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Bimodal Control of Fear-Coping Strategies by CB,
Cannabinoid Receptors

Mathilde Metna-Laurent,"->* Edgar Soria-Gémez,">* Dani¢le Verrier,'> Martina Conforzi,"? Pierrick Jégo,'>
Pauline Lafenétre,-2 and Giovanni Marsicano!-2
'INSERM U862, NeuroCentre Magendie, EndoCannabinoids and NeuroAdaptation, and 2University of Bordeaux, 33076 Bordeaux, France

To maximize their chances of survival, animals need to rapidly and efficiently respond to aversive situations. These responses can be
classified as active or passive and depend on the specific nature of threats, but also on individual fear coping styles. In this study, we show
that the control of excitatory and inhibitory brain neurons by type-1 cannabinoid (CB, ) receptors is a key determinant of fear coping
strategies in mice. In classical fear conditioning, a switch between initially predominant passive fear responses (freezing) and active
behaviors (escape attempts and risk assessment) develops over time. Constitutive genetic deletion of CB, receptors in CB, '~ mice
disrupted this pattern by favoring passive responses. This phenotype can be ascribed to endocannabinoid control of excitatory neurons,
because it was reproduced in conditional mutant mice lacking CB, receptors from cortical glutamatergic neurons. CB, receptor deletion
from GABAergic brain neurons led to the opposite phenotype, characterized by the predominance of active coping. The CB, receptor
agonist A’-tetrahydrocannabinol exerted a biphasic control of fear coping strategies, with lower and higher doses favoring active and
passive responses, respectively. Finally, viral re-expression of CB, receptors in the amygdala of CB, '~ mice restored the normal switch
between the two coping strategies. These data strongly suggest that CB, receptor signaling bimodally controls the spontaneous adoption
of active or passive coping strategies in individuals. This primary function of the endocannabinoid system in shaping individual behav-

ioral traits should be considered when studying the mechanisms of physiological and pathological fear.

Introduction

Humans and animals must adopt appropriate fear responses when
exposed to threatening situations (LeDoux, 2000; Blanchard et al.,
2001). The ability to efficiently cope with potential dangers strongly
influences the consequences of aversive stimuli on the organisms
(Hartley and Phelps, 2010). Human and animal studies revealed
individual differences in the way of mastering imminent environ-
mental challenges (Blanchard etal., 2001; Lazaro-Mufioz et al., 2010;
Schlund et al., 2010). In rodents, defensive behaviors were clustered
in either passive (or reactive) coping or active (or proactive) coping,
respectively (Koolhaas et al., 1999). The predominant response to
aversive stimuli of passively coping animals is immobility, whereas
active “copers” tend to adopt behaviors aiming at removing the dan-
ger source (De Boer and Koolhaas, 2003; Cain and LeDoux, 2007).
These different behavioral strategies rely on distinct physiological
mechanisms (Koolhaas et al., 2010). However, most studies in fear
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conditioning only rely on the analysis of passive coping behaviors.
Gozzi et al. (2010) recently reported that conditioned freezing in
mice (i.e., passive coping) was inhibited to favor active coping by
pharmacogenetic manipulations of amygdalar activity, suggesting
that inhibition of conditioned freezing may reflect not only a quan-
titative attenuation of fear but also a qualitative change of fear
response.

The endogenous activity of CB, receptors is necessary for ex-
tinction of freezing in fear conditioning and of passive avoidance
learning (Marsicano et al., 2002; Lafenétre et al., 2007; Dubreucq
et al., 2010), indicating that CB, signaling controls passive fear
responses. In contrast, the deletion of the CB, gene facilitates
active avoidance learning (Martin et al., 2002).

The brain circuitries controlling conditioned freezing have
been extensively described. The medial prefrontal cortex
(mPFC), the hippocampus, and the amygdala as well as down-
stream nuclei, including the hypothalamus and the periaque-
ducal gray (PAG), act in concert to mediate appropriate
freezing responses (Laviolette et al., 2005; Myers and Davis,
2007; Resstel et al., 2009; Roozendaal et al., 2009; Sotres-
Bayon and Quirk, 2010). CB, receptors are enriched in these
brain structures and they modulate conditioned freezing in a
region-dependent manner (Laviolette and Grace, 2006; Ress-
tel et al., 2009; Kamprath et al., 2011; Terzian et al., 2011;
Dubreucq et al., 2012). However, the mechanisms by which
CB, receptors modulate active versus passive fear coping strat-
egies have been poorly studied so far.

Interestingly, the behavioral functions of CB, receptors also de-
pend on their cell type localization (Lafenétre et al., 2009; Bellocchio
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et al., 2010) and, in particular, on their ability to negatively
regulate both GABAergic and glutamatergic neurotransmis-
sions (Chevaleyre et al., 2006). CB, receptors may thus influ-
ence fear coping strategies acting at glutamatergic and
GABAergic neurons.

By submitting constitutive or cell type-specific CB; mutant
mice to classical and instrumental fear conditioning, we reveal
that the endocannabinoid system (ECS) determines the fear cop-
ing strategies by exerting a specific control on glutamatergic or
GABAergic neurons. In addition, CB, expression in the amygda-
loid area is sufficient to guarantee normal fear coping strategies,
suggesting that the ECS drives fear coping styles at least in part by
modulating the activity of neurons located in the amygdala.

Materials and Methods

Animals

Experiments were in agreement with the Committee on Animal Health
and Care of INSERM and French Ministry of Agriculture and Forestry
(authorization number 3306369).

Two- to four-month old male C57BL/6N (JANVIER, France) and consti-
tutive or conditional CB, mutant mice and their wild-type littermates were
maintained on a 12 h light/dark cycle (light on, 7:00 A.M.) with food and
water ad libitum. All the mutant lines were in a mixed genetic background
with a predominant C57BL/6NCirl contribution (67 backcrossing genera-
tions). All the animals used in experiments involving mutant mice were
littermates. For constitutive CB, ~/~ mice (Marsicano et al., 2002), the par-
ents of the experimental animals were always heterozygous for the mutation.
Conditional mutant mice were obtained as described by crossing mice car-
rying “floxed” CB, alleles (CB, °/°%; Marsicano et al., 2003) with the Cre-
expressing transgenic mouse lines NEX-Cre and DIx5/6-Cre (Goebbels et al.,
2006; Monory etal., 2006) to obtain CB, 1¥/10xNEX-Cre (alled Glu-CB, ~/ ™)
and CB,flo¥/floxDb>/e-Cre e (called GABA-CB, /7)), respectively
(Monory et al., 2006, 2007; Bellocchio et al., 2010). To allow a direct com-
parison of GABA-CB, ~/~ and Glu-CB, ~'~ mice with the same wild-type
littermate mice, GABA-CB, ’~ and Glu-CB, '~ and wild-type GABA-
Glu-CB, *'* littermates (called WT) derived from a double mutant line
(Bellocchio et al., 2010). Briefly, GABA-CB, ~/~ mice were mated with Glu-
CB, '~ miceto obtain a first generation of double mutant mice lacking CB,
on both GABAergic and glutamatergic neurons (GABA/Glu-CB, /"),
which were then crossed with CB, 2°%*females (phenotypically wild type),
to avoid potential influence of the mother’s genotype on the offspring phe-
notype of the experimental animals (Bellocchio et al., 2010). Mutant mice
were genotyped at the age of 2 weeks and re-genotyped after the experiments
by PCR on tail tissue as described previously (Marsicano et al., 2002; Monory et
al., 2006; Bellocchio et al., 2010) using the following primer sets: CB, 1o/~
5'-GCTGTCTCTGGTCCTCTTAAA,  5'-GGTGTCACCTCTGAAAAC
AGA, and 5'-CCTACCCGGTAGAATTAGCTT; Cre forward for NEX-Cre
(for Glu-CB, /7): 5-TCTTTTTCATGTGCTCTTGG; Cre forward for
DIx5/6-Cre (for GABA-CB, ~'7): 5'-AGCAATCGCACTCACAACAGA;
Cre reverse for both lines: 5'-CGCGCCTGAAGATATAGAAGA. Previous
extensive anatomical characterizations showed that the mutant mice used in
the present study carry deletions of CB, receptors as follows: (1) from all the
cells of the body (CB, ~/~ mice; Marsicano et al., 2002); (2) mainly from
cortical glutamatergic neurons in the dorsal telencephalon, including neu-
ronslocated in neocortex, paleocortex, archicortex, hippocampal formation,
and cortical portions of the amygdala (Glu-CB, /~; Monory et al., 2006,
2007; Bellocchio et al., 2010); or (3) mainly from forebrain GABAergic neu-
rons (GABA-CB, = Monory et al., 2006, 2007; Bellocchio et al., 2010).

All experiments took place during the light phase. For fear conditioning
and shock sensitivity, mice were single housed 7 d before testing. For active
and passive avoidance, mice were maintained in groups (2—4 per cage).

Drugs

In the pharmacological approach, A°-tetrahydrocannabinol (THC,
Sigma-Aldrich) was dissolved with 2% ethanol and 2% Cremophor in
sterile saline solution. Naive C57BL/6N mice were weighted and received
an intraperitoneal injection of vehicle, 0.3 mg/kg, 1 mg/kg, or 3 mg/kg
THC 1 h before the CS re-exposure session.
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Adeno-associated virus-mediated re-expression of CB; receptors in
the amygdala of constitutive mutant CB, '~ mice
Adeno-associated virus vector synthesis. The AAV-CB, constructions
(where AAV is adeno-associated virus) were generated according to
Klugmann et al. (2011). Briefly, the cDNA encoding a hemagglutinin-
tagged rat CB,-receptor was cloned in an AAV expression cassette con-
taining the 1.1 kb CMV immediate early enhancer/chicken B-actin
hybrid promoter, the woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE), and the bovine growth hormone polyade-
nylation sequence flanked by AAV?2 inverted terminal repeats (pAAV-
CB,). Packaging of pseudotyped AAV1/2 chimeric vectors with equal
ratios of AAV1 and AAV2 capsid proteins was performed as described
previously (Klugmann et al., 2005), and genomic titers were determined
by quantitative real-time PCR of vector genomes using primers for
WPRE (During et al., 2003).

Intra-amygdala AAV-CB, injection. Constitutive CB, /~ mice were
deeply anesthetized with a ketamine (0.0125 mg/ml) and xylazine (0.001
mg/ml) mixture (0.2 ml/mouse, i.p). One-half microliter (0.5 ul) of
either an empty viral (EV) construct or AAV-CB, (6 X 10'" viral ge-
nomes/ml) was injected bilaterally, aiming at the amygdala (anteropos-
terior, —2.0 mm; mediolateral, =2.0 mm; dorsoventral, —2.0 mm; from
bregma). Vector delivery was performed at a rate of 0.1 ul/min using a
mini-pump (Harvard Apparatus) with 33G injectors (Plastics One) in a
stereotaxic frame (David Kopf Instruments). The injectors were left in
place for an additional minute to allow vector diffusion. Mice were sub-
mitted to the fear conditioning and active avoidance procedures 5 and 6
weeks following virus administration, respectively.

Fear conditioning

Classical fear conditioning was carried out as described previously
(Dubreucqetal., 2010) in a square conditioning box (Imetronic) made of
gray Perspex (length, 26 cm; width, 18 cm; height, 25 cm) with a metal
grid floor and located in a soundproof chamber (length, 55 cm; width, 60
cm; height, 50 cm). A video camera placed above the conditioning box
allowed observation of the animals’ behaviors. On the conditioning day,
each mouse was placed into the conditioning chamber and left free to
explore for 2 min. A single footshock (0.5 mA, 1's, “squared” scrambler)
was then co-emitted during the last second of a 20 s tone (1.5 kHz, 60 dB).
Twenty-four hours after conditioning, mice were placed back in the
chamber in their home cage to attenuate novelty-induced exploratory
behaviors. They were then exposed to the tone [conditioned stimulus
(CS)] for 8 min preceded by a 2 min pre-tone. Freezing (i.e., lack of
movements except those associated with breathing) and active coping
(i.e., digging, rearing and wall-sniffing/rearing) were scored (De Boer
and Koolhaas, 2003; Gozzi et al., 2010) by an experimenter blind to
mouse genotypes and expressed as a percentage of time. To ensure that
the observed behaviors were specifically induced by the CS, the maximal
freezing and active coping percentage times per minute induced by the
tone were compared to pre-tone levels for each mouse, revealing a con-
sistent and robust increase of both behaviors during CS presentation
(p < 0.001 for all genotypes, paired ¢ test, data not shown).

Active and passive avoidance

The two-way active and passive avoidance tests took place in two-
compartment shuttle boxes (40 X 10 X 15 cm, Imetronic) located in dark
soundproof cubicles supplied with infrared sensors and video cameras.
The floor of the shuttle boxes was made of steel cabled grid releasing
electric pulses (squared scrambler). Tone generators were fixed on the
top of each compartment. On day 1, animals were allowed to explore
both compartments for 15 min. Twenty-four hours later, mice under-
went four daily sessions made of 50 active or passive avoidance trials. In
the active avoidance procedure, a trial began with the tone start, which
was accompanied 10 s later by the footshock (0.2 mA) until the animal
changed of compartment (maximal shock duration, 15 s). Passive avoid-
ance was conducted in the same conditions, except that changing of
compartment within tone-on duration induced an acute footshock (2 s).
These symmetric tasks allowed a direct comparison of the mouse groups
in active or passive avoidance responses. The subsequent trial began from
the compartment where the mouse was detected after a 20 s intertrial
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interval (ITI). In active avoidance, a correct response was assigned when
the mouse transited to the other compartment before shock delivery. In
passive avoidance, a correct response was assigned when the mouse re-
mained in the original compartment during tone presentation. Avoid-
ance performances were expressed as percentage of correct responses.

Shock sensitivity testing

Shock sensitivity was examined in each mutant line. Naive mice were
introduced into the fear conditioning chamber (see above) and submit-
ted to five footshocks (1 s) of increasing intensities (from 0.1 to 0.5 mA)
every 30 s. The first shock intensity at which flinching, vocalizing, and
jumping reactions appeared was taken as sensitivity threshold.

In situ hybridization of CB; mRNA

Following the behavioral tasks, control mice (n = 10), and AAV-CB,-
treated CB, ’~ mice (1 = 13) as well as naive GABA-CB, ’~, GLU-
CB, /=, and WT littermate mice, were killed by cervical dislocation,
their brains quickly removed, frozen on dry ice, and stored at —80°C
until sectioning in a cryostat (14 wm, Microm HM 500 M, Microm Mi-
crotech). The DIG-labeled riboprobes against mouse CB, receptors were
prepared as described previously (Marsicano and Lutz, 1999; Marsicano
etal., 2003; Monory et al., 2006). In situ hybridization of CB, mRNA was
performed according to the standard procedure used in the laboratory
(Bellocchio et al., 2010; Lourengo et al., 2010; Dubreucq et al., 2012).
Signal amplification was achieved using the TSA Plus System Cyanine
3/Fluorescein kit (PerkinElmer). Blocking and wash buffers were pre-
pared according to the manufacturer’s protocol. Slides were analyzed by
epifluorescence microscopy at 5X (Leica).

Only the AAV-CB,-treated CB, ~'~ mouse brains showing a bilateral
major expression of CB; mRNA in the basolateral amygdala (BLA), and
central amygdala (CeA) nuclei were included in the final analysis (n = 8
of 13).

Statistical analysis

Total freezing and active coping time percentages during CS presentation
were compared using ¢ test (constitutive CB, mutants) and one-way
ANOVA (conditional CB, mutants). Time course data were analyzed
using two-way ANOVA for repeated measures. Correlations were as-
sessed using the Pearson’s r linear regression analysis. To facilitate the
analysis of avoidance learning between genotypes of conditional mutant
mice, the area under the curve (AUC) values were also calculated for each
animal (trapezoid rule; Bura et al., 2007) and compared using one-way
ANOVA. Bonferroni’s post hoc test was applied when appropriate. Active
and passive avoidance responses of wild-type mice were also compared
between each sessions using 1-way ANOVA (data not shown), ensuring
that both avoidance trainings induced an increase of performances.

Results

Behavioral analysis of the coping strategies adopted in fear
conditioning and avoidance learning in C57BL/6N mice

In classical fear conditioning in rodent, re-exposure to a CS pre-
viously paired with an aversive stimulus induces a strong freezing
response (LeDoux, 2000). As CS presentation continues, the
freezing rate progressively declines due to extinction and/or ha-
bituation processes (Myers and Davis, 2007). However, CS pre-
sentation can also elicit proactive behaviors (Gozzi et al., 2010)
considered as attempts to actively cope with the danger source
(Koolhaas et al., 1999; Blanchard et al., 2001; De Boer and Kool-
haas, 2003).

The first experiment aimed at describing the temporal expres-
sion of both freezing and active coping induced by a conditioned
tone in C57BL/6N mice. Twenty-four hours following condition-
ing, the 8 min tone presentation provoked a behavioral pattern
that can be divided into three temporal phases. In Phase 1, im-
mediate tone re-exposure induced a strong freezing response as-
sociated with a weak active coping rate (Behavior X Time
Interaction: F(; 1,4 = 26.22, p < 0.001; minute 1, p < 0.001; Fig.
1A). During Phase 2, simultaneous decrease of freezing and in-
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Figure 1.  Freezing and active coping responses to tone in classical fear conditioning predict
active avoidance performancesin C57BL/6N mice. A, Temporal expression of freezing and active
coping responses to the conditioned tone. In Phase 1 (P,) mice show a strong freezing expres-
sionassociated to low active coping. In Phase 2 (P,, gray background) freezing and active coping
reached an equivalent expression percentage. In Phase 3 (P;), mice displayed dominant active
coping behaviors and attenuated freezing response. B, Total percentage of correct responseina
single active avoidance training session (left) and within session learning curve (blocks of 10
trials, right). €, Correlation of individual freezing and active coping time percentage observed at
the second minute of CS presentation against the total active avoidance performances. Data are
mean == SEM expressed as percentage. *p << 0.05; ***p << 0.001,n = 10.

crease of active coping were observed, resulting in an equivalent
expression of both response types (minutes 2-3, p > 0.05; Fig.
1A). In Phase 3, active coping eventually overcame freezing
(minutes 4-38, p < 0.001; Fig. 1A). Importantly, freezing and
active coping represented only a portion of the whole observation
(<60%), indicating that these responses were not mutually ex-
clusive. Thus, the coordinated decrease of freezing and increase
of active behaviors seems to be the consequence of a “temporal
switch” in the individual CS-induced coping strategy.
Avoidance learning in rodents was proposed to depend on the
individual predominant coping style (Koolhaas et al., 1999). For
instance, rats showing a strong tendency to freeze in fear condi-
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Figure2. Constitutive deletion of (B, receptors prevents the temporal shift between freez-
ing and active coping in fear conditioning. 4, Total freezing of (8, ~ and (B, ™ littermates
during the 8 min CS presentation. B, Total active coping of (8, ~~ and (8, ™™ littermates
during the 8 min CS presentation. €, Time course of freezing and active copingin (8, */* mice.
D, Time course of freezing and active copingin (B, ~/~ mice. Dataare mean == SEM*p < 0.05;
**p <0.01; ***p < 0.001, n = 12 per genotype.

tioning were those performing the poorer in active avoidance
learning (Lazaro-Munoz et al., 2010; Vicens-Costa et al., 2011).
Previously fear-conditioned mice were submitted to one active
avoidance session. Mice displayed 50 * 7% of total avoidance
responses, reaching ~80% of correct responses at the end of the
session (F(, 5,y = 4.67, p < 0.01; Fig. 1 B).

Interestingly, active avoidance responses were negatively cor-
related with individual freezing and positively related to active
coping during Phase 2 of tone presentation, when the levels of the
two behaviors reached similar levels (Fig. 1C). Thus, behavioral
tendencies during fear conditioning can predict active avoidance
levels.

Constitutive deletion of CB, receptors prevents the temporal
switch of coping strategies in classical fear conditioning

The total percentages of freezing and active behaviors during CS
presentation were compared between constitutive mutant
CB, '~ mice and CB,*'" littermate controls. CS presentation
induced stronger freezing (¢t = 3.17; p < 0.01; Fig. 2A) and
weaker active coping in CB, '~ mice (¢t = 3.81; p < 0.001; Fig.
2B) as compared to CB, *'* littermates. CB, '™ mice displayed
the three temporal phases leading to the switch from freezing to
active coping (Behavior X Time Interaction: F; ;54 = 42.29,p <
0.001; Fig. 2C). In contrast, CB, ’/~ mice displayed a prolonged
Phase 1, maintaining higher freezing as compared to active cop-
ing until the third/fourth minute of tone exposure (Behavior X
Time Interaction: F(; ;s4) = 11.18, p < 0.001; minutes 1-2, p <
0.01; Fig. 2D). Interestingly, mutant mice lacked Phase 3, as
freezing and active coping subsequently overlapped until the end
of the session (minutes 3—8, p > 0.05; Fig. 2D), indicating that
the switch between freezing and active coping did not occur.
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These data suggest that CB, signaling controls the expression and
the temporal relationship between passive and active responses to
fear-conditioned stimuli.

CB, receptors bimodally control fear coping strategies

To assess whether the site of CB, neuronal expression influences the
type of fear coping strategies, we tested the Glu-CB, /~, GABA-
CB,~'~, and WT littermates mice in our fear conditioning proce-
dure. The mouse genotype influenced the overall freezing levels
(Fa.42) = 449; p < 0.05; Fig. 3A), with GABA-CB, /™ freezing less
than Glu-CB, ™/~ (p < 0.05). Conversely, the CS induced stronger
active coping behaviors in GABA-CB, ~'~ as compared to both WT
and Glu-CB, ™' littermates (F,, 4,) = 8.58; p < 0.001; p < 0.01 for
both comparisons; Fig. 3B).

WT animals displayed a similar time course behavioral pat-
tern as C57BL/6N mice, with the presence of the three tempo-
ral phases of tone-induced responses (Behavior X Time
Interaction: F(; 65y = 20.45, p < 0.001; Fig. 3C). In contrast,
Glu-CB, '~ mice never displayed dominant active coping re-
sponses to tone presentation, lacking the Phase 3 of the tem-
poral behavioral expression (Behavior X Time Interaction:
F(; 538y = 36.62; p < 0.001; minutes 3-8, p > 0.05; Fig. 3D).
The early CS re-exposure did not elicit a dominant freezing
response in GABA-CB, /™ mice (lack of Phase 1), which in-
stead promptly adopted highly dominant active coping (Be-
havior X Time Interaction: F; ;55 = 12.66; p < 0.001; minute
1, p > 0.05; minutes 2—8, p < 0.001; Fig. 3E).

The state of fear has been conceived as the set of defensive
behaviors elicited by a threat (Blanchard et al., 2001). In our
conditions, the sum of CS-induced freezing and active coping
might therefore provide an indication of the overall state of fear.
Interestingly, these cumulated values did not differ between ge-
notypes (Fig. 3F). Altogether, these data suggest that CB, recep-
tor expression in GABAergic or cortical glutamatergic brain
neurons does not significantly impact on overall fear learning and
expression, but it does determine the strategy to cope with con-
ditioned fear stimuli.

Bimodal control of CB, receptors on fear avoidance learning
Ubiquitous deletion of CB, receptors in CB, /™ mice strength-
ened both active (genotype main effect: F; 5, = 5.66; p < 0.05;
Fig. 4A) and passive (genotype main effect: F(, ,;) = 4.99; p <
0.05; Fig. 4B) avoidance learning. In conditional mutant mice,
the genotype affected both active avoidance (genotype main ef-
fect: F, 40y = 4.80; p < 0.05; Fig. 4C) and passive avoidance
performances (genotype main effect: F(, ;,, = 13.11; p < 0.001;
Fig. 4 D). AUC analyses uncovered an improved active avoidance
performance in GABA-CB, /™ mice as compared to WT litter-
mates (F(, 50y = 4.46; p < 0.05; GABA-CB, T vs WT, p < 0.05;
Fig. 4C). Conversely, Glu-CB, ’~ exhibited higher passive
avoidance responses as compared to controls (F, ;) = 12.49;p <
0.001; Glu-CB, ~'~ vs WT, p < 0.01; Fig. 4D).

Importantly, the observed phenotypes could not be assigned
to altered locomotion or pain perception, as mutants and con-
trols displayed similar initial numbers of ITI transitions and
equivalent pain responses to footshocks (data not shown). These
data reveal the differential impact of CB,-dependent control of
glutamatergic and GABAergic neurons on active and passive
avoidance learning, respectively.
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mice (note the absence of Phase 1). F, Sum of individual freezing and active coping time scores as

percentage of the total 8 min tone exposure (left) or percentage of 60 s bins (right). Data are mean == SEM *p << 0.05; **p << 0.01; ***p << 0.001.

THC dose-dependently alters the coping style in classical

fear conditioning

Cannabinoid receptor agonists such as THC often dose-
dependently induce opposite behavioral effects (Moreira and
Lutz, 2008; Bellocchio et al., 2010). We thus assessed whether an
acute administration of THC at 0.3, 1, or 3 mg/kg could lead to
distinct coping styles when mice were re-exposed to the CS. THC
biphasically affected the total amount of freezing (F; 4, = 13.12;
p < 0.001; Fig. 5A) and the total amount of active coping (F; 40) =
8.47; p < 0.001; Fig. 5B). Mice receiving the lowest dose of THC
showed a reduced freezing response (p < 0.05; Fig. 5A) as com-
pared to vehicle-injected mice. While the freezing time of animals
treated with the intermediate dose of THC (1 mg/kg) did not
differ from that of controls (p > 0.05), mice injected with 3
mg/kg THC increased overall freezing time as compared to con-
trols (p < 0.05; Fig. 5A). However, the CS induced weaker active
coping behaviors in the THC-treated (3 mg/kg) mice as com-
pared to both vehicle-treated (p < 0.01) and THC-treated (0.3
mg/kg) mice (p < 0.001; Fig. 5B). Again, THC administered at 1
mg/kg did not alter the total amount of active coping behaviors as
compared to vehicle (p > 0.05; Fig. 5B).

Vehicle-treated animals displayed the three temporal phases of
CS-induced responses (Behavior X Time Interaction: F(, o) =
44.61, p < 0.001; Fig. 5C). Strikingly, the low dose of THC (0.3
mg/kg) prevented the initial dominant freezing response to the tone
(lack of Phase 1) and favored early prevailing active coping behaviors

(Behavior X Time Interaction: F; ;5 = 11.38; p << 0.001; minute
1, p > 0.05; minutes 2- 8, p < 0.001; Fig. 5D). Mice submitted to
the intermediate dose of THC (1 mg/kg) showed the three tem-
poral phases of CS-induced responses, albeit the shift from dom-
inant freezing to active coping Behaviors was slightly delayed
(Behavior X Time Interaction: F(; 1,0, = 15.69; p < 0.001; Fig.
5E). In contrast, animals receiving the highest dose of THC (3
mg/kg) displayed a prolonged Phase 1, keeping a longer freezing
response as compared to active coping until the sixth minute of
CS exposure (Behavior X Time Interaction: F(; 149y = 5.44; p <
0.001; minutes 1-6, p < 0.05; Fig. 5F) and lacked the Phase 3
(minutes 7-8, p > 0.05), thereby indicating that the switch be-
tween freezing and active coping did not occur.

Opverall, these data show that the exogenous activation of CB,
receptors exerts a biphasic effect on both the intensity and the
prevailing type of fear-elicited behaviors along CS exposure.

Viral re-expression of CB, receptors in the amygdala of CB, '~
mice restores the transition from passive to active coping
responses

The amygdala is a key structure governing the expression of de-
fensive responses to aversive stimuli (LeDoux, 2000; Myers and
Davis, 2007; Ehrlich et al., 2009; Gozzi et al., 2010). CB, receptor
mRNA is expressed at high levels on GABAergic interneurons
and at lower levels on glutamatergic neurons of the BLA, whereas
itis present at low levels in GABAergic neurons of the CeA (Mar-
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sicano and Lutz, 1999; Monory et al., 2007; Bellocchio et al., 2010;
Fig. 6A). As expected, CB; mRNA expression was absent in
GABAergic neurons of the amygdala of GABA-CB, '~ mice (in-
cluding CeA neurons and BLA interneurons, Fig. 6A). In Glu-
CB, '~ mice, CB, mRNA was absent in glutamatergic neurons of
the BLA (Fig. 6 A). Notably, the control exerted by CB, receptors
signaling on both inhibitory and excitatory amygdalar neu-
rotransmissions has been recently associated with the temporal
adaptation of conditioned freezing responses (Kamprath et al.,
2011) and in the control of synaptic plasticity (Marsicano et al.,
2002; Azad et al., 2004). Thus, we asked whether the selective
expression of CB, receptors within the amygdala would be suffi-
cient to induce a pattern of fear responses similar to that observed
in wild-type animals. To this aim, we used the AAV-technology
to re-express the CB; receptor gene in amygdalar cells of consti-
tutive CB, /™ mice. In situ hybridization analysis revealed that
the injection of AAV-CB,; determined the expression of CB,;
mRNA in a portion of the amygdala complex, including lateral,
basolateral, medial, and central amygdala (Fig. 6 B).

In the fear conditioning test, AAV-CB,-treated CB, /™ mice
showed a reduced total freezing time during the CS presentation
as compared to control CB; /™ mice injected with an empty
virus (AAV-EV-treated-CB, ’~ t = 2.15; p < 0.05; Fig. 6C).
However, the treatment did not influence the overall active cop-
ing behavior expression time (f = 0.40; p > 0.05; Fig. 6 D). As
expected, the control AAV-EV-treated-CB,; /" mice did not dis-
play the temporal transition from the CS-induced freezing to
active coping behaviors (Behavior X Time Interaction: F; ;,¢) =
10.91; p < 0.001; minute 1, p < 0.001; minutes 2—8, p > 0.05; Fig.
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6 E) because they lacked the Phase 3 of the fear responses (see Fig.
2). Notably, the temporal switch was restored in AAV-CB;-
treated CB, '~ mice (Behavior X Time Interaction: F; oq) =
15.08; p < 0.001; minute 1, p < 0.001; minutes 2—4, p > 0.05;
minutes 5, 7-8, p < 0.01; Fig. 6 F), which exhibited a behavioral
pattern very similar to that of C57BL/6N and CB, *'* mice (Figs.
1A,20).

Thus, re-expression of CB, receptors in the amygdaloid com-
plex is sufficient to rescue wild type-like fear coping strategies in
constitutive CB, /™ mice.

Discussion

In natural settings, “active” or “passive” strategies represent the
most efficacious responses to avoid potential dangers (Blanchard
et al., 2011). The adoption of such coping styles depends on the
nature of the threat, but they are also largely subserved by indi-
vidual propensity toward active or passive fear responses (Kool-
haas et al., 2010). The present data confirm that these individual
strategies are observable in fear conditioning experiments (Cain
and LeDoux, 2007; Gozzi et al., 2010) and show the following: (1)
that the balanced control of excitatory and inhibitory neurons by
CB, receptors is a determinant of the individual preference to-
ward active or passive coping with aversive situations; (2) that
pharmacological CB; receptor activation exerts a biphasic con-
trol of fear coping strategies; and (3) that CB, receptors in the
amygdala play a key role in the balance between passive and active
coping strategies.

Conditioned fear responding is influenced by individual
variations in defensive strategies
Extinction of conditioned freezing in wild-type mice was accom-
panied by an increase of active coping responses. This might just
indicate that the decrease in freezing occurs when fear attenuates,
with animals progressively returning to normal activities. This
interpretation does not hold for several reasons. First, digging,
rearing, and wall sniffing are considered defensive behaviors that
rodents express when confronted with potentially threatening
situations (Koolhaas et al., 1999; De Boer and Koolhaas, 2003;
Cain and LeDoux, 2007; Blanchard et al., 2011). Indeed, in our
conditions these responses were clearly distinguishable from the
home cage behaviors of mice in the absence of any aversive CS.
Second, freezing and active coping durations reached <60% of
the total observation time, indicating that they did not represent
the whole behavioral repertoire of the animals. Third, both freez-
ing and active behaviors reached higher levels during tone pre-
sentation than during the pre-tone period in all animals,
indicating that they were tone-induced (i.e., fear-elicited) behav-
ioral responses. Finally, as previously reported in rats (Lazaro-
Munoz et al., 2010; Vicens-Costa et al., 2011), we were able to
measure the relationship between the type of coping adopted by
individual mice in fear conditioning and active avoidance perfor-
mances. Altogether, these observations indicate that passive or
active fear coping strategies likely represent individual behavioral
traits maintained over different experimental conditions.
Freezing is considered a reliable index of fear memory in fear
conditioning experiments (Maren, 2008). However, conditioned
fear can be expressed through a wide variety of behavioral re-
sponses and some individuals can still adopt predominant active
strategies to cope with the CS, suggesting that weak freezing does
not necessarily imply a low fear state and/or lower fear memory
(Maren, 2008; Gozzi et al., 2010). Indeed, “low freezer” animals
in classical fear conditioning are the best performers in active
avoidance (Lazaro-Mufoz et al., 2010; Vicens-Costa et al., 2011;
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Figure 5.

group (note the absence of Phase 3). Data are mean == SEM *p << 0.05; **p << 0.01; ***p < 0.001.

present results), implying paradoxically that animals with
“lower” levels of fear and/or memory in one test would display
higher fear and/or memory in the other test. Great and obvious
differences exist between pavlovian fear conditioning and instru-
mental avoidance learning (Hartley and Phelps, 2010). However,
our observations and those of others suggest that the perfor-
mances in these fear-based memory tests might be not exclusively
due to the ability to process fear memory, but also to intrinsic
“coping styles” (Koolhaas et al., 2010; Gozzi et al., 2010; Vicens-
Costa et al., 2011).

CB, receptor signaling determines the coping style to fear
conditioned stimuli by acting upon GABAergic and
glutamatergic neurons

In line with previous reports, ubiquitous CB, receptor inactivation
led to a predominant freezing response in classical fear conditioning
and enhanced passive and active avoidance performances (Marsi-
cano et al., 2002; Martin et al., 2002; Lafenétre et al., 2007; Resstel et
al.,, 2009; Dubreucq et al., 2010). Thus, the consequences of a total
CB, receptor deletion on the potentiation of either passive or active
fear coping strategies are task-specific. This could argue against the
existence of preserved individual coping styles among threat situa-

w b
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tions. However, in classical fear condition-
ing, the deletion of CB, receptors in
GABAergic neurons favored active coping
whereas the mutation restricted to cortical
glutamatergic neurons promoted passive
coping. The two specific mutations induced
higher performances in the active and pas-
sive versions of avoidance learning, respec-
tively. Therefore, our data reveal that the
CB, receptor-dependent control of inhibi-
tory and excitatory brain neuronal activity is
a key determinant of fear coping strategies.
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Accordingly, Kamprath et al. (2009) re-
ported that the suppression of CB, receptors
from glutamatergic neurons strengthened
freezing after a fear sensitization procedure,
supporting that the endogenous control of
CB, receptor signaling on excitatory neu-

THC 3 mg/kg rotransmission mediates adaptation of pas-
+ Freezing sive fear responding. Recent studies pointed
o Active coping out very specific roles of CB, receptors ex-

pressed on other restricted neuronal popu-
lations in the expression of conditioned fear
responses. In particular, mice bearing a CB,
receptor deletion in the hypothalamus
and mediobasal amygdala showed a dom-
inant active coping strategy (i.e., digging
behavior) in tone-cued fear conditioning
(Dubreucq et al., 2012). Conversely, the
specific suppression of CB,; receptors on
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Tone presentation (min)

Biphasic effects of systemic THC on freezing and active coping behaviors in dlassical fear conditioning. 4, Total freezing in
(57BL/6N mice treated with vehicle (n = 11), THC0.3 mg/kg (n = 11), Tmg/kg (n = 11), or 3 mg/kg (n = 11) during the 8 min (S
presentation. B, Total active coping of the vehicle, THC0.3 mg/kg, THC 1 mg/kg, and THC3 mg/kg groups during the 8 min CS presentation.
C, Time course of freezing and active coping of the vehicle-injected mice (note the presence of the three phases of behavior). D, Time course
of freezing and active coping of the THC 0.3 mg/kg group (note the absence of Phase 1). E, Time course of freezing and active coping of the
THC0.3 mg/kg group (note the presence of the three phases of behavior). F, Time course of freezing and active coping of the THC3 mg/kg

type-1 dopamine receptor-expressing
cells (Monory et al., 2007), including the
medium spiny neurons of the striatum,
favored freezing responses in both tone-
cued and contextual fear conditioning
settings (Terzian et al., 2011). Thus, the
endocannabinoid control of fear re-
sponses is exerted at different brain sites.
However, our data strongly suggest that
CB, receptors, by balancing inhibitory
and excitatory brain neuronal activity, are
one of the biological determinants of individual fear coping
styles.

Exogenous THC administration exerted a biphasic effect on
fear coping strategies, with low doses favoring active coping and
higher doses promoting passive responses in classical fear condi-
tioning, respectively. Such biphasic effects of cannabinoids were
also reported on other behavioral dimensions, including uncon-
ditioned anxiety and food intake (Moreira and Lutz, 2008; Bel-
locchio et al., 2010). Interestingly, the low and high doses of THC
induced opposite fear coping styles than those observed respec-
tively in the Glu-CB, '~ and GABA-CB, '~ mice, suggesting
that these biphasic effects might be mediated by cell-type specific
CB; receptors as shown previously (Puighermanal et al., 2009;
Bellocchio et al., 2010; Piet et al., 2011). Overall, the bidirectional
effects of acute exogenous stimulation of CB, receptors support a
balanced control of the ECS on fear coping strategies.

CB, receptors in the amygdala are sufficient to guarantee
normal fear coping strategies

The functional neuroanatomy of fear learning and processing has
been extensively characterized in the last decades (LeDoux, 2000;
Myers and Davis, 2007; Ehrlich et al., 2009; Hartley and Phelps,
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mutant mice restores fear coping strategies. 4, B, Representative photomicrograph (5X

magnification) of (B, mRNA expression analyzed by fluorescent in situ hybridization in the amygdalain WT, GABA-(B, ~/~, and Glu-(B, ~/~ littermate mice () and in control and AAV-(B,-treated
(B, /™ mice (B). Note the expression of (B, in the central amygdaloid, CeA, and basolateral nuclei of the amygdala, BLA, in the AAV-(B,-treated mouse as compared to control. opt, Optic tract.
€, Total freezing in control (n = 11) and AAV-(B,-treated (n = 8) (B, " littermate mice during the 8 min CS presentation. D, Total active coping in control and AAV-(B -treated (B, '~ mice
during the 8 min CS presentation. E, Time course of freezing and active coping of the control B, ~/~ mice (note the absence of Phase 3). F, Time course of freezing and active coping of the
AAV-(B-treated (B, ~/~ mice (note the presence of the three phases of behavior). Data are mean = SEM. *p << 0.05; **p < 0.01; ***p < 0.001.

2010). Much less, conversely, is known about the neuroanatomi-
cal and neuroendocrine substrates of individual coping styles
(Koolhaas et al., 2010), rendering difficult the identification of
the site(s) where the ECS controls active or passive fear responses.

The amygdaloid complex is a major integration site for learn-
ing and adaptation of passive and active responses to fear condi-
tioned stimuli (LeDoux, 2000; Myers and Davis, 2007; Choi et al.,
2010; Hartley and Phelps, 2010; Lazaro-Mufioz et al., 2010), and
amygdalar CB, receptors are necessary for a normal expression of
conditioned freezing (Marsicano et al., 2002; Tan et al., 2010,
2011; Kamprath et al., 2011). The virus-mediated re-expression
of CB, receptors in CB, '~ mice shows that amygdalar CB, re-
ceptor signaling is sufficient to mediate adaptation of condi-
tioned freezing and, importantly, to restore a normal switch
between passive and active coping.

BLA neurons contain CB, receptors both at glutamatergic
neurons and GABAergic interneurons (Marsicano and Lutz,
1999; Katona et al., 2001, 2006; Bellocchio et al., 2010).
Amygdalar CB, receptor signaling is necessary for acquisition
of conditioned freezing to olfactory CS, likely through a con-
trol of the firing activity of principal neurons projecting to the
prelimbic division of the mPFC (Laviolette and Grace, 2006;
Tan et al., 2010, 2011). Thus, due to its main presynaptic
terminal localization (Piomelli, 2003), the re-expression of the
CB, receptor might reinstate normal fear coping by acting at
intra-amygdala circuits and/or at BLA-mPFC projections.

The CeA is emerging as a key subcortical structure mediating
the adoption of active and passive fear conditioned responses
(Choi et al., 2010; Gozzi et al., 2010; Ehrlich et al., 2009). CB,
receptors are expressed in the CeA, and their endogenous signal-
ing is required for short-term extinction of conditioned freezing
(Kamprath et al., 2011). The ECS might thus control the expres-
sion of active and passive fear strategies through a modulation of
GABAergic and glutamatergic neurotransmissions within the
CeA.

The amygdala is also connected to downstream structures,
including the PAG and the hypothalamus, that are crucially in-
volved in the expression of defensive responses and accompany-
ing neuroendocrine signals (Resstel et al., 2009; Roozendaal et al.,
2009). Interestingly, the local stimulation of CB, receptors in the
PAG attenuates freezing expression in contextual fear condition-
ing (Resstel et al., 2008; Moreira et al., 2009). Therefore, presyn-
aptic CB, receptors expressed on BLA-PAG projections might
also participate in the behavioral consequences of our viral-
mediated reinstatement of CB; gene expression.

Conclusion

Inefficient fear coping characterizes the pathophysiology of impor-
tant psychiatric diseases, including phobias and post-traumatic
stress disorders. Our data highlight a complex, task-dependent reg-
ulation of the ECS on defensive strategies that is driven, at least in
part, by a bimodal control of CB, receptors on glutamatergic and
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GABAergic neuronal activities. Overall, this study suggests that the
differential impact on active or passive fear coping strategies should
be considered for designing therapeutic approaches involving the
modulation of CB, signaling.
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