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Cannabinoids Potentiate Emotional Learning Plasticity in
Neurons of the Medial Prefrontal Cortex through Basolateral
Amygdala Inputs

Steven R. Laviolette' and Anthony A. Grace!3
Departments of 'Neuroscience, 2Psychiatry, and *Psychology, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Cannabinoids represent one of the most commonly used hallucinogenic drug classes. In addition, cannabis use is a primary risk factor for
schizophrenia in susceptible individuals and can potently modulate the emotional salience of sensory stimuli. We report that systemic
activation or blockade of cannabinoid CB1 receptors modulates emotional associative learning and memory formation in a subpopula-
tion of neurons in the mammalian medial prefrontal cortex (mPFC) that receives functional input from the basolateral amygdala (BLA).
Using in vivo single-unit recordings in rats, we found that a CB1 receptor agonist potentiated the response of medial prefrontal cortical
neurons to olfactory cues paired previously with a footshock, whereas this associative responding was prevented by a CB1 receptor
antagonist. In an olfactory fear-conditioning procedure, CB1 agonist microinfusions into the mPFC enabled behavioral responses to
olfactory cues paired with normally subthreshold footshock, whereas the antagonist completely blocked emotional learning. These
results are the first demonstration that cannabinoid signaling in the mPFC can modulate the magnitude of neuronal emotional learning

plasticity and memory formation through functional inputs from the BLA.
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Introduction

Cannabinoids strongly influence emotional processing and sen-
sory perception (Wachtel et al., 2002; Green et al., 2003). Recep-
tors for endogenous cannabinoids are found ubiquitously
throughout the CNS, with the CB1 cannabinoid receptor subtype
localized to regions known to be involved in associative learning
and emotional processing, such as the hippocampus, amygdala,
striatum, and frontal cortical regions (Tsou et al., 1998; Marsi-
cano and Lutz, 1999; Moldrich and Wenger, 2000; Mcdonald and
Mascagni, 2001). Moreover, CB1 receptor transmission is in-
volved in emotional learning phenomena (Marsicano et al., 2002;
Bilkei-Gorzo et al., 2005; Varvel et al., 2005) and is believed to be
disrupted in disorders such as schizophrenia (Leweke et al., 1999;
Dean et al., 2001; Giuffrida et al., 2004; Zavitsanou et al., 2004;
D’Souza et al., 2005).

Considerable evidence suggests that the cannabinoid CB1 re-
ceptor system is a crucial mediator of emotional learning. Genetic
deletion of the CB1 receptor in mice blocks the extinction of
conditioned fear to an auditory cue paired previously with a foot-
shock (Marsicano et al., 2002) but not extinction of an appeti-
tively motivated learning task, suggesting that CB1 receptor sig-
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naling may be preferentially involved in memory extinction for
“aversive” emotional conditioned associations (Holter et al.,
2005). Others have reported that the CB1 receptor is essential for
normal emotional behaviors and stress responses because genetic
deletion of the CB1 receptor in mice (Martin et al., 2002) or
pharmacological modulation in rats (Onaivi et al., 1990) in-
creases behavioral measures of aggressive and/or depressive-like
behaviors. In addition, stress-induced amygdala activation is po-
tentiated by blockade of CB1 receptors in rodents (Patel et al.,
2005), further implicating the cannabinoid CB1 receptor in the
processing and integration of emotionally salient information.
However, no evidence presently exists concerning how cannabi-
noid signaling may influence emotional associative learning at
the level of the single neuron specifically within the mammalian
medial prefrontal cortex (mPFC) nor how inputs from the amyg-
dala may modulate such processes. Interactions between the
mPFC and the amygdala are crucial for integrating emotionally
salient information (Milad and Quirk, 2002; Rosenkranz and
Grace, 2002; Rosenkranz et al., 2003; Maren and Quirk, 2004;
Milad et al., 2004; Laviolette et al., 2005). We have reported pre-
viously that neurons within the mPFC that receive a functional
input from the basolateral amygdala (BLA) can encode and ex-
press learned associations between discrete odor stimuli and
footshock (Laviolette et al., 2005). In addition, single neurons
within the lateral nucleus of the amygdala encode and express
emotional associative learning through a dopamine (DA)-
dependent mechanism (Rosenkranz and Grace, 2002), demon-
strating that neurons within both the amygdala and mPFC can
encode learned associations between sensory stimuli and emo-
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tionally salient events. We therefore investigated the possible role
of the CB1 receptor in the encoding, acquisition, and modulation
of emotional associative learning using single-unit extracellular
recordings during olfactory conditioning in chloral hydrate-
anesthetized animals and olfactory fear-conditioning procedures
in behaving animals. Our results demonstrate that CB1 receptors
within the mPFC strongly modulate emotional learning and are
essential for the acquisition and expression of this conditioned
emotional learning.

Materials and Methods

Animal preparation. All procedures were performed in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the University of Pittsburgh Institutional
Animal Care and Use Committee. Male Sprague Dawley rats (275-350 g)
were anesthetized with an intraperitoneal injection of 400 mg/kg of 8%
chloral hydrate and placed in a stereotaxic device (David Kopf Instru-
ments, Tujunga, CA). Subsequent supplements of choral hydrate were
administered via a lateral tail vein catheter or intraperitoneally, as re-
quired. Body temperature was monitored with a rectal temperature
probe (Precision Thermometer 4600; YSI, Yellow Springs, OH) and
maintained at ~37° using a heat control unit and heating pad (Fintron-
ics, Orange, CT). Incisions were made in the scalp to expose the skull,
burr holes were drilled, and the dura overlying the BLA or mPFC was
removed. Coordinates for these areas were determined using the stereo-
taxic atlas of Paxinos and Watson (1997) as follows from bregma (in
mm): BLA: anteroposterior (AP), —3.0; lateral (L), *5.0; ventral (V),
—8.0 from the dural surface; mPFC: AP, +3.0 rostral; L, =0.5; V, —3.4
from the dural surface. For bilateral mPFC guide-cannula implantation,
animals were anesthetized with ketamine—xylazine and placed in a ste-
reotaxic frame. Bilateral guide cannulas were implanted in the mPFCata
15° angle with the following coordinates from bregma (in mm): AP,
+2.9; L, £1.9; V, —3.0. Guide cannulas were secured with jeweler’s
screws and dental acrylic.

Single-unit recordings. Single-barrel electrodes were constructed using
avertical microelectrode puller (Narishige, Tokyo, Japan) and filled with
2% Pontamine sky blue in 2 M NaCl (impedance measured in situ ranged
between 8 and 20 M{) measured at 1 kHz). Recording electrodes were
lowered slowly into the mPFC via a hydraulic micromanipulator (Nar-
ishige). A bipolar concentric stimulating electrode (Plastics One,
Roanoke, VA) was lowered into the BLA. Stimulation of the BLA was
delivered using a Grass (Quincy, MA) S88 stimulator with stimulation
amplitudes ranging between 100 and 800 wA. Signals from the recording
electrode were amplified by a head stage connected to the preamplifier
before being fed into a window discriminator/amplifier (Fintronics, Fos-
ter City, CA) and an audio monitor (AMS5; Grass). Signals were filtered
with alow cutoff of 200 Hz and a high cutoff of 8 kHz and displayed on an
oscilloscope (Kikusui, Yokohama, Japan). Data were simultaneously col-
lected and monitored on-line using software developed in this laboratory
(Neuroscope) and stored on a computer for off-line analysis. To isolate
neurons in the mPFC that responded to BLA stimulation, electrical stim-
ulus pulses (0.5 Hz, 0.2—0.6 mA, 0.3 ms duration) were delivered during
electrode penetration of the mPFC to search for single units that exhib-
ited evoked spike activity. The latency of response to BLA input was
determined as the time from the beginning of the stimulus artifact to the
beginning of the evoked spike. Single-unit-evoked spikes were opera-
tionally defined as monosynaptic and orthodromic if they showed very
little shift in latency with increasing stimulus intensity but some range
(1-5 ms) in latency distribution (“jitter”) and if they failed to follow
high-frequency stimulation (>250 Hz), thus ruling out antidromic acti-
vation. In addition, collision tests were performed on mPFC neurons
responding to BLA stimulation to verify orthodromicity. The locations of
the recordings were marked by ejection of Pontamine sky blue from the
recording electrode using a constant —25 @A current. A nonresponsive
mPFC control neuron was defined as a spontaneously active mPFC neu-
ron that failed to show any evoked responses to at least 100 stimulations
of the BLA over a range of test currents (200—800 pA, 0.5 Hz, 0.3 ms
duration). Only one neuron was recorded and conditioned per animal.
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Bursting analysis. Using previously established criteria based on an
analysis of baseline recordings of spontaneously active, BLA-responsive
mPFC neurons, a bursting event was defined as the occurrence of two or
more spikes with an interspike interval (ISI) of <45 ms (Laviolette et al.,
2005). We hypothesized that the spiking of mPFC neurons could be
described by two separate spiking modes, regular spiking and bursting,
that produced a characteristic ISI distribution that could be modeled by
an inverse Gaussian probability density (IGPD) function (Barbieri et al.,
2001). We therefore fit our collective baseline IST histogram with a sum of
two IGPDs as follows:

P(Wi‘Mh’yb’l‘Lw'Yr) = f(Wi|Mr)7r)|f(Wi|Mb>7b))

NRY:
fwil, A) = (W) exp{ -

w; is an IS in the distribution; w, and w,, are the expected values of the
regular-mode and burst-mode IS], respectively; and u 3\ ~describes the
variance of each distribution. Fit optimization was performed in Matlab
(MathWorks, Natick, MA) using a least-squares algorithm with the fol-
lowing four free parameters: w,, A,, t,, and A,. Analysis was performed
on both the percentage of spiking events that occurred in the form of a
burst and the number of individual spikes within each burst event. We
compared these bursting parameters in response to conditioned
stimulus-positive (CS+) and CS-negative (CS—) odor presentations af-
ter conditioning with preconditioning baseline levels. We have reported
previously that mPFC neuronal bursting is not an epiphenomenon of
firing frequency, because no significant correlation exists between corti-
cal neuron firing frequency and percentage of spikes occurring within
burst events (Laviolette et al., 2005).

Pavlovian conditioning: electrophysiological recording experiments. A
conditioning procedure was performed by pairing an odor (peppermint
or almond) with a footshock. This procedure was adapted from a previ-
ously described odor-conditioning procedure used in anesthetized rats
(Rosenkranz and Grace, 2002; Laviolette et al., 2005). The footshock was
delivered by two 28 gauge needles inserted in the lateral side of the foot-
pad contralateral to the neuronal recordings. During the conditioning
phase, each odor (peppermint or almond) was presented a minimum of
four times, for 10 s, with a 60 s delay between presentations. One odor
was selected randomly to be paired with footshock. Paired odor selection
was fully counterbalanced across experiments. The footshock-paired
odor (CS+) was paired with the delivery of footshock (55, 0.8 or 0.4 mA,
20 Hz, 0.3 ms duration), which was followed by presentation of the
nonpaired odor (CS—). This pairing process was performed four to six
times, followed by a 2 min rest period before the test phase. During the
test phase, the CS+ odor and the CS— odor were presented for 30 s, and
neuronal activity was recorded for an additional 90 s period. Off-line
analyses of individual mPFC neurons were then conducted that included
both the use of spike discrimination and sorting software and visual
analysis of each recording epoch. Neuronal responses to conditioned
stimuli were analyzed both in comparison with baseline and precondi-
tioning spontaneous activity levels, and comparisons were also per-
formed between preconditioning responses to the odors versus postcon-
ditioning responses, as described previously (Laviolette et al., 2005).

Olfactory fear-conditioning procedure. Rats were taken from their home
cages, received sham microinfusions into the mPFC, and were habituated
for 30 min in a ventilated conditioning chamber with an electric grid
floor inside a sound-attenuated room. Olfactory fear conditioning took
place in one of two distinct environments, counterbalanced within
groups: “shock” environment A had black walls and a metallic grid shock
floor, whereas shock environment B had white walls with a grid shock
floor. Testing 24 h later took place in one of two alternate environments,
where animals had not previously received electric shock, counterbal-
anced within groups: “test” environment A had black walls and a black
Plexiglas floor, whereas test environment B had white walls with a black
Plexiglas floor. On day 1 (habituation phase), animals were habituated to
a random combination of shock environment A or B and test environ-

where

Aw;, — w)?
2uPw;



6460 - ). Neurosci., June 14, 2006 - 26(24):6458 — 6468

ment A or B in a counterbalanced order for 30 min in each environment.
On day 2 (conditioning phase), animals were returned to the condition-
ing room. Bilateral microinfusions into the mPFC of saline vehicle, (R)-
(+)-[2,3-dihydro-5-methyl-3[ (4-morpholinyl)methyl] pyrrolo[1,2,3-
de]-1, 4-benzoaxzinyl]-(1-naphthalenyl)methanone mesylate salt (WIN
55,212-2) (5-50 ng), or the selective and competitive CB1 receptor an-
tagonist 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-
piperidinyl-1H-pyrazole-3-carboxamide trifluoroacetate salt (AM-251)
(5-50 ng) were performed, and the rat was placed in the previously
assigned shock environment. During the conditioning phase, one of the
odors (almond or peppermint) was presented to the animal for 19 s and
a footshock was then delivered (0.8 or 0.4mA) through an electric grid
floor (Colbourne Instruments, Lehigh Valley, PA) for 1 s. Two minutes
later, the alternate odor was presented for 20 s (CS—) in the absence of
footshock. This conditioning cycle was repeated five times. On the fol-
lowing day (test phase), rats were returned to the test room and placed in
the previously assigned test environment. Before odor presentation, the
rat was allowed to explore the environment for 1 min during which
baseline levels of freezing and exploratory behavior were observed. Odors
(CS+ or CS—) were then presented for 5 min each to the animal in a
counterbalanced order, and the amount of time freezing was recorded.
Freezing activity was scored by an observer blind to the experimental
condition. Rat “freezing behavior” was defined as complete immobility,
with the exception of respiratory-related movement. We also analyzed
exploratory behavior in response to presentations of CS+ or CS— odors,
asdescribed previously (Laviolette et al., 2005). Exploratory behavior was
scored as follows: 0, no locomotion; 1, ambulation across one side of the
testing chamber; 2, ambulation across two sides; 3, exploration of the full
perimeter of the testing chamber; 4, exploration of the center and entire
perimeter of the test chamber; a score was assigned for every minute of
each of the 5 min during the odor presentations.

Drug administration. Drugs were administered either intravenously
through a lateral tail vein or directly into the BLA (unilaterally) through
a chematrode (Plastics One), which allows for both local drug microin-
fusion and electrical stimulation of the region of interest. For mPFC
microinfusions, stainless steel guide cannulas (22 gauge) were implanted
bilaterally into the mPFC (see Fig. 4A) and drugs were administered
through a 28 gauge microinfusion injector (Plastics One). For olfactory
fear-conditioning experiments in anesthetized animals, WIN 55,212-2
(Sigma, St. Louis, MO) and AM-251 (Tocris , Ellisville, MO) were dis-
solved in DMSO and diluted with physiological saline to obtain a pH of
~7.4. Muscimol (Sigma) was dissolved in physiological saline. For sys-
temic administration experiments, doses of WIN 55,212-2 (0.05-0.5 mg/
kg) or AM-251 (0.1-1.0 mg/kg) were selected based on the criteria that
baseline neuronal activity was not altered before olfactory conditioning
and no measurable effects on body temperature, respiration, or heart rate
or mPFC neuronal responses to footshock (during conditioning) were
observed. Neuronal activity was recorded during the injection proce-
dures. The effective doses of WIN 55,212-2 (0.5 mg/kg) and AM-251 (1.0
mg) were the highest doses possible that met these criteria, and thus
higher concentrations were not used. After a BLA-responsive mPFC neu-
ron was isolated, baseline activity was recorded for 2 min. The animals
then received the injection over 1 min, and neuronal activity was re-
corded for an additional 2 min before the olfactory conditioning proce-
dure began. For intra-BLA muscimol experiments, muscimol (500 ng/
0.5 wl; Sigma) was dissolved in PBS (pH adjusted to 7.4) and
microinfused unilaterally into the BLA 3 min before the start of the
conditioning procedure. Neuronal activity was recorded for at least 2—3
min before and during the entire drug infusion procedure (for both
intravenous and intra-BLA drug administration) to ensure that no
changes in baseline activity were induced by the administered drugs.

Histology. Extracellular recording sites in the mPFC, electrical stimu-
lation sites in the BLA, and bilateral intra-mPFC guide cannula place-
ments were all verified histologically. At the end of the experiments, rats
were deeply anesthetized and decapitated, and the brains were removed
and fixed in 10% formalin solution for a minimum of 24 h. Brains were
cryoprotected with 25% sucrose in 0.1 M phosphate bulffer, frozen, and
sectioned with a cryostat. Mounted sections were then stained with cresyl
violet. Recording sites were identified with Pontamine sky blue spots.
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The stimulation site was determined from the ventralmost point of the
stimulating electrode track identified under light microscopy. Bilateral
mPFC microinfusion locations were determined by the location of the
injector tip.

Statistics. Data were analyzed with one-, two-, or three-way ANOVA or
Student’s t tests where appropriate. Post hoc analyses were performed
with Fisher’s LSD tests or Newman—Keuls tests.

Results

Activation of cannabinoid CB1 receptors potentiates
emotional learning in the mPFC through functional
amygdala inputs

To examine the role of cannabinoid CB1 receptor signaling in the
acquisition and encoding of learned emotional associations in
this BLA-mPFC neural circuit, we recorded extracellularly from
single units in the rat mPFC (Fig. 1A) in chloral-hydrate-
anesthetized rats during a pavlovian odor fear-conditioning pro-
cedure (Rosenkranz and Grace, 2002; Rosenkranz et al., 2003;
Laviolette et al., 2005). Recordings were limited to neurons that
responded to orthodromic, presumably monosynaptic, input
from the BLA (Fig. 1B, C). The average = SEM response latency
for all tested neurons receiving BLA input (n = 72) was 20.8 = 1.6
ms, and they exhibited an average firing frequency (recorded over
a2 min baseline) of 1.32 =+ 0.37 Hz. Established criteria for mPFC
neuronal subtypes classifies mPFC neurons into two classes: reg-
ular spiking neurons with firing rates <5 Hz that are believed to
correspond to pyramidal neurons versus fast-spiking neurons
with firing rates >10 Hz and shorter duration waveforms that are
believed to correspond to interneurons (Degenetais et al., 2002;
Jackson et al., 2004). In the present study, neurons with firing
rates >5 Hz (presumed interneurons) did not show reliable re-
sponses to BLA stimulation. Thus, our olfactory conditioning
procedures were restricted to pyramidal mPFC neurons, consis-
tent with our previous report (Laviolette et al., 2005).

Emotional associative learning in BLA-responsive mPFC neu-
rons is expressed by significant increases in the number of spon-
taneous spikes fired, relative to baseline, in response to postcon-
ditioning presentations of odors paired previously with
footshock (CS+) but not to odors that were paired with the
absence of footshock (CS—) (Fig. 2A, B). BLA-responsive mPFC
neurons demonstrate a stimulus-locked response to the CS+
odor during the test phase (Fig. 2 B), and this response is absent
during CS— presentation (Fig. 2A).

To examine the potential role of CB1 receptors in the neuro-
nal encoding of emotional associative learning, we examined the
effects of either a selective CB1 receptor agonist (WIN 55,212-2;
0.05-0.5 mg/kg, i.v.) or antagonist (AM-251; 0.1-1.0 mg/kg, i.v.)
administered before the olfactory conditioning procedure (see
Materials and Methods). In rats pretreated with the CB1 agonist
WIN 55,212-2, we observed a significant increase in neuronal
activity in response to CS+ presentations relative to baseline
(Faanie = 123.4; p < 0.0001), with all groups demonstrating
significance (p < 0.01) (Fig. 3A). However, relative to saline
control (n = 13) and animals pretreated with 0.05 mg/kg WIN-
55,212-2 (n = 10), animals pretreated with 0.5 mg/kg WIN-
55,212-2 displayed dramatically increased associative neuronal
activity in response to the CS+ presentation ( p < 0.01) (Fig. 3A).
There were no significant differences in baseline activity levels (all
p > 0.05) or in neuronal responding to the CS— presentation
across groups (all p > 0.05). Thus, activation of CB1 receptors
induces a potentiation in neuronal associative plasticity in BLA-
responsive mPFC neurons specifically in response to CS+ odor
presentations.

To determine whether active input from the BLA is required
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Figure2. BLA-responsive mPFC neurons exhibited a stimulus-locked discharge in response
to (S+ presentations. A, Rate histogram showing the firing frequency during baseline, (S+,
and (S— olfactory stimulus presentations. Activity increases specifically in response to (S+
presentation and not during (S— presentation. B, The firing activity of the same neuron,
immediately before (S+ presentation onset and during the course of the (S+ presentation,
again illustrating CS+ stimulus-locked responding.

for the acquisition and/or expression of neuronal associative
plasticity in the mPFC and the learning potentiation effect of
WIN 55,212-2, we pharmacologically inactivated the BLA by lo-
cal administration of GABA, receptor agonist muscimol (500
ng/0.5 ul) after WIN-55,212-2 administration (0.5 mg/kg, i.v.)

Olfactory associative learning in single mPFC neurons responding to BLA excitatory input. A, Left, Schematic presen-
tation of neuronal recording sites in the mPFC. For clarity, only nonoverlapping sites are shown representing the anatomical
distribution of recording in the mPFC. Black circles, 0.5 mg/kg WIN 55,212-2; open circles, 0.05 mg/kg WIN 55,212-2; open
squares, 1.0 mg/kg AM-251; gray circles, 0.1 mg/kg AM-251; open polygons, saline controls. Right, Photomicrograph of a coronal
section of the mPFC showing a representative recording site, located within the white circle. B, Left, Representative stimulation
sites in the BLA corresponding to the mPFC recording sites shown in A. Symbols are the same as in A. Right, Photomicrograph of a
coronal section of the BLA showing a representative stimulation site, indicated by black arrowheads. CeA, Central nucleus of
amygdala; LaN, lateral nucleus of amygdala. C, Left, Orthodromic spike evoked by stimulation of the BLA. Right, The evoked
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either before the olfactory associative con-
ditioning (preconditioning BLA musci-
mol; n = 8) or after conditioning (post-
conditioning BLA  muscimol) and
immediately before the testing phase (n =
9). Inactivation of the BLA before condi-
tioning prevented the expression of neu-
ronal associative learning in BLA-
responsive mPFC neurons (F(; ¢5) = 18.9;
p < 0.0001; p > 0.05) (Fig. 3A). In con-
trast, BLA inactivation after conditioning
(but before testing) had no effect on the
ability of WIN-55,212-2 (0.5 mg/kg) to
potentiate associative learning, because
these neurons displayed potentiated asso-
ciative learning responses above control
levels ( p < 0.01) (Fig. 3A). Thus, BLA in-
put is required during the conditioning
phase for the encoding of emotional learn-
ing in BLA-responsive mPFC neurons, as
reported previously (Laviolette et al.,
2005). In addition, the potentiation of
mPFC neuronal associative learning by
CB1 receptor activation seems only to re-
quire BLA input during the conditioning
phase but not after encoding has taken
place, because the expression of potenti-
ated associative plasticity in mPFC neu-
rons is not affected by BLA inactivation
(Fig. 3A).

We compared mPFC neuronal activity
in response to CS+ or CS— odor presen-
tations during the 10 s time periods of
odor presentation before or after condi-
tioning. In all groups, there was a signifi-
cant increase in neuronal activity in re-
sponse to CS+ presentations before versus after conditioning
(Fia,100) = 14.4; p < 0.001; p < 0.05) (Fig. 3B). However, relative
to saline control (n = 13) and animals pretreated with 0.05 mg/kg
WIN-55,212-2 (n = 10), the animals pretreated with 0.5 mg/kg
WIN-55,212-2 (n = 11) displayed significantly greater associa-
tive neuronal activity in response to the CS+ odor presentation
after conditioning ( p < 0.01) (Fig. 3B).

Neuronal emotional learning in neurons of the mPFC
requires signaling through cannabinoid CB1 receptors
Administration of the selective CB1 receptor antagonist AM-251
(0.1-1.0 mg/kg, i.v.) before conditioning blocked neuronal asso-
ciative learning in BLA-responsive mPFC neurons at a dose of 1.0
mg/kg but not at 0.1 mg/kg (Fig. 3C,D), without affecting base-
line neuronal activity before (Fig. 2C) (F15,116) = 3145 p <
0.0001). The saline control group (# = 13) and animals pre-
treated with a lower dose of AM-251 (0.1 mg/kg, n = 8) demon-
strated significantly increased neuronal activity in response to
CS+ presentations relative to baseline ( p < 0.01). However, rel-
ative to saline control and animals pretreated with 0.1 mg/kg
AM-251, animals pretreated with 1.0 mg/kg AM-251 displayed
no associative neuronal activity in response to the CS+ presen-
tation (difference between CS+ and CS— responses during test-
ing ( p > 0.05) (Fig. 3C,D). In addition, across groups, no signif-
icant differences in neuronal responding to the CS— presentation
(all p > 0.05) or between baseline activity levels (all p > 0.05)
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were observed. Moreover, pretreatment
with the CB1 receptor antagonist AM-251
(1.0 mg/kg, i.v.) completely blocked asso-
ciative neuronal potentiation induced by
WIN 55,212-2 (0.5 mg/kg, i.v.) before
treatment (1 = 7; F(g 50) = 0.17; p > 0.05),
demonstrating that the effects of the CB1
agonist were dependent on CBI receptor
signaling (Fig. 3C). This blockade of asso-
ciative conditioning was evident during
the 10 s CS+ or CS— odor presentation
epochs measured before and after condi-
tioning (Fig. 3D) (F,4s = 11.9; p <
0.001). PFC neuron activity increased spe-
cifically in response to CS+ presentations
recorded after conditioning in saline con-
trols (n = 13; p < 0.01) and in animals
pretreated with a lower dose of AM-251
(0.1 mg/mg; p < 0.01). However, a higher
dose of AM-251 (1.0 mg/kg) completely
blocked associative neuronal plasticity
with no significant difference in the re-
sponse to CS+ and CS— presentations
during the test phase (Fig. 3D). No signif-
icant differences in responses to the CS—
presentation relative to baseline activity
levels were observed (all p > 0.05). Fur-
thermore, the selected doses of WIN
55,212-2 (0.05-0.5 mg/ml, i.v.) or AM-
251 (0.1-1.0 mg/ml, i.v.) had no effect on
the spontaneous firing activity of BLA-
responsive mPFC neurons recorded for 5
min after drug injection (Fig. 3E) (F(, 45,
= 0.82; p > 0.05; between groups, all p >
0.05). The potentiation in the response to
the CS+ is illustrated in a representative
neuronal trace from a saline control neu-
ron (Fig. 4A,B) versus a neuron pre-
treated with WIN 55,212-2 (0.5 mg/kg)
(Fig. 4C,D). Thus, WIN 55,212-2 pro-
duces a robust potentiation specifically in
response to CS+ stimulus presentation
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Figure 3. Activation or blockade of (B1 receptors with WIN 55,212-2 (0.05— 0.5 mg/kg, i.v.) or AM-251 (0.1-1.0 mg/kg, i.v.)
modulates emotional learning in BLA-responsive neurons of the mPFC. 4, Aftera subthreshold dose of WIN 55,212-2 (0.05 mg/kg),
mPFC neurons display associative responding to the (S+ at a similar magnitude to saline controls. A higher dose (0.5 mg/kg)
causes a potentiation in the neuronal associative response to the (S+ presentation. Pharmacological inactivation of the BLA with
muscimol (500 ng) before olfactory conditioning but after WIN 55,212-2 (0.5 mg/kg) administration prevents neuronal associative
responding at testing. However, if the BLA is inactivated after conditioning in animals given WIN 55,212-2 (0.5 mg/kg) before
conditioning, BLA-responsive mPFC neurons still display robust potentiation of associative responding to the (S+ presentation
relative to saline control animals. Pre-Cond, Preconditioning; Post-Cond, postconditioning. B, Comparing preconditioning and
postconditioning 10 s odor presentations demonstrates that CB1 receptor activation with WIN 55,212-2 (0.5 mg/kg) potentiates
associative neuronal responding specifically to (S+ presentations relative to saline control or animals pretreated with a lower
dose of WIN 55,212-2 (0.05 mg/kg). €, Blockade of CB1 receptors with a competitive (B1 receptor antagonist, AM-251, blocked
neuronal associative learning in BLA-responsive neurons of the mPFC at an intravenous dose of 1.0 mg/kg. A lower dose (0.1
mg/kg, i.v.) had no effect on associative neuronal responding relative to saline control animals. Pretreatment with AM-251 (1.0
mg/kg, i.v.) blocks the associative learning potentiation induced by WIN 55,212-2 (0.5 mg/kg, i.v.). D, Comparing preconditioning
and postconditioning 10 s odor presentations after AM-251 pretreatment (0.1 or 1.0 mg/kg, i.v.) demonstrates that (B1 receptor
blockade at the higher dose (1.0 mg/kg) prevents neuronal associative responding in response to (S+ presentations. E, Neither
administration of the CB1 antagonist AM-251 (0.1 and 1.0 mg/kg, i.v.) nor the (B1 receptor agonist WIN 55,212-2 (0.05- 0.5
mg/kg, i.v.) caused any significant alterations in spontaneous neuronal activity after injection. Pre, Preconditioning; Post, post-
conditioning. Error bars indicate mean = SEM.

compared with the saline control neuron (Fig. 4). When analyzed
in terms of changes in absolute firing frequencies between saline
controls and effective doses of WIN 55,212-2 (0.5 mg/kg) or AM-
251 (1.0 mg/kg), a significant difference between CS+ and CS—
was consistently observed (F(,,,y = 21.6; p > 0.001). However,
only the increased firing in response to CS+ presentations for the
saline control and WIN 55,212-2 groups were significant ( p <
0.05). No significant differences were observed in absolute firing
frequency relative to baseline for any of the CS— presentations
relative to baseline across groups ( p > 0.05).

Cannabinoid receptor signaling modulates associative
neuronal bursting in the mPFC

Administration of the CB1 agonist increased the percentage of
spikes occurring in bursts specifically in response to the CS+
presentation (Fig. 5A) (F, 43, = 14.7; p < 0.0001). Although all
groups showed significantly greater percentages of bursting in
response to CS+ presentations ( p < 0.05), in animals pretreated
with WIN 55,212-2 (0.5 mg/kg; n = 11), BLA responsive mPFC
neurons showed significantly greater bursting in response to the
CS+ (n = 13; p < 0.01) compared with the saline control group

or the group receiving the lower dose of WIN-55,212-2 (n = 8;
0.05 mg/kg; p < 0.05) (Fig. 5A). In contrast, pretreatment with
AM-251 (1.0 mg/kg, i.v.), blocked associative bursting in re-
sponse to CS+ presentations (Fig. 5B) (F(,; 197, = 3.5; p < 0.05),
because the percentage of spikes occurring in bursts was not sig-
nificantly different from that of saline control animals or in ani-
mals pretreated with alower dose of AM-251 (0.1 mg/kg,i.v.; p >
0.05). Furthermore, pretreatment with AM-251 (1.0 mg/kg, i.v.)
blocked the ability of WIN-55,212-2 (0.5 mg/kg, i.v.) to potenti-
ate the percentage of burst-related spikes in response to the CS+
(n = 7) relative to baseline (F(¢ 0y = 0.13; p > 0.05) (Fig. 5B).
Thus, CB1 receptor activation potentiates associative bursting in
response to an emotionally salient CS+, whereas blockade of the
CB1 receptor prevents this associative bursting.

CB1 receptor signaling was also found to modulate the num-
ber of spikes occurring in each burst that occurred during the
CS+ presentation. We compared the mean number of spikes
occurring within an identified burst for each experimental group
in response to saline, CS+, or CS— presentations. Note that al-
though a burst cannot contain less than two spikes, some mPFC
neurons do not display spontaneous burst activity during base-
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Figure4.  Effects of WIN 55,212-2 (0.5 mg/kg, i.v.) on neuronal activity during conditioned
cue presentations. A, Recording from an mPFC neuron in a control rat showing (S+-specific
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the footshock-paired odor reveals robust potentiation of the conditioned neuronal response
only in the presence of the (S + olfactory stimulus. D, Recording from the same neuron during
the CS— odor presentation.
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line or CS— presentations but then display strong bursting activ-
ity specifically during the CS+ presentations. Therefore, the
group “mean” number of spikes in bursts can appear as less than
two during the group analysis, although our burst-sorting proce-
dure requires a minimum of two spikes to be counted as a burst.
All groups displayed significantly greater numbers of burst-
related spikes in response to CS+ presentations versus CS— and
baseline levels (F, 46 = 5.5; p < 0.001; all p <.05) (Fig. 5C);
however, pretreatment with WIN 55,212-2 (0.5 mg/kg) signifi-
cantly increased the mean number of spikes per burst in response
to the CS+ presentation relative to the saline control group ( p <
0.01) (Fig. 5C). In contrast, pretreatment with AM-251 blocked
the associative increase in the mean number of spikes per burst
(F10,08) = 7-82; p < 0.001) (Fig. 5D). The saline control group
(n = 13) and animals pretreated with the lower dose of AM-251
(0.1 mg/kg; n = 8) displayed significantly greater numbers of
spikes per burst in response to CS+ presentations ( p < 0.05);
however, this effect was blocked in animals receiving the higher
dose of AM-251 (n = 10; 1.0 mg/kg) (Fig. 5D). Furthermore,
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pretreatment with AM-251 (1.0 mg/kg, i.v.) blocked the ability of
WIN 55,212-2 (0.5 mg/kg, i.v.) to potentiate the number of burst-
related spikes in response to the CS+ (n = 8), because these
neurons displayed no differences in spikes per burst in response
to the CS+ or CS— relative to baseline (F 0 = 1.55; p > 0.05)
(Fig. 5D). Thus, CB1 receptors also modulate emotional associa-
tive learning in mPFC neurons receiving input from the BLA by
potentiating (CB1 receptor activation) or preventing (CB1 recep-
tor blockade) the encoding and expression of associative bursting
responses to CS+ presentations, both in terms of the frequency
of bursts and in the number of spikes occurring in each burst.
Figure 5E-G illustrates examples of the increase in the percentage
of bursting in animals receiving the CB1 receptor agonist and the
increased number of spikes within each burst that occurred dur-
ing the first second of the CS+ presentation. As reported previ-
ously, increases in mPFC neuronal bursting occur specifically in
response to presentations of a CS+ odor and are not simply
reflective of a gross increase in firing frequency (Laviolette et al.,
2005). To examine whether the increased bursting produced dur-
ing CBI receptor activation was independent of increased firing
frequency in the current study, we performed a linear regression
analysis comparing the percentage of neuronal bursting as a func-
tion of firing frequency. There was no significant correlation be-
tween firing frequency and percentage of bursting either during
baseline levels or during the presentation of the CS+ odor for
either saline control neurons (r* = 1.7; p > 0.05) or in neurons
pretreated with the effective dose of WIN 55,212-2 (0.5 mg/kg; 1
= 3.1; p > 0.05) (Fig. 5H,I). Our ISI criterion for an mPFC
neuronal burst is =45 ms (see Materials and Methods) (Lavio-
lette et al., 2005). Before off-line spike-sorting burst analysis for
the experimental groups, we rigorously examined the individual
ISI distributions for each single mPFC neuron for baseline, CS+,
and CS— recording epochs to determine how CB1 receptor mod-
ulation altered the bursting parameter activity of mPFC neurons.
Our burst percentage analyses based on the ISI distributions
across groups revealed that CB1 receptor activation increases the
percentage of spikes occurring in bursts (Fig. 5); this is illustrated
as a shift in neuronal ISI distribution toward the “burst” portion
of the ISI specifically in response to CS+ presentations (Fig.
6A,B). Although the saline control neuron displays a moderate
shift and increase in ISIs taking place below the 45 ms burst
criterion (Fig. 6 A), amuch more robust shift toward the burst ISI
criterion is evident in the mPFC neuron recorded in the animal
pretreated with WIN 55,212-2 (0.5 mg/mg) (Fig. 6 B).

Local activation of medial prefrontal cortical CB1 receptors
potentiates emotional associative learning in

behaving animals

Cannabinoid CB1 receptor activation potentiates the encoding
and expression of neuronal associative plasticity in BLA-
responsive neurons of the mPFC as reflected in firing frequency
and levels of bursting activity. This modulatory action was also
found to be expressed at the behavioral level. In an olfactory
fear-conditioning procedure, animals received bilateral microin-
fusions of either WIN 55,212-2 (5-50 ng/0.5 ul) or AM-251
(5-50 ng/0.5 ul) into the mPFC (see Materials and Methods)
before olfactory conditioning. Bilateral microinfusions of the
CB1 receptor antagonist AM-251 blocked olfactory fear condi-
tioning in animals tested 24 h after conditioning, using a suprath-
reshold footshock intensity (0.8 mA) that normally produces ro-
bust freezing in response to the footshock-paired odor
(Rosenkranz and Grace, 2002, 2003; Laviolette et al., 2005) (Fig.
7). Only the higher dose of intra-mPFC AM-251 (50 ng) signifi-
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Cannabinoid (B1 receptors modulate associative neuronal bursting in BLA-responsive mPFC neurons. A, WIN 55,212-2 potentiates associative neuronal bursting in BLA-responsive

mPFCneurons at the intravenous dose of 0.5 mg/kg compared with a lower dose of WIN 55,212-2 (0.05 mg/kg, i.v.) and saline controls. B, In contrast, AM-251 blocked neuronal associative bursting
reflected in the percentage of spontaneous spikes occurring in burst events at a dose of 1.0 mg/kg but not a lower intravenous dose of 0.1 mg/kg. Pretreatment with the effective dose of AM-251
(1.0 mg/kg) competitively blocked the ability of WIN 55,212-2 (0.5 mg/kg) to potentiate neuronal associative bursting in BLA-responsive mPFC neurons. €, Activation of CB1 receptors potentiated
the number of spikes per burst event specifically in response to CS+ presentations at a dose of 0.5 mg/kg but not at a lower dose of 0.05 mg/kg, both given intravenously. D, In contrast, AM-251
prevented this associative increase in the number of spikes per burst at the dose of 1.0 mg/kg but not at the lower dose of 0.1 mg/kg. Pretreatment with the effective dose of AM-251 (1.0 mg/kg)
blocked the ability of WIN 55,212-2 (0.5 mg/kg) to potentiate the number of spikes per burst eventin response to the (S+ presentation. E, Left, Ina saline-pretreated control animal, the percentage
of bursting during baseline spontaneous activity of mPFC neuronal responding compared with that during CS+ and CS— presentation is shown. Control neurons increase the percentage of bursting
during baseline speifically in response to the CS+ presentation. Right, Activity trace for this neuron during the first second of CS+ odor presentation. In control neurons, bursts typically take place
in doublets or triplets. F, Left, A BLA-responsive mPFC neuron from a WIN 55,212-2 (0.5 mg/kg, i.v.) pretreated animal showing the percentage of bursting activity over baseline, (S+, and (S—
presentations. This neuron displays a potentiation in the percentage of bursting in response to the (S+ presentation. Right, Activity trace for this same neuron during the first second of
(S+ presentation. G, Left, In a BLA-responsive mPFC neuron from an AM-251 (1.0 mg/kg) pretreated animal, there is a blockade of associative neuronal bursting in response to (S+ and (S—
presentations. Right, The neuronal activity trace from this same neuron during the first second of CS+ presentation; no bursting activity is present. H, I, There is no significant correlation between
firing frequency and percentage of spike events occurring in bursts. The difference between baseline firing frequency and (S+ firing frequency is plotted as a function of the difference between baseline

percentage of bursting and (S+ percentage of bursting in the same neurons for either saline (H) or WIN 55,212-2 (/; 0.5 mg/kg) pretreated neurons. *p << 0.01. Error bars indicate mean = SEM.

cantly attenuated fear conditioning relative to saline controls
(p <0.01; F(, 59, = 45.6; p < 0.0001) (Fig. 7A). To determine
whether intra-mPFC AM-251-induced blockade of fear condi-
tioning was attributable to state-dependent effects, animals were
also tested under the presence of the effective dose of intra-mPFC
AM-251 (50 ng). Under these conditions, the expression of olfac-
tory fear conditioning was still blocked relative to saline controls
() = 0.13; p > 0.05), demonstrating that the observed block of
fear conditioning was not attributable to nonspecific, state-
dependency effects (Fig. 7A). In contrast, intra-mPFC microin-
fusions of the CB1 agonist WIN 55,212-2 (50 ng) had no effect on
olfactory fear conditioning at this suprathreshold level of foot-
shock intensity relative to saline controls ( p < 0.05) (Fig. 7A4). A
similar response was observed with exploratory behavior (F; g,
= 22.7; p < 0.0001), a behavior known to be significantly atten-
uated by fear-producing stimuli (Rosenkranz and Grace, 2003).
The higher dose of AM-251 (50 ng) blocked exploratory behavior
suppression in response to CS+ presentations relative to saline
controls ( p < 0.01), whereas neither the lower dose of AM-251 (5
ng) nor WIN 55,212-2 (50 ng) had any effect on exploratory
behavior in response to CS+ presentations ( p <.05) (Fig. 7B). In
addition, no significant differences were observed between base-
line, CS— or CS+ presentations across these groups ( p > 0.05).

In the anesthetized preparation, single mPFC neurons dem-
onstrate robust associative learning in terms of electrophysiolog-
ical activation in response to odor cues paired previously with 0.8
mA of footshock (Figs. 3A, B, 4). However, in awake, behaving
animals, this amplitude of current represents a suprathreshold
level of footshock (0.8 mA) in which behavioral responding
reaches a ceiling level (Rosenkranz and Grace, 2003; Laviolette et
al., 2005). Using this suprathreshold level of footshock (0.8 mA),
we observed that although olfactory fear conditioning is blocked
by the CB1 antagonist, the CB1 agonist has no observable effect
because saline control animals already display strong fear condi-
tioning, thereby obscuring any possible CB1 receptor activation-
mediated potentiation in emotional associative learning (Fig.
7A,B). To determine whether mPFC CBI1 receptor activation
could potentiate emotional learning in terms of behavioral out-
put, we performed a series of olfactory fear-conditioning exper-
iments using a behaviorally subthreshold footshock intensity.

In pilot studies, we determined that a footshock intensity of
0.4 mA produced no measurable fear conditioning in this olfac-
tory fear-conditioning assay. However, if WIN 55,212-2 (5, 25,
and 50 ng) was microinfused into the mPFC bilaterally before
olfactory fear conditioning, this subthreshold footshock intensity
(0.4 mA) now elicited conditioned responses to the CS+ (Fig.
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indicate the 45 ms burst ISI threshold cutoff point (see Materials and Methods).

7C,D) (F3 53 = 64.3; p < 0.0001). Intra-mPFC WIN 55,212-2
(25 or 50 ng) microinfusions potentiated olfactory fear condi-
tioning relative to saline controls (25 ng, n = 7;50ng, n = 7; p <
0.01) (Fig. 7C), whereas a lower dose did not (5 ng, n = 6; p >
0.05) (Fig. 7C). Similarly, intra-mPFC WIN 55,212-2 pretreat-
ment (25 or 50 ng) potentiated exploratory behavior suppression
in response to CS+ presentations after subthreshold footshock
conditioning ( p < 0.05; F(5 gy = 28.8; p < 0.0001) relative to
saline controls or animals pretreated with a lower dose of WIN
55,212-2 (n = 6;5ng; p > 0.05), which displayed no suppression
of exploratory behavior (Fig. 7D). These potentiating effects of
intra-mPFC WIN 55,212-2 (50 ng) were completely blocked in a
separate group of animals (n = 7) by coinfusion of AM-251 (50
ng) bilaterally into the mPFC before olfactory conditioning [i.e.,
no differences were observed in terms of freezing behavior (4, =
0.44; p > 0.05) or exploratory behavior measures (F ;5 = 1.0;
p>0.05)] (Fig. 7D). To determine whether the intra-mPFC WIN
55,212-2-induced potentiation of fear conditioning was attribut-
able to state-dependent effects, animals were also tested under the
presence of the effective dose of intra-mPFC WIN 55,212-2 (50
ng). Under these conditions, the expression of olfactory fear con-
ditioning was still potentiated relative to controls (¢4 = 4.78; p <
0.05), demonstrating that the observed block of fear conditioning
was not as a result of nonspecific, state-dependency effects (Fig.
7C). Thus, similar to the potentiating effects on emotional asso-
ciative learning and encoding observed at the level of the single
mPFC neuron, we report that CB1 receptor activation directly in
the mPFC amplifies the emotional salience and subsequent con-
ditioned association between an olfactory CS and a subthreshold
footshock unconditioned stimulus.

WIN 55,212-2 (0.5 mg/kg)
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(B1 receptor activation potentiates the frequency of burst events specifically in response to (S + odor presentations.
A, IS histogram from a single BLA-responsive mPFC saline control rat showing the distribution of ISIs over the 2 min baseline,
(S—, and (S+ recording epochs. A moderate shift in ISI frequency occurring below the 45 ms burst criterion (see Materials and
Methods) takes place in response to the (S+ presentation relative to baseline. B, An ISI histogram from a single BLA-responsive
mPFCneuron pretreated with the effective dose of WIN 55,212-2 (0.5 mg/kg) shows a strong shift toward IS frequencies occurring
below the 45 ms burst IS criterion relative to baseline and CS— recording epochs, demonstrating that (B1 receptor activation can
strongly potentiate associative bursting in response to emotionally salient conditioned stimuli. For all panels, the black arrows
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In addition to their psychotropic ef-
fects, cannabinoids have profound effects
on nociceptive processing. Indeed, CB1
receptor activation may produce anti-
nociceptive effects (Gingold and Bergasa,
2003; Papanastassiou et al., 2004; Hohm-
ann et al., 2005). To determine whether
the administration of the effective doses of
WIN 55,212-2 (0.5 mg/kg) or AM-251
(1.0 mg/kg) produced any effects on neu-
ronal footshock sensitivity, we analyzed
mPFC neuronal responses to footshocks
during the conditioning procedure. We
observed no significant differences in
mPFC neuronal responses to footshock
presentations during the conditioning
procedure between saline control, WIN
55,212-2, or AM-251 pretreated groups
(Faa11) = 0.22; p > 0.05) during any of
the footshock presentations (Fig. 7E). To
determine whether the effective doses of
intra-mPFC WIN 55,212-2 (n = 6) or
AM-251 (n = 6) produced any alterations
in nociceptive sensitivity to footshock in
our olfactory fear-conditioning experi-
ment relative to intra-mPFC saline (n =
5), we performed a separate control exper-
iment examining four dimensions of foot-
shock sensitivity: (1) percentage of freez-
ing immediately after shock; (2) number
of jumps in response to the shock; (3)
amount of defecation in response to foot-
shock; and, finally, (4) percentage of ani-
mals that displayed rearing in response to footshock. These be-
havioral parameters are well established indices of footshock
sensitivity in rats (Antoniadis and McDonald, 1999). No group
differences were observed for the percentage of time spent freez-
ingin response to footshock (Fig. 7F) (F, 3y = 1.24; p > 0.05), in
the mean number of jumps in response to footshock presenta-
tions (Fig. 7G) (F,63) = 1.26; p > 0.05), for the amount of
defecation in response to footshocks (Fig. 7H) (F4 14y = 0.13;p >
0.05), or in the percentage of animals rearing in response to foot-
shock (Fig. 7H) (F(, ¢3, = 0.75; p > 0.05). Thus, neither systemic
nor intra-mPFC administration of WIN 55,212-2 or AM-251
produced any measurable alterations in sensitivity to footshock.
This is consistent with the finding that mPFC CB1 receptors are
not involved in nociceptive processing (Martin et al., 1999).
Thus, the observed neuronal and behavioral potentiation of emo-
tional learning after systemic or intra-mPFC CB1 agonist admin-
istration is likely attributable to a specific effect on the encoding
and acquisition of emotional associative learning within the
BLA-mPFC circuit rather than any nonspecific alterations in
pain sensitivity.
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Discussion

In human users, cannabinoids are frequently reported to pro-
foundly alter sensory perception and the emotional salience of
sensory stimuli (Wachtel et al., 2002; Green et al., 2003). How-
ever, the neurobiological circuitry underlying these effects is not
well understood. The present results demonstrate that CB1 re-
ceptors within the amygdala—prefrontal cortical circuit can po-
tently modulate emotional associative learning processes during
both the acquisition and expression of learned, emotionally sa-
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Figure7.  (B1receptoractivation or blockade in the mPFC modulates the behavioral expres-
sion of associative olfactory fear conditioning; the effects of intra-mPFC CB1 receptor modula-
tion on neuronal and behavioral sensitivity to footshock presentation are shown. 4, Rats show
conditioned freezing behavior to an olfactory cue paired with a suprathreshold level of foot-
shock (0.8 mA) 24 h after conditioning. Relative to saline controls, intra-mPFC microinfusions of
AM-251(50 ng/0.5 ) before conditioning blocks olfactory fear conditioning relative to saline
controls, whereas WIN 55,212-2 (50 ng/0.5 wul) has no effect on olfactory fear conditioning. Rats
tested in the presence of intra-mPFC AM-251 (50 ng) still demonstrated a block in olfactory
fear-conditioning expression, thus ruling out state-dependency effects. B, Similarly, AM-251
dose-dependently attenuates spontaneous exploratory behavior measures (see Materials and
Methods) in response to (S+ odor presentations, whereas WIN 55,212-2 (50 ng) has no effect
atthislevel of footshock (0.8 mA). €, A subthreshold level of footshock (0.4 mA) produces no fear
conditioning in saline-pretreated control animals. However, intra-mPFC infusions of WIN
55,212-2(250r 50 ng/0.5 ul) potentiated the effects of this subthreshold level of footshock by
enabling freezing to (S+ presentations relative to saline controls and a subthreshold dose of
intra-mPFCWIN 55,212-2 (5 ng). This effect was blocked by simultaneous administration of the
(B1antagonist AM-251 (50 ng) with the highest effective dose of intra-mPFC WIN 55,212-2 (50
ng). Animals tested in the presence of intra-mPFC WIN 55,212-2 (50 ng) demonstrated strong
olfactory fear-conditioning expression to subthreshold footshock, thus ruling out state-
dependency effects. D, Subthreshold footshock failed to induce conditioned attenuation in
exploratory behavior in response to postconditioning presentations of the CS+. However, in
animals receiving intra-mPFC WIN 55,212-2 (25 or 50 ng), strong conditioned attenuation of
exploratory behavior was observed during presentation of the (S+. This effect was blocked by
coadministration of the (B1 antagonist AM-251 (50 ng) with the highest effective dose of
intra-mPFCWIN 55,212-2 (50 ng). E, There were no significant differences in neuronal respon-
sivenessin animals pretreated with effective systemic doses of either WIN 55,212-2 (0.5 mg/kg)
or AM-251(1.0mg/kg). F, Bilateral intra-mPFCmicroinfusions of either WIN 55,212-2 (50 ng) or
AM-2571 (50 ng) produce no change in the percentage of freezing in response to suprathreshold
footshock (0.8 mA) presentations during conditioning. G, H, Similarly, no differences were
observed between intra-mPFCWIN 55,212-2 (50 ng) or AM-251 (50 ng) in terms of the number
of jumps in response to footshock presentations (G) nor in the amount of defecation or in the
percentage of animals displaying rearing behavior in response to footshock (H). Error bars
indicate mean = SEM.

lient conditioned associations. Cannabinoid CB1 receptor acti-
vation potentiated the encoding of emotional associative learning
at the level of the single mPFC neuron, and a similar potentiation
was demonstrated in a behavioral fear-conditioning assay via di-
rect infusions of a CB1 receptor agonist into the mPFC. To our
knowledge, this is the first report that cannabinoid receptor acti-
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vation can potentiate emotional associative learning at the single
cortical neuron level in vivo and in an olfactory fear-conditioning
assay in behaving animals. It is important to note that the ob-
served modulation in neuronal associative learning was induced
via systemic administration of CB1 receptor drugs in the electro-
physiological conditioning experiments. As noted previously,
CBI1 receptors are widely distributed within the mammalian
brain and the BLA in particular contains high concentrations of
CBI1 receptors. Moreover, we have demonstrated that active in-
put from the BLA is required for the WIN 55,212-2-mediated
neuronal learning potentiation. Nevertheless, the observed be-
havioral effects of intra-mPFC microinfusions of the same CB1
receptor compounds on emotional learning modulation indi-
cates that CB1 receptors localized within the mPFC are sufficient
for the potentiation or blockade of emotional learning processes
in behaving animals. Therefore, although we presently cannot
rule out the possibility that BLA CB1 receptors play a role in the
systemic actions of CB1 drugs on our electrophysiological results
in mPFC neurons, the correspondence between changes in neu-
ronal firing and the behavioral actions of CB1 drugs administered
directly into the mPFC supports the role of the mPFC as a com-
mon site of action of these drugs in emotional learning processes.

Interestingly, considerable evidence suggests that activation of
CBI receptors can induce learning and memory impairments
(Sullivan, 2000; Robinson et al., 2003; O’Shea et al., 2004; Bilkei-
Gorzo et al., 2005; Varvel et al., 2005). Nevertheless, CB1 recep-
tors are essential for the extinction of conditioned fear associa-
tions (Marsicano et al., 2002), indicating an important role for
this receptor in neuronal emotional learning and memory. Al-
though exogenous cannabinoids have been shown to disrupt as-
sociative learning and attenuate the induction of long-term po-
tentiation (LTP) (Sullivan, 2000), endocannabinoids have been
shown to strongly facilitate the induction of LTP in the hip-
pocampus (Carlson et al., 2002), suggesting that under certain
conditions, cannabinoid receptor activation may facilitate neu-
ronal learning processes, consistent with the present findings.

Cannabinoids produce a variety of cognitive effects. Cannabis
users report sedative and euphoric subjective effects, but alter-
ations in sensory perception are commonly reported (Berke and
Hernton, 1974; Wachtel et al., 2002; Green et al., 2003). Sensory
stimuli frequently become more salient, and their emotional va-
lence may be amplified (Berke and Hernton, 1974; Wachtel etal.,
2002; Green et al., 2003). Indeed, there are similarities in the
cognitive impairments observed in psychosis and during canna-
bis use, and CB1 receptor activation has been shown to tran-
siently exacerbate core psychotic and cognitive deficits in schizo-
phrenia (Giuffrida et al., 2004; D’Souza et al., 2005). Clinical
studies with at least one CB1 receptor antagonist have not proven
effective in treating schizophrenic psychopathology (Meltzer et
al., 2004). Nonetheless, such a result would be consistent with our
results, because one might predict that complete blockade of
emotional learning with a CB1 antagonist, as with abnormal po-
tentiation of typically nonsalient stimuli with a CB1 agonist,
would be profoundly disruptive to emotional learning processes.
Indeed, cannabis use has been identified as a major risk factor in
the development of schizophrenia (Arsenault et al., 2004; Semple
et al., 2005). This evidence, combined with the reported abnor-
malities in CB1 receptor expression and in the levels of endoge-
nous cannabinoids in schizophrenia subjects (Dean et al., 2001;
Giuffrida et al., 2004; Zavitsanou et al., 2004), further implicates
this system as a potential mediator of the aberrant emotional
processing observed in this disorder.

Previous reports have implicated medial prefrontal cortical
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neurons as important mediators of the extinction of conditioned
fear associations (Garcia et al., 1999), and specifically within the
infralimbic cortex (Milad and Quirk, 2002; Milad et al., 2004).
However, medial prefrontal cortical neurons display conditioned
activity during the expression and acquisition of pavlovian fear
associations (Baeg et al., 2001; Laviolette et al., 2005), whereas
other cortical regions, such as the anterior cingulate, are critical
for long-term emotional memory encoding (Frankland et al.,
2004). The present results demonstrate that systemic or intra-
mPFC microinfusions of a CB1 antagonist block the acquisition
of a conditioned fear association. Initially, this result seems con-
tradictory to previous findings with CB1 receptor knock-out
mice (Marsicano et al., 2002). However, several important differ-
ences exist between these studies. First, we used an olfactory ver-
sus auditory cue in our associative conditioning assay. One pos-
sibility is that olfactory associative encoding is more sensitive to
CB1 receptor blockade compared with other sensory modalities
such as audition. Our behavioral effects were localized to the
mPFC, whereas the above noted study consistently found that
auditory tone presentation during extinction trials resulted in
elevated levels of endocannabinoids specifically in the BLA com-
plex, which may suggest preferential involvement of a population
of BLA CB1 receptors in the extinction of auditory fear condi-
tioning. Given that extinction requires “new learning,” one pos-
sibility is that CB1 receptors localized within the mPFc are re-
quired for neuronal encoding of this new association.

Our results demonstrate that functional input from the BLA
to the mPFC is critical for emotional learning within neurons of
the mPFC. Local CB1 receptor signaling within the mPFC or
systemic activation of CB1 receptors is sufficient to potentiate
emotional associative learning in behaving animals and in single
neurons, whereas blockade of CB1 receptors in the mPFC is suf-
ficient to prevent this associative learning. Interestingly, the po-
tentiation of neuronal learning plasticity induced by CB1 recep-
tor activation requires BLA input during the learning acquisition
process, but once the associative learning has been encoded in the
mPFC neuron, the plasticity effect no longer requires BLA input
for its expression. This suggests that the association is transferred
from the BLA to the mPFC for behavioral expression of the
learned association.

We have reported previously that neuronal associative learn-
ing takes place within the BLA and that this learning can be mod-
ulated by descending input from the cortex (Rosenkranz and
Grace, 2002; Rosenkranz et al., 2003). In this context, inputs from
the cortex activate inhibitory BLA interneurons that in turn de-
crease the activity of the BLA principal neurons, blocking the
neuronal encoding of associative learning (Rosenkranz and
Grace, 2001). The ability of cannabinoids to modulate emotional
learning within the mPFC may similarly depend on network in-
teractions between pyramidal neurons and inhibitory inter-
neurons. For example, at the cellular level, endocannabinoids
can regulate local neuronal circuit interactions through
depolarization-induced suppression of inhibition in which neu-
ronal depolarization induces the local release of endogenous can-
nabinoids (Piomelli, 2003). Within the hippocampus, neocortex,
and striatum, retrograde endocannabinoid signaling can activate
inhibitory CB1 receptors on GABAergic interneurons, removing
inhibitory input and increasing the excitability of these neurons
(Piomelli, 2003; Trettel et al., 2004; Kofalvi et al., 2005). Thus,
activation of CB1 receptors located on inhibitory cortical
GABAergic interneurons may serve to remove tonic inhibition
on principal neurons, increasing the excitability of this system
and/or allowing a potentiation of inputs (e.g., from the BLA or
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mesolimbic DA system) onto a prefrontal cortical neuronal net-
work that may be responsible for the encoding and integration of
emotionally salient information. Indeed, recent anatomical evi-
dence reports a localization of CB1 receptors on presynaptic
GABAergic terminals within the mPFC forming symmetric syn-
apses with cortical pyramidal neurons (Bodor et al., 2005). We
have demonstrated recently that signaling through DA D, recep-
tors is also essential for emotional associative learning in neurons
of the mPFC receiving functional BLA input (Laviolette et al.,
2005). Combined with the present evidence that blockade of CB1
receptors also disrupts this learning, this suggests that mPFC CB1
and DA receptors may share a functional commonality within the
mPFC in terms of the transmission of emotionally salient condi-
tioned associations. We are presently exploring the possible func-
tional interactions between DA D, and CB1 receptor substrates in
the mPFC in the modulation of emotional associative learning.

In summary, we demonstrate a critical role for cannabinoid
signaling in the encoding, acquisition, and expression of behav-
ioral and neuronal emotional associative learning. The identifi-
cation of a CB1 receptor-mediated mechanism within the BLA—
mPFC circuit that can modulate the amplitude of emotional
associative learning may lead to improved understanding of how
abnormalities in this system may be related to the sensory pro-
cessing and emotional learning deficits observed in disorders
such as schizophrenia and addiction. In addition, the present
results provide the first neurobiological explanation that may
account for the heightened emotional processing and sensory
perception abnormalities reported in cannabis users and impli-
cate the BLA-mPFC circuit as a critical mediator of the psycho-
tropic effects of cannabis.
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