreat-
ment) or vehicle. C, Freezing 24 hr later during a 2 min, drug-free CS test.
D, Freezing during the five cues that preceded each shock for mice
injected with nifedipine (40 mg/kg dose shown, 50 min pretreatment) or
vehicle. Also included is freezing during the 2 min stimulus-free period
after the last CS–US pairing (Ctxt). E, Freezing 24 hr later during a 2 min
acclimation period (Pre-CS), followed by a 2 min, drug-free CS test. F,
Freezing during a 2 min, drug-free CS test, 24 hr after injections (50 min
pretreatment) and a single cue–shock pairing. *p � 0.05 versus vehicle.
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five 0.7 mA, 2 sec unsignaled foot shocks. Two minute stimulus-free
periods preceded, separated, and followed the foot shocks. Twenty-four
hours later, mice were returned to the same chambers for a 5 min test of
context fear.

Context fear extinction. The experiment investigating the effects of
LVGCC antagonists on context fear extinction consisted of three phases,
all conducted in context B with the white inserts removed. Context fear
was induced in naı̈ve, untreated mice with the five-shock protocol de-
scribed above. Mice were then matched into equivalent treatment groups
based on freezing during the 2 min period after the fifth shock. One day
later, mice were injected and returned the conditioning chambers for a
120 min shock-free session. Nonextinguished retention control mice were
injected with vehicle and placed in different chambers (see Materials and
Methods, Open field) for 120 min. One day after extinction, all mice were
returned to the context B chambers for a 5 min drug-free test session.

Statistical analyses
Behavioral freezing, the absence of all nonrespiratory movements, was
rated during all phases by a blinded, experienced investigator using a 5
sec instantaneous time sampling technique. Percentage of freezing scores
were calculated for each mouse, and data represent mean � SEM
freezing percentages for groups of mice during specified time bins. Total
session means and individual CS exposures were analyzed with one-way
ANOVA and planned post hoc Dunnett’s test comparisons. Student’s t
tests were used to analyze experiments with only two treatment groups.
Multiple trial data were analyzed with matched two-way ANOVA and
Bonferroni’s post hoc tests to compare individual time points. Differences
were considered significant if p � 0.05.

RESULTS
LVGCC inhibitors do not prevent the acquisition or
retention of conditional cue fear
To test whether LVGCC activity is required for cue fear acqui-
sition, we injected nifedipine 20 min before a moderate training

protocol (five CS–US pairings). We generated a dose–response
curve for nifedipine (5–80 mg/kg) and assessed freezing during
acquisition and, 24 hr later, during a drug-free retention test.
Acute acquisition of freezing was unaffected by nifedipine admin-
istration; mice injected with vehicle or nifedipine (40 mg/kg)
froze identically during the CS preceding each shock (for drug,
F(4,65) � 3.22, p � 0.08; for drug � trial interaction, F(1,65) � 1.05,
p � 0.39) (Fig. 1B). After allowing 24 hr for consolidation
of learning, the mice were presented with the CS in a novel
context. None of the drug doses reduced freezing during this test
(F(5,42) � 1.64, p � 0.17) (Fig. 1C). In fact, mice injected previ-
ously with 10 mg/kg nifedipine froze slightly, but significantly,
more than mice injected previously with vehicle ( p � 0.05).

Because the rate of absorption and brain penetration of sys-
temically administered nifedipine varies depending on its vehicle
(Larkin et al., 1992), we also generated an abbreviated dose–
response curve with a 50 min pretreatment (2.5–40 mg/kg).
Again, we saw no impairment of fear acquisition or retention with
nifedipine administration [for 40 mg/kg nifedipine during acqui-
sition, F(1,35) � 0.88, p � 0.36; for the drug � trial interaction,
F(4,35) � 0.57, p � 0.69 (Fig. 1D); for the retention test, F(3,28) �
0.48, p � 0.70 (Fig. 1E)]. To confirm that confounding effects of
context conditioning or generalization were not somehow obscur-
ing a blockade of acquisition, we also scored context freezing in
this experiment, both in the last 2 min stimulus-free period of
training and during the 2 min pre-CS period of testing on day 2
in context B. There was no evidence that nifedipine impaired
conditioning to the training context during CS–US pairings. In
fact, nifedipine-treated mice froze nearly twice as much as control
mice during the final 2 min stimulus-free period of training ( p �

Figure 2. Nimodipine does not affect cue fear acquisition, although
recall appears to be state dependent. A, Experimental design (8 mice per
group). B, Freezing during the five cues that preceded each shock for mice
injected with nimodipine (15 mg/kg, 20 min pretreatment) or vehicle. C,
Freezing 24 hr later during a 2 min, drug-free CS test. D, Freezing during
a second state-dependence test (3 hr after test 1) after reinjections of drug
or vehicle (20 min pretreatment). E–G, Repeat of the above experiment
(A–C) using a weaker training protocol (2 cue–shock pairings). *p � 0.05
versus vehicle.

Figure 3. Recall of fear is partially state dependent with nimodipine. A,
Experimental design (8 mice per group; between-subjects design). B,
Freezing during the two cues that preceded each shock for mice injected
with nimodipine (16 mg/kg, 20 min pretreatment; n � 16) or vehicle (n �
16). Freezing 24 hr later during a 2 min CS test, 20 min after drug or
vehicle injections. One-half of the mice from each of the treatment groups
of the previous day received nimodipine (16 mg/kg) or vehicle. *p � 0.05
versus 0–0 group; �p � 0.05 versus 16–0 group.
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0.05 vs vehicle) (Fig. 1D, Ctxt). Because nifedipine does not
induce freezing or potentiate context conditioning when the
shocks are unsignaled (Fig. 4), these data suggest that nifedipine
may retard negative contingency learning (i.e., that the CS, not
the context, predicts US delivery). During the retention test, all
groups showed a small amount of context generalization. How-
ever, freezing before the CS delivery was low and statistically
undistinguishable for all groups (F(3,28) � 1.30, p � 0.29) (Fig.
1 E, Pre-CS) and is unlikely to have obscured a blockade of
long-term cue fear acquisition. Last, to eliminate the possibil-
ity that our lack of effect with nifedipine was attributable to an
overly strong training protocol, we injected the drug (2.5– 40
mg/kg) 50 min before a single CS–US pairing. This protocol
does not allow the measurement of short-term acquisition, but
again we detected no significant reduction in retained condi-
tional fear 24 hr later (F(3, 28) � 1.19, p � 0.33) (Fig. 1 F).

To ensure that our failure to block acquisition was not specific
to nifedipine, we tested nimodipine (15 mg/kg, 20 min pretreat-
ment), another LVGCC antagonist. Nimodipine had no effect on
the acute acquisition of fear measured by freezing during the CS
that preceded each of the five shocks (for drug, F(1,35) � 0.07, p �
0.79; for drug � trial interaction, F(4,35) � 0.65, p � 0.63) (Fig.
2B). When tested for retention of conditional fear on the next day
in a drug-free state, animals treated with nimodipine froze
slightly less than vehicle-treated controls; however, this effect was

not significant (t(14) � 1.35, p � 0.20) (Fig. 2C). State-dependent
effects on learning have been reported for a number of pharma-
cological agents (Connelly et al., 1975; Jackson et al., 1992;
Blokland et al., 1998), suggesting that such drugs provide a salient
internal context that contributes to the learned cue association.
We therefore assayed the same mice for freezing again, 3 hr after
the first test, 20 min after reinjections. Nimodipine-treated ani-
mals now showed the same levels of freezing as vehicle-treated
animals (t(14) � 0.58, p � 0.57) (Fig. 2D). Thus, nimodipine did
not interfere with the process of fear conditioning, although our
data indicates that it made the recall of fear partially state de-
pendent. Again, to rule out the possibility that the five-shock
training protocol represented overtraining that might obscure a
subtle role for LVGCC in the acquisition of conditional fear, we
also tested the role of nimodipine on a weaker training protocol,
using only two CS–US pairings. There were no differences
in freezing during the CS that preceded each shock (for drug,
F(1,14) � 0.11, p � 0.74; for drug � trial interaction, F(1,14) � 0.84,
p � 0.38) (Fig. 2E), and nimodipine again decreased freezing
slightly, although this time significantly, when assayed 1 d after
training in the drug-free state (t(14) � 2.32, p � 0.05) (Fig. 2F).
Again, the difference disappeared when the animals were rein-
jected before a second fear assay (t(14) � 1.69, p � 0.11) (Fig. 2G).

We had not anticipated state-dependent recall of cue fear with
nimodipine, and the initial experiments were not designed to test
this. Therefore, we next assessed state dependence directly in a
between-subjects design, using two CS–US pairings for training
followed after 1 d by a test CS presentation in a novel context.
Eight mice per group received an injection before both training
and testing, in a 2 � 2 design: either nimodipine (16 mg/kg)
before training and then nimodipine before testing, or vehicle
both days, or vehicle first followed by nimodipine, or vice versa.
As seen before, nimodipine had no effect on freezing during the
tones that preceded each shock during acquisition (for drug,
F(1,30) � 0.03, p � 0.86; for drug � trial interaction, F(1,30) � 0.01,
p � 0.93) (Fig. 3B). Again, nimodipine treatment before acqui-
sition reduced freezing 24 hr later compared with vehicle-treated
mice (0–0 vs 16–0, p � 0.01) (Fig. 3C). However, freezing in mice
that received nimodipine before both the acquisition and test
sessions was indistinguishable from vehicle treated mice (0–0 vs
16–16, p � 0.05), supporting the hypothesis that nimodipine
makes cue fear recall partially state dependent. Importantly,
nimodipine injections before testing did not increase freezing in
mice that were trained with vehicle (0–0 vs 0–16, p � 0.05). Thus,
although recall of fear is state dependent with nimodipine, ex-
pression of fear is unaltered.

LVGCC inhibitors do not prevent the acquisition or
retention of conditional context fear
We also examined the effects of nifedipine (40 mg/kg) and nimo-
dipine (16 mg/kg) on acquisition of context fear in separate
experiments (Fig. 4). Acutely, mice injected with either nifedipine
or vehicle acquired context fear (for time, F(5,78) � 10.12, p �
0.01), although nifedipine-treated mice appeared to learn at a
slightly slower rate, and the effect of drug treatment was statisti-
cally significant (F(1,78) � 8.33, p � 0.01) (Fig. 4B). However, the
effect was small because freezing by nifedipine-treated mice was
never statistically different at any single time point ( p values
�0.05), and the group � time interaction was statistically insig-
nificant (F(5,78) � 0.87, p � 0.51). Nimodipine-treated mice were
indistinguishable from vehicle-treated mice in the acquisition of
context fear (for time, F(5,84) � 17.27, p � 0.01; for drug, F(1,84) �

Figure 4. LVGCC inhibitors do not prevent acquisition of context fear.
A, Experimental design (7–8 mice per group). B, Freezing shown in 2 min
blocks during the entire 12 min session for mice injected with nifedipine
(40 mg/kg, 50 min pretreatment) or vehicle. Unsignaled foot shocks
occurred at the 2nd, 4th, 6th, 8th, and 10th minutes. C, Freezing 24 hr
later during a 5 min drug-free context exposure. D, E, Identical experi-
ment conducted with nimodipine (16 mg/kg, 20 min pretreatment).

9116 J. Neurosci., October 15, 2002, 22(20):9113–9121 Cain et al. • Fear Extinction Requires L-Type Calcium Channels



2.46, p � 0.12; for the drug � time interaction, F(5,84) � 0.83, p �
0.54) (Fig. 4D). When tested drug-free 24 hr later, both
nifedipine- and nimodipine-treated mice froze the same as
vehicle-treated mice, indicating that retention of context fear was
unimpaired by LVGCC blockade (t(13) � 0.74, p � 0.47 and
t(14) � 0.29, p � 0.78, respectively) (Fig. 4C,E).

LVGCC inhibitors block extinction but not expression
of conditional cue fear
Using five CS–US pairings for training groups of naı̈ve mice, we
next tested the effect of LVGCC inhibitors on the expression and
extinction of cue fear. One day after training, mice were injected
with drug or vehicle, placed in a novel context, and exposed to 60
2 min CS (5 sec ITI). Retention control mice were injected with
vehicle and placed in the extinction chambers for an equivalent
period of time but were not exposed to any CS. Expression of
conditional fear was assessed by measuring freezing during the
first CS exposure of the day 2 session, before any extinction could
occur. Acute extinction was assessed during the first 15 CS
exposures, and retained extinction was assessed during a single 2
min CS exposure in the same context 1 d later. The 60 CS
protocol generated substantial persistent extinction in vehicle-

treated mice compared with retention controls ( p values �0.05)
(Figs. 5C,E, 6C,E). Neither inhibitor affected the expression of
conditional fear during the first 2 min exposure to the cue ( p val-
ues �0.05 compared with vehicle) (Figs. 5B,D, 6B,D). Further-
more, nifedipine did not affect pre-CS freezing to the novel
context before cue exposure began (t14 � 1.1, p � 0.28) (Fig. 5D,
Pre) or pre-CS freezing on the test of extinction (F(2,21) � 1.64,
p � 0.22) (Fig. 5E, Pre-CS). However, whereas vehicle-treated
mice showed a progressive decline in freezing with repeated CS
exposures, freezing by mice treated with LVGCC blockers re-
mained elevated in all four experiments. Although mice treated
with 40 mg/kg nifedipine (20 min pretreatment) appear to begin
to extinguish, they rapidly return to initial freezing levels,
whereas controls show continuing declines (for drug, F(1,105) � 39,
p � 0.01; for drug � trial interaction, F(14,105) � 2.27, p � 0.01)
(Fig. 5B). Furthermore, freezing during each of the CS was never
significantly less than freezing during the first CS (F(14,105) �
1.61, p � 0.09). In contrast, vehicle controls show a significant
reduction in freezing by the seventh CS presentation (F(14,105) �
4.71, p � 0.01). Nevertheless, a trend toward some early extinc-
tion suggested that nifedipine may be more efficient with a longer
pretreatment, and we repeated both our extinction experiment
and our acquisition experiments (see above) with longer pretreat-

Figure 5. Nifedipine blocks extinction, but not expression, of cued fear.
A, Experimental design. Extinction sessions began 24 hr after cue fear
acquisition (5 cue–shock pairings). B, Freezing during the first 15 CS
presentations, after injections of nifedipine (40 mg/kg dose shown, 20 min
pretreatment) or vehicle. C, Freezing 24 hr later during a 2 min, drug-free
CS test (n values � 8 for extinction groups). Retention control mice (RC;
n � 16) were injected with vehicle and placed in the extinction chamber
on day 2 but were not exposed to any CS. D, E, Identical experiment with
a longer pretreatment (50 min) of a single nifedipine dose (40 mg/kg) or
vehicle (n values � 8). Freezing was also scored during a 2 min acclima-
tion period (Pre-CS). *p � 0.05 versus retention control; �p � 0.05 versus
vehicle–extinction.

Figure 6. Nimodipine blocks extinction, but not expression, of cued fear.
A, Experimental design (12 mice per group). Extinction sessions began 24
hr after cue fear acquisition (5 cue–shock pairings). B, Freezing during
the first 15 CS presentations, after injections of nimodipine (15 mg/kg, 20
min pretreatment) or vehicle. C, Freezing 24 hr later during a 2 min,
drug-free CS test. Retention control mice (RC) were injected with vehicle
and placed in the extinction chamber on day 2 but were not exposed to any
CS. D, E, Identical experiment with several doses of nimodipine. Only the
16 mg/kg dose is shown for acute extinction. *p � 0.05 versus retention
control; �p � 0.05 versus vehicle–extinction.
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ments. When injected with nifedipine (40 mg/kg) 50 min before
extinction began, there was no hint of acute extinction in the
nifedipine-treated group (for drug, F(1,105) � 228, p � 0.01; for
drug � trial, F(14,105) � 2.05, p � 0.05) (Fig. 5D). To verify that
the blockade of extinction was not particular to nifedipine, we
also tested nimodipine (15 mg/kg), and it, too, blocked acute
extinction entirely (for drug, F(1,165) � 220, p � 0.01; for drug �
trial, F(14,165) � 5.05, p � 0.01) (Fig. 6B). A dose–response curve
was then generated for nimodipine (4–16 mg/kg), and an identi-
cal result was also obtained for the 16 mg/kg dose (for drug,
F(1,165) � 179, p � 0.01; for drug � trial, F(14,165) � 1.72, p � 0.06)
(Fig. 6D); acute extinction was blocked entirely.

Consistent with the acute results, when the same mice were
tested drug free after 1 d for consolidation, both LVGCC antag-
onists had completely blocked the extinction seen in vehicle-
treated mice ( p � 0.01 for 40 mg/kg nifedipine, 20 min pretreat-
ment; p � 0.01 for 40 mg/kg nifedipine, 50 min pretreatment; p
values �0.05 for 15 and 16 mg/kg nimodipine, 20 min pretreat-
ment). Additionally, freezing in these groups was statistically
equivalent to nonextinguished retention controls ( p � 0.05 for
20, 40, and 80 mg/kg nifedipine, 20 min pretreatment; p � 0.05
for 40 mg/kg nifedipine, 50 min pretreatment; and p values �0.05
for nimodipine 4, 8, 15, and 16 mg/kg) (Figs. 5C, E, 6C,E).

It has been shown previously that extinction generated in the
presence of benzodiazepines can be state dependent (Bouton et
al., 1990). Thus, although no persistent extinction is seen when
rats extinguished in the presence of benzodiazepines are tested in
the absence of drugs, extinction can be uncovered by administer-
ing benzodiazepines again before the extinction test. We there-
fore tested whether such state-dependent extinction might occur
with LVGCC antagonist treatment, by both extinguishing and
testing after drug injections. There was no evidence of state-
dependent extinction; mice given extinction training in the pres-

ence of nifedipine or nimodipine and then reinjected with drug
before testing showed freezing no lower than retention controls
( p values �0.05) and froze significantly more than mice extin-
guished and tested in the presence of vehicle ( p values �0.05)
(Fig. 7). Nifedipine-treated animals showed a trend to more
freezing than retention controls in the final drugged test; how-
ever, this effect was not statistically significant ( p � 0.05).

LVGCC inhibitors block extinction but not expression
of conditional context fear
To further explore the effects of LVGCC blockade, we also tested
the effects of nifedipine (40 mg/kg) and nimodipine (16 mg/kg)
directly on the expression and extinction of context fear (Fig. 8).
Neither inhibitor altered the expression of freezing as measured
during the first 5 min block of the extinction session ( p values
�0.05 vs vehicle) (Fig. 8B). Freezing was assessed during the first
30 min of the 120 min extinction session. As with cue fear, both
LVGCC inhibitors blocked the acute extinction of context fear
evident in vehicle-treated mice (nifedipine: for group, F(1,90) �
45.7, p � 0.01; for time, F(5,90) � 10.9, p � 0.01; for the group �
time interaction, F(5,90) � 8.3, p � 0.01; nimodipine: for group,
F(1,90) � 54.2, p � 0.01; for time, F(5,90) � 19.6, p � 0.01; for the
group � time interaction, F(5,90) � 5.7, p � 0.01) (Fig. 8B).
Likewise, vehicle-treated mice showed significant long-term ex-
tinction compared with retention control mice when tested 24 hr
later (for group, F(1,150) � 20.7, p � 0.01) (Fig. 8C). Treatment
during context exposure with nifedipine or nimodipine completely
blocked long-term extinction of context fear; freezing in these
groups was indistinguishable from nonextinguished retention con-
trol mice (nifedipine vs vehicle, F(1,150) � 33.1, p � 0.01; nimodip-
ine vs vehicle, F(1,145) � 22.1, p � 0.01; nifedipine vs retention
control, F(1,150) � 0.24, p � 0.62; nimodipine vs retention control,
F(1,145) � 0.27, p � 0.60). All mice showed extinction during

Figure 7. Extinction with LVGCC blockers is not state dependent. A,
Experimental design (7–8 mice per group). The 3 d experiment was
identical to previous experiments (Figs. 5, 6), with the exception that drugs
and vehicle were injected 20 min before both day 2 extinction and the day
3 test. B, Freezing during a 2 min CS test, 24 hr after extinction. *p � 0.05
versus retention control (RC); �p � 0.05 versus vehicle–extinction.

Figure 8. LVGCC inhibitors block extinction, but not expression, of
context fear. A, Experimental design (16 mice per group). Extinction was
conducted 24 hr after context fear acquisition (5 unsignaled foot shocks,
2 min ITI). B, Freezing in 5 min blocks for the first 30 min of context
exposure (120 total). Mice were injected with nifedipine (40 mg/kg, 50
min pretreatment), nimodipine (16 mg/kg, 20 min pretreatment), or
vehicle. Retention control mice were injected with vehicle and placed in
dissimilar chambers for 120 min. C, Freezing 24 hr later during a 5 min
drug-free context fear test (data were lost for 1 mouse in the nimodipine
group attributable to a camera failure).
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this final 5 min drug-free test (main effect for time, F(4,295) � 15.9,
p � 0.01); however, there was no indication that the groups
extinguished at different rates during this test (main effect for
group � time interaction, F(12,295) � 0.31, p � 0.99).

Spontaneous locomotor activity and LVGCC blockers
To rule out the possibility that our behavioral effects with the
LVGCC inhibitors were attributable to gross reductions in move-
ment, we next assessed the effects of nifedipine and nimodipine
on spontaneous locomotor activity in a novel open field. Mice
were injected with vehicle, nifedipine (40 mg/kg), or nimodipine
(16 mg/kg) 20 min before a 60 min session. One day later, mice
were returned to the same chambers and allowed to freely explore
again for 60 min, although now in the drug-free state. Total
distance traveled (arbitrary units) was recorded in each session.
The distance traveled by nifedipine-treated mice was no different
from vehicle-treated mice in either session ( p values �0.05) (Fig.
9). Nimodipine-treated mice showed suppressed locomotion
acutely (test 1, p � 0.01) but normal locomotion the next day (test
2, p � 0.05).

DISCUSSION
We presented data that point to a distinction in the molecular
mechanisms underlying acquisition and extinction of conditional
fear in mice. Blockade of LVGCCs effectively prevents extinction
in a dose-related manner (Figs. 5–8), both acutely (during extinc-
tion exposures) and persistently (1 d after exposures). These
effects are not state dependent; no hidden extinction is uncovered
by treating mice with the same drugs at testing as during extinc-
tion exposures (Fig. 7). LVGCC activity thus appears to be
essential to induce conditional fear extinction. To our knowledge,
this is the first intervention reported to completely block the
induction of extinction. Because it has been shown recently that
NMDAR activity is not required for extinction induction (Santini

et al., 2001), this work provides a candidate induction mechanism:
calcium entry through LVGCCs may initiate plasticity underlying
extinction memories.

On the other hand, doses of LVGCC inhibitors that completely
block extinction fail to prevent conditional fear acquisition (Figs.
1–4). For cue fear, drug-injected animals showed a pattern of
increasing freezing with training trials identical to that of vehicle-
treated controls, indicating that acute fear learning is indepen-
dent of LVGCC activity. Across a wide range of nifedipine doses
and two pretreatment durations, conditional fear 1 d later was at
least as great as that of controls. These data indicate that long-
term retention of fear learning does not require LVGCC activity
and that the failure to block acquisition was not attributable to
delayed absorption or early metabolism of the drug. Whereas
drug-free freezing was sometimes significantly lower in the long-
term retention test 1 d later in animals treated with nimodipine,
this was clearly a state-dependent effect on recall (Figs. 2, 3).
When nimodipine was reinjected (Fig. 2) or injected before both
training and testing (Fig. 3), mice showed conditional freezing
identical to that expressed by animals doubly injected with vehi-
cle. Normal fear acquisition occurred with both moderate and
weak training protocols, indicating that it was not overtraining
that prevented detection of a role for LVGCCs in fear
acquisition.

LVGCC inhibitors also failed to block context fear acquisition
(Figs. 1, 4). The rate of acute context fear acquisition in
nimodipine-treated mice was indistinguishable from vehicle-
treated mice. Nifedipine-treated mice appear to acquire context
fear more slowly in the absence of auditory CS, but the difference
in acquisition rate was not significant, and animals achieved the
same final freezing levels. The 24 hr retention test was unambig-
uous; neither LVGCC inhibitor prevented the long-term acquisi-
tion of context fear (Fig. 4), and nifedipine caused no significant
increase in context generalization of fear (Fig. 1). This last
finding may be especially relevant to the present studies, because
extinction expression is context dependent (Bouton and Bolles,
1979). Our context experiments indicate that LVGCC inhibitors
do not impair context-dependent learning and that their blockade
of extinction is probably not by preventing associations with the
context of extinction.

Several of our findings make it clear that LVGCCs are also not
required for the expression of conditional fear. Vehicle- and
drug-treated mice acquire freezing to the tone at the same rate
(Figs. 1–4). Furthermore, initial freezing levels during the extinc-
tion sessions were equivalent for drug-injected and vehicle-
injected mice (Figs. 5, 6, 8). Finally, in the state-dependence test
of acquisition, animals injected first with vehicle and then with
nimodipine show no difference in freezing from those injected
with vehicle twice (Fig. 3). These findings argue strongly that the
drugs interfere neither with the detection of the CS or US nor
with expression of conditional fear (freezing).

We also tested whether nonspecific effects of the drugs on
locomotion could account for our results. In an open field test,
nimodipine, but not nifedipine, acutely decreased total distance
traveled, but neither affected locomotion the next day (Fig. 9).
Thus, affects on locomotion cannot account for the blockade of
extinction in our drug-free tests. It is also unlikely that our
blockade of acute extinction is a result of reduced locomotion
because nifedipine blocks extinction acutely but does not reduce
locomotion. In addition, nimodipine-injected animals were never
scored with increased freezing acutely compared with vehicle-
injected animals (Figs. 2–4, 6, 8). These results confirm that

Figure 9. Effects of nifedipine and nimodipine on spontaneous locomo-
tor activity in an open field. A, Experimental design (6 mice per group).
B, Left, Total distance traveled during a 60 min session in a novel chamber
(arbitrary units). Mice were injected 20 min before the session with
nifedipine (40 mg/kg), nimodipine (16 mg/kg), or vehicle. Right, An
identical test of the same mice 24 hr later in the drug-free state. p � 0.05
versus vehicle.
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freezing is behaviorally distinct from reduced locomotion and
that the acute effects of nimodipine on locomotion neither con-
founded our freezing scores nor accounted for the persistent
blockade of extinction.

Forms of LVGCC-dependent synaptic modification have been
described in a number of synapses in the brain (Johnston et al.,
1992; Huang and Malenka, 1993; Christie and Abraham, 1994;
Huber et al., 1995; Zhuo and Hawkins, 1995; Kurotani et al.,
1996; Izumi and Zorumski, 1998; Kapur et al., 1998; Morgan and
Teyler, 2001; Zakharenko et al., 2001). Usually, these synapses
also show NMDAR-dependent LTP. However, LTP at synapses
between thalamic afferents and neurons in the lateral amygdala is
NMDAR independent (Weisskopf et al., 1999). This LTP de-
pends, instead, on LVGCCs, because it can be blocked by nifed-
ipine. Consistent with this, few previous reports indicate a clear
dependence of learning on LVGCCs (Lee and Lin, 1991; Deyo et
al., 1992; Borroni et al., 2000). To the contrary, many studies
indicate that LVGCC blockade promotes learning rather than
blocking it (Disterhoft et al., 1993; Vetulani et al., 1993; Fulga and
Stroescu, 1997; Quevedo et al., 1998; Quartermain et al., 2001).
We also show a significantly increased acquisition of fear with 10
mg/kg nifedipine (Fig. 1C) and trends toward better learning at
other doses in acquisition and in extinction (Figs. 1C, 4C). Pre-
vious investigators hypothesize various explanations for the par-
adoxical enhancement of learning by LVGCC blockade, including
compensatory cellular changes (Quevedo et al., 1998), low con-
centrations of antagonists acting to hold channels open rather
than closing them (Fulga and Stroescu, 1997), or nonspecific vaso-
dilatory effects (Vetulani et al., 1993). Importantly, this learning
enhancement has been observed repeatedly to disappear as the
dose of LVGCC inhibitors increases, suggesting that it results from
modulation rather than complete blockade of the channels.

However, in the present studies, we did not pursue the nootropic
effects of low doses of LVGCC inhibitors, because we wanted to
determine when LVGCC-dependent plasticity was required in
fear learning. We, therefore, chose high drug doses to maximally
inhibit LVGCCs. The results demonstrate a robust blockade of
one type of inhibitory learning (extinction) with no effect on a
type of excitatory learning (acquisition). The fact that LVGCCs
are implicated in extinction but not in acquisition of conditional
fear, whereas NMDARs are implicated in both (Falls et al., 1992;
Baker and Azorlosa, 1996; Tang et al., 1999), raises questions
about the need for this extra molecule in extinction learning. We
hypothesize that LVGCCs are needed in extinction but not in
acquisition, because no CS–US pairing occurs during extinction.
LVGCCs may allow plasticity to occur after presentation of CS
alone, a hypothesis we hope to test using other forms of CS-alone
learning, such as latent inhibition (Lubow, 1973).

Although systemic injections cannot support any anatomical
hypothesis about the sites at which these inhibitors have their
effect on extinction, other evidence suggests that the amygdala
may be the relevant location. First, whereas long-lasting extinc-
tion may depend on areas of prefrontal cortex (Morgan et al.,
1993), the induction of extinction proceeds normally in animals
with frontal lesions (Quirk et al., 2000). Similarly, extinction
induction occurs normally in animals with hippocampal lesions
(Frohardt et al., 2000). The amygdala, on the other hand, clearly
plays a role in extinction, because intraparenchymal infusions of
NMDAR or mitogen-activated protein kinase inhibitors there
block extinction (Falls et al., 1992; Lu et al., 2001). Furthermore,
the identification of LVGCC-dependent, but NMDAR-
independent, LTP in the thalamo-amygdala pathway (Weisskopf

et al., 1999) has led to the hypothesis that this LTP is crucial for
fear conditioning (Blair et al., 2001), and a very recent paper from
this group shows an attenuation of cue fear acquisition with the
LVGCC blocker verapamil (Bauer et al., 2002). We cannot ac-
count entirely for the inconsistency of these results with our own.
Our data argue strongly against the importance of LVGCC-
dependent LTP, whether in amygdala or elsewhere in the brain,
in the acquisition of conditional fear. Two potential confounds
may account for the inconsistency. First, it is difficult to compare
intraparenchymal infusions of verapamil with our systemic ad-
ministrations, and, second, no test of state-dependent recall was
performed by Bauer et al. Because our data clearly indicate that
LVGCCs participate in the extinction of conditional fear at doses
that do not affect acquisition, we expect that intra-amygdala
infusions of LVGCC inhibitors will also block extinction of con-
ditional fear at doses that fail to block acquisition. We are cur-
rently testing this hypothesis with intraparenchymal administra-
tions and performing state-dependence controls to resolve the
apparent inconsistency. However, it should be noted that
LVGCCs are ubiquitous in the brain, and LVGCC-dependent
plasticity outside the amygdala may well make the relevant con-
tribution to extinction memory formation.

The demonstration that LVGCCs are required for extinction
but not acquisition of conditional fear suggests that it may be
possible to identify cells, synapses, or molecular pathways specific
to extinction. Because extinction is the explicit model for behav-
ior therapy (Wolpe, 1969), the most efficacious treatment for
human anxiety disorders, this discovery also holds out hope for
the development of new drugs that can make such therapy easier
and more effective by selectively facilitating the extinction of fear.
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