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Endocannabinoids are crucial for the extinction of aversive memories, a process that considerably involves the amygdala. Here, we show
that low-frequency stimulation of afferents in the lateral amygdala with 100 pulses at 1 Hz releases endocannabinoids postsynaptically
from neurons of the basolateral amygdala of mice in vitro and thereby induces a long-term depression of inhibitory GABAergic synaptic
transmission (LTDi) via a presynaptic mechanism. Lowering inhibitory synaptic transmission significantly increases the amplitude of
excitatory synaptic currents in principal neurons of the central nucleus, which is the main output site of the amygdala. LTDi involves a
selective mGluR1 (metabotropic glutamate receptor 1)-mediated calcium-independent mechanism and the activation of the adenylyl
cyclase-protein kinase A pathway. LTDi is abolished by the cannabinoid type 1 (CB1) receptor antagonist SR141716A and cannot be
evoked in CB1 receptor-deficient animals. LTDi is significantly enhanced in mice lacking the anandamide-degrading enzyme fatty acid
amide hydrolase. The present findings show for the first time that mGluR activation induces a retrograde endocannabinoid signaling via
activation of the adenylyl cyclase-protein kinase A pathway and the release of anandamide. Furthermore, the results indicate that
anandamide decreases the activity of inhibitory interneurons in the amygdala. This disinhibition increases the activity of common output

neurons and could provide a prerequisite for extinction by formation of new memory.
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Introduction

Cannabinoid type 1 (CB1) receptors have been shown to play an
important role in the control of synaptic inhibition: CB1 receptor
activation reduces GABAergic synaptic transmission in the hip-
pocampus (Hoffman and Lupica, 2000), the nucleus accumbens
(Hoffman and Lupica, 2001; Manzoni and Bockaert, 2001), and
the amygdala (Katona et al., 2001; Azad et al., 2003). Further-
more, endocannabinoids induce a depolarization-induced sup-
pression of inhibition (DSI) in the cerebellum (Kreitzer et al.,
2002) and in hippocampal neurons (Ohno-Shosaku et al., 2001;
Wilson and Nicoll, 2001). A reduction of transmitter release from
GABAergic terminals will eventually reduce an inhibitory tonus
exerted on principal neurons (Giuffrida and Piomelli, 2000;
Freund et al., 2003). This disinhibition might support mecha-
nisms that are critical for learning and memory, such as long-
term potentiation (LTP). It has recently been shown that an
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endocannabinoid-mediated reduction of GABA release in the
hippocampus enhances the excitability of CA1 pyramidal neu-
rons (Carlson et al., 2002; Chevaleyre and Castillo, 2003).

The amygdala expresses high levels of CB1 receptors (Marsi-
cano and Lutz, 1999; Katona et al., 2001; McDonald and Mas-
cagni, 2001). The endocannabinoid system in this brain region
has been shown to be crucially involved in the control of noci-
ception (Martin et al., 1999; Manning et al., 2001; Pertwee, 2001)
and extinction of aversive memories (Marsicano et al., 2002).
However, the cellular mechanisms underlying endocannabinoid
action in this brain region are still unclear. Recently, we showed
that low-frequency stimulation of afferents in the lateral amyg-
dala (LA) with 100 pulses at 1 Hz (LFSi) induces a significant
long-term depression of inhibitory GABAergic synaptic trans-
mission (LTDi) in the basolateral amygdala (BLA) in a CBI
receptor-dependent manner (Marsicano et al., 2002), suggesting
an important role of endocannabinoids in long-term synaptic
plasticity in this brain region. In this investigation, endocannabi-
noid levels increased in the amygdala during the extinction of
conditioned fear. Therefore, endocannabinoids might facilitate
extinction of aversive memories by selectively modulating local
inhibitory networks in the amygdala. The present study explores
the cellular mechanisms underlying LTDi and its possible role on
glutamatergic synaptic transmission involved in long-term asso-
ciative neuronal plasticity.
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Materials and Methods

The present investigations were performed in slices of male C57BL/6]
OlaHsd mice (42—-63 d old; Harlan Winkelmann, Borchen, Germany). In
addition, male mice (50—68 d old) lacking CB1 receptors (CB1 ~/7) or
male mice (52-67 d old) lacking the anandamide-degrading enzyme
fatty acid amide hydrolase FAAH (FAAH ~/7), as well as their respective
wild-type littermates (CB1 "/ and FAAH */™"), were used. CB1 ~/~ mice
and FAAH "/~ mice were generated as described by Marsicano et al.
(2002) and Cravatt et al. (2001), respectively. All electrophysiological
experiments were performed in accordance with the guidelines of the
Ethical Committee on the Use and Care of Animals (Government of
Bavaria, Germany). Slices were prepared during the light phase. For slice
preparation, the animals were anesthetized with isoflurane and decapi-
tated. The brains were rapidly removed and placed in ice-cold artificial
CSF (ACSF) containing (in mwm) 125 NaCl, 2.5 KCl, 25 NaHCO;, 2
CaCl,, 1 MgCl,, 25 p-glucose, and 1.25 NaH,PO,, pH 7.4, and bubbled
with a 95% O,/5% CO, mixture. Coronal slices of the amygdala (400 wm
thick) were prepared using a vibroslicer (FTB, Weinheim, Germany).
After incubation in a holding chamber with ACSF (22-25°C) for at least
60 min, the slices were placed in the recording chamber and superfused
with ACSF at a flow rate of 1.5 ml/min.

Square pulse stimuli (0.066 Hz, 5-12 mA, 200 usec) were delivered via
bipolar concentric tungsten electrodes positioned in the LA to evoke
EPSCs, IPSCs, or field potentials (FPs) recorded in the BLA or the central
amygdala (CE). The stimulus intensities were adjusted to produce half-
maximal responses.

All experiments were performed at room temperature (22-25°C). For
whole-cell patch-clamp recordings, principal neurons of the BLA/CE
were visualized using infrared video microscopy and the gradient con-
trast system (Zeiss, Oberkochen, Germany). Principal neurons were dis-
tinguished from interneurons according to their morphological and elec-
trophysiological properties (Washburn and Moises, 1992). For recording
of EPSCs, glass electrodes (4.5-5 M()) contained (in mm) 130 K-p-
gluconate, 5 KCI, 2 Mg-ATP, 10 p-glucose, 0.5 EGTA, and 10 HEPES, pH
7.4. Currents were recorded using a switched voltage-clamp amplifier
(SEC-10L; npi Electronics, Tamm, Germany) with switching frequencies
of 75-80 kHz (25% duty cycle). Series resistance was monitored contin-
uously and compensated in bridge mode. Cells with >10% change in
series resistance during the experiment were excluded from the analysis.
Neuronal input resistance was monitored by injecting hyperpolarizing
current pulses (300 msec, —10 mV, 0.066 Hz) through the patch elec-
trode. All patch-clamp experiments were performed at a holding poten-
tial of =70 mV.

Isolation of GABA , receptor-mediated synaptic transmission and in-
duction of LTDi were performed as described previously (Marsicano et
al., 2002). Evoked GABA, receptor-mediated IPSCs were recorded in
the presence of 50 um D-(—)-2-amino-5-phosphono-pentanoic acid
(D-AP-5) and 5 pMm 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro-benzo|f]
quinoxaline-7-sulfonamide (NBQX). The pipettes were filled with a so-
lution containing (in mm) 2 Mg-ATP, 100 CsCH,SO;, 60 CsCl, 0.2
EGTA, 10 HEPES, 1 MgCl,, 5 QX314, and and 0.3 Na,GTP, pH 7.3.
Under these conditions, the reversal potential for Cl ~ ions was —28 mV.
The amplitudes and frequencies of spontaneous IPSCs (sIPSCs) were
studied by continuous recording over 300 sec. The peak amplitudes of
the sIPSCs were measured off-line automatically using a customized
event detection macro (Igor 4.0; Wave Metrics, Lake Oswego, OR) with
an adjustable amplitude threshold. Frequencies were calculated by divid-
ing the total number of sIPSCs by the total time sampled.

FPs were recorded using glass microelectrodes (1-2 MQQ) filled with
ACSF. The stimulus intensities were adjusted to produce half-maximal
responses. The voltage differences between the sharp negative onset and
the negative peak (a), and between the negative peak and the succeeding
positive peak (b), were measured, and the amplitudes of the FPs were
calculated as (a + b)/2.

LTDi was induced by 100 stimuli at 1 Hz (LFSi). For high-frequency
stimulation (HFS), two trains of 100 pulses with 50 Hz and an inter-
stimulus interval of 10 sec were applied in the LA. All recordings were
amplified, filtered (3 kHz), and digitized (9 kHz). The digitized data were
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stored to disk on a Power Macintosh G3 computer by a data acquisition
and evaluation program (Pulse version 8.5; Heka Electronic, Lambrecht,
Germany).

Statistical analysis was performed using the Student’s paired  test to
compare the values of 10 min of a stable baseline (control) and after
application of LFSi, HES, or substances, respectively. The latter were
obtained by choosing the values as soon as LESi, HFS, or substances led to
stable effects for at least 10 min. The Kolmogorov-Smirnov test (Stat-
View 5.0; SAS Institute, Cary, NC) was used for comparison of the am-
plitude distributions of sSIPSCs. In both tests, p < 0.05 was considered as
a significant difference. Data are presented as mean * SEM.

Drugs were applied via the superfusion system or added to the record-
ing pipette. In all experiments, in which the different enzymes were
blocked postsynaptically, the respective substances [1-(6-[(178]-3-
methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl)- IH-pyrrole-2,5-dione
(U73122), Rp-cAMP, 9-(tetrahydro-2-furanyl)-9-H-purin-6-amine
(SQ22,536), GTPy-S, and BAPTA] were allowed to diffuse to the
postsynaptic site after whole-cell access for at least 20 min (if they did not
affect the IPSC amplitude) or as long as they still changed the IPSC
amplitude (BAPTA, GTPy-S, and Rp-cAMP slightly). After this time, the
stable control values were recorded for 15 min before inducing LTDi.
Only the last 10 min of the control are depicted in all graphs.

The following pharmacological compounds were used: WIN55,212-2,
SQ22,536, Rp-cAMP, NBQX, p-AP-5, BAPTA, 7-hydroxyiminocyclo-
propan|b]-chromen-1a-carboxylic acid ethyl ester (CPCCOE), 2-methyl-
6-(phenylethynyl)-pyridine (MPEP), U73122, 1,6-bis(cyclohexyloximino-
carbonylamino)hexane (RHC-80267), and GTPy-S (Sigma/RBI, Natick,
MA); (S)-3,5-dihydroxyphenylglycine (DHPG) (Tocris, Biotrend, Koln,
Germany); and N-(piperidin-1-yl)-5-(4-chlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide (SR141716A; National Institute of Mental
Health Chemical Synthesis and Drug Supply Program, Bethesda, MD).

Stock solutions of WIN55,212-2 (10 mMm) and SR141716A (10 mm)
were prepared in DMSO and stored at —20°C. Final DMSO concentra-
tions were =0.05%. Before all experiments, fatty acid-free bovine serum
albumin (1 mg/ml) was rinsed through the system to avoid binding of
WINS55,212-2 and SR141716A to the walls of the tubing.

Results

CBI1 receptor-dependent LTDi in the BLA does not require
postsynaptic Ca”* influx

To investigate the phenomenon of LTDi in the amygdala in de-
tail, inhibitory GABA, receptor-mediated currents (IPSCs) in
the BLA were evoked by stimulating afferents in the LA in the
presence of the NMDA receptor antagonist D-AP-5 (50 um) and
the AMPA/kainate receptor blocker NBQX (5 uM). LESi (100
pulses/1 Hz) of afferents from the LA induced a LTD1i in the BLA
of C57BL/6JOlaHsd mice (control, 100%; LESi, 78 = 5%; n = 6;
p < 0.05) (Fig. 1 A). Because LTDi is inducible in wild-type mice
(CB1*'™), but not in animals lacking the CB1 receptor (CB1 -7y,
nor in slices of wild-type mice pretreated with the CB1 receptor
antagonist SR141716A (Marsicano et al., 2002), we postulated
that LTDi is mediated by endocannabinoids. We therefore inves-
tigated whether LTDi can be occluded by application of the CB1
receptor agonist WINS55,212-2. Pretreatment of slices from
C57BL/6]JOlaHsd mice with WIN55,212-2 (5 uMm) decreased the
amplitude of isolated IPSCs (control, 100%; WIN55,212-2, 56 =
9%; n = 5; p < 0.05) recorded in the BLA, and inhibited the
induction of LTDi (control plus WIN55,212-2, 100%; LFSi,
104 = 10%; n = 5; p > 0.05) (Fig. 1 B). These results suggest that
LTDi involves the release of endocannabinoids and the activation
of CB1 receptors.

DSI is an endocannabinoid-mediated phenomenon that can
be blocked by Ca** chelators (Pitler and Alger, 1992; Lenz and
Alger, 1999), indicating that it requires postsynaptic Ca* " influx.
To determine whether a rise in postsynaptic Ca*" is also required
for LTDi induction, neurons in the BLA were recorded with
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BAPTA-filled (40 mm) patch pipettes. After whole-cell access,
BAPTA was allowed to diffuse to the postsynaptic cell for at least
30 min. Afterward, control values were recorded for 15 min be-
fore LFSi was applied. The postsynaptic application of BAPTA
did not affect the induction of LTDi (control plus BAPTA, 100%);
LESi, 67 = 7%; n = 7; p < 0.05) (Fig. 1C), indicating that, in
contrast to DSI, LTDi induction in the amygdala is independent
of postsynaptic Ca** influx.

Induction of LTDi involves the activation of metabotropic
glutamate receptor 1 but not of metabotropic glutamate
receptor 5

Besides a rise in postsynaptic Ca*", the synthesis and release of
endocannabinoids can also be triggered by activation of group I
metabotropic glutamate receptors (mGluRs) in the cerebellum
(Maejima et al., 2001; Galante and Diana, 2004) and the hip-
pocampus (Varma et al., 2001; Chevaleyre and Castillo, 2003).
There are two subtypes of group I mGluRs: mGluR1 and mGluR5
(Bordi and Ugolini, 1999; Valenti et al., 2002). Evidence exists
that both receptor subtypes are expressed in the amygdala (Ro-
drigues et al., 2002; Lavreysen et al., 2003, 2004; Li and Neuge-
bauer, 2004). We therefore investigated whether a similar mech-
anism is involved in the induction of LTDi. We found that bath
application of the unselective group I mGluR agonist DHPG (50
uM) evoked a suppression of GABAergic currents similar to LTDi
(control, 100%; DHPG, 72 = 5%; n = 8; p < 0.05) (Fig. 2A) in
CB1 ™" mice. DHPG had no effect in CB1 ~/~ mice (control,
100%; DHPG, 101 = 3%; n = 5; p > 0.05) (Fig. 2A). Further-
more, application of DHPG occluded LTDi (control plus DHPG,
100%; LFSi, 106 = 13%; n = 6; p > 0.05) (Fig. 2B). To mimick
the short-lasting activation of mGluRs during LFSi, we also per-
formed experiments in which DHPG was applied only tran-
siently. In these experiments, DHPG (50 uM) also induced a
long-lasting decrease of the IPSC amplitude to 64 * 3% (n = &;
p < 0.05) (Fig. 2C). This effect of DHPG was occluded by a
preceding induction of LTDi (control, 100%; LESi, 66 = 8%; n =
5; p < 0.05 DHPG, 75 * 4%; n = 5; p > 0.05) (Fig. 2D). To-
gether, these results underline the close relationship between
group I mGluR activation and the release of endocannabinoids in
the amygdala. To further identify the mGluR subtype involved in
LTDi, LESi was applied in the presence of the selective mGluR1
antagonist CPCCOEt (50 uM) and the mGluR5 antagonist MPEP
(10 um), respectively. In accordance with the results observed in
other brain regions (Battaglia et al., 2001; Mannaioni et al., 2001),
neither application of CPCCOEt nor MPEP (two different batch-
es; n = 2 and n = 3) per se had any significant effect on basal
GABAergic transmission (control, 100%; CPCCOEt, 98 * 9%;
p > 0.05; control, 100%; MPEP, 90 = 15%; p > 0.05). Bath
application of CPCCOEt abolished the effect of LFSi on GABAer-
gic currents and inhibited the induction of LTDi (control plus
CPCCOEt, 100%; LFSi, 105 = 4%; n = 6; p > 0.05) (Fig. 3A),
whereas bath application of the mGluR5 antagonist MPEP had

<«

Figure 1.  LTDiis mediated by endocannabinoids and is independent of postsynaptic Ca™*
influx. A, LFSi of afferentsin the LA (100 pulses/1 Hz) leads to a significant long-term depression
of IPSCs recorded in principal BLA neurons (LTDi) to 78 == 5% of control (n = 6; p < 0.05). B,
Pretreatment of the slices with the (B1 receptor agonist WIN55,212-2 (5 um) occludes the
induction of LTDi (104 == 10% of control; n = 5; p > 0.05). LTDi without WIN55,212-2 (data
from A) is shown for comparison (squares). (, LTDi is not inhibited when BAPTA (40 mw) is
applied to the postsynaptic cell (67 == 7% of control; n = 7;p << 0.05). Representative traces of
IPSCs before (1) and after (2) LFSi are shown. The experiments were performed in (57BL/
6J0laHsd mice.
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Figure2. Induction of LTDi involves activation of group | mGluRs. 4, The unselective group |

mGluR agonist DHPG (50 wum) leads to a long-lasting suppression of GABAergic currents similar
to LTDi in wild-type mice ((B1 */™; effect of DHPG, 72 = 5% of control; n = 8; p < 0.05; @)
but not in mice lacking (B1 receptors ((B1 ~/~; effect of DHPG, 101 == 3%; n = 5;p > 0.05;
O). B, Application of DHPG (50 pum) occludesthe induction of LTDi by LFSi (effect of LFSi in the
presence of DHPG, 106 == 13% of control; n = 6; p > 0.05). LTDi without DHPG (data from Fig.
1A) is shown for comparison (squares). , The transient application of DHPG (50 wm) also
induces a long-lasting decrease of the IPSC amplitude to 64 == 3% (n = 8; p << 0.05). D, This
effect of DHPG is occluded by a preceding induction of LTDi (control, 100%; LFSi, 66 == 8%;n =
5;p << 0.05; DHPG, 75 = 4%; n = 5; p > 0.05). Representative traces of IPSCs are shown. The
experiments depicted in B—D were performed in (57BL/6J0laHsd mice.

no effect on LTDi induction (control plus MPEP, 100%; LFSi,
63 + 10%; n = 5 p < 0.05) (Fig. 3B).

LTDi involves the presynaptic inhibition of GABA release and
the postsynaptic activation of G-proteins

During LTDi induction, the paired-pulse ratio is increased (Mar-
sicano et al., 2002), suggesting a decrease of presynaptic transmit-
ter release (Manabe et al., 1993). To confirm this finding, we
investigated the effect of LFSi on the frequency and amplitude of
sIPSCs. LFSi significantly reduced the frequency of sIPSCs from
6.4+ 0.6 Hzto 2.7 £ 0.5 Hz (n = 5; p < 0.05), without affecting
their amplitude (control, 7.4 = 1.1 pA; LFSi, 6.9 = 0.9 pA; n = 5;
p > 0.05) (Fig. 4A), indicating that LTDi involves presynaptic
mechanisms.

However, because endocannabinoids are assumed to act as
retrograde transmitters, it remained to be proven that, during
LTDi, endocannabinoids are released from the postsynaptic site.
We therefore induced LTDi while blocking the postsynaptic
G-proteins by the non-hydrolizable GTP analog GTP+y-S. When
the neurons were loaded with GTPvy-S (600 um) via the patch

Azad et al. « Endocannabinoid Signaling in the Amygdala

after LFSi

control

20 | CPCCOE (50 M)

0 10 20 30 40 50
t (min)

B control  LTDi

e

LFSi
140
) = 2
S 100y - - - - - - - ©
8 i
o 60
20 |-MPEP (10 M) |
0 10 20 30 40 50
t (min)
Figure3. Induction of LTDiinvolves activation of mGluR1, but not of mGIuRS5. A, LTDiinduc-

tion is completely inhibited by bath application of the mGIuR1 antagonist CPCCOEt (50 rum;
effect of LFSi, 105 == 4% of control; n = 6; p > 0.05). LTDi without CPCCOEt (data from Fig. 14)
is shown for comparison (squares). B, Preincubation of the slices with the mGIuR5 antagonist
MPEP (10 tum) has no effect on the induction of LTDi by LFSi (effect of LFSi in the presence of
MPEP, 63 = 10% of control; n = 5; p < 0.05). Representative traces of IPSCs before (1) and
after (2) LFSi are shown. The experiments were performed in (57BL/6J0laHsd mice.

pipette, IPSC amplitudes increased to 130 * 11% during the
equilibration (20—-30 min) after whole-cell access. After the am-
plitudes had stabilized, control values were recorded for 10 min,
before LFSi was applied. GTPy-S completely blocked LTDi in-
duction (control plus GTPy-S, 100%; LESi, 110 = 9%;n = 4;p >
0.05) (Fig. 4 B), indicating that LTDi depends on the postsynaptic
activation of G-proteins.
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Figure 4.  LTDi is expressed presynaptically and induced postsynaptically via activation of
G-proteins. A, Induction of LTDi is accompanied by a reduction of the frequency of sIPSCs from
6.4 == 0.6 Hz to 2.7 == 0.5 Hz (n = 5; p << 0.05), whereas the amplitude of sIPSC remains
unaltered (control, 7.4 = 1.1 pA; LFSi, 6.9 == 0.9 pA; n = 5; p > 0.05). Representative traces
of sIPSCs and the cumulative probability of the sIPSCamplitude before and after LFSi are shown.
B, Postsynaptic application of the non-hydrolizable GTP analog GTP+y-S (600 um) via the patch
pipette blocks LTDi induction (effect of LFSi in the presence of GTP-y-S, 110 = 9%;n = 4;p >
0.05). LTDi without GTP-y-S (data from Fig. 1A) is shown for comparison (squares). Represen-
tative traces of IPSCs before (1) and after (2) LFSi are shown. The experiments were performed
in (57BL/6J0laHsd mice.

LTDi does not involve the activation of phospholipase C and
diacylglycerol lipase

Group I mGluRs activate phospholipase C (PLC) via GTP-
binding proteins and enhance the release of Ca*" from intracel-
lular stores via an increase of intracellular inositol-(1,4,5)-
triphosphate (Lee and Boden, 1997; Masgrau et al., 2001). This
mechanism is considered to be involved in the synthesis and
release of 2-arachidonoyl-glycerol (2-AG) (Stella et al., 1997; Di
Marzo et al., 1998). Because we found that group I mGluRs play a
major role in the induction of LTDi, we focused on the role of the
PLC in LTDi. As described previously (Chevaleyre and Castillo,
2003), PLC was blocked by preincubation of the slices with the
specific inhibitor U73122 (5 uM) for at least 60 min. During
recording, 5 uM of the inhibitor was added to the bath solution.
Unexpectedly, inhibition of the PLC did not affect LTDi (control
plus U73122, 100%; LESi, 67 + 6%; n = 7; p < 0.05) (Fig. 5A),
indicating that activation of the PLC is not required for the in-
duction of LTDi in the amygdala. Because this is in clear contrast
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Figure5.  LTDiinduction does not require activation of PLC and DAG lipase. A, After preincu-

bation of the slices with the specific PLCinhibitor U73122 (5 m) for at least 60 min, IPSCs were
recorded in the presence of 5 M U73122. Inhibition of PLC does not inhibit the induction of LTDi
(effect of LFSi in the presence of U73122, 67 == 6% of control;n = 7; p << 0.05). B, To block the
DAG lipase, slices were preincubated with 100 um RHC-80267 for at least 60 min. Afterward,
control values were recorded in the presence of 50 um RHC-80267. The DAG lipase inhibitor has
no effect on the induction of LTDi (control plus RHC-80267, 100%; LFSi, 68 == 4%; n = 8; p <
0.05). Representative traces of IPSCs before (1) and after (2) LFSi are shown. The experiments
were performed in (57BL/6JOlaHsd mice.

to previous investigations on endocannabinoid signaling, we also
tested whether an inhibition of the diacylglycerol (DAG) lipase by
RHC-80267 has any effect on the induction of LTDi. The DAG
lipase is required for the synthesis of 2-AG (Stella et al., 1997; Di
Marzo et al., 1998). After incubation of the slices with 100 um
RHC-80267 for at least 60 min, control values were recorded in
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Figure 6.  LTDiinvolves the activation of the AC—PKA pathway and the release of anandam-
ide. A, LTDiis significantly enhanced in mice lacking the anandamide-degrading enzyme FAAH
(FAAH '~ mice, 48 = 9% of control; n = 6; p < 0.05; O) compared with the wild-type
littermates (FAAH ™/ mice, 78 = 6% of control; n = 9; p < 0.05; @; LTDiin FAAH */* vs
LTDiin FAAH ~/~,p << 0.05). B, LTDiinduction is abolished when ACis blocked postsynaptically
by 200 M SQ22,536 (effect of LFSiin the presence of 5Q22,536, 103 = 15% of control;n = 5;
p>0.05).C, LTDiisalsoinhibited by the postsynaptic application of the PKA inhibitor Rp-cAMP
(25 pum; effect of LFSiin the presence of Rp-cAMP, 101 == 8% of control; n = 6;p > 0.05). LTDi
without 5Q22,536 or Rp-cAMP (data from Fig. 14) is shown for comparison (squares) in Band (,
respectively. Representative traces of IPSCs before (1) and after (2) LFSi are shown. The exper-
iments depicted in B and C were performed in (57BL/6J0laHsd mice.

the presence of 50 uMm of this substance. We found that RHC-
80267 did not affect the induction of LTDi (control plus RHC-
80267, 100%; LFSi, 68 = 4%; n = 8; p < 0.05) (Fig. 5B).

LTDi involves the activation of the adenylyl cyclase—protein
kinase A pathway and the release of anandamide

The above results indicate that, in the BLA, differently from the
hippocampus (Chevaleyre and Castillo, 2003), the endocannabi-
noid 2-AG does not play a central role in CB1 receptor-
dependent long-term synaptic plasticity of GABAergic transmis-
sion. To investigate the involvement of the other major
endocannabinoid, anandamide, we evoked LTDi in mice lacking
the anandamide-degrading enzyme FAAH (FAAH /7) and in
the respective wild-type littermates (FAAH */"). In FAAH '~
mice, the degradation of the endocannabinoid anandamide is
severely impaired (Cravatt et al., 2001). LTDi was significantly
more pronounced in FAAH ~/~ mice compared with FAAH */*
mice (FAAH *'*: control, 100%; LFSi, 78 * 6%; n = 9; p < 0.05;
FAAH ~/": control, 100%; LFSi, 48 + 9%; n = 6; p < 0.05; LTDi
FAAH """ vs FAAH /": p < 0.05) (Fig. 6A).

Because there is evidence that activation of group I mGluRs
may also lead to an increase in cAMP formation (Balazs et al.,
1998), we investigated whether the adenylyl cyclase (AC)—protein
kinase A (PKA) pathway is involved in LTDi. Interestingly, LTDi
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was abolished when either AC or PKA was blocked postsynapti-
cally by SQ22,536 (200 uM; control plus SQ22,536, 100%; LFSi,
103 £ 15%; n = 5; p > 0.05) (Fig. 6 B) and Rp-cAMP (25 um;
control plus Rp-cAMP, 100%; LFSi, 101 = 8%; n = 6; p > 0.05)
(Fig. 6C), respectively. During the equilibration process after
whole-cell access (30 min), baseline IPSC amplitudes remained
stable in the presence of SQ22,536 (97 £ 5%; n = 5) and
Rp-cAMP (113 = 7%; n = 6; p > 0.05). Together, these findings
suggest that LTDi involves the release of anandamide via an
activation of the AC-PKA pathway.

LFSi enhances HFS-induced LTP in the BLA and increases
excitatory synaptic transmission in the central nucleus

It has previously been reported that a reduction of inhibitory
synaptic transmission enhances LTP in the amygdala (Watanabe
etal., 1995; Huang and Kandel, 1998; Rammes et al., 2000). Pro-
vided that LFSi induces an endocannabinoid-mediated decrease
of GABA release, it should increase the excitability of principal
neurons in this structure. We therefore investigated the effect of
LFSi on synaptic transmission and synaptic plasticity in the
amygdala. We found that HES of afferents in the LA with two
trains of 100 pulses (50 Hz) and an interstimulus interval of 10 sec
induced a LTP of extracellularly recorded FPs in the BLA (con-
trol, 100%; HFS, 115 * 3%; n = 6; p < 0.05) (Fig. 7A). When LFSi
was applied 10 min before HFS, the resulting LTP was signifi-
cantly enhanced to 143 = 7% (n = 7; p < 0.05; HFS without LESi
vs HFS with LFSi, p < 0.05) (Fig. 7A). Application of the CB1
antagonist SR141716A (5 uMm) for at least 40 min did not affect
HFS-induced LTP (control plus SR141716A, 100%; HFS, 118 =
5%; n = 5; p < 0.05) (Fig. 7B) but abolished the enhancing effect
of LFSi on LTP (LFSi plus HES with SR141716A, 122 = 7%; n =
6; p < 0.05; LFSi plus HFS vs LESi plus HES plus SR141716A, p <
0.05) (Fig. 7B). We also wanted to know whether the disinhibi-
tion induced by LFSi has any effect on excitatory synaptic trans-
mission in the central nucleus, which is the main output site of
the amygdala (LeDoux, 2000). We therefore recorded EPSCs in
the central nucleus while stimulating in the LA. We found that
LFSi delivered to the LA significantly enhanced the amplitude of
EPSCs in the central nucleus (control, 100%; LFSi, 125 *= 10%;
n = 6; p < 0.05) (Fig. 7C). This effect was abolished by applica-
tion of the CBI1 receptor antagonist SR141716A (control plus
SR141716A, 100%; LESi, 101 % 5%; n = 6; p > 0.05; LFSi vs LESi
plus SR141716A, p < 0.05) (Fig. 7C), which per se did not affect
EPSC amplitudes (control, 100%; SR141716A, 104 * 4%; n = 6;
p > 0.05).

Discussion
The present findings suggest that LFSi releases glutamate from
afferents in the LA and thereby induces an mGluR1-mediated
on-demand release of endocannabinoids, presumably mainly
anandamide, in the BLA. This endocannabinoid acts as a retro-
grade transmitter and enhances excitability in distinct intra-
amygdaloid pathways by reducing the inhibitory synaptic trans-
mission of GABAergic interneurons. LTDi cannot be evoked in
CB1™'~ mice, is blocked by the CBI receptor antagonist
SR141716A (Marsicano et al., 2002), and is occluded by applica-
tion of the CB1 receptor agonist WIN55,212-2. A specific role of
anandamide in LTDi is underscored by the findings that LTDi is
significantly enhanced in mice lacking the enzyme FAAH and
that the release requires the activation of the AC-PKA pathway
but not of the PLC-DAG lipase cascade.

Endocannabinoids released from postsynaptic sites influence
the presynaptic release of excitatory and inhibitory transmitters
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before HFS, the resulting LTP is significantly enhanced (HFS after LFSi, 143 == 7%;n = 7;p <
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118 = 5%; n = 5;p < 0.05; O) but abolishes the enhancing effect of LFSi on LTP (LFSi plus HFS
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(Ohno-Shosaku et al., 2001; Alger, 2002; Wilson and Nicoll,
2002; Melis et al., 2004) and induce long-term changes of neuro-
nal excitability in various brain regions (Gerdeman et al., 2002;
Robbe et al., 2002; Chevaleyre and Castillo, 2003; Gerdeman and
Lovinger, 2003). Endocannabinoids were also shown to mediate
a timing-dependent form of LTD in the neocortex (Sjostrom et
al., 2003).

In the present study, the CB1 receptor-dependent LTDi in-
volves the activation of group I mGluRs. In line with this finding,
the application of the group I mGluR agonist DHPG induced a
long-lasting reduction of inhibitory GABAergic currents similar
to LTDi in wild-type mice but not in CB1 ™/~ mice. It has previ-
ously been shown that the release of endocannabinoids can be
triggered by activation of mGluR5 or by activation of both
mGluR1 and mGluRS5 in various brain regions (Maejima et al.,
2001; Ohno-Shosaku et al., 2002; Robbe et al., 2002; Chevaleyre
and Castillo, 2003). Interestingly, endocannabinoid-mediated
LTDi in the BLA seems to require mainly the activation of
mGluR1.

The release of endocannabinoids during DSI and depolarization-
induced suppression of excitation are initiated by voltage-dependent
postsynaptic Ca*>* influx (Lenz and Alger, 1999; Kreitzer and Re-
gehr, 2001). Also, endocannabinoid-mediated LTD of excitatory
synaptic currents in the striatum (Gerdeman et al., 2002) and the
nucleus accumbens (Robbe et al., 2002) depends on a postsynap-
tic rise of Ca?". However, LTDi in the BLA does not require a
postsynaptic Ca*" influx, thus resembling group I mGluR-
mediated endocannabinoid release in the cerebellum (Maejima
et al., 2001) and the hippocampus (Ohno-Shosaku et al., 2002;
Chevaleyre and Castillo, 2003).

Metabotropic GluR1/5 receptors couple to the phosphoinosi-
tide—Ca’" cascade via an activation of PLC (Abe et al., 1992).
This mechanism is involved in the mGluR1/5-mediated endo-
cannabinoid release in the nucleus accumbens (Robbe et al.,
2002) and the hippocampus (Chevaleyre and Castillo, 2003). Un-
expectedly, in the present study, LTDi was independent of the
activation of PLC or DAG lipase but required the activation of the
AC-PKA signaling cascade. We propose that LTDi in the BLA
involves the postsynaptic activation of mGluR1a and a subse-
quent coupling to the AC-PKA pathway. The mGluR1a receptor
subtype may activate both PLC and AC via different G-proteins.
Whereas mGluRla-mediated phosphoinositide hydrolysis is
clearly reduced in the absence of Ca?" ions, mGluR1a-induced
stimulation of cCAMP formation appears to be independent of
extracellular Ca®* concentration (Thomsen, 1996). In the
present study, neither the postsynaptic inhibition of PLC nor the
postsynaptic application of Ca®" chelators affected mGIuR1-
mediated LTDi. There is evidence that activation of PLC and
DAG lipase preferentially affects the formation of the endocan-
nabinoid 2-AG (Stella et al., 1997; Di Marzo et al., 1998; Mechou-
lam et al., 1998; Bisogno et al., 2003), whereas anandamide for-
mation involves N-acyltransferase (NAT) and phospholipase D
as key enzymes (Di Marzo et al., 1994; Sugiura et al., 2002; Pio-
melli, 2003). The AC-PKA pathway may be important for the
potentiation of NAT activity (Cadas et al., 1996). Our finding that
the AC-PKA pathway, but not the PLC pathway, is involved in
LTDi favors the assumption that LTDi in the amygdala is medi-
ated preferentially by anandamide. This view is strongly sup-
ported by the observation that LTDi is significantly enhanced in
FAAH /" mice. FAAH also degrades other bioactive fatty acid
amides such as oleamide and palmitoylethanolamide (Cravatt et
al., 1995, 2001). However, the fact that LTDi depends on CB1
receptor activation (Marsicano et al., 2002), together with the
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basically abolished degradation of anandamide in FAAH /'~
mice (Cravatt et al., 2001), suggests that anandamide is respon-
sible for the specific enhancement of LFSi-induced LTDi in these
animals. The 15-fold increased basal level of anandamide in
FAAH '~ mice (Cravatt et al., 2001) may lead to an occupation
of CB1 receptors already under basal conditions and may induce
compensatory processes that alter the functionality of the endog-
enous cannabinoid system. However, in FAAH ™'~ mice, LTDi
induction is not occluded but rather significantly increased com-
pared with FAAH ™/ animals. Moreover, CB1 receptor levels are
not changed in FAAH /"~ mice (Lichtman et al., 2002), excluding
a direct compensation of enhanced anandamide signaling by a
downregulation of CB1 receptors. Therefore, the present data
suggest that LFSi induces a dynamically regulated release of anan-
damide and that the observed enhancement of LTDi in mutant
mice is primarily attributable to an increased amount of anand-
amide available at specific GABAergic synapses containing CB1
receptors.

Provided that endocannabinoids reduce transmitter release
from GABAergic terminals exerting an inhibitory tonus on prin-
cipal neurons (Giuffrida and Piomelli, 2000), mechanisms criti-
cal for learning and memory such as LTP (Watanabe et al., 1995;
Huang and Kandel, 1998; Rammes et al., 2000; Chevaleyre and
Castillo, 2003) will be favored. LTP of excitatory glutamatergic
transmission in the BLA, induced by HES in the LA, was en-
hanced by a preceding LFSi. Furthermore, LFSi per se markedly
enhanced excitatory synaptic transmission in the central nucleus.
The disinhibitory effects on the excitability of principal neurons
was blocked by application of SR141716A, suggesting an LFSi-
induced endocannabinoid release as the main underlying
mechanism.

The amygdala plays a key role in fear conditioning and anxiety
(McKernan and Shinnick-Gallagher, 1997; LeDoux, 2000;
Walker and Davis, 2002). In a previous investigation, we found
that mice lacking CB1 receptors show strongly impaired extinc-
tion but unaffected acquisition and consolidation of aversive
memories. We also found that tone presentation during extinc-
tion trials resulted in elevated levels of endocannabinoids in the
BLA (Marsicano et al., 2002). Compared with acquisition and
consolidation of memories, the information available about
mechanisms underlying extinction is rather scant and less clear
(McGaugh et al., 1990; Falls et al., 1992; Harris and Westbrook,
1998; Milad and Quirk, 2002; Myers and Davis, 2002). Based on
our previous findings, we assumed that the release of endocan-
nabinoids in the BLA during LTDi might be related to extinction,
rather than to acquisition and consolidation of aversive memo-
ries. LTDi leads to an enhancement of excitatory synaptic trans-
mission in the CE, which is the main output site of the amygdala.
Recent theories suggest that extinction is at least partially based
on an active relearning process, in which the prolonged reexpo-
sure to the tone in the absence of the footshock triggers the for-
mation of a new memory trace encoding the dissociation between
the tone and the footshock (Quirk et al., 2000; Myers and Davis,
2002; Suzuki et al., 2004). In this context, CB1 receptor-
dependent LTDi in the BLA might selectively enhance the excit-
ability in specific neuronal circuits, which encode for this novel
extinction memory trace. LTDi might therefore underlie an ac-
tive mnemonic process involved in the extinction of fear memo-
ries on a cellular level.
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