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Cannabinoid Transmission in the Prefrontal Cortex
Bi-Phasically Controls Emotional Memory Formation via
Functional Interactions with the Ventral Tegmental Area
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Disturbances in cortical cannabinoid CB1 receptor signaling are well established correlates of various neuropsychiatric disorders, in-
cluding depression and schizophrenia. Importantly, the ability of cannabinoid transmission to modulate emotional processing is func-
tionally linked to interactions with subcortical DA systems. While considerable evidence demonstrates that CB1 receptor-mediated
modulation of emotional processing and related behaviors follows a biphasic functional curve, little is known regarding how CB1
signaling within cortical networks may interact with subcortical DAergic systems involved in emotional behavior regulation. Using a
combination of in vivo electrophysiological recordings and behavioral pharmacology in rats, we investigated the relationship between
mPFC cannabinoid transmission, fear memory formation, and subcortical DA neuron activity patterns. We report that direct intra-mPFC
CB1 activation biphasically modulates spontaneous, subcortical VTA DA neuron activity in a dose-dependent fashion; while lower doses
of a CB1 receptor agonist, WIN 55,212–2, significantly increased spontaneous firing and bursting rates of VTA DA neurons, higher doses
strongly inhibited spontaneous DA neuron activity. Remarkably, this same dose-related functional difference was observed with the
regulation of fear-related emotional memory formation. Thus, lower levels of CB1 activation potentiated the emotional salience of
normally subthreshold fear memory, whereas higher levels completely blocked fear memory acquisition. Furthermore, while the poten-
tiation of subthreshold fear memory salience was blocked by DA receptor antagonism, CB1-mediated blunting of suprathreshold fear
memory was rescued by intra-VTA administration of a GABAB receptor antagonist, demonstrating that reversal of GABAergic inhibitory
mechanisms in the VTA can reverse the inhibitory influence of intra-PFC CB1 transmission on mesolimbic DA activity.
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Introduction
Cannabinoid transmission in the mPFC is involved critically in
the processing of emotional information, learning, and memory
(Laviolette and Grace, 2006; Tan et al., 2010, 2012; Ahmad et al.,
2013). Disturbances in cortical CB1 receptor signaling have been
linked to the affective dysregulation features of various neuropsy-
chiatric disorders, including depression and schizophrenia (An-
dréasson et al., 1987, 1989; Degenhardt et al., 2003; Lynskey et al.,
2004). Considerable evidence suggests that cannabinoid signal-
ing modulates emotional processing through biphasic mecha-
nisms. Clinical evidence suggests that exposure to cannabis

during adolescence increases the likelihood of psychopathology
in adulthood, in both humans and other animals (Andréasson et
al., 1987, 1989; Abush and Akirav, 2012; Renard et al., 2013;
Smith et al., 2014; Szutorisz et al., 2014). Furthermore, heavy
cannabis use induces blunting of DA synthesis in marijuana users
(Urban et al., 2012; Bloomfield et al., 2014) and neuroanatomical
disturbances within mesolimbic structures have been reported in
cannabis-using schizophrenia patients, suggesting a functional
link between cannabis-related dysregulation of subcortical me-
solimbic DA activity and schizophrenia-related cognitive distur-
bances (Smith et al., 2014).

Cannabinoid CB1 receptors are expressed within the mam-
malian mPFC (Oropeza et al., 2007; Rey et al., 2012; Fitzgerald et
al., 2013) and can modulate mesolimbic DA transmission via
bidirectional functional interconnections between the mPFC and
VTA (Pistis et al., 2001; Ahmad et al., 2013). Systemic adminis-
tration of delta-9-tetrahydrocannabinol (THC) or WIN 55,212–2
increases firing rates and bursting activity of VTA DA projecting
to the mPFC (French et al., 1997; Gessa et al., 1998). Activation of
CB1 receptors within the prelimbic (PLC) division of the mPFC
strongly potentiates normally nonsalient emotional memory for-
mation and CB1 receptor agonists can potentiate associative neu-
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ronal responses to fear-related conditioned cues (Laviolette and
Grace, 2006). However, given the important functional interac-
tions between CB1 receptor and DAergic signaling within the
mesocorticolimbic pathway, a critical question concerns how
cortical CB1 receptor transmission may modulate subcortical
DAergic activity and how the magnitude of intracortical canna-
binoid system activation may regulate DA-dependent emotional
processing.

The mPFC and VTA contain both DA and CB1 receptors,
which play a critical role in modulating emotionally salient stim-
uli (French et al., 1997; Laviolette et al., 2005; Laviolette and
Grace, 2006; Oropeza et al., 2007; Lauzon et al., 2009; Fitzgerald
et al., 2013). Anatomically, the PFC and VTA communicate via
ascending and descending functional projections and can bi-
directionally modulate neuronal activity dynamics across this
pathway (Carr et al., 2000a,b). However, the mechanisms by
which intracortical CB1 transmission may regulate subcortical
DA transmission and thereby control emotional memory for-
mation are not entirely understood. Using in vivo extracellular
recordings directly within the VTA combined with pharmaco-
logical modulation of intra-PLC CB1 receptor activation, we
investigated the potential functional interactions between cor-
tical CB1 transmission and subcortical DA neuronal activity
patterns in the VTA. Using an associative fear-conditioning
procedure, we further examined how cortical CB1 transmis-
sion may modulate emotional memory formation via func-
tional interactions with GABAergic and DAergic substrates
directly within the VTA.

Materials and Methods
Surgical procedures. Male Sprague Dawley rats (Charles River; 300 –350 g)
were used for all surgical procedures. All experimental procedures were
approved by federal and institutional guidelines for animal care and
welfare. Rats were anesthetized with a mixture of ketamine (80 mg/ml)
and xylazine (6 mg/ml) and placed in a stereotaxic device. Stainless steel
guide cannulae (22 gauge; Plastics One) were implanted bilaterally into
the VTA or the prelimbic subdivision of the mPFC using the following
stereotaxic coordinates (in mm): VTA (10° angle) from bregma: AP
�5.0, L �2.6, from the dural surface, V �8.0; PLC (15° angle): from
bregma, AP �2.9, L �1.9; from the dural surface, V �3.0. Cannulae were
fixed in place using jeweler’s screws and dental acrylic. Following com-
pletion of experiments rats were killed with Euthanyl (sodium pentobar-
bital, 240 mg/kg, i.p.) and perfused with isotonic saline followed by 10%
formalin. Brains were extracted and placed in formalin solution for 24 h
before being placed in a 25% formalin-sucrose solution for 1 week.
Brains were sliced using a cryostat at 40 �m and mounted onto slides.
Sections were stained with cresyl violet and the placements for mPFC and
VTA were verified using light microscopy. Rats with cannula placements
found outside the anatomical boundaries of the PLC or VTA, as defined
by Paxinos and Watson (2005), were excluded from data analysis.

Drug administration. The following drugs were used during behavioral
or electrophysiological experiments: selective CB1 agonist WIN
55,212–2 (Tocris Bioscience), CB1 receptor antagonist AM 251 (Tocris
Bioscience), broad-spectrum DA receptor antagonist cis-�-flupenthixol
(�-flu; Tocris Bioscience), GABAA receptor antagonist bicuculline
(Sigma), selective GABAB antagonist 2-hydroxy-saclofen (Tocris Biosci-
ence), GABAA receptor agonist muscimol (Tocris Bioscience), and
GABAB receptor agonist baclofen (Tocris Bioscience). WIN 55,212–2
and AM 251 were first dissolved in DMSO and then diluted with physi-
ological saline to reach the desired concentration. All other drugs were
dissolved in physiological saline, pH adjusted to 7.4. During fear condi-
tioning intra-VTA and intra-PFC bilateral microinfusions were per-
formed immediately before the conditioning phase, with 0.5 �l total
volume per side delivered via a 28 gauge microinfusion injector over a
period of 1 min. Microinjectors were left in place for an additional 60 s
following drug infusion to ensure adequate diffusion from the tip. For in

vivo electrophysiological recording experiments, 0.5 �l of drug was in-
fused over 1 min via a 26 gauge microinjector implanted into the region
of interest. For groups receiving systemic �-flu pretreatment before be-
havioral experiments, rats received �-flu 2.5 h before the conditioning
phase. At this dose and time, �-flu produces no adverse motivational
effects (Laviolette and van der Kooy, 2001).

Fear-conditioning paradigm. Emotional memory formation was exam-
ined with an olfactory fear-conditioning paradigm. This procedure is
schematically summarized in Figure 1A. As previously described (Lavio-
lette and Grace, 2006; Lauzon et al., 2009), by using sub versus supra
threshold footshock levels (0.4 and 0.8 mA, respectively) we were able to
test whether specific drug treatments could block or potentiate the ac-
quisition of either a normally subthreshold versus suprathreshold asso-
ciative fear memory. Thus, the subthreshold footshock level (0.4 mA)
fails to produce a conditioned fear response at testing whereas a suprath-
reshold footshock (0.8 mA) has been shown to produce a robust fear
memory (Laviolette and Grace, 2006; Lauzon et al., 2009). For fear con-
ditioning, two distinct test environments are used. Environment A is a
30 � 30” Plexiglas box with black spots on a white background and
environment B is a 30 � 30” Plexiglas box with black and white stripes.
The designated “shock” environment had a metallic grid shock floor
while the designated “test” environment had a smooth gray Plexiglas
floor. The environments were assigned as shock and test in a counterbal-
anced manner such that all rats with shock environment A were tested in
environment B and all rats with shock environment B were tested in
environment A. On day one (habituation phase) rats are given sham
microinfusions into either the mPFC or the VTA and habituated to both
shock and test environments located in a sound-attenuated room for 30
min. On day two (conditioning phase) rats are returned to the room,
drug infusions are performed, and the rat is placed in the previously
assigned shock environment. Two odors are delivered during the course
of conditioning, almond and peppermint. One odor is presented with a
footshock (CS�) and the other is presented in the absence of footshock
(CS�). After 1 min in the shock environment, the CS� odor is presented
for 20 s. Two minutes later, the CS� odor is presented for 19 s followed
by a 1 s footshock delivered through the metallic grid shock floor. This
cycle is repeated five times. On day three (testing phase) rats are placed in
the previously assigned test environment. Both CS� and CS� odors are
then presented for 5 min. During this time both freezing behaviors and
exploratory measures are recorded. Freezing was defined as the absence
of all movement aside from respiration. We also examined exploratory
scores in response to CS� and CS� presentations, as described previ-
ously (Laviolette et al., 2005; Lauzon et al., 2009). We assigned a behav-
ioral exploration score based on the following scale, with each minute of
the 5 min odor presentation scored individually/separately: 0, no loco-
motion; 1, ambulation across one side of the testing chamber; 2, ambu-
lation across two sides; 3, exploration of the full perimeter of the testing
chamber; and 4, exploration of the center and entire perimeter of the test
chamber. Thus, each animal received a score for both exploratory behav-
ior and percentage of time spent freezing during the test phase to CS�
and CS� presentations.

Footshock sensitivity control experiment. To control for potential
nociceptive effects influencing sensitivity to footshock following ad-
ministration of �-flu, we performed a separate series of control ex-
periments to measure footshock sensitivity in vehicle versus the
systemically administered doses of �-flu (0.8 mg/kg, i.p.)-treated rats.
Two groups of rats received either a systemic injection of saline vehi-
cle or �-flu (0.8 mg/kg, i.p.) 2.5 h before the sensitivity control tests.
Testing took place in a clear, Plexiglas enclosure (the same dimen-
sions as fear-conditioning chambers) placed over an electric grid
floor. Subthreshold footshock was administered once every 60 s over
a 5 min period and sensitivity to footshock administration was mea-
sured over three separate variables: exploratory behavior scores (as
described above), number of jumps in response to footshock admin-
istration, and amount (in grams) of defecation during the footshock
test session. These behavioral indices of footshock sensitivity are
among those reported as reliable indicators of sensitivity to footshock
administration (Antoniadis and McDonald, 1999; Laviolette and
Grace, 2006).
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In vivo electrophysiology. In vivo extracellular recordings in the VTA
were performed as previously described (Tan et al., 2010). Briefly, rats
were anesthetized with urethane (1.4 –1.5 g/kg, i.p.) and placed in a ste-
reotaxic apparatus. A scalp incision was made and a hole was drilled in
the skull overlaying the mPFC and VTA. For intra-PLC microinfusions
of vehicle, WIN 55,212–2 or AM 251, a 1 �l Hamilton syringe was slowly
lowered into the PLC using the stereotaxic coordinates described above.
For intra-VTA extracellular recordings, electrodes were pulled from
borosilicate glass with an average impedance between 6 and 8 M�. Mi-
croelectrodes were filled with a 2% Pontamine Sky Blue solution and
lowered into the VTA (AP, �5.3 mm caudal to bregma; L, � 0.5– 0.8
mm) 7– 8.5 mm ventral to the dural surface. Extracellular signals were
amplified using a Multiclamp 700B amplifier (Molecular Devices) and
recorded through a Digidata 1440A acquisition system (Molecular De-
vices) using pClamp 10 software. Extracellular recordings were typically
filtered at 1 kHz and sampled at 5 kHz. For electrophysiological investi-
gations, data analysis was accomplished using Clampfit in pClamp 10
software package. DA neurons were identified according to well estab-
lished electrophysiological features: (1) a relatively longer action poten-
tial width (�2.5 ms), a biphasic waveform consisting of a notch on the
rising phase followed by a delayed after-potential; (2) a slow, irregular, or
bursting firing pattern; and (3) a spontaneous firing rate of 2–5 Hz. In
contrast, non-DAergic VTA neurons were characterized based on previ-
ously reported criteria: (1) a narrow action potential width (�1 ms), (2)
relatively fast firing rates (typically 	10 –20 Hz), and (3) the absence of
bursting activity. Importantly, we only classified a VTA neuron as DAer-

gic if, in addition to meeting the criteria outlined above in terms of
frequency and waveform properties, the isolated unit displayed bursting
activity over the course of baseline recordings, before any subsequent
drug microinfusions. Bursting activity parameters were analyzed with
well established electrophysiological criteria for in vivo recordings (Grace
and Bunney, 1983). The onset of a burst was defined as the occurrence of
two consecutive spikes with an interspike interval lower than 80 ms and
terminating with an interval of �160 ms. We evaluated the amount of
bursting activity by calculating the burst-event frequency (number of
burst events over time) and the burst size (number of spikes within each
burst). Once neurons were isolated based on these criteria, baseline spon-
taneous activity was recorded for at least 20 min before any drug appli-
cation. Postdrug application recording epochs lasted between 20 and 60
min, depending upon the stability of the recording. For statistical analy-
ses, we compared pre-infusion recording epochs (5 min) to calculate
baseline activity rates. For postinfusion neuronal activity analyses, we
isolated the 5 min neuronal recording epochs immediately following the
1 min intra-PLC microinfusion and compared these pre versus post
infusion recording epochs in terms of firing frequency and bursting pa-
rameters. Classification of drug-infusion effects used a criteria of a �10%
increase in firing frequency post infusion to be classified as an “increase”
effect, and a �10% to classify as a “decrease” effect. Neurons showing
firing frequency or bursting parameters within these cutoff points were
classified as “no change.” For histological analysis of extracellular VTA
neuronal recording sites, recording electrode positions were marked with
an iontophoretic deposit of Pontamine Sky Blue dye (–20 �A; continu-

A

B

Figure 1. Methodology and intra-PLC infusions. A, Schematic summary describing the olfactory fear-conditioning behavioral protocol. B, Photomicrograph showing typical location of intra-PLC
microinfusion location (black arrow), demonstrating location in the PLC relative to the more ventral infralimbic cortex (IFL).
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ous current for 10 –15 min). The brains were fixed by transcardial perfu-
sion, first with 150 ml of saline; then with 350 ml of 4%
paraformaldehyde in 0.1mol/L PB, pH 7.4; dissected; postfixed in the
same fixative overnight; and transferred to a 25% sucrose solution for
cryoprotection. Coronal sections (40 �m) were cut in a cryostat and
mounted on gelatin-coated slides. Neutral red staining was used to ex-
amine electrode track locations. Sections were rinsed with 0.01 mol/L
PBS for 5 min, incubated with a 1% neutral red staining solution for 20
min at room temperature, and recording sites were verified with light
microscopy.

Statistical analyses. Behavioral and/or electrophysiological data were
analyzed with one-way or two-way ANOVA or Student’s t tests where
appropriate. Post hoc analyses were performed with Fisher’s LSD tests or
Newman–Keuls tests.

Results
Intra-PLC activation of CB1 receptors biphasically modulates
subcortical neuronal activity in the VTA
We first examined the effects of cortical CB1 receptor activation
on subcortical DA neuron activity. In Figure 1B, we present a
microphotograph showing a typical intra-PLC microinfusion lo-
cation. In Figure 2A, representative intra-VTA recording sites are
schematically presented. In Figure 2B, we present a microphoto-
graph showing a typical intra-VTA recording site location. For
electrophysiological recording experiments, two doses of the se-
lective CB1 agonist, WIN 55,212–2 (50 ng/0.5 and 500 ng/0.5 �l),
were selected based on previously established, behaviorally effec-
tive doses for intracortical infusions (Laviolette and Grace, 2006;
Tan et al., 2011; Ahmad et al., 2013). A total of n 
 65 VTA DA
neurons was sampled (low-dose WIN 55 group, n 
 38; high-
dose WIN 55, n 
 19). A schematic summary of VTA DA neuro-
nal response directions from all sampled neurons following the
lower (50 ng) versus higher (500 ng) dose of intra-PLC WIN
55,212–2 is presented in Figure 3, A and B. For rats receiving the
lower dose of intra-mPFC WIN 55, 50% (n 
 19) of neurons
showed increased activity, 26% (n 
 10) showed decreased activ-
ity, and 24% (n 
 9) demonstrated no change in activity levels
(Fig. 3A). In contrast, for rats receiving the higher dose of intra-
mPFC WIN 55, 26% (n 
 5) of neurons showed increased activ-

ity, 63% (n 
 12) showed decreased
activity, and 11% (n 
 2) demonstrated
no change in activity levels (Fig. 3B).
Comparing pre versus post infusion re-
cording levels across lower versus higher
doses of intra-PLC WIN 55,212–2 relative
to VTA DA neurons (n 
 18) recorded
from vehicle control-infused rats revealed
a significant effect of group (F(4,61) 
 9.59;
p � 0.001). Post hoc analysis revealed that
whereas the neuronal subpopulation
from the low WIN 55,212–2 dose group
showing increased postinfusion firing
rates was significantly elevated compared
with vehicle controls (p � 0.01; Fig. 3C),
neurons showing a relative decrease in ac-
tivity were not significantly different from
vehicle controls (p � 0.05). In direct con-
trast, whereas the neuronal subpopula-
tion from the high WIN 55,212–2 dose
group showing decreased postinfusion
firing rates was significantly depressed
compared with vehicle controls (p � 0.01;
Fig. 3C), neurons demonstrating a relative
increase in activity were not significantly
different from vehicle control levels (p �

0.05). Thus, lower versus higher doses of intra-PLC WIN
55,212–2 produced biphasic changes in subcortical VTA DA neu-
ron activity patterns. The lower (50 ng) dose produced signifi-
cantly increased spontaneous firing activity in a plurality of
sampled neurons, whereas the higher (500 ng) dose produced
significantly decreased spontaneous firing activity in the majority
of sampled neurons.

An intragroup comparison comparing pre versus post infu-
sion firing frequency recording epochs for rats receiving the
lower dose of intra-PLC WIN 55,212–2 (50 ng/0.5 �l) revealed
that the subpopulation of VTA DA neurons (50%) demonstrat-
ing increased firing activity was significantly increased relative to
pre-infusion baseline activity (t(14) 
 2.9; p � 0.01; Fig. 4A). In
Figure 4, B and C, we present representative rastergrams for two
individual VTA DA neurons showing the typically observed in-
creased firing frequency following intra-PLC CB1 receptor acti-
vation. An intragroup comparison between pre versus post
infusion firing frequency recording epochs for rats receiving the
higher dose of intra-PLC WIN 55,212–2 (500 ng/0.5 �l) revealed
that the subpopulation of sampled VTA DA neurons demon-
strating decreased firing activity was significantly decreased rela-
tive to pre-infusion baseline activity (t(11) 
 5.4; p � 0.001; Fig.
5A). In Figure 5B, we present a representative rastergram for an
individual VTA DA neuron showing the typically observed sup-
pression of spontaneous firing activity following intra-PLC CB1
receptor activation.

Although WIN 55,212–2 is a highly selective agonist of the
CB1 receptor, we next ran a pharmacological control experiment
to determine that the effects of PLC modulation of subcortical
DA neuron activity were mediated through a CB1-dependent
substrate. We challenged the effects of the lower, excitatory dose
of intra-PLC WIN 55,212–2 (50 ng/0.5 �l) by simultaneous co-
administration with a CB1 receptor antagonist, AM 251 (50 ng/
0.5 �l). For this experiment, we sampled n 
 8 VTA DA neurons.
Intragroup comparison between pre versus post infusion record-
ing epochs revealed no significant difference in firing frequency
rates following intra-PLC co-administration of WIN 55,212–2

A B

Figure 2. Intra-VTA recording sites. A, Schematic presentation showing summary of intra-VTA extracellular recording sites.Œ,
subpopulation of VTA DA neurons showing increased firing rates after intra-PLC WIN 55,212–2 (50 ng/0.5 �l);E, subpopulation
of VTA DA neurons showing a decrease in firing frequency following intra-VTA WIN 55,212–2 (500 ng/0.5 �l); �, subpopulation
of VTA DA neurons isolated for intra-PLC co-microinfusions of WIN 55,212–2 (50 ng/0.5 �l) and AM 251 (50 ng/0.5 �l). B,
Photomicrograph showing typical location of intra-VTA extracellular recording site demonstrating iontophoretic marker site for
recording location (black arrow) and location of electrode track (white arrow). Inset shows higher magnification of marker location
within the VTA (gray arrow). SNr, substantia nigra pars reticulata.
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with AM 251 (t(7) 
 0.37, p � 0.05; Fig.
5C) demonstrating that the excitatory ef-
fects of intra-PLC WIN 55,212–2 on sub-
cortical VTA DA neuron activity are
dependent on a CB1 receptor substrate in
the PLC. In Figure 5D we present a repre-
sentative rastergram showing the effects
on VTA DA neuron spontaneous pre ver-
sus post intra-PLC infusion of WIN
55,212–2 with AM 251. We further note
that we have previously demonstrated
that higher doses of intra-PLC or intra-
amygdalar WIN 55,212–2 (500 ng/0.5 �l)
are similarly mediated through pharma-
cologically specific CB1-dependent
mechanisms (Tan et al., 2011; Ahmad et
al., 2013).

Intra-PLC activation of CB1 receptors
biphasically modulates DA neuron
bursting activity
We next examined the effects of intra-
PLC CB1 receptor activation on bursting
activity parameters in sampled VTA DA
neurons, comparing bursting rates and
numbers of spikes per burst between the
previously identified DA neuronal sub-
groups showing relative increases versus
decreases in pre versus post WIN
55,212–2 intra-PLC microinfusions (neu-
ronal subpopulations previously identi-
fied as not showing significant changes in
firing rates were not included in this anal-
ysis). First, comparing neuronal sub-
groups within rats receiving the lower
dose of intra-PLC WIN 55 (50 ng/0.5 �l),
two-way ANOVA revealed a significant
interaction between group and recording
epoch (pre vs post microinfusion) on
bursting rates (F(1,21) 
 6.5; p � 0.05).
Post hoc analysis revealed that neurons
previously demonstrating increased firing
activity (Fig. 6A, left) similarly showed postinfusion increases in
bursting rate (p � 0.01). In comparison, neurons previously
demonstrating decreased postinfusion firing activity (Fig. 6A,
right) showed no significant difference in bursting rate (p �
0.05). In contrast, two-way ANOVA comparing the average
number of spikes per burst across groups revealed no significant
effects pre versus post intra-PLC microinfusion of WIN 55,212–2
for any neuronal groups (50 ng/0.5 �l; Fig. 6B). Next, comparing
neuronal subgroups within rats receiving the higher dose of
intra-PLC WIN 55 (500 ng/0.5 �l), two-way ANOVA revealed a
significant interaction between group and recording epoch (pre
vs post microinfusion) on bursting rates (F(1,31) 
 16.4; p �
0.001). Post hoc analysis revealed that neurons previously dem-
onstrating decreased firing activity (Fig. 6C, left) demonstrated
postinfusion decreases in spontaneous bursting rates (p � 0.01).
In comparison, neurons previously demonstrating increased
postinfusion firing activity (Fig. 6C, right) showed no significant
difference in bursting rate (p � 0.05). In contrast, two-way
ANOVA comparing the average number of spikes per burst
across groups revealed no significant effects pre versus post intra-
PLC microinfusion of WIN 55,212–2 (500 ng/0.5 �l; Fig. 6D).

Thus, intra-PLC WIN 55,212–2 infusion dose dependently in-
creased or decreased spontaneous bursting activity in VTA DA
neuronal subpopulations, without significantly influencing the
number of spike events within bursts.

Intra-PLC activation of CB1 receptors biphasically controls
fear memory formation
Given the observed biphasic effects on subcortical DAergic trans-
mission, we next examined how these doses modulated the ac-
quisition of associative memories using either a subthreshold (0.4
mA) or suprathreshold (0.8 mA) conditioning dose of footshock
in an olfactory fear-conditioning procedure (see Materials and
Methods; Laviolette and Grace, 2006; Lauzon et al., 2009). For
behavioral experiments, we selected the same lower and higher
doses of intra-PLC WIN 55,212–2 as those used in our electro-
physiological studies. Furthermore, these doses of intra-PLC
WIN 55,212–2 (50 –500 ng/0.5 �l) are pharmacologically specific
for the CB1 receptor in the PLC as we have previously demon-
strated that they are completely blocked by co-administration of
CB1 receptor antagonists (Laviolette and Grace, 2006, Ahmad et
al., 2013).

A B

C

Figure 3. Biphasic effects of intra-PLC WIN 55,212–2 on intra-VTA neuronal activity. A, Schematic summary showing relative
subpopulations of isolated VTA DA neurons in terms of increased (n 
 19), decreased (n 
 10), or no change (n 
 9), in
spontaneous firing rates following microinfusions of the lower (50 ng/0.5 �l; left) dose of intra-PLC WIN 55, 212–2. B, In contrast,
microinfusions of the higher (500 ng/0.5 �l; right) dose of intra-PLC WIN 55,212–2, a plurality of neurons, showed decreased
activity (n 
 12) versus increased (n 
 5) or no change (n 
 2) in spontaneous activity rates. C, Summary of group data showing
mean changes (relative to baseline) on spontaneous firing frequency in VTA DA neurons following the lower (n 
38) versus higher
doses (n 
 19) of intra-PLC WIN 55,212–2.
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Three-way ANOVA comparing freezing scores during the
testing phase for rats receiving a subthreshold, footshock condi-
tioning dose revealed a significant interaction between group and
treatment on percentages of freezing (F(2,47) 
 24.91; p �
0.0001). Post hoc analysis revealed that whereas rats receiving
either intra-PLC vehicle infusions (n 
 7) or rats receiving the
higher dose of intra-PLC WIN 55,212–2 (500 ng/0.5 �l; n 
 8)
displayed no significant differences in freezing levels between
CS� and CS� presentations (ps � 0.05; Fig. 7A), rats receiving a
lower dose of WIN 55,212–2 (50 ng/0.5 �l; n 
 10) displayed
significantly greater freezing specifically in response to CS� pre-
sentations relative to CS� presentations (p � 0.01; Fig. 6A). In
addition, this group displayed greater CS�-related freezing rela-

tive to CS� freezing levels recorded for
either vehicle or higher dose WIN 55,212–2
behavioral groups (ps � 0.01).

Three-way ANOVA comparing ex-
ploratory behavior scores (see Materials
and Methods) revealed a significant inter-
action between group and treatment on
exploratory behavior scores (F(2,47) 

20.46; p � 0.0001). Post hoc analysis re-
vealed that whereas rats receiving either
intra-PLC vehicle infusions (n 
 7) or rats
receiving the higher dose of intra-PLC
WIN 55,212–2 (500 ng/0.5 �l; n 
 8) dis-
played no significant differences in ex-
ploratory activity levels between CS�
versus CS� presentations (ps � 0.05; Fig.
7B), rats receiving a lower dose of WIN
55,212–2 (50 ng/0.5 �l; n 
 10) displayed
significantly greater suppression of explor-
atory behavior in response to CS� presen-
tations (p � 0.01; Fig. 7B). In addition, this
group displayed greater CS�-related sup-
pression of exploratory activity relative to
either vehicle or higher dose WIN 55,212–2
behavioral groups (ps � 0.01).

Given our findings that the higher dose
of intra-PLC WIN 55,212–2 (500 ng/0.5
�l) strongly inhibited spontaneous DAer-
gic neuron activity (Fig. 3B) and failed to
potentiate subthreshold-associative foot-
shock memory (Fig. 7A), we next tested
whether the higher dose of WIN 55,212–2
would modulate the acquisition of a su-
prathreshold (0.8 mA) fear memory.
Two-way ANOVA comparing freezing
scores during the testing phase for rats re-
ceiving suprathreshold footshock condi-
tioning revealed a significant interaction
between group and treatment on percent-
age of time spent freezing (F(1,31) 
 28.61;
p � 0.0001). Post hoc analysis revealed
that whereas rats receiving either intra-
PLC vehicle infusions (n 
 7) demon-
strated significantly greater freezing
responses in response to CS� presenta-
tions (p � 0.01; Fig. 7C), rats receiving the
higher dose of intra-PLC WIN 55,212–2
(500 ng/0.5 �l; n 
 8) displayed no signifi-
cant differences in freezing levels between
CS� and CS� presentations (p � 0.05). In

addition, this group displayed significantly lower CS�-related freez-
ing relative to CS� freezing levels recorded for vehicle control
groups (p � 0.01).

Two-way ANOVA comparing exploratory behavior scores
(see Materials and Methods) revealed a significant interaction
between group and treatment on exploratory behavior scores
(F(1,31) 
 6.87; p � 0.05). Post hoc analysis revealed that whereas
rats receiving either intra-PLC vehicle infusions (n 
 7) displayed
or rats receiving the higher dose of intra-PLC WIN 55,212–2 (500
ng/0.5 �l; n 
 8) displayed no significant differences in explor-
atory activity levels between CS� and CS� presentations (ps �
0.05; Fig. 7B), rats receiving a lower dose of WIN 55,212–2 (50
ng/0.5 �l; n 
 10) displayed significantly greater suppression of

A

B

C

Figure 4. Intra-PLC CB1 activation-induced activation of VTA DA neuron activity. A, The subpopulation of VTA DA neurons (50%;
n 
 19) demonstrating increased firing activity was significantly increased relative to pre-infusion baseline activity. B, C, Repre-
sentative rastergrams for two individual VTA DA neurons showing the typically observed increased firing activity following intra-
PLC CB1 receptor activation with the lower dose of WIN 55,212–2 (50 ng/0.5 �l).
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exploratory behavior in response to CS� presentations (p �
0.01; Fig. 7B). In addition, this group displayed greater CS�-
related suppression of exploratory activity relative to either vehi-
cle or higher dose WIN 55,212–2 behavioral groups (ps � 0.01).
Thus, a higher dose of intra-PLC WIN 55,212–2 significantly
blocked the acquisition of associative fear memory following
conditioning with a suprathreshold level of footshock.

Given that CB1 transmission within cortical areas is known to
inhibit GABAergic inhibitory mechanisms (Chiu et al., 2010; Hill
et al., 2011; Kiritoshi et al., 2013), we ran separate control groups
to determine whether the potential involvement of intra-PLC
GABAergic receptor transmission may be differentially involved
in either the fear memory potentiating or blunting effects of low
versus higher doses of intra-PLC WIN 55,212–2. We therefore
co-administered a mixture of the GABAA receptor agonist, mus-
cimol (500 ng/0.5 �l), and the GABAB receptor agonist, baclofen
(500 ng), with either the lower (50 ng/0.5 �l; n 
 8) or higher
(500 ng/0.5 �l; n 
 8) doses of intra-PLC WIN 55,212–2, and
examined the behavioral effects of these manipulations on either
subthreshold or suprathreshold conditioning levels of footshock,
respectively. Analysis of freezing scores for rats receiving the sub-
threshold level of footshock (0.4 mA) revealed that co-
administration of the GABAA/GABAB receptor agonists with the
lower dose of intra-PLC WIN 55,212–2 (50 ng/0.5 �l) blocked
the ability of CB1 receptor activation to potentiate subthreshold
fear memory, as rats displayed no significant difference in levels
of freezing to either CS� or CS� cue presentations at testing (t(7)


 0.02; p � 0.05; Fig. 7A, far right). Similarly, no significant
difference in suppression of exploratory behavioral scores be-
tween CS� and CS� cue presentations was observed (t(7) 
 0.03;

p � 0.05; Fig. 7B, far right). Analysis of freezing scores for rats
receiving the suprathreshold level of footshock (0.8 mA) revealed
that co-administration of the GABAA/GABAB receptor agonists
with the higher dose of intra-PLC WIN 55,212–2 (500 ng/0.5 �l)
failed to reverse the ability of CB1 receptor activation to block the
formation of fear memory to suprathreshold footshock, as rats
displayed no significant difference in levels of freezing to either
CS� or CS� cue presentations at testing (t(7) 
 0.78; p � 0.05;
Fig. 7C, far right). Similarly, no significant difference in suppres-
sion of exploratory behavioral scores between CS� and CS� cue
presentations was observed (t(7) 
 0.80; p � 0.05; Fig. 7D, far
right). Thus, pharmacological activation of GABAA/GABAB re-
ceptors within the PLC blocked the fear memory-potentiating
effects of the lower dose of the intra-PLC CB1 agonist, but failed
to reverse the fear memory-blocking effects of the higher dose.

Intra-PLC CB1-mediated potentiation of subthreshold fear
memory is DA dependent
Given our findings that intra-PLC CB1 receptor activation
strongly potentiated the spontaneous activity of VTA DA neu-
rons and the known ascending DAergic projections from the
VTA to the mPFC (Carr and Sesack, 2000a), we next examined
the role of DA transmission in the potentiation of subthreshold
fear memory with the low dose of intra-PLC WIN 55,212–2 (50
ng/0.5 �l) using both systemic (0.8 mg/kg, i.p.) or direct intra-
PLC administration of �-flu (0.1–1.0 �g/0.5 �l; see Materials and
Methods). First, comparing freezing behavior at testing for rats
receiving co-administration of intra-PLC WIN 55,212–2 with
�-flu (0.1–1.0 �g/0.5 �l) revealed that intra-PLC blockade of DA
transmission blocked the ability of CB1 receptor activation to

A B

C D

Figure 5. Effects of a higher dose of intra-PLC WIN 55,212–2 (500 ng/0.5 �l) on VTA DAergic neuronal activity and pharmacological controls. A, The subpopulation of VTA DA neurons (63%; n 

12) demonstrating decreased firing activity were significantly decreased relative to pre-infusion baseline activity. B, A representative rastergram for an individual VTA DA neuron showing the
typically observed suppression of spontaneous firing activity following intra-PLC CB1 receptor activation with the higher dose of WIN 55,212–2 (500 ng/0.5 �l). C, VTA DA neurons (n 
 8) recorded
in pharmacological control rats receiving co-administration of WIN 55,212–2 (50 ng/0.5 �l) with AM 251 (50 ng/0.5 �l) show no difference in spontaneous firing rates pre versus post infusion. D,
A representative rastergram showing the effects on a VTA DA neuron’s spontaneous firing activity pre versus post intra-PLC co-administration of WIN 55,212–2 and AM 251.
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potentiate normally nonsalient associative fear memory forma-
tion (Fig. 8A). Two-way ANOVA comparing freezing scores
across groups revealed a significant interaction between group
and treatment (F(2,39) 
 42.7; p � 0.0001). Post hoc analysis re-
vealed that whereas vehicle control rats (n 
 8) displayed greater
freezing in response to CS� presentations (p � 0.01), rats receiv-
ing either 0.1 �g/0.5 �l (n 
 6) or 1.0 �g/0.5 �l (n 
 6) of �-flu
displayed no increases in CS�-related freezing behavior, indicat-
ing no potentiation in emotional fear memory salience for
subthreshold footshock conditioning (0.4 mA; ps � 0.05). Fur-
thermore, both groups receiving intra-PLC a-flu showed signifi-
cantly less associative freezing behavior relative to vehicle
controls (ps � 0.01). Comparing exploratory behavior at testing
for rats receiving co-administration of intra-PLC WIN 55,212–2
with �-flu (0.1–1.0 �g/0.5 �l) revealed that intra-PLC blockade
of DA transmission blocked the ability of CB1 receptor activation
to induce CS�-related suppression of exploratory behavior to a
normally nonsalient associative fear memory formation (Fig.
8B). Two-way ANOVA comparing exploratory behavior scores
across groups revealed a significant interaction between group
and treatment (F(2,39) 
 26.8; p � 0.0001). Post hoc analysis re-
vealed that whereas vehicle control rats (n 
 8) displayed greater
suppression of exploratory behavior in response to CS� presen-
tations (p � 0.01), rats receiving either 0.1 �g/0.5 �l (n 
 6) or
1.0 �g/0.5 �l (n 
 6) of �-flu displayed no increases in CS�-
related exploratory behavior suppression, indicating no potenti-
ation in emotional fear memory salience for subthreshold
footshock conditioning (0.4 mA; ps � 0.05). Furthermore,
groups receiving intra-PLC �-flu (0.1–1.0 �g/0.5 �l) showed sig-

nificantly greater CS�-related exploratory behavior relative to
vehicle controls (p � 0.01 and p � 0.05, respectively).

For rats receiving systemic administration of �-flu (0.8 mg/kg,
i.p.; n 
 8), comparing freezing behavior at testing for rats receiv-
ing co-administration of intra-PLC WIN 55,212–2 following sys-
temic �-flu pretreatment (see Materials and Methods) revealed
that intra-PLC blockade of DA transmission blocked the ability
of CB1 receptor activation to potentiate normally nonsalient as-
sociative fear memory formation (Fig. 8C). Two-way ANOVA
comparing freezing scores across groups revealed a significant
interaction between group and treatment (F(1,29) 
 49.3; p �
0.0001). Post hoc analysis revealed that whereas vehicle control
rats (n 
 8) displayed greater freezing in response to CS� pre-
sentations (p � 0.01), �-flu pretreated rats displayed no increases
in CS�-related freezing behavior, indicating no potentiation in
emotional fear memory salience for subthreshold footshock con-
ditioning (0.4 mA, ps � 0.05). Furthermore, �-flu pretreated rats
showed significantly less associative freezing behavior relative to
vehicle controls (p � 0.01). Comparing exploratory behavior
between groups revealed that �-flu pretreatment blocked the
ability of CB1 receptor activation to induce CS�-related sup-
pression of exploratory behavior to a normally nonsalient asso-
ciative fear memory formation (Fig. 8D). Two-way ANOVA
comparing exploratory behavior scores across groups revealed a
significant interaction between group and treatment (F(1,29) 

19.2; p � 0.001). Post hoc analysis revealed that whereas vehicle
control rats (n 
 8) displayed greater suppression of exploratory
behavior in response to CS� presentations (p � 0.01), �-flu
pretreated rats displayed no increases in CS�-related exploratory
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Figure 6. Effects of intra-PLC CB1 receptor activation on VTA DA neuron bursting parameters. A, For rats receiving a lower dose of intra-PLC WIN 55,212–2 (50 ng/0.5 �l), the subpopulation of
neurons showing increased activity (n 
 19), but not decreased activity (n 
 10), demonstrates a significant increase in bursting rate. B, In contrast, for these same neuronal subpopulations, no
significant increase in spikes per burst event was observed pre versus post infusion. C, For rats receiving a higher dose of intra-PLC WIN 55,212–2 (500 ng/0.5 �l), the subpopulation of neurons
showing decreased activity (n 
 12), but not increased activity (n 
 5), demonstrates a significant decrease in bursting rate. D, In contrast, for these same neuronal subpopulations, no significant
increase in spikes per burst event was observed pre versus post infusion.
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behavior suppression, indicating no potentiation in emotional
fear memory salience for subthreshold footshock conditioning
(p � 0.05). Furthermore, �-flu pretreated rats showed signifi-
cantly greater CS�-related exploratory behavior relative to vehi-
cle controls (p � 0.01). Thus, both intra-PLC and systemic
blockade of DA transmission are sufficient to block the fear
memory-potentiating effects of intra-PLC CB1 receptor activa-
tion. To rule out the possibility of �-flu inducing altered nocice-
ptive processing, we tested the effects of the high, systemic dose of
�-flu (0.8 mg/kg, i.p.), which would be expected to block all
postsynaptic DA receptors, including intra-PLC DA receptor
populations. Testing the effects of �-flu administration on sensi-
tivity to subthreshold footshock (0.4 mA), administration (see
Materials and Methods) revealed no significant effects of �-flu
pretreatment on the number of jumps in response to footshock
administration (no quantitative difference between groups) nor
in the amount of defecation during the footshock administration
period (t(12) 
 0.59, p � 0.05). We observed a significant atten-
uation in exploratory behavior in �-flu pretreated rats; however,
given that this dose of systemic �-flu induces cataleptic effects,
this behavioral response would be expected (data not shown). In
any case, such motoric effects of �-flu would be unlikely to influ-
ence the behavioral measures of freezing or exploratory behavior
during the test phase, as rats are tested 24 h post injection, in a

drug-free state. In addition, exploratory behavior scores in
groups receiving �-flu pretreatments (Fig. 8B,D) were compara-
ble to those observed in other groups during the testing phase
(Fig. 7B,D).

Intra-PLC CB1-mediated blockade of fear memory formation
is mediated through GABAergic signaling in the VTA
Within the VTA, both GABAA and GABAB receptor substrates
critically modulate DAergic and non-DAergic neuronal activity.
Thus, it is well established that GABAergic interneurons in the
VTA provide inhibitory control over mesocortical DA neurons
through GABAA receptors associated with inhibitory feedfor-
ward interneurons (Kalivas, 1993; Laviolette and van der Kooy,
2001; Laviolette et al., 2004). Further, while GABAA receptors are
predominantly (although not exclusively) localized to non-
DAergic GABAergic VTA neurons (Churchill et al., 1992; Kalivas,
1993), GABAB receptors are more localized on VTA DA neurons
(Margeta-Mitrovic et al., 1992; Xi and Stein, 1999) and directly
inhibit the activity VTA DA neuron activity (Margolis et al.,
2012). Given our previous findings demonstrating strong inhibi-
tion of spontaneous VTA DA neuron activity patterns following
high-dose administration of the CB1 agonist, we hypothesized
that pharmacological blockade of either GABAA and/or GABAB

receptor transmission directly in the VTA (see Materials and

A B
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Figure 7. Biphasic behavioral effects of intra-PLC CB1 receptor activation on the acquisition of subthreshold versus suprathreshold fear memory. A, Relative to vehicle controls (n 
 7), intra-PLC
CB1 activation with a lower dose (50 ng/0.5 �l; n 
 10) of WIN 55,212–2 strongly potentiated normally subthreshold fear memory acquisition measured by freezing behavior. In contrast, a higher
dose of WIN 55,212–2 (500 ng/0.5 �l; n 
8) has no behavioral-potentiating effects. Co-administration with muscimol (500 ng) and baclofen (500 ng) with the lower dose of WIN 55,212–2 blocked
fear memory potentiation (n 
 8; far right). B, Similar effects are observed with exploratory behaviors measured during CS� and CS� presentations following subthreshold fear memory
conditioning and co-administration with muscimol (500 ng) and baclofen (500 ng) with the lower dose of WIN 55,212–2 blocking associative suppression of exploratory behavior to CS�
presentations (far right). C, In contrast, relative to vehicle controls (n 
 7), intra-PLC CB1 activation with a higher dose (500 ng/0.5 �l; n 
 8) of WIN 55,212–2 blocks the acquisition of a normally
suprathreshold fear memory measured by freezing behavior and exploratory behaviors measured during CS� and CS� presentations (D). Co-administration with muscimol (500 ng) and baclofen
(500 ng) with the higher dose of WIN 55,212–2 (n 
 8) has no effects on either fear memory blockade or associative suppression of exploratory behaviors (C, D, far right).
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Methods) may reverse the inhibitory effect of intra-PLC CB1
activation on VTA DA neuron activity, and hence behaviorally
rescue the concomitant block of suprathreshold fear memory
acquisition. First, we pretreated the VTA with bilateral microin-
fusions of the GABAA antagonist bicuculline (5–50 ng/0.5 �l) or
vehicle, immediately before intra-PLC WIN 55,212–2 (500 ng/
0.5 �l) administration (Fig. 9A). [For ease of comparison, we
present intra-PLC vehicle controls vs suprathreshold footshock
(0.8 mA) in Figure 9A,B (far left), first shown in Figure 7C,D].
Analysis of freezing behavior with two-way ANOVA revealed a
significant interaction between group and treatment (F(3,61) 

3.05, p � 0.05) on the amount of time spent freezing to CS�
versus CS� presentations. Consistent with previous results (Fig.
7C), post hoc analysis revealed that rats receiving intra-PLC/intra-
VTA vehicle demonstrated significant levels of conditioned fear,
spending a greater amount of time freezing to the CS� presenta-
tion relative to the CS� (n 
 8, p � 0.01). In contrast, animals
receiving intra-mPFC WIN 55,212–2 (500 ng/0.5 �l) with intra-
VTA vehicle (n 
 8), 5 ng bicuculline (n 
 8), or 50 ng bicucul-
line (n 
 7) showed no associative freezing in response to CS�
presentations (ps � 0.05; Fig. 9A). Interestingly, for rats receiving
the higher dose of intra-VTA bicuculline (50 ng), freezing behav-
iors were significantly elevated relative to vehicle controls for
both CS� and CS� presentations (ps � 0.05), suggesting a gen-
eralized, nonassociative increase in behavioral responsiveness to

cue presentations. Two-way ANOVA of exploratory behavior
scores during CS� and CS� presentations revealed a significant
main effect of treatment (F(3,61) 
 6.99, p � 0.01). Post hoc
analysis showed rats receiving intra-mPFC/intra-VTA vehicle
displayed significant suppression of exploratory behavior spe-
cifically in response to CS� presentations (p � 0.01; Fig. 9B). In
contrast, rats receiving intra-PLC WIN 55,212–2 with intra-VTA
vehicle or 5 ng or 50 ng bicuculline showed no significant differ-
ence in exploratory behavior during CS� versus CS� presenta-
tions (ps � 0.05).

Next, to examine the potential effects of intra-VTA GABAB

receptor transmission, we performed additional experiments
with the highly selective GABAB receptor antagonist, hydroxy-
saclofen (10 –100 ng/0.5 �l; see Materials and Methods). Two-
way ANOVA examining freezing behavior revealed a significant
interaction between group and treatment (F(3,55) 
 4.12, p �
0.05). Post hoc analysis revealed that rats receiving intra-mPFC
WIN 55 with the higher dose of intra-VTA hydroxy-saclofen (100
ng, n 
 6) demonstrated significantly greater freezing behavior to
the CS� presentations (p � 0.01; Fig. 9A). In contrast, rats re-
ceiving intra-mPFC WIN 55 with a lower dose of intra-VTA
hydroxy-saclofen (10 ng, n 
 6) demonstrated associative freez-
ing (p � 0.05), similar to intra-VTA vehicle controls. Two-way
ANOVA of exploratory behavior scores during CS� and CS�
presentations revealed a significant interaction between group
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Figure 8. Effects of systemic or intra-PLC DA receptor blockade on CB1-mediated potentiation of subthreshold fear memory. A, Relative to vehicle controls (n 
 8), co-administration of the DA
receptor antagonist, �-flu, into the PLC with WIN 55,212–2 (50 ng/0.5 �l) blocks the ability of intra-PLC CB1 activation to potentiate subthreshold fear memory measured by freezing behaviors,
over an order of magnitude dose range (0.1–1.0 �g/0.5 �l; ns 
 6 per group). B, Similar effects are observed with conditioned suppression of exploratory behaviors. C, Similarly, relative to vehicle
controls (n
8), systemic pretreatment with �-flu (0.8 mg/kg, i.p.; n
8) before intra-PLC WIN 55,212–2 (50 ng/0.5 �l) blocks the ability of CB1 activation to potentiate subthreshold fear memory
measured by freezing behaviors. D, Similar effects are observed with conditioned suppression of exploratory behaviors.
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and treatment (F(2,45) 
 4.05, p � 0.05). Post hoc analysis revealed
a significant difference in exploratory behaviors between CS�
and CS� presentations in rats receiving a higher dose of hydroxy-
saclofen (100 ng/0.5 �l), but no differences in intra-VTA vehicle
rats or in rats receiving the lower dose of intra-VTA hydroxy-
saclofen (Fig. 9B). Thus, intra-VTA GABAB receptor blockade
before intra-PLC WIN 55,212–2 (500 ng/0.5 �l) was sufficient to
rescue acquisition of associative fear memory formation both in
terms of associative freezing behaviors and associative suppres-
sion of exploratory behavior.

Discussion
In the present report, intra-PLC cannabinoid CB1 receptor acti-
vation biphasically and dose dependently modulated the sponta-
neous firing frequency and bursting activity of VTA DAergic

neurons and similarly mediated differential effects on behavioral
measures of associative fear memory. Relatively lower doses
strongly potentiated the acquisition of normally nonsalient asso-
ciative fear memory while increasing firing and bursting activity
of VTA DAergic neurons. In contrast, a relatively higher dose
blocked acquisition of normally suprathreshold fear-conditioned
memory while blunting the activity levels of VTA DAergic neu-
rons. These results have several implications for understanding
how intracortical cannabinoid signaling may relate to DA-related
emotional-processing phenomena, in terms of behavioral and
mesolimbic neuronal activity patterns.

Previous evidence implicates intra-mPFC CB1 receptor trans-
mission as critical for the processing of emotionally salient asso-
ciative memories, both behaviorally and neuronally. Thus, direct

A

B

Figure 9. Effects of intra-VTA GABAA and GABAB receptor blockade on CB1-mediated blockade of suprathreshold behavioral fear memory acquisition. A, Relative to vehicle controls (n 
 8),
intra-VTA GABAA receptor blockade (bicuculline; 5–50 ng/0.5 �l; n 
 7 and n 
 8, respectively) dose dependently, but nonassociatively, increased fear-related freezing behavior induced by
intra-PLC CB1 receptor activation with a higher dose of WIN 55,212–2 (500 ng/0.5 �l) following both CS� and CS� conditioned cues. In contrast, GABAB receptor blockade (hydroxy-saclofen;
10 –100 ng/0.5 �l; ns 
 6 per group) dose dependently restored associative fear memory formation specifically to CS� presentations. B, Similarly, intra-VTA GABAA receptor blockade fails to
restore associative suppression of freezing behaviors whereas this effect is rescued by intra-VTA GABAB receptor blockade.
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activation of mPFC CB1 receptors strongly potentiates the emo-
tional salience of normally nonsalient fear-conditioning stimuli
(Laviolette and Grace, 2006). Furthermore, administration of
CB1 receptor agonists potentiates associative neuronal responses
to fear stimuli in mPFC neurons (Laviolette and Grace, 2006).
Importantly, the present dose range of WIN 55,212–2 (50 –500
ng/0.5 �l) is pharmacologically specific to CB1 receptors and
does not alter baseline levels of nociceptive or neuronal respon-
siveness to these levels of footshock (Laviolette and Grace, 2006;
Ahmad et al., 2013), ruling out the possibility of confounding
interactions with nociceptive processing. Together, this evidence
demonstrates that intracortical cannabinoid signaling is a potent
modulator of emotional processing, and is consistent with a wide
body of evidence linking disturbances in intracortical CB1 trans-
mission to emotional dysregulation.

For example, in schizophrenia patients, the dorsolateral pre-
frontal cortex shows increased CB1 receptor binding; an effect
specifically pronounced in paranoid schizophrenia (Dean et al.,
2001; Dalton et al., 2011). Recent evidence demonstrates dimin-
ished DA synthesis in regular marijuana users (Bloomfield et al.,
2014) and evidence for reduced DA receptor levels in current or
abstinent marijuana users (Urban et al., 2012; Albrecht et al.,
2013). Such phenomena may seem inconsistent with evidence
demonstrating that chronic marijuana use during adolescence
may increase the likelihood of early adulthood psychosis (André-
asson et al., 1987; Hall and Degenhardt, 2011; Kuepper et al.,
2011), an effect associated with hyper-DAergic activity (Kuepper
et al., 2013). However, the present findings may suggest a
concentration-dependent, biphasic CB1 receptor-mediated mecha-
nism within the PLC regulating downstream mesolimbic DAergic
activity to account for these seemingly divergent modulatory effects
on DAergic signaling pathways.

Cannabinoids produce biphasic modulatory effects in the reg-
ulation of various behaviors. For example, cannabinoids produce
hyperphagic responses at lower doses and hypophagic effects at
higher doses, indicative of excitatory versus inhibitory influences
on feeding-related motivational neural pathways (Bellocchio et
al., 2010). A recent study from Katsidoni et al. (2013) demon-
strated that whereas lower THC doses potentiated neural reward
effects measured with rewarding brain stimulation, higher doses
attenuated reward effects. Valjent and Maldonado (2000) re-
ported that higher THC doses produced aversive behavioral
effects, whereas lower doses produced reward, again demonstrat-
ing dose-related modulation of neural motivational pathways.
Biphasic cannabinoid effects are not limited to behavior. Lower
doses of intravenous THC increase cerebral metabolism in corti-
cal and limbic structures (Margulies and Hammer, 1991) while
higher doses suppress cerebral metabolism in these same circuits.
Since cannabinoid transmission in the mPFC is known to inhibit
GABAergic inhibitory substrates (Chiu et al., 2010; Hill et al.,
2011; Kiritoshi et al., 2013), one potential mechanism for CB1-
mediated excitation of DAergic activity may be due to lower
doses of WIN 55,212–2 removing GABAergic inhibition on PLC
output neurons to the VTA. Indeed, we found that simultaneous
activation of intra-PLC GABAA/GABAB receptors was capable of
blocking intra-PLC CB1 receptor activation-induced potentia-
tion of subthreshold fear memory formation, while having no
effect on the fear memory-blocking effects of the higher dose.
Furthermore, given the importance of the PLC in the processing
of fear-related information (Sierra-Mercado et al., 2011; Sotres-
Bayon et al., 2012), CB1-mediated potentiation of subthreshold
fear memory may be related to the ability of intra-PLC CB1 trans-
mission to enhance the intrinsic excitability of PLC output neu-

rons via removal of intrinsic GABAergic inhibitory elements. The
present findings suggest that this mechanism may ultimately po-
tentiate emotional salience via descending outputs to DAergic
neurons in the VTA. Alternatively, CB1 receptor activation could
activate CB1 receptors on presynaptic DAergic fibers within the
PLC, thereby modulating PLC output via DAergic feedforward
modulation of GABAergic and/or pyramidal neurons. Such a
mechanism is suggested by the present findings wherein intra-
PLC DA receptor blockade prevented CB1-mediated fear mem-
ory potentiation.

Our findings demonstrating differential roles for intra-VTA
GABAA versus GABAB receptor transmission in the ability of a
higher dose of intra-PLC CB1 receptor agonist to block the for-
mation of associative fear memory have several implications.
First, considerable evidence demonstrates preferential localiza-
tion of GABAA receptors on non-DA, presumptive GABAergic
VTA neurons, whereas GABAB receptors are functionally local-
ized to the cell bodies of the VTA DA neurons. For example,
GABAB receptor activation localized on VTA DA neurons can
control the rewarding properties of various drugs of abuse (Wirt-
shafter and Sheppard, 2001; Leite-Morris et al., 2004). Further-
more, recording studies in the VTA have demonstrated that
activation of GABAB receptors can directly hyperpolarize DA
neurons or block glutamate-mediated excitation of the VTA DA
neurons (Lacey, 1993; Seutin et al., 1994). Finally, intra-VTA
GABAB receptor activation leads to decreased somatodenden-
dritic release of DA within the mesolimbic pathway (Klitenick et
al., 1992; Westerink et al., 1996). Given our findings that intra-
VTA blockade of GABAB signaling could rescue cortically in-
duced blunting of emotional memory formation, this evidence
would suggest that intra-PLC CB1-mediated blunting of DAergic
neuronal activity in the VTA and concomitant blockade of emo-
tional associative memory formation is mediated indirectly
through a GABAB receptor substrate within the VTA. Further-
more, these results suggest that PLC¡VTA inputs modulated by
intra-PLC CB1 receptor transmission likely blunt DAergic trans-
mission via actions on a VTA GABAB receptor substrate. Given
that descending inputs from the PFC to the VTA are primarily
GLUTergic in nature (Carr and Sesack, 2000a), this may suggest
that higher doses of CB1 agonists in the PLC may inhibit tonic
excitatory influences onto a downstream, VTA GABAB receptor-
dependent inhibitory input, thereby modulating a subpopulation
of VTA DA neurons. For example, CB1 activation in the PFC is
known to inhibit GLUTergic transmission and block learning-
related synaptic plasticity mechanisms such as long-term poten-
tiation (Auclair et al., 2000). Furthermore, CB1 receptors
strongly modulate excitatory GLUTergic transmission directly
within the PFC (Lafourcade et al., 2007).

Interestingly, while blockade of VTA GABAA receptors did
not rescue the acquisition of associative fear memory, we ob-
served a nonassociative increase in freezing activity in response to
both CS� and CS� presentations. The majority of VTA GABAA

receptors are anatomically localized to non-DA, presumably
GABAergic neurons (Churchill et al., 1992; Klitenick et al., 1992),
where they can indirectly control the activity and output of VTA
DA neurons via indirect, feedforward inhibitory mechanisms
(Gysling and Wang, 1983; Kalivas et al., 1990; Kalivas, 1993).
Indeed, blockade of intra-VTA GABAA receptors produces po-
tent, DA-independent rewarding effects (Laviolette and van der
Kooy, 2001; Laviolette et al., 2004). It is of interest that VTA
GABAergic neurons send significant ascending projections to the
mPFC, wherein they contact both interneuron and pyramidal
neuron populations (Carr and Sesack, 2000b), which may in turn
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provide inhibitory or disinhibitory influences on mPFC outputs.
Given our findings that intra-PLC CB1-mediated potentiation of
subthreshold fear memory formation depends upon recurrent
DA output to the mPFC, one possibility is that intra-VTA GABAA

receptor blockade, by increasing GABAergic output to the PLC,
may in turn disinhibit descending inputs to VTA DAergic neu-
rons, leading to a nonassociative increase in fear-related emo-
tional processing. In contrast, GABAB receptor blockade may
selectively prevent the inhibition of VTA DAergic neurons,
thereby restoring associative fear memory processing within the
VTA–PLC circuit. Importantly, it is possible that the observed
neuronal and behavioral effects of intra-PLC CB1 receptor acti-
vation may be mediated via nondirect pathways between the PLC
and VTA. For example, the mPFC sends functional inputs to the
nucleus accumbens (Bossert et al., 2012), which in turn sends
projections to VTA neuronal populations (Kalivas et al., 1993;
Kalivas, 1993).

Summary
The present findings demonstrate biphasic behavioral and neu-
ronal effects of intra-PLC CB1 receptor activation. While the
current studies focused on the acute effects of cortical CB1 recep-
tor activation, such dose-related effects of lower versus higher
levels of CB1 receptor activation may suggest that high or chronic
levels of exposure to CB1 receptor-activating drugs such as mar-
ijuana, may lead to a blunting of subcortical DAergic transmis-
sion, as suggested by recent clinical imaging studies (Urban et al.,
2012; Albrecht et al., 2013; Bloomfield et al., 2014). Furthermore,
the observed deficit in emotional associative memory induced by
stronger intra-PLC CB1 activation may resemble emotional as-
sociative learning and memory deficits observed in schizophrenia
patients (Jensen et al., 2008). Given prior evidence for CB1 recep-
tor dysregulation in cortical regions of schizophrenia patients
(Dean et al., 2001; Dalton et al., 2011), cannabinoid signaling
dysregulation in the mPFC could theoretically predispose such
individuals to abnormal DAergic transmission leading to abnor-
mal amplification and/or pathological blunting of emotional
processing.
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