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Abstract

Introduction: The GPR55 receptor has been identified as an atypical cannabinoid receptor and is implicated in
various physiological processes. However, its functional role in the central nervous system is not currently under-
stood. The presence of GPR55 receptor in neural regions such as the ventral hippocampus (vHipp), which is critical
for cognition, recognition memory, and affective processing, led us to hypothesize that intra-vHipp GPR55 trans-
mission may modulate mesolimbic activity states and related behavioral phenomena. The vHipp is involved in con-
textual memory and affective regulation through functional interactions with the mesolimbic dopamine system.
Materials and Methods: Using a combination of in vivo electrophysiology and behavioral pharmacological as-
says in rats, we tested whether intra-vHipp activation of GPR55 receptor transmission with the fatty acid amide,
palmitoylethanolamide (PEA), a lipid neuromodulator with agonist actions at the GPR55 receptor, may modulate
mesolimbic dopaminergic activity states. We further examined the potential effects of intra-vHipp PEA in affec-
tive, cognitive and contextual memory tasks.

Discussion: We report that intra-vHipp PEA produces a hyper-dopaminergic state in the mesolimbic system
characterized by increased firing and bursting activity of ventral tegmental area dopaminergic neuron popula-
tions. Furthermore, while PEA-induced activation of GPR55 transmission had no effects on opiate-related reward-
related memory formation, we observed strong disruptions in social interaction and recognition memory, spatial
location memory, and context-independent associative fear memory formation. Finally, the effects of intra-vHipp
PEA were blocked by a selective GPR55 receptor antagonist, CID160 and were dependent upon NMDA receptor
transmission, directly in the vHipp.

Conclusions: The present results add to a growing body of evidence demonstrating important functional roles for
GPR55 signaling in cannabinoid-related neuronal and behavioral phenomena and underscore the potential for
GPR55 signaling in the mediation of cannabinoid-related effects independently of the CB1/CB2 receptor systems.
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Introduction The observation that cannabinoids can produce effects
The endocannabinoid system is implicated in numerous independently of the canonical CB1 and CB2 receptor
physiological phenomena, such as emotional homeosta- (CB1/2R) systems suggests that other functional G-
sis, stress responsiveness, cognition, and memory.'™* protein-coupled receptors (GPCRs) may interact with
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cannabinoid ligands.” The GPR55 receptor, first cloned
in 1999,° has emerged as a new potential member of the
endocannabinoid system.” The GPR55 is phylogeneti-
cally distinct from traditional CB1/2Rs®’ and it lacks
the classical endocannabinoid binding pocket.'® While
little is known regarding the central functional roles of
the GPR55, it has been shown to be expressed in presyn-
aptic terminals and is anatomically colocalized with
both the CBIR'' and glutamatergic synaptic vesicles
expressing VGLUT! in the hippocampus.'? Functionally,
GPR55 has been shown to modulate intracellular Ca2+
stores’> and recent evidence has demonstrated that
GPR55 signaling directly in the hippocampus can potently
regulate the release of glutamate through an N-methyl-D-
aspartate (NMDA) receptor-dependent mechanism.'?

Palmitoylethanolamide (PEA), an endogenous fatty
acid amide, generates its neuromodulatory effects
acting via several targets, including the peroxisome
proliferator-activated receptor alpha (PPARx)'* and
the GPR55 receptor.'” PEA may also indirectly activate
CB1/2R.'® Since the initial characterization of PEA, it
has been used clinically to treat intestinal inflamma-
tion'” and has been shown to possess neuroprotective,
anti-neuroinflammatory, and analgesic properties.'®
Despite this, very little is understood regarding the pos-
sible central effects of PEA, nor its possible modulation
of cognitive or affective processing.

We have previously reported that cannabinoid CB1R
transmission within the mammalian ventral hippo-
campus (VHipp) is critically involved in modulating
both mesolimbic dopaminergic activity states, and the
processing of both reward and aversion-related emo-
tional memory and cognitive processing.'>*° Although
both PEA and GPR55 signaling has been implicated
in a wide range of physiological processes'®?' their
potential effects in the vHipp-mesolimbic circuitry
during affective or cognitive processing is currently
unknown. Given the established functional role of
intra-hippocampal GPR55 signaling in modulating hip-
pocampal neuronal activity states and glutamatergic re-
lease, we hypothesized that intra-vHIPP PEA, through
activation of GPR55 receptors, may modulate mesolimbic
dopaminergic activity states along with affective and cog-
nitive/memory processing behaviors.

Using in vivo electrophysiological recordings and
behavioral pharmacological assays in rats, we exam-
ined the potential effects of intra-vHipp PEA infusion
on dopamine (DA) and non-dopaminergic ventral teg-
mental area (VTA) neuronal activity states. Further-
more, using a battery of behavioral pharmacological

assays, we examined the potential effects of vHipp
PEA infusion in reward and aversion-related associative
memory formation, social interaction and recognition
behaviors, and novel object memory processing. We re-
port that vHipp PEA infusion potently regulates VTA
dopaminergic activity states via activation of GPR55,
but not CB1Rs. Furthermore, intra-vHipp PEA-induced
activation of GPR55 receptors strongly disrupted the
processing of social interaction and recognition memory,
spatial location memory, and context-independent asso-
ciative fear memory formation, through a local NMDA
receptor-dependent mechanism.

Materials and Methods

Rats and surgeries

Male Sprague-Dawley rats (300-350 g; Charles River,
Quebec, Canada) were used in compliance with the Ca-
nadian Council for Animal Care and institutional
guidelines. Rats were housed under controlled condi-
tions (12h light/dark cycle and food/water access ad
libitum). For cannula implantation, rats were anesthe-
tized with a mixture of ketamine (80 mg/mL) and xyla-
zine (6 mg/mL) and placed in a stereotaxic device.
Stainless steel guide cannula (22-gauge; PlasticsOne)
were implanted bilaterally into the vHipp at the follow-
ing coordinates: Anteroposterior (AP): —5.6 mm, Lat-
eral (L): £5.0mm from bregma, and Dorsoventral
(DV): —6.8mm from the dural surface (Fig. 2B).
Guide cannulas were held in place using jeweler’s screws
and dental acrylic cement. After completion of behav-
ioral experiments, rats received an overdose of pento-
barbital (240mg/kg, ip.) and were transcardially
perfused with isotonic saline followed by 10% formalin.
Brains were extracted and post-fixed 24 h before being
placed in a 25% formalin-sucrose solution for 1 week.
Brains were sliced (40 um) using a cryostat and stained
with Cresyl violet. Injector tips placements were local-
ized with light microscopy. Rats with cannula place-
ments found outside the anatomical boundaries of the
vHipp, as defined by Paxinos and Watson (2007)%
were excluded from data analysis.

Drug treatment and administration

The following drugs were used during behavioral and/
or in vivo electrophysiological experiments: the GPR55
endogenous lipid agonist PEA (0.5 or 1 ug/0.5uL;
Tocris Bioscience), selective GPR55 antagonist CID
16020046 (CID160; 1 ug/0.5 uL; Tocris Bioscience), se-
lective CB1R antagonist Rimonabant (RIM; 0.5 ug/
0.5 uL; Tocris Bioscience), selective PPAR«x antagonist
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GW 6471 (GW; 10 or 100ng/0.5uL; Tocris Bio-
science), and selective and noncompetitive NMDA re-
ceptor antagonist MK 801 (MK801; 1 ug/0.5 uL; Tocris
Bioscience). All pharmacological compounds were
dissolved in dimethyl sulfoxide (DMSO) and then di-
luted in phosphate-buffered saline (PBS) for a final
15% DMSO in PBS solution. Intra-vHipp microinfu-
sions were performed immediately before the start of
each behavioral experiment. A total volume of 0.5 uL
per side was delivered via a 28-gauge microinfusion in-
jector over a period of 1 min following drug infusion to
ensure adequate diffusion from the tip.

VTA neuronal activity recordings and analysis

In vivo single-cell extracellular recordings in the VTA
were performed as described previously.*® Briefly, rats
were anesthetized with urethane (1.4g/kg, i.p.) and
placed in a stereotaxic frame with body temperature
maintained at 37°C. A scalp incision was made and a
hole was drilled in the skull overlaying the vHipp and
the VTA. For intra-vHipp a 10 uL Hamilton syringe
was slowly lowered into the vHipp using the same ste-
reotaxic coordinates described above. For intra-VTA
recordings, glass microelectrodes (with an average im-
pedance of 6-8 MQ) filled with a 2% pontamine sky
blue solution were lowered using a hydraulic micro-
positioner (Kopf640) at the following coordinates: AP:
—4.9 mm from bregma, L: £0.7 mm, and DV: —7.0 to
—8.5 from dural surface. Extracellular signals were am-
plified using a MultiClamp700B amplifier and recorded
through a Digidatal440A acquisition system using
pClamp10 software (Molecular Devices). Recordings
were filtered at 1 kHz and sampled at 5kHz. VTA DA
neurons were identified according to well-established
electrophysiological feature®*?: (1) a relatively long ac-
tion potential width (>2.2 ms), (2) a slow spontaneous
firing rate (2-10 Hz) that may include burst firing, and
(3) a biphasic waveform consisting of a notch on the
rising phase followed by a delayed after potential. In
contrast, non-dopaminergic, VT A neurons were char-
acterized based upon previously reported criteria: (1)
a narrow action potential width (<1 ms), (2) a biphasic
waveform (), and (3) relatively fast firing rates (typi-
cally ~10-20Hz) and the absence of bursting ac-
tivity.”® Electrophysiological analyses were performed
using the Clampfitl0 software package (Molecular
Devices). The response patterns of isolated VTA DA
neurons to microinfusion into the vHipp were deter-
mined by comparing the neuronal frequency rates be-
tween the 5min pre- versus post-infusion recording

epochs. Classification of drug infusion effects used a
criterion of a +10% increase in firing frequency after in-
fusion to be classified as an “increase” effect, and
—10% decrease to be classified as a “decrease” effect.
Neurons showing firing frequency parameters within
these cutoff points were classified as “no change.” We
also analyzed the bursting rates (number of burst
events per minute) and the number of spike events
within a burst. The onset of a burst was defined as
the occurrence of two consecutive spikes with an inter-
spike interval of <80 ms. For histological analysis of ex-
tracellular VTA neuronal recording sites, recording
electrodes positions were marked with an iontopho-
retic deposit of pontamine sky blue dye (—20 nA, con-
tinuous current for 15min). Brain extraction and
slicing were similar to those described for cannula
placement verifications. Sections were stained with
neutral red and neuronal recording sites were con-
firmed with light microscopy. Cells recorded outside
the anatomical boundaries of the VTA, as defined by
Paxinos and Watson (2007), were excluded from data
analysis.

Object location memory

The object location task took place in a transparent
Plexiglas arena with distinctive visual cues on each
wall, with the front wall transparent. Forty rats were ex-
posed to the arena for 20 min for two consecutive days
as habituation to the context. In the training session,
the subject was introduced for 5 min in the same con-
text in the presence of a pair of identical objects.
Objects were made of plastic and glass and had similar
dimensions. Rats were left to explore the arena and ex-
ploration time for each of the objects was measured
using a video-tracking system (ANY-maze; Stoelting).
Six hours later, rats were tested for 3 min in the same
context, with the same objects, but changing the posi-
tion of one of them. Rats expressed memory for object
recognition location, if they spent more time exploring
the object in the new location, than the other one.
Exploration was defined as sniffing or touching the ob-
ject with the nose or forepaws. The time of exploration
for each object was recorded and preference was
expressed as the difference in exploration between ob-
jects according to the total exploration time.

Social interaction and social memory testing

Social interaction and social memory procedures were
performed as described previously.'” Testing was per-
formed in a rectangular, three-chambered box. Forty-
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six rats were first placed in the middle chamber and
allowed to explore for 5 min. During this session, door-
ways into the two side chambers were closed by plastic
guillotine doors. Following habituation, an unfamiliar
male rat that had no prior contact with the subject
rat was placed in one of the side chambers. The loca-
tion of the stranger rat in the left versus right side
chamber was counterbalanced between trials. The
stranger rat was enclosed in a small rectangular wire
cage that allowed nose contact between the bars.
Doors to the side chambers were then unblocked and
the subject was allowed to explore the entire test appa-
ratus for 8 min. An entry was defined as all four paws in
one chamber. Times spent in each chamber were
recorded and analyzed by a video-tracking system
(ANY-maze; Stoelting). Behavioral performance was
expressed using sociability scores (i.e., difference be-
tween the time spent in the stranger and empty com-
partments). At the end of the social interaction test,
each rat was immediately tested in a subsequent 8-
min session to evaluate social memory. A second, unfa-
miliar rat was placed in the chamber that had been
empty during the first 8-min session. The tested rat
had a choice between the first, already-investigated
rat versus the novel unfamiliar rat. In this situation,
control rats spend significantly more time with the
new stranger, demonstrating a natural preference for
social novelty. Measures were taken of the amount of
time spent in each chamber and a social recognition
score (i.e., difference between the time spent in the
non-familiar rat and familiar rat chamber) was attrib-
uted to each tested rat.

Contextual fear conditioning protocol

Sixteen rats were conditioned using a contextual fear
conditioning procedure and 44 rats were conditioned
using an olfactory fear conditioning as described previ-
ously.*® Briefly, for the context fear conditioning proto-
col, conditioning took place in a chamber made of
transparent Plexiglas side walls with black stripes on
a white background. Rats were habituated to the condi-
tioning chamber for a 30-min session. The following
day, rats were placed in the same chamber and after
the first 5min (habituation period), 10 unpredictable
footshocks were delivered (1 sec, 0.8 mA). For olfactory
fear conditioning, rats were habituated in a different
context than the conditioning chamber for two consec-
utive days in 20 min sessions. The following day, rats
were placed in the conditioning chamber and two
odors were presented, almond and peppermint. One

1

odor was presented with footshock (CS+; 1 sec, 0.8 mA)
and the other was presented in the absence of footshock
(CS—). Testing 24 h later took place in the same condi-
tioning chamber for the context fear conditioning during
which the amount of time freezing was recorded over a
10-min session; and in the habituation chamber for the
olfactory fear conditioning protocol, during which CS+
was presented for a 5-min period, following presenta-
tion of CS— for another 5-min period. Amount of time
freezing was recorded and computerized using a video-
tracking system (ANY-maze; Stoelting). Freezing was
defined as the total absence of movement (100% of the
animal body) during at least 250 ms.

Conditioned place preference

Saline or morphine injections (ip.) were randomly
paired with one of two distinct environments. Thirty-
two rats received four morphine-environment and
four saline-environment conditioning sessions (one ses-
sion per day). We used either sub- or supra-threshold
conditioning doses of morphine (0.05 vs. 5mg/kg,
i.p.), which we have demonstrated previously to pro-
duce either no morphine conditioned place preference
(CPP) or significant morphine CPP, respectively.' For
all experiments, rats received drug or vehicle injections
immediately before being placed in saline or morphine-
paired environments. Intracranial microinfusions were
performed before i.p. injections and given before both ve-
hicle and morphine conditioning trials. Each conditioning
session was 30 min. One week following conditioning, rats
were tested (drug free) for place preference during a
10 min test and time spent in each environment were
measured. CPP behavior was expressed using place pref-
erence scores (i.e., difference between times spent in mor-
phine minus saline environments).

Anxiety testing in the light/dark box apparatus

The light/dark box setup consisted of two com-
partments: one light compartment (50X 25X 37 cm,
2501ux) and one dark compartment (50X 25x37 cm,
5lux). The compartments were connected via a small
opening allowing movement between the two boxes.
Twenty-four rats were placed in the light compartment
and times spent in each compartment and latency to
the first entry into the light compartment were mea-
sured during a single 8-min trial using a video-tracking
system (ANY-maze; Stoelting).

Locomotor activity
Rats were microinfused with intra-vHipp PEA
(1 ng/0.5uL) 10min before being placed in an
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automated open-field activity chamber (Med Asso-
ciates) for a 20-min trial. Ambulatory distance was
measured as an indicator of general locomotor and
exploratory behavior.

Statistical analyses

Behavioral and electrophysiological data were analyzed
with a one-way analysis of variance (ANOVA), two-way
ANOVA, or Student’s t-tests where appropriate. The

post hoc analyses were performed with Newman-Keuls
tests.

Results

Effects of intra-vHipp GPR55 receptor activation

on VTA DA neuronal activity

We have previously shown that vHipp CB1R activation
strongly increases VTA DA neuronal activity states.'®
However, the potential effects of intra-vHipp GPR55
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Effects of intra-vHipp PEA infusion on VTA neuronal activity. (A) Microphotographs and schematic

reconstruction showing intra-VTA extracellular recording sites of presumptive VTA DA neurons combined with
simultaneous microinfusions into the vHipp. (B) Population activity summary demonstrating proportions of
sampled VTA DA neurons displaying relative increase, decrease, or no change in firing frequency relative to
baseline. (C) Activity summary for sampled VTA non-DA, presumptive GABAergic neurons following intra-vHipp
microinfusion treatments. Group summary showing all sampled VTA DA neurons changes from baseline
following vHipp microinfusions for firing frequency (D), bursting rate (E), and average spikes per burst event
(F). Sample neuronal firing rastergrams showing representative firing rate responses following intra-vHipp
vehicle (G), PEA (1000 ng; 1 ug/0.5 uL) (H), PEA+CID (1 ug/0.5 uL) (1), or PEA+MK801 (1 1g/0.5 uL) (J),
microinfusions. DA, dopamine; PEA, palmitoylethanolamide; Veh, vehicle; vHipp, ventral hippocampus; VTA,
ventral tegmental area.
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transmission on mesolimbic DA neuronal activity are
currently not known. Accordingly, we examined the
potential effects of intra-vHipp PEA-mediated GPR55
activation on mesolimbic DA neuron activity states
(see Materials and Methods). Recording sites in the
VTA and microinfusion locations in the vHipp are
shown in Figure 1A. We sampled a total of n=50
VTA DA-like neurons [vehicle group, n=10 cells in
6 rats; PEA (0.5 ug/0.5uL) group, n=10 cells in 5
rats; PEA (1 ug/0.5uL) group, n=9 cells in 6 rats;
PEA (1 ug/0.5 uL)+CID160 (1 ng/0.5 ul), n=13 cells
in 7 rats; and PEA (1 ug/0.5uL)+MK801 (1 ug/
0.5 uL), n=8 cells in 5 rats].

In rats receiving intra-vHipp vehicle microinfusion,
70% of neurons did not change their firing frequency,
20% of neurons showed an increase in firing activity,
and 10% demonstrated decreased activity. For rats re-
ceiving the lower PEA dose, 30% of neurons increased
firing frequency, 50% of neurons showed a decrease,
and 20% demonstrated no change in activity. Intra-
vHipp PEA infusion of a higher dose (1 ug/0.5 uL) pro-
duce more diverse effects. Indeed, 78% of neurons in-
creased their firing frequency, 11% decreased, and
11% demonstrated no change in activity. In contrast,
only 13% of neurons increased firing frequency follow-
ing microinfusion of the same high dose of PEA + coin-
fusion with CID160; 60% did not change their activity;
and 27% decreased firing frequency. Finally, following
intra-vHipp microinfusion of the higher dose of PEA +
MKB801, 0% of the recorded cells decreased their firing
frequency, 38% of neurons increased their firing activ-
ity, and 63% demonstrated no change in activity levels.
Percentages of VTA DA neurons showing increase, de-
crease, or no change in their activity after intra-vHipp
microinfusions are summarized in Figure 1B.

Group ANOVA comparing firing frequency
rates revealed a significant effect of treatment factor
(F451=4.75, p=0.0026; Fig. 1D) and post hoc compar-
isons showed that rats with intra-vHipp PEA (1 ug/
0.5 uL) had an average VTA DA neuronal firing fre-
quency significantly higher than rats microinfused
with vehicle (p=0.01), PEA (0.5 ug/0.5 uL) (p<0.05),
PEA (1 pg/0.5uL)+CID160 (1 ug/0.5uL) (p<0.05),
or PEA (1 ug/0.5uL)+MK801 (1 ug/0.5uL) (ps<0.05).
Examples of typical firing frequency effects are repre-
sented in single unit histograms, after intra-vHipp micro-
infusions of vehicle (Fig. 1G), PEA (1 ug/0.5 uL; Fig. 1H),
PEA+CID160 (Fig. 1I), and PEA+MKS801 (Fig. 1J).
Analysis of bursting rates revealed average changes
from baseline of —3%, +42%, +120%, +5%, and +10%

13

for rats treated with intra-vHipp vehicle, PEA (0.5 ug/
0.5uL), PEA (1 ug/0.5uL), PEA (1 ug/0.5 uL)+CID160
(1 ug/0.5uL), and PEA (1 ug/0.5uL)+MKS801 (1 ug/
0.5 uL), respectively (Fig. 1E).

Group ANOVA comparing bursting rates before versus
after infusion revealed a significant effect of treatment
(F1.49=4.99, p=0.002), and post hoc comparisons showed
that bursting rates were significantly increased following
intra-vHipp PEA (1 ug/0.5uL) relative to rats treated
with vehicle (p<0.001), PEA (0.5 ug/0.5 uL) (p=0.017),
PEA (1 ug/0.5 uL)+ CID160 (1 ug/0.5 uL) (p=0.003), or
the PEA (1 pg/0.5uL)+MK801 (1 4g/0.5uL) treatment
(ps<0.001). Analysis of the number of spikes per
burst revealed average changes from baseline of —5%,
+22%, +61%, +5%, and 0% for rats treated with intra-
vHipp vehicle, PEA (0.5 ug/0.5 uL), PEA (1 ug/0.5 uL),
PEA (1 ug/0.5 uL) + CID160 (1 ug/0.5 uL), and PEA (1 pg/
0.5 uL) +MKB801 (1 ug/0.5 uL), respectively (Fig. 1F).
ANOVA revealed no significant treatment effect on
number of spikes per burst event (F,5; =2.319, p=0.071).

We also sampled a total of n=42 VTA non-DA, pre-
sumptive GABAergic neurons [see Materials and
Methods; vehicle group, n=8 cells in 4 rats; PEA
(0.5 ug/0.5 uL) group, n=10 cells in 6 rats; PEA
(1 ug/0.5 uL) group, n=9 cells in 5 rats; PEA (1 ug/
0.5uL)+CID160 (1 ug/0.5uL), n=8 cells in 6 rats;
and PEA (1 pg/0.5uL)+MKS801 (1 ug/0.5uL), n=7
cells in 3 rats]. In rats receiving intra-vHipp vehicle
microinfusion, 62.5% of neurons did not change their
firing frequency, 12.5% of neurons showed an increase,
and 25% demonstrated decreased activity. For rats re-
ceiving the lower dose of PEA (0.5 ug/0.5 uL), 10% of
the recorded cells demonstrated decreased activity,
10% showed increased firing, and 80% demonstrated
no change. For rats receiving the higher dose of PEA
(1 ug/0.5 uL), 22.2% of neurons decreased firing rates,
33.3% showed increased firing, and 44.4% demon-
strated no change. For rats receiving the coinfusion
of the PEA dose (1ug/0.5uL) and CID160 (1 ug/
0.5uL), 12.5% of neurons decreased their firing fre-
quency, 50% increased their activity levels, and 37.5%
showed no change in firing activity. Finally, following
intra-vHipp microinfusion of the higher dose of PEA
(1 ug/0.5 uL) coinfused with MK801 (1 ug/0.5 uL),
71.4% of the recorded cells did not change their firing
frequency, 28.5% of neurons increased their firing ac-
tivity, and 0% demonstrated increase in activity levels.
Percentages of VTA non-DA neurons showing in-
creased, decreased, or no change in activity after intra-
vHipp microinfusions are represented in Figure 1C.
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Taken together, these results showed that intra-
vHipp GPR55 receptor activation dose-dependently
increases VTA DA neuronal firing frequency and
bursting activity through CB1R-independent substrate
while having no significant effects on non-DA VTA
neurons. Given the observed effect of vHipp GPR55R
activation on DA mesolimbic neurons, we next exam-
ined the effects of intra-vHipp PEA infusions on a se-
ries of DA-mediated tasks, which have previously
been reported to be modulated by cannabinoid trans-
mission directly in the vHipp.'**

Effects of intra-vHipp GPR55 receptor activation

on spatial object location memory

We examined the potential role of GPR55R transmis-
sion in an object location recognition task (see Materi-
als and Methods). In this task rats learn to detect the
displacement of a familiar object to a novel location.
This form of memory has a strong spatial memory
component and requires the hippocampus.”” Rats
were tested 6 h post-training during a 3-min test ses-
sion where preferences for both objects were measured
(Fig. 2B). ANOVA revealed a significant effect of treat-
ment (F34,,=7.399, p<0.001; Fig. 2A) and post hoc
analyses showed that intra-vHipp PEA (1 ug/0.5 uL,
p=0.002, n=9) impaired the formation of object
location memory, relative to vehicle controls (n=38).
Moreover, post hoc analyses revealed that the effects
of vHipp PEA (1 ug/0.5uL) were reversed when it
was coinfused with the selective GPR55 antagonist
CID160 (1 ug/0.5uL, p=0.001, n=8) or the NMDA
antagonist MK801 (1 ug/0.5uL, p=0.001, n=8). In
contrast, no reversal effect was observed when PEA
was coinfused with the CBI antagonist RIM (0.5 ug/
0.5uL, p=0.915, NS, n=7). Since it has been shown
that PEA has interactions with the nuclear receptor
PPARu (24), we ran a subsequent control experiment
to rule out the possibility that the effects observed fol-
lowing vHipp infusion of PEA may be mediated by
PPARo activation, rather than GPR55R signaling.
Therefore, we coinfused the effective dose of PEA
(1 ug/0.5 uL) with two different doses of the selective
PPARa antagonist GW 6471 (GW10, 10/0.5 uL; or
GW 100, 100 ng/0.5 uL). Neither dose was observed
to reverse PEA effects (GW 10; p=0.763, NS, n=7)
(GW 100; p=0.832, NS, n=7). Thus, activation of
vHipp GPR55Rs impairs the formation of spatial ob-
ject location memory through an NMDA receptor-
dependent mechanism. Given the observed lack of
PPAR« involvement over an order of magnitude dose

Intra-vHipp
mecroinfusions

0.4 +

0.2 4

Score

0.0

0.2 <
Veh PEA

— CID160 RIM MK801 GW10 GW100

FIG. 2. Object location memory is modulated
by vHipp PEA infusion. Pretraining infusion of PEA
(1 ug/0.5 uL) impairs retention of long-term
object location memory, tested 6 h after training.
This impairment was reversed when PEA was
coinfused with GPR55 antagonist (CID160, 1 ug/
0.5 uL), and NMDA antagonist (MK801, 1 ug/

0.5 uL), but not by the selective PPARx antagonist,
GW 6471 (10-100 ng/0.5 uL). (A)
Photomicrograph of the vHipp showing
representative microinfusion site. (B) Object
location protocol used. (C) Scores of the different
groups tested. Post hoc comparisons Newman-
Keuls. **p <0.01 versus Vehicle (VEH). #p <0.01
versus other treatments. NMDA, N-methyl-D-
aspartate; PPARa, peroxisome proliferator-
activated receptor alpha; RIM, Rimonabant.

in this task, no further experiments examined the ef-
fects of PPARa blockade.

Effects of intra-vHipp GPR55 receptor activation

on sociability and social recognition memory

We next examined the potential effects of intra-vHipp
GPR55 activation on rats’ natural sociability and social
recognition behavior (Fig. 3A). For the social interaction
test (Fig. 3B), ANOVA revealed a significant effect of
treatment (F545=8.927, p<0.0001) on interaction
times and post hoc analyses revealed that PEA (500 ng,
0.5 ug/0.5uL, p=0.007, n=6), PEA (1000ng, 1 ug/
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FIG. 3. Effect of vHipp PEA infusion on social

interaction/recognition tasks. (A) Procedural outline
for social interaction and memory social recognition
task. The social interaction test started with a 5 min
habituation session followed by two consecutive

8 min interaction sessions (sociability and social
recognition test, respectively). Intra-vHipp
microinfusions were performed immediately before
the habituation session. (B) Sociability scores. (C)
Social recognition scores. Post hoc comparisons
Newman-Keuls. *p <0.05, **p <0.01, ***p<0.01
versus Vehicle (VEH). *p <0.05, *#p <0.01, **p<0.01
versus other treatments.

\. J/

0.5 uL, p<0.0001, n=8), and PEA (1 g/0.5 uL)+ RIM
(0.5ug/0.5uL) (p<0.0001, n=8) groups displayed
sociability scores significantly lower relative to vehicle
controls (n=8). In addition, the PEA (1 ug/0.5 uL)+
MKS801 (1 ug/0.5puL) and PEA (1 ug/0.5uL)+CID160
(1 ug/0.5 uL) groups obtained sociability scores signifi-
cantly higher than rats treated with the higher dose
of PEA alone (1ug/05uL) (p=0.006, n=7 and
p<0.0001, n=7; respectively). For the social recognition
memory phase (Fig. 3C), ANOVA revealed a significant
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effect of treatment (Fs 45=4.891, p<0.01). Post hoc tests
revealed that the PEA (1 ug/0.5 uL, p=0.044, n=8) and
PEA (1ug/0.5uL)+RIM (0.5ug/0.5uL) (p=0.028,
n=38) groups obtained social recognition score signifi-
cantly lower than the vehicle group. In addition, rats
microinfused with PEA (1 ug/0.5 uL) +CID160 (1 ug/
0.5 uL) demonstrated social recognition scores signifi-
cantly higher than rats treated with PEA (1 pug/0.5 uL,
p=0.005) or PEA (I ug/0.5uL)+RIM (1 ug/0.5 uL)
(p=0.003). Finally, the PEA (1 ug/0.5uL)+MK801
(1 nug/0.5uL) group demonstrated social recognition
scores significantly higher than the PEA (1 ug/0.5uL)
(p=0.001). Thus, intra-vHipp GPR55R activation
dose-dependently decreased social interaction behaviors
and disrupted social recognition memory through a
local NMDA receptor mechanism. Based upon this ini-
tial dose-response curve, subsequent experiments used
the highest effective dose of PEA (1 ug/0.5uL) for
intra-vHipp microinfusions.

Effects of intra-vHipp GPR55 activation

on contextual versus context-independent

fear memory formation

We next examined the role of vHipp GPR55 receptors
in modulating the formation of either contextual or
context-independent olfactory fear conditioning mem-
ories (see Materials and Methods). The most effective
dose of the GPR55 agonist, PEA (1 ug/0.5uL) was
microinfused into the vHipp immediately before the
start of each conditioning session (Fig. 4A, B). No effect
of PEA was observed when rats were tested in the con-
textual fear memory paradigm, as both vehicle and
PEA-treated rats displayed no difference in percentages
of time spent freezing during testing (t;4=0.30,
p=0.7663, NS, n=8 per group; Fig. 4C). In contrast,
in separate groups tested in a context-independent fear
memory paradigm, two-way ANOVA comparing per-
centages of time freezing revealed no significant effect
of group factor (F,,3=0.41, p>0.05) and a significant
effect of conditioned stimulus factor (F;-,3=22.21,
p<0.0001; Fig. 4D). Post hoc analyses revealed that
Vehicle (VEH) control rats showed strong associative
freezing in response to CS+ versus CS— cue presenta-
tions (p<0.05, n=7), whereas rats treated with PEA
(1 ug/0.5 uL) demonstrated no associative freezing be-
haviors between cues (p>0.05, n=7). Coinfusion of
PEA with the selective GPR55 antagonist CID160
(1 ug/0.5 uL) reversed the effects of PEA, with this
group showing significant associative fear memory re-
sponses (p<0.05, n=7). However, coadministration of
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FIG. 4. Intra-vHipp PEA infusion modulates the acquisition of olfactory fear conditioning. Rats were trained in
context (A) or olfactory (B) fear conditioning with a 0.8 mA footshock. (C) No effect of PEA infusion was
observed on the acquisition of context fear conditioning. (D) PEA impairs the acquisition of an olfactory fear
conditioning protocol and the effect is reversed by the coinfusion of the GPR55 antagonist CID160 (1 ug/
0.5 uL). Post hoc comparisons Newman-Keuls. *p < 0.05.
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PEA with either RIM (0.5 ug/0.5 uL) or MK801 (1 ug/
0.5 uL) failed to reverse the effects of PEA on context-
independent fear memory formation (ps>0.05, n=7

per group).

Effects of intra-vHipp GPR55 receptor activation

on opiate reward memory formation

Given previous evidence that vHipp CB1R transmis-
sion can strongly modulate opiate-related reward
memory formation,'>** we next investigated whether
vHipp GPR55 transmission may similarly influence
reward-related memory formation, using an unbiased
morphine CPP procedure (see Materials and Methods).
We trained separate groups of rats in a CPP protocol
(Fig. 5A) using two different doses of morphine, a
sub-reward threshold dose (0.05 mg/kg, i.p., n=8 per
group) and a supra-reward threshold dose (5mg/kg,
ip., n=9 per group). Rats were then tested 7 days
after the last conditioning session. ANOVA comparing
times spent in saline versus morphine paired environ-
ments during the CPP test phase revealed no significant
treatment effect (F;30=0.04, p=0.85, NS; Fig. 5B).
Thus, intra-vHipp PEA administration had no effects
on either sub or supra-threshold morphine-related as-
sociative reward memory formation.

Effects of intra-vHipp GPR55 receptor activation

on anxiety and locomotor activity

We next examined whether intra-vHipp GPR55 activa-
tion may influence anxiety levels, using the light/dark
box anxiety test protocol (see Materials and Methods).
ANOVA comparing percentages of time spent in the
light versus dark environments (F,,3;=0.561, p=0.58,
NS, n=8 per group; Fig. 5C) or average latencies for
first exits from the dark environment (F,,;=0.068,
p=0.93, NS, n=8 per group; Fig. 5C) revealed no sig-
nificant effects across any groups. Thus, intra-vHipp
GPR55R activation had no apparent effects on levels
of anxiety measured in the light-dark box behavioral
assay. In addition, ANOVA comparing distance trav-
elled across groups in the open field test (see Material
and Methods) revealed no effect on locomotor activity
(p>0.05; Fig. 5E) following intra-vHIPP PEA infu-
sions (1 ug/0.5 uL).

Discussion

The vHipp plays a vital role during the encoding of spa-
tial memory and in the processing of affective and con-
textual information. Functional interactions between
the vHipp, VTA, and nucleus accumbens (NAc) in-
volving dopaminergic transmission have been shown



Kramar, et al.; Cannabis and Cannabinoid Research 2017, 2.1
http://online.liebertpub.com/doi/10.1089/can.2016.0030

17

d g

200+

1504 —‘—

100-

50+ ;

L0
Morphine

(0.05mg/ml)

Score (in sec)

Morphine
(5mg/ml)

FIG. 5.

CPP, conditioned place preference.

.

250+ Il PEA

Effects of vHipp PEA infusion on morphine CPP, anxiety, and locomotion activity. (A) Experimental
protocol. Rats were trained in a sub-threshold (morphine 0.05 mg/kg, i.p.) or supra-threshold (morphine 5 mg/
kg, i.p.) morphine CPP protocol. (B) Vehicle or PEA (1 1g/0.5 uL) were microinfused in the vHipp immediately
before each conditioning session. Memory was tested 7 days after last conditioning. There was no effect of PEA
infusion in any of both conditions analyzed. Post hoc comparisons Newman-Keuls. **p <0.01 morphine
interaction. Rats were tested on the dark/light box paradigm immediately after the infusion of vehicle, PEA
500 ng (0.5 11g/0.5 uL) or PEA 1000 ng (1 ug/0.5 uL). The time spent in the light box (C) and the latency for the
first exit from the dark box (D) was measured. No significative differences were found between any of the
groups tested. Rats were also tested on an open-field task and distance traveled, as a measure of locomotion
activity, was measured (E) immediately after PEA or vehicle infusion. No effect was observed between groups.

[ Veh
40+ = PEA (500ng)
Il PEA (1000ng)
o T

20+

O

10

Time in light box
(% of total)

=1

] Veh
[ PEA (500ng)
B PEA (1000ng)

-

@

t=1
]

1004

Latency to firstexitfrom g

the dark box (in sec)

m

Distance traveled (cm)

2000+
— Veh

— ! -= PEA (1000ng)

1000+

500+

5 10 15 20
Time (5-min epochs)

J

to be critical for controlling the contextual and emo-
tional salience of various cognitive and affective behav-
iors."”?° Importantly, dysregulation of dopaminergic
transmission within this circuitry has been proposed
as a potential underlying mechanism for schizophrenia-
related deficits in affective and cognitive regulation,
which include social interaction deficits, distortions in
affective salience processing, and memory-related im-
pairments.'>?® Nevertheless, very little is known regard-
ing the specific neuropharmacological substrates within

the vHipp, which may lead to disturbances in vHipp-
mesolimbic interactions.

We have demonstrated previously a critical role for
cannabinoid CBIR transmission directly in the vHipp
both during the regulation of mesolimbic activity pat-
terns in the VIA>NAc pathway, and during the
processing of social, opiate-related and fear-related
associative learning and memory phenomena. Thus,
activation of vHipp CBIR transmission was shown to
potentiate the salience of normally nonsalient opiate-
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related reward and fear-related conditioning cues and
causing significant disruptions in social interaction
and recognition memory formation."” These effects
were dependent upon the ability of intra-vHipp
CBIR stimulation to induce an overdrive of the meso-
limbic DA system, indicated by increased frequency
and bursting activity of VTA dopaminergic neuronal
activity and increased activation of medium spiny neu-
rons within the NAc, through dopaminergic and gluta-
matergic transmission substrates in the NAc.* Given
the relatively recent identification of the GPR55 re-
ceptor as a pharmacological substrate for the cannabi-
noid system,'' the present findings reveal for the first
time the functional involvement of vHipp GPR55
transmission in the regulation of mesolimbic dopami-
nergic activity states. Nevertheless, future studies are
required to examine the possible involvement of meso-
limbic DA receptor transmission in the observed alter-
ations in affective and cognitive processing following
intra-vHIPP PEA administration.

This study employed the fatty acid amide, PEA, to
characterize the local effects of GPR55 transmission
in the vHipp. Although PEA interacts with other nu-
clear targets including PPARa nuclear,””® it displays
no activity at either CB1 or CB2 receptors.” This is
consistent with the present findings wherein the behav-
ioral effects of intra-vHipp PEA were selectively
blocked by a GPR55, but not CB1R antagonist. Extrin-
sic and endogenous cannabinoids are capable of pro-
ducing their effects independently of the canonical
CB1/2R systems.”® Thus, the identification of novel,
central receptor populations, which may account for
the effects of either endocannabinoids or extrinsic
cannabinoids such as cannabis, is important for eluci-
dating the complexity and diversity of cannabinoid-
induced neuronal and psychotropic phenomena.

The GPR55 is a GPCR found in various neural struc-
tures, including limbic areas such as the striatum, fore-
brain, and prefrontal cortex.” While very little is known
regarding the neuroanatomical distribution of GPR55
nor how GPR55 transmission may modulate specific
neural circuits, recent evidence has revealed the pre-
synaptic expression of GPR55 within the hippo-
campus'> and striatum."’ Furthermore, vHipp GPR55
activation has been reported to increase the probability
of glutamate release by elevating presynaptic Ca2+ via
activation of local Ca2+ stores in hippocampal CA3-
CAL synapses. In this study, we found that the effects
of GPR55 activation were reversed by a selective
GPR55 antagonist (CID160). However, local coadmin-

istration of PEA with the selective NMDA receptor an-
tagonist, MK801, blocked the neuronal effects of vHipp
GPR55 activation on VTA dopaminergic neuronal
activity and rescued vHipp GPR55R-induced impair-
ments in all tested behaviors, with the exception of
context-independent fear memory formation, which
appears to be mediated through a non-NMDA receptor-
dependent mechanism in the vHipp. Thus, the present
results are consistent with evidence that vHipp GPR55
activation increases glutamatergic release in the hippo-
campus, resulting in potentiated excitatory outputs
from the vHipp to mesolimbic regions such as the VTA.

In terms of GPR55-mediated modulation of meso-
limbic activity, while intra-vHipp CBIR activation
has been reported to indirectly modulate mesolimbic
DA activity by inhibiting non-DA, presumptive VTA
GABAergic neuronal populations,'” in the present
study, we found no effect of vHipp GPR55 stimulation
on the spontaneous activity rates of VTA non-DA, pre-
sumptive GABAergic neurons. In contrast, GPR55
stimulation significantly increased VTA dopaminergic
frequency and bursting rates through a local NMDA-
receptor dependent mechanism, suggesting a separate
neuronal mechanism in the vHipp for the functional
effects of GPR55 versus CBI1R signaling. While this
study did not measure neuronal activity levels in the
NAc, we have reported previously that intra-vHipp
CBIR stimulation strongly increases the activity levels
of medium spiny neurons (MSN) neuronal subpopula-
tions in the shell region of the NAc through activation
of excitatory glutamatergic vHipp>NAc projections.
Future studies are required to examine how vHipp
GPR55 stimulation may modulate intra-NAc neuronal
activity states and/or whether other vHipp projection
pathways (e.g., vHipp to prefrontal cortical pathways)
may be modulated through GPR55 activity. In addition,
given that PEA increased activity levels of dopaminergic
neurons, an important question is whether blocking or
inhibiting vHIPP GPR55 activity may produce opposite
effects, namely, inhibiting dopaminergic neuronal activity.
Again, future studies are required to address this question.

Currently, there are no published studies implicating
selective disturbances in GPR55 signaling as a potential
underlying variable in neuropsychiatric disorders.
Nevertheless, the present and previously published re-
ports'> demonstrate that hippocampal PEA infusion
through GPR55 activation can potently modulate
local glutamatergic signaling, and hence, associated
glutamatergic projection pathways emerging from
the vHipp may be relevant in this context. For
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example, dysregulation of glutamatergic signaling
within the hippocampus is a well-established bio-
marker for schizophrenia-related psychosis.>"** Thus,
given that both CB1R and GPR55 transmission mecha-
nisms within the vHipp appear capable of strongly mod-
ulating extrinsic dopaminergic activity states in the
mesolimbic pathway, this suggests that localized cannabi-
noid abnormalities in the vHipp may cause dopaminer-
gic and related affective and cognitive disturbances
through either of these receptor substrates. This
study adds to a growing body of evidence linking dis-
turbances in vHipp cannabinoid receptor signaling
as potential underlying mechanisms for vHipp-
mesolimbic disturbances.

Interestingly, the behavioral effects of intra-vHipp
GPR55 and CBIR stimulation produce both similar
and divergent characteristics. For example, both
vHipp CBI1R and GPR55 activation induced signifi-
cant disturbances in social interaction behaviors
and recognition memory and blocked the formation
of context-independent fear-related memories. In
contrast, vHipp GPR55 activation had no impact on
contextual fear memory formation, whereas vHipp
CBIR activation was shown to strongly amplify the
salience of contextual fear memory formation.”® In
terms of reward-related memory processing, intra-
vHipp CBIR stimulation was reported to potently in-
crease the reward salience of morphine measured in
an unbiased CPP conditioning procedure, through a
DA-dependent mechanism in the NAc.'” In contrast,
vHipp GPR55 stimulation produced no effects on
morphine-reward conditioning, further demonstrat-
ing a divergent role for vHipp GPR55 versus CBIR
signaling in terms of rewarding versus aversive affec-
tive processing. In addition, we observed no effects of
intra-vHipp GPR55 on anxiety or locomotion levels, sug-
gesting that vHipp GPR55R activation, in contrast to the
effects of CBIR activation, do not directly influence re-
ward or anxiety-related behavioral phenomena. Never-
theless, future studies are required to more precisely
characterize the divergent effects of vHipp GPR55 versus
CBIR signaling in these behavioral domains.

In summary, the present results add to a growing
body of evidence demonstrating important functional
roles for GPR55 signaling in cannabinoid-related neu-
ronal and behavioral phenomena and underscore the
potential for GPR55R signaling in the mediation of
cannabinoid-related effects independently of the CB1/
2R systems.

19

Acknowledgments

This work is supported by the Canadian Institutes of
Health Research (MOP 246144), The Natural Science
and Engineering Council of Canada and The Ontario
Mental Health Foundation.

Author Disclosure Statement
No competing financial interests exist.

References

1. lannotti FA, Di Marzo V, Petrosino S. Endocannabinoids and
endocannabinoid-related mediators: targets, metabolism and role
in neurological disorders. Prog Lipid Res. 2016;62:107-128.

2. Gatta-Cherifi B, Cota D. New insights on the role of the endocannabinoid
system in the regulation of energy balance. Int J Obes (Lond).
2016;40:210-219.

3. Renard J, Krebs MO, Le Pen G, et al. Long-term consequences of ado-
lescent cannabinoid exposure in adult psychopathology. Front Neurosci.
2014;8:361.

4. Marco EM, Viveros MP. The critical role of the endocannabinoid system in
emotional homeostasis: avoiding excess and deficiencies. Mini Rev Med
Chem. 2009;9:1407-1415.

5. Wu CS, Chen H, Sun H, et al. GPR55, a G-protein coupled receptor for
lysophosphatidylinositol, plays a role in motor coordination. PLoS One.
2013;8:e60314.

6. Sawzdargo M, Nguyen T, Lee DK, et al. Identification and cloning of three
novel human G-protein-coupled receptor genes GPR52, PsiGPR53 and
GPR55: GPR55 is extensively expressed in human brain. Brain Res Mol
Brain Res. 1999;64:193-198.

7. Yang H, Zhou J, Lehmann C. GPR55- a putative “type 3" cannabinoid
receptor in inflammation. J Basic Clin Physiol Pharmacol. 2015;27:297-
302.

8. Ryberg E, Larsson N, Sjégren S, et al. The orphan receptor GPR55
is a novel cannabinoid receptor. Br J Pharmacol. 2007;152:
1092-1101.

9. Sharir H, Abood ME. Pharmacological characterization of GPR55, a
putative cannabinoid receptor. Pharmacol Ther. 2010;126:301-313.

10. Moriconi A, Cerbara I, Maccarrone M, et al. GPR55: current knowledge
and future perspectives of a purported “Type-3" cannabinoid receptor.
Curr Med Chem. 2010;17:1411-1429.

11. Martinez-Pinilla E, Reyes-Resina |, Ofatibia-Astibia A, et al. CB1 and GPR55
receptors are co-expressed and form heteromers in rat and monkey
striatum. Exp Neurol. 2014;261:44-52.

12. Sylantyev SA, Jensen TP, Ross RA, et al. Cannabinoid- and
lysophosphatidylinositol-sensitive receptor GPR55 boosts neurotrans-
mitter release at central synapses. Proc Natl Acad Sci. 2013;110:
5193-5198.

13. Henstridge CM, Balenga NA, Ford LA, et al. The GPR55 ligand L-alpha-
lysophosphatidylinositol promotes RhoA-dependent Ca2+ signaling
and NFAT activation. FASEB J. 2009;23:183-193.

14. LoVerme J, La Rana G, Russo R, et al. The search for the palmitoyletha-
nolamide receptor. Life Sci. 2005;77:1685-1698.

15. Pertwee RG. GPR55: a new member of the cannabinoid receptor clan?
Br J Pharmacol. 2007;152:984-986.

16. Petrosino S, Di Marzo V. The pharmacology of palmitoylethanolamide
and first data on the therapeutic efficacy of some of its new formula-
tions. Br J Pharmacol. 2016 [Epub ahead of print]. DOI: 10.1111/
bph.13580

17. Esposito E, Cuzzocrea S. Palmitoylethanolamide is a new possible phar-
macological treatment for the inflammation associated with trauma. Mini
Rev Med Chem. 2013;13:237-255.

18. Mattace Raso G, Russo R, Calignano A, et al. Palmitoylethanolamide in
CNS health and disease. Pharmacol Res. 2014;86:32-41.

19. Loureiro M, Renard J, Zunder J, et al. Hippocampal cannabinoid trans-
mission modulates dopamine neuron activity: impact on rewarding
memory formation and social interaction. Neuropsychopharmacology.
2015;40:1436-1447.



Kramar, et al.; Cannabis and Cannabinoid Research 2017, 2.1
http://online.liebertpub.com/doi/10.1089/can.2016.0030

20. Loureiro M, Kramar C, Renard J, et al. Cannabinoid transmission in the
hippocampus activates nucleus accumbens neurons and modulates
reward and aversion-related emotional salience. Biol Psychiatry.
2016;80:216-225.

21. Marichal-Cancino BA, Fajardo-Valdéz A, Ruiz-Contreras AE, et al. Advances
in the physiology of GPR55 in the central nervous system. Curr Neuro-
pharmacol. 2016. DOI: 10.2174/1570159X14666160729155441.

22. Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates, 5th edn.
Elsevier Academic Press: San Diego, CA, 2007.

23. Draycott B, Loureiro M, Ahmad T, et al. Cannabinoid transmission in the
prefrontal cortex bi-phasically controls emotional memory formation via
functional interactions with the ventral tegmental area. J Neurosci.
2014;34:13096-13109.

24. Grace AA, Bunney BS. Intracellular and extracellular electrophysiology of
nigral dopaminergic neurons—1. Identification and characterization.
Neuroscience. 1983;10:301-315.

25. Ungless MA, Grace AA. Are you or aren't you? Challenges associated with
physiologically identifying dopamine neurons. Trends Neurosci.
2012;35:422-430.

26. Tan H, Bishop SF, Lauzon NM, et al. Chronic nicotine exposure switches
the functional role of mesolimbic dopamine transmission in the pro-
cessing of nicotine’s rewarding and aversive effects. Neuropharmacology.
2009;56:741-751.

27. Warburton EC, Brown MW. Neural circuitry for rat recognition memory.
Behav Brain Res. 2015;285:131-139.

28. Lisman JE, Grace AA. The hippocampal-VTA loop: controlling the entry of
information into long-term memory. Neuron. 2005;46:703-713.

29. O'Sullivan SE, Kendall DA. Cannabinoid activation of peroxisome
proliferator-activated receptors: potential for modulation of inflamma-
tory disease. Immunobiology. 2010;215:611-616.

30. Begg M, Pacher P, Batkai S, et al. Evidence for novel cannabinoid recep-
tors. Pharmacol Ther. 2005;106:133-145.

20

31. Kegeles LS, Shungu DC, Anjilvel S, et al. Hippocampal pathology in
schizophrenia: magnetic resonance imaging and spectroscopy studies.
Psychiatry Res. 2000;98:163-175.

32. Kraguljac NV, White DM, Reid MA, et al. Increased hippocampal glutamate
and volumetric deficits in unmedicated patients with schizophrenia.
JAMA Psychiatry. 2013;70:1294-1302.

Cite this article as: Kramar C, Loureiro M, Renard J, Laviolette SR
(2017) Palmitoylethanolamide modulates GPR55 receptor signaling in
the ventral hippocampus to regulate mesolimbic dopamine activity,
social interaction and memory processing, Cannabis and Cannabinoid
Research 2:1, 8-20, DOI: 10.1089/can.2016.0030.

Abbreviations Used

ANOVA = analysis of variance
CB1/2R=CB1 and CB2 receptor
CPP = conditioned place preference
DA = dopamine
DMSO = dimethyl sulfoxide
GPCRs = G-protein-coupled receptors
NAc = nucleus accumbens
PBS = phosphate-buffered saline
PEA = palmitoylethanolamide
PPARo = peroxisome proliferator-activated receptor alpha
RIM = Rimonabant
VHipp = ventral hippocampus
VTA = ventral tegmental area
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