
Available online at www.sciencedirect.com
www.elsevier.com/locate/brainres

b r a i n r e s e a r c h 1 5 2 7 ( 2 0 1 3 ) 4 7 – 5 6
0006-8993/$ - see fro
http://dx.doi.org/10

nCorresponding a
Germany. Fax: +49

E-mail address: r
Research Report
Lack of interaction of endocannabinoids and 5-HT3

neurotransmission in associative fear circuits
of the amygdala: Evidence from electrophysiological
and behavioural experiments
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Both the serotonergic and the endocannabinoid system play a major role in mediating fear and

anxiety. In the basolateral amygdala (BLA) it has been shown that the cannabinoid receptor 1
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(CB1) is highly co-expressed with 5-HT3 receptors on GABAergic interneurons suggesting that

5-HT3 receptor activity modulates CB1-mediated effects on inhibitory synaptic transmission.

In the present study, we investigated the possible interactions of CB1 and 5-HT3-mediated

neuronal processes in the BLA using electrophysiological and behavioural approaches. Whole-

cell patch-clamp recordings were performed in coronal brain slices of mice. Electric stimuli were

delivered to the lateral amygdala to evoke GABAA receptor-mediated inhibitory postsynaptic

currents (GABAA-eIPSCs) in the BLA. The induction of LTDi, a CB1-mediated depression of

inhibitory synaptic transmission, was neither affected by the 5-HT3 antagonists ondansetron

(OND; 20 mM) and tropisetron (Trop; 50 nM) nor by the 5-HT3 agonists SR57227A (10 mM). In

auditory fear conditioning tests, mice treated with SR57227A (3.0 mg/kg i.p.) showed sustained

freezing, whereas treatment with Trop (1.0 mg/kg i.p.) decreased the expression of conditioned

fear. These effects were overruled by the CB1 antagonist rimonabant (RIM; 3.0 mg/kg), which

caused increased freezing with or without co-treatment with Trop. In summary, these

experiments do not support a functional interaction between CB1 and 5-HT3 receptors at the

level of GABA neurotransmission in the BLA nor in terms of fear regulation.
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1. Introduction

The endogenous cannabinoid system (ECS) consists of two
Gi/o protein coupled receptors, the cannabinoid receptor
type 1 (CB1) and the cannabinoid receptor type 2 (CB2), their
endogenous ligands as well as the enzymatic machinery
involved in endocannabinoid synthesis and degradation.
CB1 is widely distributed throughout the central nervous
system (CNS) (Lutz, 2007) and CB2 is most strongly expressed
in the immune system (Munro et al., 1993). Since the dis-
covery of endocannabinoids (EC), two major members of
the EC family have been identified, anandamide and
2-arachydonoyl glycerol (2-AG) (Rodriguez de Fonseca et al.,
2005; Luchicchi and Pistis, 2012). Upon synaptic activity, ECs
are released postsynaptically as retrograde messengers and
bind to presynaptic CB1 which reduces the release of excita-
tory and inhibitory transmitters (Azad et al., 2004; Chevaleyre
et al., 2007; Marsicano et al., 2002; Wilson and Nicoll, 2002).
This process mediates short-term and long-term modulation
in synaptic transmission (Azad et al., 2004; Chevaleyre et al.,
2007; Marsicano and Lutz, 2006), leads to memory modulation
(Hampson et al., 2003; Reibaud et al., 1999) and to extinction
of aversive memories (Kamprath et al., 2006; Marsicano
et al., 2002). ECs are involved in stress-response physiology
(Ramikie and Patel, 2012), have analgetic (Martin et al., 1999),
antiemetic and antispastic effects (Baker et al., 2000;
Breivogel and Childers, 1998; Pertwee, 2001; Porter and
Felder, 2001) and they increase appetite, induce sleep and
lighten up mood (Maldonado and Valverde, 2003; Porter and
Felder, 2001; Robson, 2001). Similar to the ECS, the serotoner-
gic system influences various physiological functions and
controls a wide range of behaviours and emotional states
(Linthorst, 2005; Lucki, 1998) including analgesia, sleep,
aggression, appetite, fear and mood (Southwick et al., 1999).
Several studies provided evidence for functional cannabi-
noid–serotonin (5-HT) interactions (Egertova et al., 1998,
2003; Häring et al., 2007; Hill et al., 2006; Moldrich and
Wenger, 2000), suggesting that 5-HT may mediate the
antidepressant-like effect of cannabinoids (Bambico et al.,
2007; Gobbi et al., 2005; Häring et al., 2007) and indicate that
the pharmacological activity of anandamide could be
mediated by 5-HT-receptors (Kimura et al., 1998). Interest-
ingly, Barann et al. (2002) showed that ECs inhibit the
serotonin type 3 (5-HT3) receptor. The 5-HT3 receptor is a
ligand-gated ion channel, belonging to the Cys-loop super-
family (Derkach et al., 1989; Maricq et al., 1991). The activa-
tion of postsynaptic 5-HT3 receptors mediate fast excitatory
synaptic transmission in the neocortex (Roerig et al., 1997)
and in the lateral amygdala (Sugita et al., 1992). Presynaptic
5-HT3 receptors modulate the release of several neurotrans-
mitters (Koyama et al., 2000, 2002; Oostland et al., 2011). 5-HT3

receptor antagonists were for long viewed as a promising
new target for the treatment of anxiety. However, in animal
studies, 5-HT3 receptor antagonists showed inconsistent
effects and ranged from anxiolytic to anxiogenic behaviour
(Olivier et al., 2000; Thompson and Lummis, 2006). It has been
hypothesised that the putative interaction between 5-HT3

neurotransmission and cannabinoid signalling may explain
such contradictions (Mikics et al., 2009).
The amygdala is an integral element of the limbic circuitry
and plays a major role in analgesia (Martin et al., 1999) and in
the control of emotional behaviour, including conditioned
fear and anxiety (Pape and Pare, 2010). In the basolateral
amygdala (BLA), mRNA for CB1 receptors and 5-HT3 receptors
are highly co-localised on GABAergic interneurons (Hermann
et al., 2002; Morales et al., 2004). According to the involvement
of both cannabinoids and 5-HT3 receptors in fear and anxiety
(Lutz, 2007; Thompson and Lummis, 2007; Witkin et al., 2005)
and the fact that ECs directly inhibit 5-HT3 currents by
allosteric mechanisms (Barann et al., 2002) a functional
interaction between 5-HT3 neurotransmission and EC signal-
ling has been hypothesised (Freund et al., 2003). Behavioural
relevance for this interaction has been provided recently as
5-HT3 activation decreases anxiety, and retrograde cannabi-
noid signalling dampens this effect in normal mice, but not in
CB1-KOs (Mikics et al., 2009).

However, on the neuronal level, evidence for a functional
interaction of 5-HT3 neurotransmission and EC signalling is
still missing. Therefore, using whole-cell patch-clamp record-
ings in brain slices and auditory fear-conditioning tests, we
examined possible synergistic effects of 5-HT3 receptor
antagonists and the ECS in a pharmacological approach.
2. Results

2.1. CB1 receptors are co-expressed with 5-HT3 receptors
on BLA interneurons

In situ hybridisation provides evidence for a co-localisation of
CB1 receptor and 5-HT3 receptor mRNA in GABAergic inter-
neurons in the BLA (Hermann et al., 2002; Morales et al.,
2004). First of all, with immunohistochemical methods we
investigated the co-localisation of CB1 receptors and 5-HT3

receptors in BLA neurons at the protein level. Confocal
microscopy revealed a co-expression of both receptors on
the majority of the presynaptic terminals of BLA interneurons
(Fig. 1).

2.2. Endocannabinoid-dependent synaptic plasticity does
not interact with 5-HT3 receptors

Stimulation of afferents in the LA with 1 Hz induces an
endocannabinoid-dependent long-term depression of inhibi-
tory GABAergic synaptic transmission (LTDi) in neurons of
the BLA (Azad et al., 2004). To investigate a possible interac-
tion between the endocannabinoid release and 5-HT3 recep-
tors, we induced LTDi in the presence of either the 5-HT3

receptor antagonists ondansetron (OND; 20 mM) and tropise-
tron (Trop; 50 mM) or the potent 5-HT3 receptor agonist
SR57227A (5 mM) (Bachy et al., 1993). LFS of afferents from
the LA induced reliable LTDi in the BLA and was inhibited
(9670.6%; n¼6; p40.05; Fig. 2C) when the CB1 antagonist
rimonabant (RIM; 10 mM) has been applied, demonstrating an
EC-dependent mechanism (Azad et al., 2004). Pretreatment of
slices with either OND or Trop did not significantly affect the
induction of LTDi (OND: 6375% vs control: 6574%, n¼7;
p40.05; Fig. 1A; and Trop: 5379% vs control: 4876%, n¼7;
p40.05; Fig. 2A,B). One remarkable characteristic of 5-HT3



Fig. 1 – Immunohistochemical analysis for the co-localisation of CB1 and 5HT3 receptors. (A) Neurobiotin was injected into
BLA post-synaptic neurons and revealed with Alexa 405-conjugated streptavidin (blue); FM1-43 (red) was used to label
activated presynaptic terminals in the BLA; the presence of CB1R (green) and 5HT3 receptors (white) was detected by IF-IHC
with the respective antibodies. Arrowheads indicate pre- (pink) or postsynaptic (yellow) terminals. The asterisk shows a
presynaptic terminal where FM1-43, CB1 and 5HT3 receptors co-localise, as highlighted in the single co-localisation pictures
(B,C and D). (E) Dendrites of the BLA were labelled with MAP2 antibody (green), while CB1 and 5HT3 receptors were detected by
the respective antibodies, labelled in blue and white, respectively. Arrowheads indicate co-localisation of the receptors at
presynaptic terminals; arrows point out the existence of also sites of single labelling for one or the other receptor, though they
do not represent a majority.
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receptors is their pronounced desensitization upon sustained
activation by agonists (Koyama et al., 2000; Rammes et al.,
2009). Thus, SR57227A has been applied very quickly and only
during LFS. When slices were treated with SR57227A during
LFS, eGABAA-IPSCs were depressed to 63711% (n¼6) and
showed no significant difference to control slices (5975%;
n¼5; p40.05; Fig. 2C). These experiments demonstrate that
neither the activation nor the inhibition of 5-HT3 receptors
interferes with synaptic processes dependent on the release
of ECs.
2.3. The serotonergic system influences fear extinction

To study the involvement of the serotonergic neurotransmis-
sion in associative fear circuits, C57BL/6N mice were tested in
auditory fear conditioning, which is highly dependent on the
basolateral amygdala complex (Johansen et al., 2011; Pape
and Pare, 2010). In the first experiment, mice underwent
auditory fear conditioning (d0), followed by treatment with
vehicle or with two different doses of the potent 5-HT3

agonist SR57227A (1 mg/kg or 3 mg/kg) before re-exposure to
the tone (d1–d3). There was a significant treatment x day
interaction (F4,76¼3.2264, p¼0.016), reflecting increased freezing
responses upon treatment with 3mg/kg on d3 (Fig. 3A). Thus,
activation of 5-HT3 receptors impaired long-term extinction of
conditioned fear.

In the second experiment, we treated new groups of mice
with two doses of Trop (0.3, 1 mg/kg) or vehicle before re-
exposure to the tone at d1–d3. Two-way ANOVA (treatment,
day) for repeated measures (day) revealed a trend for both
treatment (F2,27¼3.1022, p¼0.061) and treatment x day inter-
action (F4,54¼2.1631, p¼0.085). A separate one-way ANOVA
confirmed that 1 mg/kg Trop significantly reduced the expres-
sion of conditioned fear at d1 (i.e. in response to the first Trop
treatment) (F2,27¼6.6826, p¼0.004; Fig. 3B).



Fig. 2 – The effects of endocannabinoid release on inhibitory
synaptic transmission does not interfere with 5-HT3 receptor
modulation. Neither 5-HT3 receptor antagonists
(ondansetron, OND; tropisetron, Trop) nor a 5-HT3 receptor
agonist (SR57227A) interfered with the induction of LTDi.
(A–C) LFS of afferents in the LA (100 pulses at 1 Hz) induced
LTDi in principal BLA neurons. Pretreatment of slices with
either OND (A) or Trop (B), two 5-HT3 receptor antagonists,
did not significantly affect the induction of LTDi (OND:
6375% vs control: 6574%, n¼7; p40.05; Trop: 5379% vs
control: 4876%, n¼7; p40.05) to 4870.8% of control (n¼7;
po0.05). (C) LTDi induction was not affected by the
application of the 5-HT3 receptor agonist SR57227A. Due to
fast 5-HT3 receptor desensitization upon activation,
SR57227A was applied rapidly and only present during LFS.
eGABAA-IPSCs were depressed to 63711% (n¼6) and
showed no significant difference to control slices (5975%;
n¼5; p40.05). LTDi is EC-dependent as the CB1 receptor
antagonist RIM (5 lM) inhibits LTDi (grey circles). These
experiments demonstrate that neither the activation nor the
inhibition of 5-HT3 receptors interferes with synaptic
processes dependent on the release of ECs.
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In the third experiment we tested whether the anti-fear
effects of the effective dose of Trop (1 mg/kg) would counteract
the fear promoting consequences of the CB1 receptors antago-
nist/inverse agonist rimonabant (RIM; 3mg/kg). In this context
we treated new groups of mice with vehicle–vehicle, Trop–
vehicle, vehicle–RIM or Trop–RIM 30min before re-exposure to
the tone at d1. A two-way ANOVA (treatment1, treatment2)
revealed a significant interaction between the two treatments
(F1,48¼10.162, p¼0.002). Post-hoc analyses confirmed that Trop
reduces the expression of conditioned fear (as seen before) and
that the fear promoting consequences of RIM overruled these
effects (Fig. 3C).
3. Discussion

The present findings do not support an interaction between
EC signalling and 5HT3 neurotransmission in the BLA. LTDi, a
process dependent on endocannabinoid release, was not
affected by the application of a 5HT3-receptor agonist nor
5HT3-receptor antagonists.

It has been reported that CB1 receptors are also involved
in the regulation of serotonergic responses mediated by e.g.
5-HT(2A/C) and 5-HT(1A) (Braida et al., 2007; Marco et al.,
2004; Mato et al., 2007). However, due to the pharmacological
interaction of ECs with 5-HT3 receptors (Barann et al., 2002)
we focused solely on the interaction of CB1 with the iono-
tropic serotonergic receptor.

Previous studies demonstrate that the ECS influences
similar to the serotonergic system physical functions and
controls behaviours and emotional states (Linthorst, 2005;
Lucki, 1998). Furthermore, several studies supplied evidence
for a functional interaction between the EC and the seroto-
nergic system (Egertova et al., 1998, 2003; Häring et al., 2007;
Hill et al., 2006; Moldrich and Wenger, 2000) especially with
5-HT3 neurotransmission (Freund et al., 2003; Mikics et al.,
2009). In fact, it has been shown that activation of presynaptic
5HT3 receptors enhances GABA release in BLA neurons
(Koyama et al., 2000, 2002). ECs control both excitatory and
inhibitory neurotransmission (Azad et al., 2003; Kreitzer and
Regehr, 2001; Ohno-Shosaku et al., 2001) and were shown to
affect anxiety by modulating GABAergic and glutamatergic
functions (Haller et al., 2007; Rubio et al., 2008). CB1 and 5HT3

receptors are co-expressed by GABAergic interneurons in
the BLA, hippocampus and cortex (Hermann et al., 2002;
Morales and Wang, 2002; Morales et al., 2004), brain struc-
tures involved in the control of anxiety (Davidson, 2002; Engin
and Treit, 2008). It has been suggested that 5HT3 neurotrans-
mission is one of the important mechanisms through which
cannabinoids affect anxiety (Freund and Hajos, 2003): post-
synaptic 5HT3 receptors mediate the serotonergic inputs
received from the raphe nuclei, whereas presynaptic 5HT3

and CB1 control GABAergic output to postsynaptic principal
cells. This raises the possibility of a tight interaction between
5HT3 neurotransmission and cannabinoid signalling in mod-
ulating GABAergic transmission and anxiety.

In the present study IF-IHC demonstrates a clear co-
localisation of 5HT3 and CB1 at presynaptic terminals and
suggests that processes dependent on EC release might be
affected by the activity of 5HT3 receptors. Previous studies
showed that LTDi in the amygdala involves EC signalling
(Azad et al., 2004; Marsicano et al., 2002). Here we demon-
strate that neither the application of a 5HT3-receptor agonist
nor antagonists interferes with the induction of LTDi, thus



Fig. 3 – 5-HT3 receptors control the expression of conditioned fear. Mice underwent auditory fear conditioning (d0), followed
by re-exposure to the tone in a novel environment at the next days (d1–d3). They were treated either with different doses of
SR57227A (A) or Trop (B) or vehicle 30 min before tone presentation. (A) SR57227A (3 mg/kg) impaired the extinction of
conditioned fear by d3. (B) Trop (1 mg/kg) decreased the level of conditioned fear already during the first re-exposure to the
tone. (C) The fear alleviating consequences of Trop (1 mg/kg) failed to ameliorate the fear-promoting effects of the CB1 receptor
antagonist/inverse agonist rimonabant (RIM; 3mg/kg). Freezing duration was expressed as a percentage of the 3-min
observation period. Data are presented as mean7SEM. n = 8 - 10 mice per group. *po0.05 **po0.01 (2-way ANOVA followed
by Newman–Keuls post-hoc test).
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excluding a functional interaction of 5HT3 neurotransmission
and EC signalling in this form of synaptic plasticity.

At the behavioural level, treatment with the specific 5HT3

receptor agonist SR57227A led to sustained freezing, whereas
treatment with Trop caused a decrease in the expression of
conditioned fear. The results corroborate previous findings,
which reported a reduction of fear-potentiated startle responses
in rats (Nevins and Anthony, 1994) and humans (Harmer et al.,
2006) upon treatment with 5-HT3 receptor antagonists. Impor-
tantly, the fear-promoting effects of the CB1 antagonist RIM
(Kamprath et al., 2006; Marsicano et al., 2002; Plendl and
Wotjak, 2010) were unaffected by prior treatment with Trop,
indicating that the attenuation of CB1 signalling overrules the
fear alleviating consequences of inhibited 5-HT3 signalling.
These results are contradictory to the findings that 5-HT3

activation decreases anxiety in CB1-KOs but not in normal
mice, indicating a functional interaction between 5-HT3 neuro-
transmission and CB1 signalling (Mikics et al., 2009). One
possible explanation for this discrepancy might be the usage
of different behavioural paradigms testing anxiety. Mikics et al.
(2009) tested mice in the elevated plus maze reflecting anxiety-
rather than fear-related behaviour. Furthermore, the anxiolytic
effects of the 5-HT3 receptor agonist were observed in CB1-
deficient mice, which are prone to compensatory changes.
In the prefrontal cortex, the hippocampus and BLA,
co-expression of CB1 and 5-HT3 receptors are restricted to CCK-
containing GABAergic interneurons (Bodor et al., 2005; Katona
et al., 1999, 2001; Marsicano and Lutz, 1999; Mascagni and
McDonald, 2007; Morales et al., 1996; Morales and Bloom, 1997),
suggesting that both receptors reciprocally control the activity of
those interneurons and hence GABA release. It has been
hypothesised that serotonergic fibres originating from the
raphe increase GABA release in the BLA, hippocampus, and the
neocortex, via 5-HT3 receptors and this effect is controlled by
retrograde signalling mediated by endocannabinoids (Freund
and Hajos, 2003). Convergent evidence has implicated the
amygdala, particularly the BLA in the extinction of fear (Barad
et al., 2006). In addition, CCK-containing interneurons and the
ECS are highly involved in processes of extinction learning
(Chhatwal et al., 2005; Chung andMoore, 2007). This combination
makes it very likely that in the BLA, CCK-containing interneur-
ons under the control of CB1 and 5-HT3 receptors may be an
important locus of plasticity underlying fear extinction. In the
present study, however, pharmacological modulation of 5-HT3

activity did not interfere with synaptic processes dependent on
EC release, neither on neuronal nor behavioural level.

5-HT3 receptors were repeatedly implicated in the control
of anxiety. However, the effects of 5-HT3 agonists on anxiety
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are highly inconsistent and range from anxiolytic to anxio-
genic (Andrews and File, 1992; Bourin et al., 2001; Costall
et al., 1988; Delagrange et al., 1999; Eguchi et al., 2001; Olivier
et al., 1998; Prunier et al., 1997). Even 5-HT3 antagonists
provided inconsistent results (for review see (Olivier et al.,
2000; Thompson and Lummis, 2007)). Such inconsistencies
were explained by 5-HT3 effects on serotonin release (Bagdy,
1998; Blier and Bouchard, 1993) and interactions with nora-
drenaline, glycine, and GABA neurotransmission (Chesnoy-
Marchais et al., 2000; Maksay, 1996; Miranda-Morales et al.,
2007; Mongeau et al., 1994). The situation might be clearer if
fear rather than anxiety is considered. In the present study
extinction of aversive memories was inhibited by 5-HT3

activation, whereas extinction was accelerated when mice
were treated with the 5-HT3 receptor antagonist Trop. It
appears to be that activation of 5-HT3 receptors by endogen-
ous serotonin is maximal at day 1 and day 2, and this
activation promotes fear expression. Accordingly, blockade
of 5-HT3 receptors by Trop caused a strong decrease of the
freezing response, whereas exogenous agonists of 5-HT3 (e.g.,
SR57227A) could not further activate the receptor and, thus,
had no consequences on fear expression. The situation was
different at day 3, when the exogenous agonist promoted fear
expression, which reached levels comparable to those shown
at day 1 and 2. We can speculate that these effects became
evident because of an extinction-related decrease in receptor
occupancy by endogenous serotonin. In accordance to our
previous findings (Kamprath et al., 2006; Plendl and Wotjak,
2010), treatment with the CB1 receptor antagonist RIM caused
an increase in expression of conditioned fear at each experi-
mental day. This increase could not be ameliorated by co-
administration of Trop, which speaks against an interdepen-
dence of 5-HT3 and CB1 receptor signalling in expression of
conditioned fear. However, we cannot entirely rule out that
there are more subtle interactions of the two receptor
systems, which might become evident e.g. at lower doses
of RIM.

In conclusion, our data do not support a functional inter-
action between 5-HT3 receptors and the ECS neither at the
level of GABA neurotransmission in the BLA nor in fear
conditioning experiments.
4. Experimental procedures

4.1. Animals

In the present study, investigations were performed in slices of
male C57BL/6Nmice (6–8 weeks; Martinsried, Munich, Germany).
The mice were housed individually with an inverse 12/12 h light/
dark circle for at least 1 week before starting experiments.

All experiments were conducted in agreement with the
guidelines of the Ethical Committee on the Use and Care of
Animals (Government of Bavaria, Germany). Brain slices were
prepared during the light phase. The animals were anaes-
thetised with isoflurane and decapitated. The brains were fast
removed and placed in ice-cold artificial ACSF containing (in
mM) 125 NaCl, 2.5 KCl, 25 NaHCO3, 2 CaCl2, 1 MgCl2, 25 D-
glucose, 1,25 NaH2PO4, pH 7,4 and bubbled with a 95% O2/5%
CO2 compound. Using a vibroslicer (FTB, Weinheim,
Germany) coronal slices of the amydala (350 mm) were accom-
plished. The slices were incubated for at least 40 min in a
holding chamber with ACSF (22–251) and planted in the
recording chamber being superfused with ACSF at a flow rate
of 1.5 ml/min.
4.2. Immunofluorescent-immunohistochemistry (IF-IHC)

For immunohistochemical experiments, slices were incu-
bated with 10 mM FM1-43 (Molecular Probes, Eugene, OR)
and principal neurons of the basolateral amygdala were
injected with neurobiotin tracer by passing 1–5 nA depolaris-
ing rectangular pulses of 150 ms duration at 3.3 Hz for
2–10 min. For the specific staining of presynaptic terminals
innervating the recorded neuron, afferents were stimulated
with 30 Hz for 5 min via the stimulating electrode placed in
the lateral amygdala. Slices were then left in the FM1-43
solution for additional 5 min and then washed with ACSF for
30 min. They were then washed in cold PBS buffer (137 mM
NaCl, 12 mM Phosphate, 2.7 mM KCl, pH 7.4) and fixed in 4%
paraformaldehyde in PBS overnight (O/N) at 4 1C. For IF-IHC,
all solution were prepared in PBS. In brief, sections were
washed three times in PBS and then permeabilized in 0.2%
Triton-X100 for 2 h (hrs) at room temperature (RT). After three
washes with PBS, they were then incubated in a blocking
solution containing 10% normal goat serum (VectorLabs,
Burlingame, CA) for 2 h. Following this pretreatment, sections
were incubated with streptavidin Alexa Fluor 405 (Molecular
Probes, Life Technologies, NY, US) for 48 h at 4 1C. The day
after, they were washed with PBS and then incubated with
rabbit anti-CB1 receptor antibody (1:1000, Affinity BioRea-
gents, Golden, CO) O/N at 4 1C. After washing with PBS,
sections were incubated for 2 h at RT with a biotinylated
anti-rabbit IgG (1:200, Jackson Immunoresearch, Suffolk, UK),
washed with PBS and further incubated with avidin and
Alexa Fluor 488 conjugate (1:1000, Molecular Probes) for
additional 2 h at RT. They were then washed and incubated
O/N at 4 1C with rabbit anti-5HT3 receptor antibody (1:200,
Calbiochem, San Diego, CA, USA). Afterwards, they were
washed and incubated with anti-rabbit Alexa Fluor 647
(1:200, Molecular Probes) for 2 h at RT, washed and mounted
onto confocal microscopy chambers (CoverWell imaging
chamber gaskets, Molecular Probes) with anti-fading mount-
ing medium (Aqua-Poly/Mount, Polysciences, Eppelheim,
Germany).

For complementary control experiments, slices were cut,
fixed and pre-treated as described above. Afterwards, they
were co-incubated with rabbit anti-CB1 receptor and chicken
anti-MAP2 (1:5000, Neuromics, Bloomington, MN, USA) anti-
bodies O/N at 4 1C. The day after, slices were washed and
incubated with anti-chicken Alexa Fluor 488 (1:10000, Mole-
cular Probes) for 2 h at RT; for detection of CB1 receptor, the
procedure was the same as described before. After the last
wash in PBS, slices were further incubated with rabbit anti-
5HT3 receptor antibody O/N at 4 1C. The day after they were
washed in PBS and processed with the appropriate secondary
antibody as described above. Slices were then mounted and
analysed with Laser Scanned Confocal Microscopy.
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4.3. Confocal microscopy

For the characterisation of CB1 and 5HT3 receptor localisa-
tion, slices were examined using confocal microscopy (Olym-
pus, Hamburg, Germany). Slices were analysed with a 60�
oil-immersion objective, at different magnifications. Pictures
are representative of results from three different experi-
ments. The co-localisation was estimated looking at ortho-
gonal projections of the respective signals to ensure pre- or
postsynaptic localisation with respect to the dendritic branch
analysed.

4.4. Electrophysiology

For whole-cell patch-clamp recordings principal neurons were
visualised using infrared video microscopy and the gradient
contrast system (Zeiss, Oberkochen, Germany). For technical
details, see (Dodt et al., 2002). GABAA receptor-mediated
synaptic transmission (eGABAA-IPSCs) were isolated by appli-
cation of 50 mM d-(–)-2-amino-5-phosphonopentanoic acid
(D-AP-5), 5 mM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro-benzo[f]qui-
noxaline-7-sulphonamide (NBQX) and 200 mM 3-aminopropyl
(diethoxymethyl)phosphonic acid (CGP 35348). eGABAA-IPSCs
were evoked by square pulse stimuli (0.066 Hz, 5–12mA,
200 ms) via bipolar tungsten electrodes positioned within the
lateral amygdala close to the external capsule and recorded in
the BLA. The patch pipettes were pulled from thin-walled
borosilicate glass tubes with inner filament (outer diameter
1.5 mm, inner diameter 1.17mm, GC150TF-10, Clark Electro-
medical Instruments, Pangbourne Reading, UK) and heat
polished using a two-step horizontal puller (DMZ-Universal
Puller, Zeitz-Instruments, Munich, Germany). Pipettes had a
series resistance of 4–6 MΩ. For recording of eGABAA-IPSCs,
glass electrodes contained (in mM): K-D-gluconate 130, KCl 5,
Mg-ATP 4, Na2-phosphocreatine 5, HEPES 10, lidocaine-N-ethyl
chloride 5; pH 7.4 adjusted with KOH (osmolarity: 305 mOsm).
Patch-clamp recordings were performed at −50mV holding
potential. LTDi were performed at a holding potential −70mV.
LTDi was induced by 100 stimuli at 1 Hz in the current clamp
mode (Marsicano et al., 2002). The pipettes were filled with a
solution containing (in mM): Mg-ATP 2, CsCH3SO3 100, CsCl 60,
EGTA 0.2, HEPES 10, MgCl2 1, QX314 5 and Na3GTP 0.3 (pH 7.3).
Under these conditions, the reversal potential for Cl− ions was
−28 mV. Statistical analysis was performed using the Student's
t-test to compare the values of 5 min of a stable baseline
(control) to the effect of LTDi or a substance, in each case. The
values of 5 min of a stable effect were chosen. po0.05 was
considered as a significant difference. Data are expressed
as the percentage (means7SEM) of the average baseline
response. Only the last 10min of the baseline are depicted in
all graphs. Currents were recorded using a switched voltage-
clamp amplifier (SEC-10L; npi Electronics) with switching
frequencies of 75–80 kHz (25% duty cycle). Once electrodes
were in ACSF, special care was taken to balance capacity
compensation, electrode series resistance and to adjust zero
DC so that there were no differences between measurements
made in bridge (BC) and switched mode. After impalement of
neurons, the capacitance compensation was readjusted to
avoid errors in SECC measurements when switching to SEVC
(Brennecke and Lindemann, 1974; Finkel and Redman, 1983,
1984; Juusola, 1994). Correct compensation of input capaci-
tance and complete settling of the current injection artefact
prior to sampling of the voltage signal in switched mode were
controlled by continuously monitoring unsampled electrode
potentials on an analogue oscilloscope triggered by the switch-
ing frequency. In addition, recording conditions were mon-
itored by injecting hyperpolarizing current pulses (300ms,
−10mV, 0.066 Hz) through the patch electrode. All recordings
were amplified, filtered (3 kHz), and digitised (9 kHz). The
digitised data were stored to a Macintosh G3 computer by
data acquisition and evaluation program (Pulse v. 8.5; Heka
Electronic, Lambrecht, Germany).

4.5. Drugs for electrophysiology

Drugs were applied via superfusion system. The following
pharmacological compounds were applied: tropisetron, ondan-
setron, rimonabant (RIM; SR141716) (NIMH Chemical Synthesis
and Drug Supply Program, USA), SR57227A (1-(6-Chloro-2-pyridi-
nyl)-4-piperidinamine hydrochloride; Tocris, Bristol, UK), D-AP-5,
CGP35348 (kind gift from Novartis Laboratories, Basel, Switzer-
land), NBQX. Except otherwise stated, all salts and drugs were
purchased from RBI/Sigma (Deisenhofen, Germany).

Stock solutions of RIM (10mM) were prepared in DMSO and
stored at −20 1C. Final DMSO concentrations were ≤0.05%.
Before all experiments, fatty acid-free bovine serum albumin
(1mg/ml) was rinsed through the system to avoid binding of
RIM to the walls of the tubing.

4.6. Fear conditioning

Male C57BL/6N mice were purchased at an age of 7–9 weeks
and housed individually under an inverse 12 h:12 h light/dark
cycle (lights off: 09:00 h) for 2 weeks before starting with the
experiments. Mice underwent auditory fear conditioning and
re-exposure to the tones essentially as described before
(Kamprath and Wotjak, 2004; Plendl and Wotjak, 2010). In
brief, at the conditioning day (d0), all mice were placed
individually into mouse conditioning chambers, where they
received a single pairing of a tone (9 kHz, 20 s, 80 dB) with an
electric foot shock (0.7 mA, 2 s). At the following days (d1–d3),
mice were placed into a novel context, which differed from
the conditioning context in texture, bedding, shape and
odour of the cleaning solution. After 3 min, the conditioned
tone was presented for another 3 min, and mice were
returned to their home cages 60 s later. In the first two
experiments, mice were treated either with SR57227A (1 or
3 mg/kg) or Trop (0.3 or 1 mg/kg) or vehicle 30 min before
exposure to the tone on 3 consecutive days (d1–d3). In the
third experiment, new groups of mice received two injections
30 min before re-exposure to the tone 1 day after condition-
ing. The treatments were as follows: vehicle–vehicle, Trop
(1 mg/kg)–vehicle, vehicle–RIM (3 mg/kg) or Trop (1 mg/kg) –

RIM (3 mg/kg). The effective dose of RIM was selected on the
basis of published data (Kamprath and Wotjak, 2004;
Kamprath et al., 2006; Plendl and Wotjak, 2010), that of Trop
on the basis of the results of experiment 2. Freezing to the
tone was scored off-line by a trained observer. Data (mean7-
SEM) were expressed as a percentage of the total observation
period (3 min) and analysed by 2-way ANOVA (treatment,
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day) for repeated measures (day), one-way ANOVA (treat-
ment) separately per day or 2-way ANOVA (treatment1,
treatment 2). Group differences were assessed by Newman–
Keuls post-hoc test, if appropriate. The threshold for statis-
tical significance was po0.05. SR57227A and Trop were dis-
solved in physiological saline and injected intraperitoneally
(i.p.) in a volume of 10 ml/kg. RIM (3 mg/kg) was dissolved in
vehicle solution (2.5% DMSO and 1 drop of Tween 80 per 3 ml
of saline) and injected subcutaneously (s.c.) in a volume of
20 ml/kg. The injections were made 1 h prior each extinction
training.
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