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Cannabinoid CB1 Receptor Mediates Fear Extinction via
Habituation-Like Processes
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The interplay between fear expression and fear extinction provides an important prerequisite for adequate coping with aversive encoun-
ters. Current models propose that extinction of conditioned fear is mediated by associative safety learning. Here, we demonstrate that the
cannabinoid CB1 receptor, which is crucially involved in fear extinction, is dispensable for associative safety learning. In fact, our results
indicate that CB1 mediates fear extinction primarily via habituation-like processes. CB1 null-mutant mice were severely impaired not
only in extinction of the fear response to a tone after fear conditioning but also in habituation of the fear response to a tone after
sensitization with an inescapable footshock. Surprisingly, long-term habituation was generally affected even in situations with proper
short-term adaptation, suggesting the existence of two separated CB1-dependent effector systems for short- and long-term fear adapta-
tion. Our findings underscore the importance of habituation as a determinant of fear extinction in mice and characterize the cannabinoid
CB1 receptor as an essential molecular correlate of this process.
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Introduction
In laboratory animals, a discrete stimulus (e.g., a tone) can elicit
fear reactions (e.g., freezing) in multiple ways: for example, a tone
may trigger an innate fear response in naive animals once its
intensity exceeds a certain threshold (Ohman and Mineka, 2001;
Lamprea et al., 2002). This threshold critically depends on the life
history of the animals, because previous aversive encounters (e.g.,
a footshock) are able to sensitize animals to tones (Kamprath and
Wotjak, 2004). Sensitization is a nonassociative learning process
characterized by the general increase in responsiveness to poten-
tially harmful stimuli after an aversive/stressful experience. Ac-
cordingly, inescapable footshocks result in long-lasting alter-
ations in behavioral and endocrine parameters (Van Dijken et al.,
1992a,b, 1993). On the other hand, if a tone was explicitly paired
with a punishment, as done in fear conditioning paradigms, re-
exposure to the tone activates the memory of the tone–punish-
ment association and thus causes a conditioned freezing response
(LeDoux, 2000; Maren and Quirk, 2004). In a typical fear-
conditioning task, however, associative learning and sensitiza-
tion (caused by application of an inescapable footshock during
fear conditioning) may occur in parallel, with the consequence

that freezing responses of conditioned mice to the tone are deter-
mined by both associative and nonassociative memory compo-
nents (Kamprath and Wotjak, 2004).

In an auditory fear-conditioning task, not only fear acquisi-
tion but also fear extinction can be achieved by associative and/or
nonassociative learning processes. On the one hand, animals
might form an association between the tone and the nonappear-
ance of the predicted punishment (safety learning) that sup-
presses expression of the memory of the tone–shock association
in a process called extinction (for review, see Myers and Davis,
2002). On the other hand, repeated nonreinforced tone presen-
tations may decrease the responsiveness to the tone in the stimu-
lus–response pathways because of habituation-like processes
(Thompson and Spencer, 1966; Groves and Thompson, 1970;
McSweeney and Swindell, 2002; Kamprath and Wotjak, 2004). In
the recent years, molecular correlates of extinction were identi-
fied (for review, see Myers and Davis, 2002). Among them, the
cannabinoid CB1 receptor (CB1) (for review, see Di Marzo et al.,
2004) plays a special role, because its implication in extinction
seems to be restricted to aversive test conditions: whereas genetic
ablation or pharmacological blockade of CB1 impairs the extinc-
tion of fear memories (Marsicano et al., 2002; Suzuki et al., 2004;
Chhatwal et al., 2005) and spatial memories acquired under
stressful conditions (Varvel and Lichtman, 2002; Varvel et al.,
2005), CB1 does not seem to be important for memory extinction
in operant conditioning tasks involving positive reinforcement
(Holter et al., 2005). One explanation might be that CB1 is not
involved in associative extinction learning but rather plays a role
in nonassociative learning processes (e.g., habituation), which
contribute to the decrease in the fear response (Kamprath and
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Wotjak, 2004). Here, we tested this hypothesis by examining the
role of CB1 in extinction and habituation of acquired fear re-
sponses. Our results point to an involvement of endocannabi-
noids in the modulation of habituation-like processes during fear
extinction, whereas CB1 seems to be dispensable for associative
safety learning.

Materials and Methods
Animals
All experiments were approved by the Committee on Animal Health and
Care of the State of Bavaria (Regierung von Oberbayern) and performed
in strict compliance with the European Union recommendations for the
care and use of laboratory animals (86/609/CEE).

A total of 118 male cannabinoid CB1 receptor null-mutant mice
(CB1 �/�), 135 male wild-type littermate controls (CB1 �/�), and 34
male C57BL/6NCrl mice (Charles River, Sulzfeld, Germany) were in-
cluded in the experiments. CB1 �/� and CB1 �/� derived from heterozy-
gous breeding pairs [backcrossed to C57BL/6NCrl to F5/F6 generation
(Marsicano et al., 2002)] that were kept in the vivaria of the Forschungs-
zentrum für Umwelt und Gesundheit (Neuherberg, Germany) and the
Max Planck Institute of Psychiatry in Munich, Germany. Mice were
genotyped after weaning and regenotyped at the end of the experiments
as described previously (Marsicano et al., 2002).

All animals were separated at the age of 6 –14 weeks and kept singly in
standard macrolon type II cages with sawdust bedding (Altromin Faser
Einstreu; Altromin, Lage-Lippe, Germany), water and food ad libitum, at
22 � 2°C room temperature and 55 � 5% humidity, under an inverse
12 h light/dark cycle (lights off at 8:00 A.M.) for at least 14 d before
starting the experiment.

Experiments
All experiments were performed during the activity phase (dark phase) of
the animals between 9:30 A.M. and 5:00 P.M. Experiments were designed
to minimize the number of animals tested. Animals of a given experiment
derived from the same batch and were tested simultaneously. Experi-
ments were performed over the course of 3 years.

Conditioning, sensitization, backward conditioning, and unconditioned
freezing. Setups and procedures were essentially the same as described
previously (Kamprath and Wotjak, 2004). Briefly, two different contexts
were used (conditioning chamber and test context) that differed consid-
erably in material, shape, surface texture, bedding, and odor of the clean-
ing solutions. Mice received the footshocks via metal grid floors in the
conditioning chamber (MED Associates, St. Albans, VT). Tones were
generated by audio stimulus generators (MED Associates). The animals’
behavior was videotaped.

For conditioning, mice were placed in the conditioning context. Three
minutes later, a tone (80 dB, 9 kHz sine wave, 10 ms rising and falling
time) was presented to the animals for 20 s that coterminated with a 2 s
scrambled electric footshock of 0.7 mA. Mice were returned to their
home cages 60 s later. For sensitization, mice were treated similarly to the
conditioning procedure, except for the fact that only the 2 s footshock
(0.7 mA) was presented, but not the tone. For backward conditioning,
tone and footshock were presented in reverse order compared with the
conventional conditioning procedure (i.e., mice perceived a 2 s foot-
shock of 0.7 mA 198 s after insertion into the conditioning chamber that
was immediately followed by a 20 s tone).

To measure the freezing response to the tone without confounding
influences of contextual memory, sensitized and conditioned mice were
placed into a neutral environment (test context), and the house light was
switched on. Three minutes later, a 3 min tone was presented (9 kHz; 80
dB if not stated otherwise). Mice were returned to their home cages 60 s
after the end of tone presentation. For measuring the innate fear response
to the tone, naive mice underwent the same test procedure, but with a
tone intensity of 95 dB without previous sensitization/conditioning
procedures.

Recording of auditory-evoked potentials. CB1 �/� (n � 12) and CB1 �/�

(n � 12) were chronically equipped with a bipolar recording electrode
aimed at the CA1 region of the dorsal hippocampus essentially as de-
scribed previously (Tang et al., 2003). A recovery period of 14 d was

followed by a test period, in which the optimal tone intensity for
auditory-evoked potential recordings was defined for each animal and
tone frequency (6 or 12 kHz). Furthermore, the stability of responses was
assessed. Animals not showing stable auditory-evoked potentials were
excluded from the experiment. Test recordings were followed by the
experimental period, which consisted of 2 d of baseline recording, the
conditioning day without recording, and 2 d of post-conditioning re-
cording (compare Fig. 2 A for the temporal schedule). At each recording
day, mice were slightly anesthetized with isoflurane to connect them to
the recording device (Tang et al., 2003) and placed into the test context.
After a recovery period of 30 min, auditory-evoked potentials were trig-
gered by series of 90 50 ms tones of either 6 or 12 kHz presented at one
tone per second. The two tone series were separated by a 3 min interval.
Tones of 6 kHz always preceded the tones of 12 kHz. Three days before
conditioning (day �3), intensity–response curves were established for
each animal and each tone frequency. Afterward, the intensity of the
tones was adjusted individually to cause a 40 –50% maximal excitatory
field potential in the subsequent baseline recordings and kept constant
throughout the experiment. Basal responses were recorded at days �2
and �1 before conditioning by presenting a single series of 6 and 12 kHz
tones. If the basal responses were stable, mice were conditioned the next
day (day 0). For each mouse, one of the two tone frequencies was chosen
for the conditioned stimulus (CS) in a counterbalanced manner per
genotype. The CS� (paired tone) consisted of a series of 20 50 ms tones
of the same characteristics as used for the baseline recordings. The CS�
coterminated with a 1 s footshock of 0.7 mA. The conditioning proce-
dure was repeated two more times. We have made an effort to minimize
the number of tone–shock pairings as well as the intensity of the shock. In
our experience (J. Tang and C. T. Wotjak, unpublished observations),
the protocol used here is the weakest procedure that consistently caused
a potentiation of auditory-evoked potentials in wild-type mice. Most
other experiments aimed at measuring learning-induced changes in
auditory-evoked potentials used 5–10 tone–shock pairings (Rogan et al.,
1997; Tang et al., 2001, 2003). For post-conditioning recordings, mice
were transferred back to the electrophysiology laboratory, and the base-
line procedure was repeated in the test context.

For data analysis, the 90 auditory-evoked potentials evoked by the 50
ms tones were averaged per tone series and recording day. Averaged
auditory-evoked potentials were analyzed off-line by measuring peak
latencies, amplitudes, and slopes of the most negative components as
described previously (Tang et al., 2003). Data were normalized to the
averaged preconditioning values (baseline, 100%) separately per animal
and tone frequency.

After completion of the experiment, mice were deeply anesthetized
with pentobarbital (100 mg/kg), and an anodal current (200 �A, 4 s) was
passed through the tungsten wire to identify the electrode placement.
Approximately 15 min later, animals were killed by an overdose of isoflu-
rane and their brains were removed. Electrode placement was assessed in
20 �m cryosections stained with cresyl violet. Animals with a misplaced
recording electrode were excluded from analysis.

Drugs. SR141716A [Rimonabant, 3 mg/kg; kindly provided by the
National Institute of Mental Health (Bethesda, MD) Chemical Synthesis
and Drug Supply Program] was dissolved in vehicle solution (2.5%
DMSO and 1 drop of Tween 80 per 3 ml of saline) and injected subcuta-
neously at 20 ml/kg body weight 30 min before the behavioral test. Injec-
tions were given under light isoflurane anesthesia.

Analyses
Behavioral analysis. The behavior of the mice was videotaped and scored
off-line by trained observers that were blind to the animals’ treatment as
described previously (Kamprath and Wotjak, 2004). Freezing was de-
fined as the absence of all movements, except for those related to
respiration.

Statistical analysis. Data were summarized to distinct intervals, as in-
dicated in the text or the figure legends, and normalized to the respective
time. If not stated otherwise, data were analyzed by two-way (genotype/
drug, interval) ANOVA for repeated measures (interval) separately per
test day (analysis of the freezing data in 20 s intervals) or by two-way
ANOVA (genotype/drug, day) for repeated measures (day; analysis of the
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freezing data averaged over the entire 3 min observation period). Post hoc
comparisons were performed by the Newman–Keuls test, if appropriate.
Statistical significance was accepted if p � 0.05. For the sake of clarity and
brevity, only relevant results of the statistical analyses are reported. Sta-
tistical analyses were performed by specialized software [GraphPad
Prism 3.0 (GraphPad, San Diego, CA), Statistica 5.0 (StatSoft, Tulsa,
OK), and SPSS version 11.0 (SPSS, Chicago, IL)].

Results
We refer to procedures with tone–shock pairings as conditioning
procedures, with reverse order of shock and tone presentation as
backward conditioning (“safety learning”) and with shock pre-
sentation only as sensitization procedures. The term “sensitiza-
tion” describes the general increase in responsiveness to poten-
tially harmful stimuli after perception of a punishment, on the
basis of nonassociative learning processes. Accordingly, we call
mice that underwent sensitization procedures sensitized mice
and mice that underwent conditioning procedures conditioned
mice. The freezing response of naive (i.e., nonshocked) mice to a
tone is called unconditioned freezing or innate fear response.
Fear adaptation generally describes the development of the fear
response to a tone. More specifically, the decrease in freezing over
the course of tone presentation is called within-session extinction
after conditioning and within-session adaptation after sensitiza-
tion procedures. Accordingly, the decrease in freezing from the
first to a second tone presentation is called long-term extinction
and long-term adaptation/habituation, respectively.

CB1 �/� mice are impaired in within-session extinction and
adaptation, but not in acquisition, of conditioned and
sensitized fear
CB1 plays a crucial role in extinction of the freezing response after
fear-conditioning procedures (Marsicano et al., 2002). We won-
dered whether CB1 is involved in processing of associative or
nonassociative memory components that determine extinction
of the freezing response of conditioned mice (Kamprath and
Wotjak, 2004). Because sensitization of a behavioral response is
thought to be a nonassociative learning process that is dimin-
ished by counteracting nonassociative adaptation processes
(Kamprath and Wotjak, 2004), we compared the tone-induced
freezing responses of mice with genetic ablation of CB1 [CB1�/�

(cf. Marsicano et al., 2002)] with that of
their wild-type littermate controls
(CB1�/�) after conditioning and sensiti-
zation procedures.

For conditioning, CB1�/� and
CB1�/� received a 0.7 mA footshock in
the conditioning chamber in association
with a 20 s, 80 dB tone. On the next day,
mice were re-exposed to the same tone in a
novel environment (test context) for 3 min
(Fig. 1A). CB1�/� showed a prolonged
freezing reaction to the tone compared
with CB1�/� (genotype: F(1,71) � 4.0, p �
0.049; genotype-by-interval interaction:
F(8,568) � 9.5, p � 0.0001) (Fig. 1B), thus
confirming our previous observation of
impaired within-session extinction in
CB1�/� (Marsicano et al., 2002; Cannich
et al., 2004). It is of note that both geno-
types showed similar freezing in the very
beginning of the first nonreinforced tone
presentation after the conditioning proce-
dure pointing to a normal acquisition of

fear conditioning in CB1�/� (Marsicano et al., 2002).
For sensitization, CB1�/� and CB1�/� received a 0.7 mA

footshock in the conditioning chamber without any tone presen-
tation. Mice were subsequently exposed to a 3 min tone in a novel
environment (test context) on the next day, similarly to condi-
tioned mice (Fig. 1A). Again, CB1�/� mice showed a prolonged
and stronger freezing reaction to the tone compared with
CB1�/� (genotype: F(1,44) � 9.7, p � 0.003; genotype-by-interval
interaction: F(8,352) � 3.5, p � 0.001) (Fig. 1B). Importantly, both
CB1�/� and CB1�/� showed the same levels of freezing at the
beginning of tone presentation, indicating that CB1 is not in-
volved in the sensitization process per se. Taking into consider-
ation that the freezing response to a tone after inescapable foot-
shocks is primarily determined by sensitization and
nonassociative adaptation processes, the sustained freezing re-
sponse of CB1�/� over the course of tone presentation suggests
that CB1 deficiency delays fear adaptation in a nonassociative
manner.

To estimate the contribution of associative memory compo-
nents to the freezing response of the animals, we compared the
freezing response of conditioned and sensitized mice separately
per genotype. As expected, conditioned CB1�/� showed signifi-
cantly more freezing to the tone than sensitized CB1�/� (CS:
F(1,61) � 8.8, p � 0.004; CS-by-interval interaction: F(8,488) � 8.2,
p � 0.0001) (Fig. 1C), indicating that fear conditioning com-
prises the parallel processing of a stimulus–punishment associa-
tion and nonassociative sensitization with the consequence that
associative and nonassociative memory components together de-
termine the freezing response after conditioning procedures (Ka-
mprath and Wotjak, 2004). In contrast, CB1�/� showed a similar
freezing response to a tone, no matter whether they had received
a shock only or whether the tone had been paired with a shock
before (CS: F(1,54) � 0.3, p � 0.582; CS-by-interval interaction:
F(8,432) � 1.6, p � 0.117) (Fig. 1C). At first sight, these data imply
that CB1�/� were not able to associate tone and footshock during
the conditioning procedure, with the consequence that their
freezing response was solely determined by nonassociative mem-
ory components. However, an intact tone–shock association in
CB1�/� cannot be entirely ruled out by behavioral data alone,
because an impaired adaptation of nonassociative memory com-

Figure 1. CB1�/� mice are impaired in within-session extinction and adaptation, but not in acquisition, of conditioned and
sensitized fear. A, CB1�/� and CB1�/� littermate controls were either conditioned with a single tone–shock pairing or sensi-
tized with a footshock only in the conditioning chamber. All animals were exposed to a 180 s tone in a neutral environment 24 h
after the conditioning (CS�) and the sensitization (CSn) procedure, respectively. d0, Day 0; d1, day 1. B, Both conditioned
CB1�/� (F, n � 36) and sensitized CB1�/� (f, n � 20) showed a sustained freezing response over the course of the 180 s tone
presentation compared with the respective CB1�/� (�, n � 37; �, n � 26). C, As revealed by comparison of the freezing
responses with the tone after conditioning (CS�; ●, �) and sensitization procedures (CSn; f, �) separately per genotype,
conditioned CB1�/� showed a stronger freezing response than sensitized CB1�/�, whereas conditioned and sensitized CB1�/�

froze at the same level. Data were normalized to the 20 s observation intervals (mean � SEM). *p � 0.05, **p � 0.01, ***p �
0.001 versus CB1�/� (B) or sensitized CB1�/� (C). CS�, Tone after conditioning procedure; CSn, tone after sensitization
procedure.

Kamprath et al. • CB1-Dependent Habituation and Fear Extinction J. Neurosci., June 21, 2006 • 26(25):6677– 6686 • 6679



ponents might simply have masked differ-
ences in freezing between conditioned and
sensitized CB1�/�. Therefore, we decided
to investigate whether CB1�/� are able to
form an associative memory at all by elec-
trophysiological means. To this end, we re-
corded auditory-evoked potentials in the
CA1 region of the dorsal hippocampus of
freely behaving CB1�/� and CB1�/�. Ev-
idence exists that conditioning-related
changes in auditory-evoked potentials re-
corded from the lateral amygdala and the
CA1 region are exclusively determined by
the associative history of the CS (Goosens
et al., 2003; Tang et al., 2003). Because
both brain structures show a high syn-
chronicity in memory-related changes in
neuronal activity (Seidenbecher et al.,
2003; Tang et al., 2003), we targeted the
more easily accessible CA1 region instead
of the lateral amygdala. Moreover, we con-
firmed that recall of auditory cued fear
memories activates the endocannabinoid
system not only within the amygdala
(Marsicano et al., 2002) but also within the
dorsal hippocampus (supplemental Fig. 1,
available at www.jneurosci.org as supple-
mental material).

Potentiation of auditory-evoked
potentials after auditory fear
conditioning points to normal memory
of the tone–shock association in
CB1 �/� mice
Mice were chronically equipped with a re-
cording electrode aimed at the CA1 region
of the dorsal hippocampus and tested in a
discriminatory fear-conditioning task
(Fig. 2A). At first, both 6 and 12 kHz tones
were presented to the animals at 2 consec-
utive days to record a stable baseline. For
conditioning, only one of these frequen-
cies was used (i.e., series of either 6 or 12
kHz tones were paired with a footshock).
At the 2 d after conditioning, series of both
6 and 12 kHz tones were presented to the
mice to assess frequency-specific potentia-
tion of auditory-evoked potentials.

Of the 24 animals equipped with electrodes, 11 showed stable
responses to the tone series with correct placement of the elec-
trode in the CA1 region of the dorsal hippocampus (Fig. 2B).
During test recordings, CB1�/� (n � 5) and CB1�/� (n � 6)
showed a similar sensitivity to 6 and 12 kHz tones of increasing
intensity (data not shown). Furthermore, there were no genotype
differences in basic characteristics of the auditory-evoked poten-
tials assessed at days �2 and �1 before the conditioning proce-
dure (Table 1). Fear conditioning led to a significant potentiation
of amplitude [CS: F(1,9) � 13.6, p � 0.005; time: F(3,27) � 6.9, p �
0.001; CS-by-time interaction: F(3,27) � 5.7, p � 0.004; three-way
ANOVA (genotype, CS, time) for repeated measures (CS, time)]
(Fig. 2C) and slope (CS: F(1,9) � 11.8, p � 0.007; time: F(3,27) �
14.4, p � 0.0001; CS-by-time interaction: F(3,27) � 8.1, p � 0.001)
(Fig. 2D) of the most-negative-going component of the field EP-

SPs evoked by the paired tones, with no significant differences
between CB1�/� and CB1�/� in either parameter (genotype:
F(1,9) � 0.06, p � 0.810; CS by genotype: F(1,9) � 0.4, p � 0.560;
CS by time by genotype: F(1,9)1,9 � 1.3, p � 0.300).

These data show that genetic ablation of CB1 does not alter the
potentiation of auditory-evoked potentials induced by the for-
mation of a tone–shock association, indicating that both CB1�/�

and CB1�/� were able to discriminate between paired and neu-
tral tones and therefore to form an associative memory compo-
nent during fear conditioning. There is still the option that
CB1�/� might be able to form a tone–shock association after
three tone–shock pairings (as used here) but not after a single
tone–shock pairing, as used in the behavioral experiments. How-
ever, the similar initial freezing response of CB1�/� and CB1�/�

at day 1 (Fig. 1B) as well as our previous study showing that

Figure 2. CB1 deficiency does not affect the formation of associative fear memories. A, Experimental procedure of the discrim-
inatory fear-conditioning task. I, General timetable of the experiments. CB1�/� (n � 5) and CB1�/� (n � 6) were chronically
equipped with a recording electrode aimed at the CA1 region of the dorsal hippocampus. After a recovery period of 14 d, the
optimal tone intensity for auditory-evoked potential recordings (�40% of maximal response) was defined per animal and tone
frequency (6 and 12 kHz), followed by measurement of the stability of the responses (test recording). II, Schematic representation
of the procedures used in the experimental period. Conditioning was performed after 2 d of baseline recordings. At the condition-
ing day, a series of 20 50 ms tones of either 6 or 12 kHz coterminated with an electric footshock (flash) in the conditioning chamber.
The conditioning procedure was repeated two times. Tone series of the frequency used for the conditioning procedures were
termed paired tones, and those of the other frequency, which was not presented at the conditioning day, were termed neutral
tones. Tone frequencies for the conditioning procedure were counterbalanced among the animals of a given genotype. During the
two preconditioning and the two postconditioning days, paired and neutral tones were presented in the neutral test context. III,
Time schedule for a recording day. Animals were slightly anesthetized with isoflurane to connect the electrode assembly to the
recording hardware. After a 27 min recovery period, the video recorder was switched on. Three minutes later, two 90 tone series,
one of 6 kHz and the other of 12 kHz, were presented at a 3 min interval. B, Schematic brain section according to Franklin and
Paxinos (1997) showing the correct placement of the electrodes within the CA1 region of the dorsal hippocampus in CB1�/� (F)
and CB1�/� (E) C, D, Both amplitude (C) and slope (D) of the most-negative-going component of the auditory-evoked poten-
tials were potentiated for the paired tone (F, E) but not for the neutral tone (f, �) after conditioning. Data (mean � SEM)
were normalized individually to the averaged preconditioning responses (dotted line, 100%). f and F, CB1�/�; � and E,
CB1�/�. Co, Conditioning day; CS�, paired tones; CSn, neutral tones; fEPSP, field EPSP.
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pharmacological blockade of CB1 before tone re-exposure, but
not before conditioning, leads to a sustained freezing response to
the tone (Marsicano et al., 2002) strongly argue against impair-
ments in memory acquisition because of CB1 deficiency. Conse-
quently, the similarities in the freezing response of conditioned
and sensitized CB1�/� (Fig. 1C) cannot be explained by impair-
ments in the formation of associative memories (Varvel and Li-
chtman, 2002; Cannich et al., 2004; Suzuki et al., 2004; Holter et
al., 2005; Varvel et al., 2005), but rather by alterations in the
processing of nonassociative memory components after fear con-
ditioning and sensitization procedures.

To further characterize the role of CB1 in fear extinction, from
now on we mainly focused on sensitization experiments, because
nonassociative memories are directly accessible in such tasks and
not confounded by the behavioral expression of associative mem-
ory components. Importantly, the nonassociative nature of the
sensitization procedures could be confirmed in a control experi-
ment, which demonstrates not only that the increased freezing
response to the tone after sensitization persists for �1 month but
also that it is independent from contextual memory/context gen-
eralization (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). To substantiate this conclusion, we ad-

ditionally analyzed freezing responses to the
novel context before tone presentation and
observed either no or no consistent involve-
ment of CB1 that would support the idea
that alterations in context generalization or
interference learning could explain the sus-
tained freezing response of CB1�/� to the
tone (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).

CB1 controls both within-session and
long-term fear adaptation
after sensitization
In previous studies, we showed that
CB1�/� are impaired in both within-
session extinction and long-term extinc-
tion after fear conditioning (Marsicano et
al., 2002; Cannich et al., 2004). Now we
investigated the role of CB1 in the decrease
in the freezing response after repeated tone
presentations after sensitization proce-
dures (Fig. 3A). CB1�/� showed a pro-
longed and stronger freezing reaction to
the tone than CB1�/� not only during the
first tone presentation (genotype: F(1,23) �
7.0, p � 0.014; genotype by interval:
F(8,184) � 2.9, p � 0.004) but also during
the second tone presentation 5 d later (ge-
notype: F(1,22) � 7.8; p � 0.010) (Fig. 3B).
The same was the case in wild-type
C57BL/6N mice with pharmacological
blockade of CB1 with SR141716A before

tone presentation (Fig. 3D), both at day 1 (drug by interval:
F(8,256) � 5.4, p � 0.0001) and at day 6 (drug: F(1,32) � 9.8; p �
0.003) (Fig. 3E). Accordingly, analysis of the development of the
total freezing response from day 1 to day 6 revealed significant
effects of genotype (F(1,22) � 7.3; p � 0.012) (Fig. 3C) and drug
(F(1,32) � 4.7; p � 0.036) as well a significant drug-by-day inter-
action (F(1,32) � 4.7; p � 0.037) (Fig. 3F). Whereas CB1�/�

showed a decrease in freezing from day 1 to day 6 (t(14) � 2.3; p �
0.039; paired t test), CB1�/� failed to do so (t(9) � 0.24; p �
0.815) (Fig. 3C). Also, vehicle-treated (t(16) � 4.5; p � 0.0001)
but not antagonist-treated (t(16) � 0.03; p � 0.971) C57BL/6N
mice (Fig. 3F) showed a significant decrease in freezing from day
1 to day 6. Together, these data demonstrate that the phenotype
of CB1�/� cannot be ascribed to developmental effects of the
mutation or altered fear sensitization but to an acute involvement
of CB1 in within-session and in long-term fear adaptation.

CB1 �/� mice show normal safety learning
In general, the impairment of CB1�/� in extinction of the fear
response could be explained by an involvement of CB1 either in
inhibitory associative (i.e., safety) learning [tone–no shock asso-
ciation (Myers and Davis, 2002)] or in habituation-like processes

Table 1. Basic characteristics of auditory-evoked potentials evoked by tone series of two different frequencies within the CA1 region of the dorsal hippocampus in CB1�/�

(n � 5) and CB1�/� (n � 6) during the baseline period day �2 and day �1 (compare Fig. 2)

Genotype

6 kHz 12 kHz

Latency (ms) Amplitude (�V) Slope (�V/ms) Latency (ms) Amplitude (�V) Slope (�V/ms)

CB1�/� 28.9 � 2.2 195.6 � 44.3 �24.6 � 6.0 28.1 � 1.8 172.3 � 41.3 �21.2 � 3.9
CB1�/� 27.3 � 3.1 113.4 � 25.0 �21.3 � 4.5 27.3 � 2.6 144.7 � 25.3 �26.3 � 5.5

None of these parameters differed significantly between the two genotypes and the two tone frequencies (genotype: F(1,10) � 1.9, p � 0.202; frequency: F(1,10) � 0.5, p � 0.510; genotype by frequency: F(1,10) � 1.6, p � 0.240).

Figure 3. CB1 deficiency impairs both within-session and long-term adaptation of sensitized fear. A, D, Mice with genetic
ablation of CB1 (A; CB1�/�, n � 10; CB1�/�, n � 15; included in Fig. 1B) and inbred mice with acute pharmacological blockade
of CB1 before tone presentation [D; 3 mg/kg SR141716A (SR), n � 17; vehicle (V), n � 17] were exposed to a 180 s tone not only
1 d but also 6 d after sensitization. B, E, Genetic ablation (B) and pharmacological inactivation (E) of CB1 caused similar impair-
ments in the decrease in sensitized fear during the first tone presentation. These impairments became even more pronounced
during the second tone presentations (mean � SEM). C, F, Both genetic ablation (C) and acute pharmacological blockade (F ) of
CB1 impaired the long-term decrease in the freezing response from the first to the second tone presentation (mean). Data were
normalized either to 20 s observation intervals (B, D) or to the entire 180 s observation period (C, F ). *p � 0.05; **p � 0.01;
***p � 0.001. CSn, Tone after sensitization procedure; f, CB1�/�; �, CB1�/�; �, C57BL/6N mice treated with 3 mg/kg
SR141716A; ƒ, C57BL/6N mice treated with vehicle; d0, day 0; d1, day 1; d6, day 6.
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(McSweeney and Swindell, 2002; Kamprath and Wotjak, 2004).
The first option seems to be unlikely, because CB1 is dispensable
for the formation of associative memories (i.e., tone–shock asso-
ciations) (Figs. 1, 2) and extinction in an appetitive conditioning
task (Holter et al., 2005). Nevertheless, because acquisition and
extinction of fear behavior could rely on different molecular
mechanisms (Suzuki et al., 2004), CB1 could be specifically im-
plicated in extinction of aversive memories through the forma-
tion of “tone–no shock” associations. To address this possibility,
we tested the tone–no shock association (i.e., safety learning) of
CB1�/� in a backward conditioning task (Moscovitch and
LoLordo, 1968; Mackintosh, 1974), in which the shock preceded
the tone presentation (Fig. 4A). After this procedure, there were
no significant differences between CB1�/� and CB1�/� in the
freezing response to the tone on the next day (Fig. 4B and data
not shown). However, both CB1�/� and CB1�/� froze at sub-
stantially lower levels than the respective sensitized mice (com-
pare Fig. 1B), indicating that not only CB1�/� (protocol by in-
terval: F(8,288) � 4.5, p � 0.0001) (Fig. 4C) but also CB1�/�

(protocol: F(1,28) � 5.6, p � 0.025) (Fig. 4C) were able to form an
inhibitory association between the tone and the shock that par-
tially suppressed expression of sensitized fear.

Importantly, although the two genotypes froze at comparable
levels at day 1, they differed in the development of the freezing
response from day 1 to day 6 (genotype by day: F(1,20) � 6.4, p �
0.020) (Fig. 4D) with CB1�/� (t(11) � 3.1; p � 0.001; paired t
test) but not CB1�/� (t(9) � 0.5; p � 0.606) decreasing their
freezing response on repeated tone presentation. Because safety
learning seems to be intact in CB1�/�, these differences point to
an involvement of CB1 in long-term habituation.

CB1 �/� mice are impaired in long-term habituation to a tone
To test whether CB1 receptors are generally involved in habitua-
tion to a tone, we exposed naive (nonshocked) CB1�/� and
CB1�/� mice to a loud 3 min tone of 95 dB at days 1 and 6 (Fig.
5A). At day 1, CB1�/� and CB1�/� showed a similar freezing
response to this loud tone (genotype: F(1,26) � 0.0, p � 0.952;
interval: F(8,208) � 31.0, p � 0.0001; genotype-by-interval inter-
action: F(8,208) � 0.4, p � 0.919) (Fig. 5B), indicating that CB1
does not affect perception of and behavioral response to a loud
tone. At day 6, however, CB1�/� consistently froze at higher
levels than CB1�/� (genotype: F(1,26) � 5.3, p � 0.029) (Fig. 5B),
with no difference in baseline freezing (supplemental Fig. 4, avail-
able at www.jneurosci.org as supplemental material). Compari-
son of the development of the total freezing response from day 1
to day 6 revealed a significant genotype-by-day interaction
(F(1,26) � 5.8; p � 0.022), reflecting the inability of CB1�/� (t(12)

� 0.3; p � 0.803; paired t test) but not CB1�/� (t(14) � 6.0; p �
0.0001) to decrease their freezing response from day 1 to day 6
(Fig. 5C). These data indicate that CB1 plays an important role in
long-term habituation to an aversive tone in mice without previ-
ous shock experience, even in situations when CB1 is not acutely
involved in within-session adaptation during the first tone
presentation.

Impairments in the decrease in freezing to a tone in sensitized
CB1 �/� mice relate to impaired habituation
To confirm that CB1-mediated habituation processes are respon-
sible for the decrease in freezing after repeated tone presentation
in sensitized mice, we studied the consequences of pre-exposure
to a 3 min tone of 80 dB on the freezing response to the same tone
presented 1 and 6 d after sensitization (Fig. 6A). If long-term
habituation processes indeed account for adaptation of acquired
fear responses, as assessed during a second tone presentation, it
should not matter whether the first tone presentation (i.e., the
induction of long-term habituation to that stimulus) occurred
before or after the sensitization procedure (Kamprath and Wot-
jak, 2004). Indeed, on day 1 after the sensitization procedure,
CB1�/� with pre-exposure to the tone froze significantly less
than CB1�/� without tone pre-exposure (protocol: F(1,31) �
11.1, p � 0.002; protocol by interval: F(8,248) 2.8, p � 0.006) (Fig.
6B). Moreover, CB1�/� showed similarly low freezing levels dur-
ing the second tone presentation, regardless of whether the first
tone presentation occurred before or after the sensitization pro-
cedure (Fig. 6D). CB1�/�, in contrast, showed a strong freezing
response at day 1 (protocol: F(1,25) � 0.3, p � 0.541; protocol by
interval: F(8,200) � 1.3, p � 0.228) (Fig. 6B), regardless of whether
the tone was previously presented or not. Noteworthy, tone pre-
exposure at day 5 (Fig. 6A) elicited only a negligible freezing
response compared with mice without tone presentation
(CB1�/�: 3.0 � 0.7% vs 0.1 � 0.0%; CB1�/�: 3.7 � 1.6% vs
0.5 � 0.2%) with no differences between the two genotypes (sta-
tistics not shown), indicating that expression of fear is not neces-
sary for induction of CB1-dependent long-term habituation to
the tone.

At day 6, CB1�/� showed a generally increased freezing re-
sponse compared with CB1�/� (genotype: F(1,56) � 10.6, p �
0.002) (Fig. 6C), independently of the protocol [genotype by pro-
tocol: F(1,56) � 0.0, p � 0.902; genotype by protocol by interval:
F(8,448) � 0.8, p � 0.602; three-way ANOVA (genotype, protocol,
interval) for repeated measures (interval)]. As illustrated in Fig-
ure 6E, CB1�/� were not at all able to adapt to the tone, despite
repeated tone presentations [genotype: F(1,56) � 5.0, p � 0.029;
genotype by day: F(1,56) � 15.8, p � 0.001; genotype by protocol

Figure 4. CB1 deficiency does not affect safety learning in a backward conditioning task. A,
Both CB1�/� and CB1�/� underwent a backward conditioning procedure in the conditioning
chamber, during which application of the footshock preceded the presentation of the 20 s tone.
Mice were re-exposed to the tone for 180 s in the test context the next day and 6 d later. B,
CB1�/� (f, n � 10) and CB1�/� (�, n � 12) showed the same freezing response to the
tone at day 1 after the backward conditioning procedure (mean � SEM). C, Both CB1�/� and
CB1�/� showed a significantly smaller freezing response to the tone after the backward con-
ditioning procedure compared with the respective sensitized mice (�, �; compare Fig. 1C). D,
CB1�/�, but not CB1�/�, showed a decrease in the freezing responses to the tones from day
1 to day 6 (mean). Data were normalized either to 20 s observation intervals (B, C) or to the
entire 180 s observation period (D). *p � 0.05; ***p � 0.001. f and �, CB�/�; � and �,
CB1�/�. CS�, tone after backward conditioning procedure; CSn, tone after sensitization pro-
cedure; d0, day 0; d1, day 1; d6, day 6.
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by day: F(1,56) � 5.7, p � 0.021; three-way ANOVA (genotype,
protocol, day) for repeated measures (day)]. Post hoc analyses
revealed that, at day 1, only CB1�/� with pre-exposure to the
tone froze significantly less than all of the other groups ( p �
0.001). At day 6, both CB1�/� groups (with and without pre-
exposure to the tone) froze at similar levels and considerably less
than CB1�/� ( p � 0.001). In accordance with our previous ob-
servations in naive mice (compare Fig. 5C), in mice after sensiti-
zation (Fig. 3, compare C, F), and in mice after backward condi-
tioning procedures (compare Fig. 4D), CB1�/� without pre-
exposure to the tone showed a significant decrease in freezing
from day 1 to day 6 (t(15) � 32.6; p � 0.0001; paired t test),

whereas the two CB1�/� groups failed to
do so (t �1.2; p � 0.297).

Together, these data demonstrate that
in wild-type mice, the decrease in freezing
on repeated tone presentation is indepen-
dent of whether the first tone presentation
occurred before or after the sensitization
procedure. In CB1-deficient mice, in con-
trast, pre-exposure to the tone failed to sig-
nificantly affect the freezing response to a
second tone presentation. The most parsi-
monious interpretation of these observa-
tions is that CB1 plays a central role in
long-term habituation to the tone and that
CB1-dependent habituation primarily ac-
counts for the decrease in acquired fear af-
ter sensitization procedures.

Discussion
Extinction of aversive memories involves
at least two different processes: learning
about the association between a stimulus
and the nonappearance of a punishment
[here called safety learning (cf. Myers and
Davis, 2002)] and habituation to a repeat-
edly presented stimulus (cf. McSweeney
and Swindell, 2002; Kamprath and Wot-
jak, 2004). Recent work has shown that
different molecular mechanisms relate to
different aspects of extinction processing.
NMDA receptors, for instance, seem to
mediate predominantly associative mem-
ory components of extinction (Falls et al.,
1992; Santini et al., 2001; Walker et al.,
2002). The same is the case for L-type
voltage-gated calcium channels (Cain et
al., 2002), which are also involved in latent
inhibition but not in reduced contingency
effects (Cain et al., 2005). Calcineurin, in
contrast, mediates extinction by circuit de-
potentiation (i.e., weakening of the origi-
nal signaling) (Lin et al., 2003).

Although extinction of conditioned
fear critically depends on the endocan-
nabinoid system of the brain (Marsicano
et al., 2002; Cannich et al., 2004; Suzuki et
al., 2004; Chhatwal et al., 2005), the mech-
anism by which CB1 mediates fear extinc-
tion remained speculative. This study
points to a specific involvement of the en-
docannabinoid system in the habituation
component of fear extinction. However,

besides habituation, there are still alternative explanations for the
data of the present study. For example, the experiment using tone
pre-exposure (Fig. 6) strongly resembles latent inhibition proce-
dures, in which pre-exposure to the to-be CS (e.g., a tone) before
conditioning results in a decreased conditioned response (e.g.,
freezing) after conditioning (for review, see Lubow, 1973). When
we applied tone pre-exposure before sensitization, we observed a
decreased freezing response to the tone after sensitization in
CB1�/� but not in CB1�/�. Thus, CB1�/� are possibly impaired
in latent inhibition, which belongs, like extinction, to interfer-
ence paradigms. However, we did not use a true latent inhibition

Figure 5. CB1 deficiency impairs long-term habituation to a loud tone. A, Naive CB1 �/� (n � 13) and CB1 �/� (n � 15)
were exposed to a loud tone of 95 dB at days 1 and 6. B, CB1 �/� and CB1 �/� showed a similar short-term habituation to the first
tone presentation but differed in their freezing response to the second tone presentation (mean � SEM). C, CB1 �/�, but not
CB1 �/�, showed a decrease in the freezing responses to the tones from day 1 to day 6 (mean). Data were normalized either to 20 s
observation intervals (B) or to the entire 180 s observation period (C). *p � 0.05. F, CB1 �/�; E, CB1 �/�; d1, day 1; d6, day 6.

Figure 6. Impaired long-term adaptation in CB1-deficient mice after sensitization results from impaired long-term habitua-
tion. A, CB1�/� and CB1�/� were randomly assigned to one of two groups. Mice of the first group [tone (T); CB1�/�, n � 12;
CB1�/�, n � 17] were exposed to a 180 s tone in the test context 5 d before the sensitization procedure. Mice of the second group
[no tone (NT); CB1�/�, n � 15; CB1�/�, n � 16] were also placed into the test context 5 d before the sensitization procedure,
but without tone presentation. All mice were exposed to 180 s tones at days 1 and 6 after sensitization with a single 0.7 mA
footshock. B, Freezing response to the tone at day 1. C, Freezing responses to the tone at day 6. D, Freezing response to the second
tone presentation of mice with (T, day 1) and without (NT, day 6) tone presentation before the sensitization procedure. E,
Development of the freezing responses to the tones from days 1– 6. Data were normalized either to 20 s observation intervals
(mean � SEM; B–D) or to the entire 180 s observation period (mean; E). *p � 0.05; ***p � 0.001; ap � 0.001 versus all other
groups; bp � 0.0005 versus the two CB1�/� groups. f, CB1�/� without tone pre-exposure; �, CB1�/� with tone pre-
exposure; �, CB1�/� without tone pre-exposure; �, CB1�/� with tone pre-exposure; d-5, 5 d before the sensitization
procedure; d0, day 0; d1, day 1; d6, day 6.
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paradigm because we used sensitization instead of conditioning:
Mice received tone pre-exposure in the test context; 5 d later they
were sensitized in a different context without tone presentation
and re-exposed to the tone in the test context. To obtain interfer-
ence in terms of latent inhibition, the animals should generalize
between the different contexts (Bouton, 1993).

Context generalization is known to be a general problem of
shock-sensitization paradigms, which relates to the fact that the
procedure of shock sensitization is essentially the same as the
contextual fear-conditioning procedure. The important differ-
ence between these paradigms relates to the test stimuli used for
memory retrieval: in contextual fear conditioning, the response
to the conditioning context is tested, and in sensitization, the
response to an unrelated (“nonassociative”) stimulus is tested in
a different context. Because shock sensitization of the startle re-
sponse, which was originally attributed to nonassociative pro-
cesses (Davis, 1989), was shown to relate to context generaliza-
tion (Richardson, 2000), the nonassociative nature of fear
responses after sensitization is arguable. Thus, freezing responses
to the tone after sensitization could be attributed to the fact that
the entire experimental procedure, including experimental han-
dling, signals the aversive experience, thus leading to interference
learning and context generalization. However, after a contextual
fear-conditioning/sensitization procedure, both CB1�/� and
CB1�/� displayed less conditioned freezing to the “shock con-
text” than to an unconditioned tone in a different context [sup-
plemental Fig. 2 (available at www.jneurosci.org as supplemental
material) vs Fig. 3], indicating that the animals used in our ex-
periments are inferior in contextual learning. On repeated non-
reinforced exposures to the shock context, CB1�/� initially de-
veloped a more pronounced freezing response, which was later
extinguished (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material). Nevertheless, CB1�/� still showed
considerably more freezing than CB1�/� to a subsequently pre-
sented tone. These results indicate that behavioral adaptation of
contextual fear and of unconditioned fear to the tone rely on
different mechanisms both involving CB1.

In general, the context is known to play a crucial role in dif-
ferent learning paradigms, for instance in extinction and latent
inhibition but also in habituation (Marlin and Miller, 1981; for
review, see Bouton, 1993). To further investigate the role of the
context in sensitized fear, we additionally analyzed the fear re-
sponses to the test context before tone presentation (supplemen-
tal Fig. 3, available at www.jneurosci.org as supplemental mate-
rial). It became evident that CB1�/� froze even less in the test
context than CB1�/�. Moreover, freezing responses to the tone
were more pronounced than freezing responses to the test con-
text, thus rendering it unlikely that they result from context gen-
eralization. However, application of the CB1 antagonist
SR141716A to wild-type mice resulted in slightly increasing fear
responses to the context, which was not observed in CB1�/�

before the first tone exposure (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) and might there-
fore relate to unspecific effects of SR141716A. Baseline freezing
before the second tone exposure was generally increased com-
pared with baseline freezing before the first tone exposure (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material). This could be explained by a secondary learning pro-
cess associating the test context with the aversive tone exposure.
Additional experiments are necessary to verify this hypothesis.
However, in summary, our data indicate that the role of CB1 in
adaptation of sensitized fear to the tone cannot be ascribed to
context generalization and thus to differences in extinction of

contextual memory. Nevertheless, CB1 seems to be involved, in
some aspects, in contextual learning (Suzuki et al., 2004; Pam-
plona and Takahashi, 2006). The underlying mechanisms remain
to be investigated, but they seem to be independent from CB1-
mediated habituation of the fear response to the tone.

In some of our experiments (e.g., unconditioned freezing to a
loud tone, backward conditioning, tone pre-exposure), CB1 was
shown to mediate long-term habituation without affecting
within-session fear adaptation during the first tone presentation.
It is likely that the sensitization procedure acutely activates cer-
tain neurotransmitter/modulator systems (e.g., corticotrophin-
releasing hormone) (Koob et al., 1993; Walker et al., 2003), which
in turn increase the general responsiveness to potentially danger-
ous stimuli. During the first tone presentation, endocannabi-
noids may counteract this potentiation as retrograde messengers
that reduce neurotransmitter release from presynaptic terminals
(Schlicker and Kathmann, 2001; Alger, 2002; Wilson and Nicoll,
2002; Freund et al., 2003) once the averseness of the situation
exceeds a certain intensity. This downregulation of neuronal ac-
tivation might explicitly involve a reduction in glutamatergic
transmission (Marsicano et al., 2003;Azad et al., 2003). For long-
term habituation, in contrast, processing of the tone might be
accompanied by an activation of the endocannabinoid system
within an innate stimulus–response pathway (e.g., Mongeau et
al., 2003), even if the tones are not sufficient per se for inducing a
significant freezing response. In this scenario, activation of CB1
would lead to changes in neuronal excitability in the stimulus–
response pathway [e.g., by changing the activity status of kinases
and phosphatases (Cannich et al., 2004) that have been impli-
cated in long-term retention of extinction of conditioned fear (Lu
et al., 2001; Lin et al., 2003)]. The differences in the involvement
of CB1 in short-term adaptation and long-term habituation
might also relate to CB1 activation on different neuronal popu-
lations (Marsicano and Lutz, 1999; Marsicano et al., 2003). It is
conceivable that physicochemical characteristics of CB1 (e.g.,
binding affinity to endocannabinoids) or the spatial proximity of
CB1 to the release sites of endocannabinoids differ between
GABAergic interneurons and glutamatergic neurons. In addi-
tion, CB1 might be coupled to different intracellular pathways, in
particular, because GABAergic interneurons do not express the
phosphatase calcineurin (Sik et al., 1998).

In general, the involvement of CB1 in fear extinction strik-
ingly resembles the role of the endocannabinoid system in adap-
tation of stress responses (for review, see Hill and Gorzalka, 2005;
Viveros et al., 2005). This has potential implications for the in-
teraction of the two processes (for review, see Korte, 2001), in
particular because tone presentations after fear conditioning or
sensitization procedures can be regarded as psychological stres-
sors. Nevertheless, it seems to be unlikely that a sustained activa-
tion of the hypothalamic–pituitary–adrenocortical axis in CB1-
deficient mice after stressor exposure (Cota et al., 2003; Di et al.,
2003) plays a significant role in within-session extinction of the
fear response, because unrestrained release of corticosterone at-
tributable to CB1 deficiency would be expected to facilitate rather
than to attenuate fear extinction (Yang et al., 2006). Long-term
fear extinction, in contrast, might well share common mecha-
nisms with adaptation to homotypic stressors. In this context,
Patel et al. (2005) showed that the endocannabinoid system me-
diates habituation to repeated restraint stress. They observed an
increase in the level of 2-arachidonoyl glycerol in brain punches
from the amygdala complex from the first to the fifth restraint
stress episode. Furthermore, pharmacological blockade of CB1
during the fifth restraint episode resulted in a reversal of the
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habituation-like reduction in Fos expression in the infralimbic
and prelimbic cortices (Patel et al., 2005). Interestingly, these
brain regions are known to play a pivotal role in extinction
of conditioned fear (Milad and Quirk, 2002; Quirk et al., 2003;
Pare et al., 2004) and therefore may be involved in the
endocannabinoid-mediated long-term habituation described in
the present study as well.

In summary, our study provides a new conceptual framework
for understanding the role of CB1 in short- and long-term adap-
tation to aversive situations and emphasizes the importance of
CB1-mediated habituation in extinction of acquired fear. Our
protocol of prolonged stimulus presentations resembles the prin-
ciple of exposure therapy, which is successfully used for the treat-
ment of phobias and posttraumatic stress disorder (Wolpe, 1958;
Bartling et al., 1980; Ost et al., 1991; Foa and Riggs, 1993). Our
findings imply that the success of such therapies is, at least par-
tially, based on successful habituation, thus suggesting the endo-
cannabinoid system as both a vulnerability factor and potential
therapeutic target of anxiety disorders.
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