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Abstract

Evidence suggests that the phytocannabinoids A-9-tetrahydrocannabinol (THC) and
cannabidiol (CBD) differentially regulate salience attribution and psychiatric risk. The ventral
hippocampus (vHipp) relays emotional salience via control of dopamine (DA) neuronal
activity states, which are dysregulated in psychosis and schizophrenia. Using in-vivo
electrophysiology in male Sprague Dawley rats, we demonstrate that intra-vHipp THC
strongly increases ventral tegmental area (VTA) DA neuronal frequency and bursting rates,
decreases GABA frequency, and amplifies VTA beta, gamma and epsilon oscillatory
magnitudes via modulation of local extracellular signal-regulated kinase phosphorylation
(PERK1-2). Remarkably, whereas intra-vHipp THC also potentiates salience attribution in
morphine place-preference and fear conditioning assays, CBD co-administration reverses
these changes by down-regulating pERK1-2 signaling, as pharmacological re-activation of
pERK1-2 blocked the inhibitory properties of CBD. These results identify vHipp pERK1-2
signaling as a critical neural nexus point mediating THC-induced affective disturbances and
suggest a potential mechanism by which CBD may counteract the psychotomimetic and

psychotropic side-effects of THC.
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Significance Statement

Strains of marijuana with high levels of delta-9-tetrahydrocannabinol (THC) and low levels of
cannabidiol (CBD) have been shown to underlie neuropsychiatric risks associated with high
potency cannabis use. However, the mechanisms by which CBD mitigates the side effects of
THC have not been identified. We demonstrate that THC induces cognitive and affective
abnormalities resembling neuropsychiatric symptoms directly in the hippocampus, while
dysregulating dopamine activity states and amplifying oscillatory frequencies in the ventral
tegmental area via modulation of the extracellular signal-regulated kinase (ERK) signaling
pathway. In contrast, CBD co-administration blocked THC-induced ERK phosphorylation,
and prevented THC-induced behavioural and neural abnormalities. These findings identify a
novel molecular mechanism that may account for how CBD functionally mitigates the

neuropsychiatric side-effects of THC.
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Introduction

Chronic or acute use of high-potency cannabis is associated with numerous
neuropsychiatric side-effects, including dysregulation of emotional processing and
associative memory formation (Di Forti et al., 2009). However, given the phytochemical
complexity of cannabis, increasing evidence suggests highly divergent psychotropic effects
following exposure to distinct cannabis constituents. Thus, while the neuropsychiatric side-
effects of cannabis are associated with A-9-tetrahydrocannabinol (THC), clinical and
preclinical findings demonstrate that cannabidiol (CBD), the major non-psychoactive
phytocannabinoid in cannabis, possesses antipsychotic and anxiolytic properties (Leweke et
al., 2012; Zuardi et al., 2006). Indeed, whereas THC induces dysregulation of subcortical
dopamine (DA) transmission and affective salience processing (Bhattacharyya et al., 2012;
Palaniyappan et al., 2013; Renard et al., 2017), CBD normalizes aberrant DA signaling and
regulates affective stimulus processing (Norris et al., 2016; Renard et al., 2016a).
Nevertheless, the precise neurobiological mechanisms by which CBD may mitigate the
neuropsychiatric side-effects of THC are not understood.

The ventral hippocampus (vHipp) is an integrative structure sub-serving
mesocorticolimbic DA signaling and emotional processing and is implicated in schizophrenia-
related neuropathology (Grace, 2010). For example, disinhibition of the vHipp distorts
emotional salience and induces a schizophrenia-like phenotype by dysregulating activity of
ventral tegmental area (VTA) DA neurons and mesolimbic DA transmission (Floresco et al.,
2001; Legault et al., 2000; Loureiro et al., 2015). vHipp morphometric abnormalities and
dysregulated connectivity between the vHipp and frontotemporal structures are pathological

features of schizophrenia (Meyer-Lindenberg et al., 2005; Szeszko et al., 2003). Importantly,
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use of THC-rich cannabis induces vHipp abnormalities and learning and memory
disturbances that are mitigated by CBD (Beale et al., 2018; Bhattacharyya et al., 2010; 2015;
Englund et al., 2013). Thus, pathological vHipp overdrive may represent a convergent link
contributing to disturbances in affective salience processing and memory function observed
in schizophrenia and following THC exposure (Laviolette and Grace, 2006).

CBD mitigates psychosis-like neuronal, behavioural and molecular
endophenotypes associated with schizophrenia, for example, by inhibiting amphetamine and
MK-801-induced dysregulation of DA transmission, and associated beta () and gamma (y)
oscillatory patterns in reverse-translational schizophrenia models (Benes et al., 2006;
Gomes et al., 2015; Moreira and Guimaraes, 2005; Renard et al., 2016a; b). Furthermore,
CBD counteracts several signal transduction cascades associated with THC-induced
impairments, including the hippocampal mitogen-activated protein kinase/extracellular
signal-regulated protein kinase (ERK) pathway (Derkinderen et al., 2003; Elbaz et al., 2015;
Solinas et al., 2013). Considering that vHipp dysfunction is common to THC-induced
neuropsychiatric impairments and schizophrenia, one possibility is that the antipsychotic
properties of CBD are attributable to competing actions by CBD on local vHipp function.

In the present study, we investigated the hypothesis that intra-vHipp THC and CBD
differentially impact emotional memory processing and VTA neural activity via distinct actions
within the vHipp ERK signaling pathway. To elucidate the specificity of THC on the vHipp
ERK signal transduction cascade, we co-administered THC alongside the highly selective
and potent MEK1-2 inhibitor, U0126, which functionally antagonizes AP-1 transcription via
MEK inhibition (Duncia et al., 1998). Additionally, to characterize the properties of combined

THC+CBD on ERK activity, we co-administered THC+CBD alongside eicosapentaenoic acid
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116 (EPA), which promotes ERK phosphorylation via interaction with Thr235 and increases in
117 upstream rate-limiting H-Ras protein expression levels. We report that intra-vHipp THC

118 potentiates the affective salience of normally non-salient rewarding and aversive memory
119 cues, while increasing VTA DA neuronal activity states, decreasing VTA GABAergic activity,
120 and concomitantly amplifying B, y, and epsilon (¢) oscillatory frequencies within the VTA via
121 an ERK-dependent mechanism. Remarkably, CBD co-administration reversed THC-induced
122 changes in VTA neural activity and emotional memory processing via down-regulation of
123 vHipp ERK phosphorylation states. These findings identify for the first time a precise

124 molecular and neuronal mechanism by which CBD may mitigate the neuropsychiatric side-
125 effects of THC directly in the vHipp, a brain region known to be pathologically impacted by
126 cannabis exposure and schizophrenia.

127

128 Materials and Methods

129 Subjects

130 Male Sprague-Dawley rats (Charles River, St-Constant, Quebec) weighing 250-300
131 g at the start of experiments were single-housed under controlled conditions (22—-23° C,

132 lights on at 07:00, lights off at 19:00) with ad-libitum access to food and water. All

133 experimental protocols were approved by the Animal Care and Veterinary Services

134 Committee at Western University and were carried out in accordance with recommendations
135 provided by the Canadian Council on Animal Care.

136

137 Surgical Procedures
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138 Rats were anesthetized with a 2:1 mixture of ketamine (100 mg/ml; Narketan,

139 Belleville, Canada) and xylazine (20 mg/ml; Bayer, Mississauga, Canada) and placed in a
140 stereotaxic device. Stainless steel guide cannulae (22 gauge, Plastics One) were implanted
141 bilaterally into the vHipp at the following coordinates: AP: -5.6 mm from bregma, LM: +5.0
142 mm, DV: -6.8 mm from the dural surface. Guide cannulae were secured in place using

143 jeweler’'s screws and dental acrylic cement. To minimize pain and inflammation, meloxicam
144 (1 mg/kg, s.c.; Boehringer Ingelheim, Burlington, Canada) was administered before surgeries
145 and on the initial post-operative day. Behavioral testing began one-week post-recovery.
146 Following completion of behavioral experiments, rats received an overdose of sodium

147 pentobarbital (240 mg/kg, i.p., Euthanyl) and brains were extracted and post-fixed 24 hours
148 in 10% formalin before being placed in a 25% formalin-sucrose solution for 1 week. Brains
149 were sliced (60 um) using a cryostat and stained with Cresyl violet. Injector tip placements
150 were localized using a light microscope. Rats with cannula placements found outside the
151 anatomical boundaries of the vHipp (as defined by Paxinos and Watson, 2007) were

152 excluded from data analysis (n=7 total). An additional eight rats were removed from

153 subsequent experiments following blockade of cannulae throughout the series of

154 experiments.

155

156 Drug administration

157 The following drugs were used during behavioral or electrophysiological

158 experiments: THC (Cayman Chemical, Ann Arbor, Michigan, USA), CBD (Tocris

159 Bioscience, Bristol, United Kingdom), the selective MEK1/MEK2 inhibitor U0126 (Tocris),

160 the omega-3 fatty acid eicosapentaenoic acid (EPA; Tocris), sucrose (Sigma-Aldrich) and
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morphine sulphate (Johnson-Matthey). THC, and EPA in ethanol were each dissolved in
cremophor and saline (1:1:18). Nitrogen gas was used to evaporate ethanol from the final
THC and EPA solutions. CBD was dissolved in cremophor and saline (1:18). U0126 was
dissolved in DMSO and then diluted in sterile saline to achieve a 25% DMSO
concentration. Morphine sulphate was dissolved in physiological saline, with pH adjusted
to 7.4. A solution of cremophor and saline (1:18) was infused as a Vehicle control.
Intra-vHipp microinfusions were performed immediately before each behavioural
assay or conditioning session. A total volume of 0.5 mL per hemisphere was delivered via
28-gauge microinfusion injectors over 1 min. To ensure adequate drug diffusion,

microinjectors were left in place for an additional one-minute following drug infusion.

Protein Expression Analyses

To evaluate the local effects of intra-vHipp phytocannabinoids on expression of
pERK, ERK, and the ratio of pERK:ERK, a subset of rats received bilateral intra-vHipp
microinfusions of vehicle (VEH), THC (100 ng), CBD (100 ng), THC+CBD (100 ng + 100
ng), THC+U0126 (100 ng + 1 ug) or THC+CBD+EPA (100 ng + 100 ng + 1 mM) five
minutes prior to being euthanized. Brains were rapidly removed, and flash frozen at -80°C.
Coronal sections (95 um) containing the vHipp were cut on a cryostat and slide mounted.
Bilateral microdissections surrounding the injector sites were obtained (~2.5 mg total
tissue per subject), using light microscopy to identify and avoid any regions with reactive
gliosis. The western blotting procedure was performed as described previously (Lyons et
al., 2013) using approximately 12.5 ug of collected tissue per blot. Primary antibody

dilutions were as follows: a-tubulin (1:1,000,000; Sigma-Aldrich), pERK (1: 1,000, Cell

Vil
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Signaling Technology (CST), and ERK (1: 2,000, CST). Species appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies (LI-COR IRDye 680RD and IRDye
800CW, Thermo Scientific) were each used at a dilution of 1: 10,000. Densitometry
measurements were obtained using Li-Cor Odyssey digital imaging software and Image
Studio analysis software by normalizing the intensity of each sample’s target protein band

to the respective a-tubulin intensity.

VTA Neuronal Activity Recordings and Analysis

Extracellular single-unit electrophysiological recordings were performed in-vivo in
adult rats weighing 300-450 g. The recordings were taken either from putative dopaminergic
(DA) VTA neurons or from non-DA GABAergic VTA neurons. In-vivo extracellular single-unit
recordings in the VTA were performed as described previously (Loureiro et al., 2015). Briefly,
rats were anesthetized with urethane (1.5 g/kg, i.p., Sigma-Aldrich) and placed in a
stereotaxic frame with body temperature maintained at 37 °C. A scalp incision was made,
and holes were drilled in the skull overlaying the VTA and vHipp. For intra-vHipp
microinfusions, a 10 uL Hamilton syringe was slowly lowered into the vHipp using the
stereotaxic coordinates described above. For intra-VTA recordings, glass microelectrodes
(average impedance of 6-8 MQ) filled with a 2 M sodium acetate solution containing 2%
pontamine sky blue were lowered with a hydraulic micro-positioner (Kopf640) to the following
coordinates: AP: -5.0 mm from bregma, L: £0.7 mm, DV: -7.0 to -9.0 mm from the dural
surface. A bone screw was placed over the cerebellum and connected with the return of the
headstage, serving as a reference electrode. The electrophysiological properties of

spontaneously active neurons were sampled by vertically passing the electrode through the
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VTA cell body region. A minimum washout duration of 1-hour was allowed between intra-
vHipp infusions. Vertical tracks were made in a predefined pattern, with each track separated
by 200 pm.

Extracellular signals were amplified (x5000) using a MultiClamp700B amplifier
(Molecular Devices), digitized at 25 kHz and recorded through a Digidata1440A acquisition
system (Molecular Devices) and pClamp10 software. Wideband VTA signal recordings were
fed through two channels of the digitizer and filtered to obtain single unit recordings (band
pass between 0.3 and 3 kHz) and local field potentials (LFPs; low pass at 0.3 kHz). VTA DA
neurons were identified according to well established electrophysiological features (Grace
and Bunney, 1983): (1) a relatively long action potential width (>2.5 ms), (2) a slow,
spontaneous firing rate (2-9Hz), (3) a triphasic waveform consisting of a notch on the rising
phase followed by a delayed after potential, and (4) a single irregular or bursting firing
pattern. In contrast, VTA non-DAergic cells were characterized based upon: (1) a narrow
action potential width (<1 ms), (2) a biphasic waveform, (3) relatively fast firing rates (>10
Hz), and (4) the absence of burst firing.

Electrophysiological analyses were performed using the Clampfit10 (Molecular
Devices) software package. Firing frequencies of isolated VTA neurons following intra-vHipp
microinfusions were normalized to the respective baseline firing frequency. The response
patterns of VTA neurons to vHipp microinfusions were determined by comparing the
neuronal frequency rates between the 5-minute preinfusion versus postinfusion recording
epochs. The 5-minute preinfusion epoch was commenced following at least 2 minutes of
stable physiological (single unit and LFP) activity. The 5-minute postinfusion epoch

commenced immediately following the 1-minute intra-vHipp infusion. We ensured minimum
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230 1-hour delay between recordings to prevent effects infusions, and recordings within each
231 animal were carried out within 1 drug condition. Classification of drug infusion effects used a
232 criterion of >10% change in firing frequency relative to pre-infusion to be classified as an
233 ‘increase’ or ‘decrease’ effect. Neurons displaying <10% change in firing frequency

234 parameters after infusion were classified as ‘no change’. In VTA DA neurons, we also

235 analyzed the proportion of action potentials firing in the phasic bursting modality. The onset
236 of a burst event was defined as the occurrence of two or more consecutive spikes within an
237 interspike interval of <80 ms.

238 LFP signals were analyzed using NeuroExplorer (Nex Technologies). Recordings
239 were first decimated to 1 kHz, and lowpass filtered (IIR Butterworth filter at 170 Hz; filter
240 order set to 3). A spectrogram function was then used to calculate the power of oscillations
241 at frequencies between 0—100 Hz (window length 2 s; shift 0.5 s). Pre-infusion and post-
242 infusion parameters remained the same as outlined previously. Power values for a given
243 frequency were averaged over the recording epoch and normalized so that the sum of all
244 power spectrum values equals 1. The total power was calculated by adding the power values
245 at frequencies between 0-59 and 61-100 Hz, and power values at 60 + 1 Hz were excluded
246 from all calculations. Neural oscillations were defined within specific frequency bands as
247 follows: delta band, 0-4 Hz; theta band, 4-7 Hz; alpha band, 7-14 Hz; B band, 14-30 Hz; y
248 band, 30-80 Hz; and ¢ band, 90-100 Hz. Every recording was taken at a different electrode
249 location throughout VTA.

250 Positions of recording electrodes were marked with an iontophoretic deposit of

251 pontamine sky blue dye (-19.5 mA, continuous current for 15 min) for histological analyses,
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from two rats were excluded from electrophysiological data analysis because histological
analysis revealed iontophoretic deposits beyond the anatomical boundaries of the VTA as

defined by Paxinos and Watson (2007).

Behavioural Testing

A battery of behavioural assays was conducted to examine the effects of acute
intra-vHipp THC vs CBD infusions on affective and anxiety-related behaviours. Between
experiments, rats were returned to the home cage for a minimum of 3 days. Rats were
randomly assigned across experiments and counterbalanced within groups. Separate
cohorts of rats received the conditioned place preference, context-dependent, or context-
independent fear conditioning procedures as final tests, as these (opiate exposure and high
stress) tests were considered terminal. We performed the following ordered series of
behavioural assays:
Open field test

Rats were placed in an automated open field activity chamber (Med Associates,
Fairfax, VT) for 30 min. Total distance moved, time spent inactive in the centre compartment
of the chamber (initial 5 mins only), and stereotypy times were recorded and analyzed. Time
spent inactive in the centre compartment relative to the outer compartment were measured
as an index of anxiety as higher states of anxiety are associated with lower exploration times
in the central regions of the open field chamber and greater times spent in the peripheral
zone (Ohl et al., 2003). Stereotypy was defined as time spent mobile within a software-
generated, pre-defined zone in the open field chamber. At time zero, the program centres

this pre-defined zone on the subject. When the subject moves outside this zone, the activity

Il
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is considered ambulatory and the zone re-centres on the subject. If the subject remains
inside the re-centred zone for longer than a software-defined resting delay (2,500 ms), the

subject’s activity is considered stereotypic until they move outside the zone.

Light dark box

This test exploits a rat’s natural aversion to bright environments and attributes
greater time spent in an illuminated environment as reflecting lower anxiety levels. The test
was performed as previously described (Renard et al., 2016a). At the start of the experiment,
a rat was placed in the center of the lighted box with its head facing the wall opposite the
door and allowed to freely explore both compartments for 8 min. A zone entry was
considered to have begun when the rat placed all 4 paws in that zone. Experiments were
videotaped with an automated video-tracking system (ANY-maze; Stoelting, Wood Dale, IL).
Behaviors analyzed included % time in light side, and latency to second transition (latency
time to exit the dark box and re-enter the light box), which are each robust indicators of

anxiety-like behavior and sensitive to both anxiogenic and anxiolytic treatments®.

Sucrose preference test

To allow for acclimation to a palatable liquid-sucrose solution, rats received 48
hours ad-libitum access to 2% sucrose solution in bottles suspended in their home cages,
without access to water. Following acclimation, rats were deprived of water and 2% sucrose
solution for 12 hours before testing. During the 1-hour test, rats were given ad-libitum access

to two bottles — one containing water and one containing 2% sucrose solution. Fluid volumes

X1l



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
=)

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

CBD Offsets THC via Hippocampal ERK 1-2 Signaling

consumed during testing were normalized according to body weight and sucrose preference

was calculated and expressed as % of total fluid intake.

Context-dependent and context-independent fear conditioning

To study the effects of intra-vHipp phytocannabinoids on aversive memory
processing, rats were tested in context-dependent or context-independent olfactory cue fear
conditioning procedures as described previously (Loureiro et al., 2016). During context-
dependent fear conditioning, associative contextual stimuli of the context (black and white
stripes, or polka dots) were paired through counterbalancing with subthreshold levels of
footshock (10 shocks, 1 second, .4 mA, administered at random time intervals during a
single 20 minute conditioning session) that we have previously shown do not produce
significant fear memories (Loureiro et al., 2016). 24 hours following conditioning, subjects
were re-exposed for 10 minutes to the conditioning context for testing, in a drug-free state.
For the context-independent fear conditioning protocol, subjects were habituated for 30
minutes to the ‘safe’ context 24 hours prior to conditioning. Two odors were used during
context-independent olfactory fear conditioning in the ‘shock’ context — almond and
peppermint fragrance oils. One odor was paired with a footshock (conditioned stimulus
[CS]+), and the other paired with the absence of footshock (CS-) in a counterbalanced
fashion. 10 CS+ and 10 CS- pairings were presented during the 20-minute conditioning
session. 24 hours following conditioning, subjects were re-exposed for 5 minutes to each CS
in a counterbalanced style for testing, in a drug-free state. Time freezing was recorded over

10 minutes using automated video tracking (ANY-maze).
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Conditioned place preference

We employed a conditioned place preference (CPP) procedure, as previously
described (Lintas et al., 2011). Briefly, subjects were habituated to a neutral grey context for
20 minutes the day before conditioning onset. For conditioning days, saline or morphine
injections (i.p.) were paired with one of two environments that differed in color (black vs
white), texture (plexiglass floor vs bedding), and smell (0.4 mL of 2% acetic acid vs
woodchips scent). For CPP testing, rats are given the free choice to spend time in either of
the previously experienced (Drug vs. Veh) conditioning environments, which are separated
by a narrow (10 cm) grey strip of Plexiglas. As reported previously, rats display no baseline
preference for either of these two environments (Laviolette and van der Kooy, 2003). Rats
received four morphine-environment and four saline-environment conditioning sessions (1
session per day on alternating days, 8 days conditioning in total) in a fully counterbalanced
design. We used a sub-reward threshold conditioning dose of morphine (0.05 mg/kg i.p.) that
we have previously demonstrated to produce no significant CPP (Lintas et al., 2011). Rats
received i.p. injections immediately before being placed in saline- or morphine-paired
environments for conditioning sessions lasting 30 minutes each. Intracranial microinfusions
directly preceded i.p. injections and were given before all conditioning trials. Two days
following conditioning, rats were tested (drug-free) for place preference during a 10-minute
test, and times spent in each environment were recorded with an automated video-tracking
system (ANY-maze). CPP behavior is expressed as % time spent in morphine and saline-

paired environments.

Statistical Analyses
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The data were analyzed using one or two-way analyses of variance (ANOVA)
followed by Newman Keul’s (electrophysiological data) or Fisher’'s LSD tests (molecular and
behavioural analyses) for multiple comparisons (alpha < 0.05). When appropriate, planned
comparisons were performed using t-tests, as indicated. All analyses were performed using
Sigmaplot (version 12.0 for Windows), and only the exact values of significant analyses are

reported.

Results
THC and CBD differentially regulate local ERK1-2 phosphorylation states in the vHipp
At the molecular level, THC and CBD differentially modulate cellular ERK1-2
signaling, with THC activating and CBD inhibiting ERK1-2 phosphorylation (Derkinderen et
al., 2003; Elbaz et al., 2015). Accordingly, we first examined whether intra-vHipp vehicle
(VEH; n=6), THC (100 ng/0.5 ul; n=6), CBD (100 ng/0.5 nl; n=6), or a combination of THC
(100 ng) + CBD (100 ng/0.5 ul; n=6) may differentially modulate local vHipp ERK1-2
phosphorylation (pERK1-2) states. To characterize the ability of THC to increase pERK1-2
expression directly in the vHipp we co-administered THC alongside the MEK1-2 inhibitor,
U0126 (1 ug; n=5), at a dose previously characterized as having pharmacologically
specific actions on neuronal ERK1-2 expression levels (Lyons et al., 2013). In addition, to
characterize the actions of THC+CBD on pERK1-2 expression levels, we co-administered
the THC+CBD with the ERK-activating agent eicosapentaenoic acid (EPA; 1mM; n=5), at a
dose previously described to elevate pERK1-2 phosphorylation (Maher et al., 2004; Salvati

et al., 2008).
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366 Mixed measures ANOVA revealed a significant main effect of Group [F s, 2¢) =
367 10.18, p < 0.001], but no significant effect of Isoform Factor [F(1, 28y = 0.328, p > 0.05], or
368 interaction between Group and Isoform Factors [Fs 28 = 0.297, p > 0.05]. Post-hoc

369 comparisons using Fisher’s LSD on marginal means revealed that THC significantly

370 increased levels of vHipp pERK1-2 expression relative to VEH (p = 0.001), CBD (p<

371 0.001), THC+CBD (p < 0.001), and THC+U0126 groups (p = 0.04). Thus, intra-vHipp THC
372 strongly increases local pERK1-2 expression via upstream MEK1-2 signaling. In contrast,
373 whereas CBD has no significant effects relative to VEH, the THC+CBD combination

374 blocks the effects of THC and significantly downregulates pERK1-2 expression relative to
375 VEH (p = 0.004). Furthermore, the THC+CBD decrease of vHipp pERK1-2 activation is

376 reversed by simultaneous pharmacological activation of ERK1-2 (p < 0.001; Figure 1a).

377 Figure 1b represents mean % total ERK1-2 expression. Mixed measures ANOVA
378 revealed no significant main effects of Group [F s 28) = 1.05, p > 0.05), Isoform Factor [F1, 2g)
379 =0.004, p > 0.05), or interaction between Group and Isoform Factors [Fs 2s) = 0.584, p >
380 0.05), indicating that acute intra-vHipp THC, CBD, or THC+CBD infusion did not alter ERK1-
381 2 expression. The pERK:ERK1-2 expression ratio (transformed from raw pERK and tERK
382 data) is represented in Figure 1c. Mixed measures ANOVA revealed a significant main
383 effect of Group [Fs, 28) = 6.88, p < 0.001], but no significant effect of | Isoform Factor [F(1,
384 28) =0.127, p > 0.05), or interaction between Group and Isoform Factors [F(5, 28) =

385 0.334, p > 0.05). Post-hoc comparisons using Fisher's LSD revealed that THC significantly
386 increased pERK:ERK1-2 expression ratio relative to VEH (p = 0.014), CBD, and

387 THC+CBD groups (p’s < 0.001). Thus, whereas intra-vHipp THC strongly increases the

388 pERK:ERK1-2 expression ratio relative to VEH, CBD shows no effects. In contrast, the
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THC+CBD combination significantly downregulates pERK:ERK1-2 expression, an effect
that is reversed via co-administration of THC+CBD+EPA (p < 0.001). Representative
western blots for pERK1-2 and ERK1-2 expression levels in the vHipp are shown in Figure
1d. In Figure 1e, we present a schematic summary of intra-vHipp microinfusion locations for

the above described experimental groups.

Intra-vHipp THC and CBD differentially modulate anxiety-like behaviours via local
ERK1-2 modulation

We next examined the potential effects of intra-vHipp THC or CBD on a battery of
anxiety-related behavioural assays and the potential role of localized ERK1-2 signaling in
these effects. First, using the open field test (see methods), we compared total ambulatory
activity following THC/CBD administration and anxiety-related spatial exploration
parameters. Comparing mean total distance travelled following intra-vHipp microinfusion of
VEH (n=11), 10 (n=10) or 100 ng THC (n=12), 10 (n=9) or 100 ng CBD (n=9), or 100 ng
THC+CBD (n=8) co-administration, one-way ANOVA revealed no significant main effect of
Group [Fs,s3) = 0.412, p > 0.05], demonstrating that THC/CBD has no effects on gross
motoric behaviours (Figure 2a).

Next, comparing times spent in the center vs. peripheral zones of the test arena
during the initial 5 mins of testing revealed differential effects of THC vs. CBD on anxiety-like
behaviours (Figure 2b). First, one-way ANOVA comparing times spent in the centre zone
between VEH, THC (10 and 100 ng), CBD (10 and 100 ng), and THC+CBD (100 ng)
revealed a significant main effect of Group [Fs, 53y = 4.81, p = 0.001]. Post-hoc comparisons

using Fisher’'s LSD demonstrate that the higher dose of THC (100 ng) decreases time spent
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in the centre zone relative to VEH (p = 0.046), suggesting a dose-dependent anxiogenic
effect. In contrast, co-administration of THC+CBD induced a significant anxiolytic effect, with
rats spending significantly greater time in the centre zone relative to VEH (p = 0.008) and
THC (p < 0.001) groups, indicating that intra-vHipp THC+CBD co-administration engenders
opposite effects on anxiety relative to THC.

Given that intra-vHipp THC potently increases pERK1-2 activation (Figure 1a), we
next challenged the anxiogenic effects of intra-vHipp THC with co-administration of the MEK
1-2 inhibitor, U0126. One-way ANOVA comparing VEH (n=11), THC (100 ng; n=12), and
100 ng THC+U0126 (0.1 and 1 ng; n’s=8) revealed a significant main effect of Group [F 3, 3s)
= 3.36, p = 0.03]. Post-hoc comparisons using Fisher's LSD revealed that rats receiving
THC with a lower dose of U0126 (0.1 pg) displayed anxiogenic avoidance of the centre zone
relative to VEH (p = 0.028). In contrast, rats receiving co-administration of 100 ng THC with a
higher dose of U0126 (1 ug) spent significantly more time in the centre zone relative to THC
(p = 0.046). Thus, blockade of MEK1-2 signaling dose-dependently blocks the anxiogenic
effects of intra-vHipp THC, consistent with its ability to prevent intra-vHipp pERK1-2
activation.

Given our finding that activation of ERK1-2 with EPA reverses the combinatorial
effects of THC+CBD on THC-induced pERK1-2 expression levels, we next challenged the
anxiolytic effects of THC+CBD on centre zone times by co-administration of
THC+CBD+EPA. One-way ANOVA comparing VEH (n=11), 100 ng THC+CBD (n=8), and
100 ng THC+CBD+EPA (0.1, and 1 mM; n=9, n=8, respectively) revealed a significant main
effect of Group [F(3,32) = 7.79, p < 0.001]. Post-hoc comparisons using Fisher's LSD

revealed that rats receiving THC+CBD with a higher dose of EPA (1 mM) spent significantly
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less time in the centre zone relative to VEH (p = 0.032), demonstrating that vHipp ERK
phosphorylation dose-dependently attenuates the anxiolytic properties of THC+CBD. A
separate one-way ANOVA comparing 1 ug U0126, and 1 mM EPA (n’s=8) alone with the
VEH group revealed no significant main effect of Group [F 2, 25y = 3.058, p > 0.05].
Representative activity plots for selected groups are presented in Figure 2c.

We next assessed the effects of intra-vHipp THC/CBD using the light-dark box
anxiety test (portrayed in Figure 2d). Figure 2e represents the mean % time spent in the
light environment between drug treatment conditions. One-way ANOVA comparing VEH
(n=10), 10 (n=9) and 100 ng THC (n=11), 10 (n=9) and 100 ng CBD (n=8), and 100 ng
THC+CBD (n=8) groups revealed a significant main effect of Group [F(s,49) = 4.76, p =
0.001]. Post-hoc comparisons using Fisher's LSD demonstrate dose-dependent effects of
THC, as 10 ng THC increases time spent in the light compartment relative to 100 ng THC (p
< 0.001), while 100 ng THC reduces this measure relative to 100 ng CBD (p = 0.008) and
co-administered THC+CBD (p < 0.001). Although CBD displays no significant effects,
THC+CBD co-administration increases time spent in the light environment compared to
VEH (p = 0.008), indicating an anxiolytic effect that counteracts the effect of THC.

We next challenged the anxiogenic effects of intra-vHipp THC with co-
administration of the MEK 1-2 inhibitor, U0126. One-way ANOVA comparing VEH (n=10),
100 ng THC (n=11), and 100 ng THC+UO0126 (0.1 and 1 ug; n=9, n=8, respectively) revealed
no significant main effect of Group [F 3, 34y = 1.68, p > 0.05]. However, a planned pre-hoc
comparison revealed significantly increased % time spent in the light environment by the 100
ng THC+1 ug U0126 group relative to THC alone [t(15) = -2.57, p = 0.01]. Thus, blockade of

MEK1-2 signaling dose-dependently mitigates the anxiogenic effects of intra-vHipp THC.
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Next, we challenged the behavioural effects of our THC+CBD combination on %
time spent in the light environment by co-administration of THC+CBD+EPA. One-way
ANOVA comparing VEH (n=10), 100 ng THC+CBD (n=8), and 100 ng THC+CBD+EPA (0.1
and 1 mM; n=7, n=9, respectively) revealed a significant main effect of Group [F 3, 30) = 3.05,
p = 0.044]. Post-hoc comparisons using Fisher's LSD revealed that whereas rats receiving
THC+CBD with a lower dose of EPA (0.1 mM) did not differ from THC+CBD, rats receiving
THC+CBD with a higher dose of EPA (1 mM) spent significantly less time in the light
environment (p = 0.009), demonstrating that vHipp pERK1-2 activation dose-dependently
attenuates the anxiolytic properties of THC+CBD. A separate one-way ANOVA comparing 1
ng U0126, and 1 mM EPA (n’s=8) alone with the VEH group revealed no significant main
effect of Group [F(2, 25y = 0.043, p > 0.05] on % time spent in the light environment.

Figure 2f represents the mean latency to initial re-emergence from the dark to light
environment. One-way ANOVA comparing VEH, THC (10 and 100 ng), CBD (10 and 100
ng), and THC+CBD (100 ng) revealed a significant main effect of Group [Fs49) = 3.60, p =
0.008]. Post-hoc comparisons using Fisher's LSD demonstrate that the 100 ng THC group
shows increased latency to re-emerge into the light environment relative to VEH (p = 0.006),
100 ng CBD (p = 0.011) and THC+CBD (p = 0.007). Thus, intra-vHipp THC dose-
dependently increases anxiogenic avoidance behaviours that is reversed by CBD co-
administration.

Comparing groups treated with VEH, 100 ng THC, and 100 ng THC+UQ126 (0.1
and 1 pg), one-way ANOVA revealed a significant main effect of Group [F (3, 34) = 4.88, p =
0.006]. Post-hoc comparisons revealed that rats receiving THC with a higher dose of U0126

(1 ng) displayed significantly less latency to re-emerge into the light environment relative to
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THC alone (p < 0.001) and displayed comparable latency to VEH controls. Thus, blockade of
intra-vHipp MEK1-2 signaling dose-dependently inhibits THC-induced anxiogenic avoidance
of a light environment. Furthermore, comparing the 1 ng U0126, and 1 mM EPA (n’s=8)
alone groups with the VEH group using one-way ANOVA revealed no significant main effect

of Group [F 2, 25y = 0.046, p > 0.05] on latency to re-emerge into the light environment.

Intra-vHipp THC and CBD differentially modulate contextual fear memory formation
via local ERK1-2 modulation

Considering our findings that intra-vHipp THC/CBD opposingly modulate anxiety-
related behaviours, we next examined whether THC/CBD could modify the aversive valence
of fear memory acquisition using sub-threshold footshock conditioning levels (0.4 mA). A
sample microphotograph of a representative vHipp microinfusion site is shown in Figure 3a.
First, using a context-dependent fear conditioning assay (see methods), we compared mean
% time freezing during fear memory testing (Figure 3b). One-way ANOVA comparing VEH
(n=11), 10 (n=8) and 100 ng THC (n=9), 10 (n=7) and 100 ng CBD (n=8), and 100 ng
THC+CBD (n=8) groups revealed a significant main effect of Group [F(s, 45 = 3.09, p =
0.018]. Post-hoc comparisons using Fisher's LSD revealed dose-dependent effects of THC,
with the higher dose of THC (100 ng) inducing a significant elevation in % time freezing
relative to VEH (p = 0.003), 100 ng CBD (p = 0.038) and THC+CBD (p = 0.001). Thus,
whereas THC strongly potentiates the aversive salience of contextual cues linked with sub-
threshold footshock, THC+CBD co-administration mitigates these effects.

Based upon dose-response curves obtained in our anxiety-based assays, we

selected co-infusion doses of 1 ung U0126, and 1 mM EPA to challenge the effects of THC,

XXII



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
=)

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

CBD Offsets THC via Hippocampal ERK 1-2 Signaling

and THC+CBD on fear responsivity, respectively. One-way ANOVA comparing VEH (n=11),
100 ng THC (n=9), and 100 ng THC+UO0126 (n=9) groups revealed a significant main effect
of Group [F2, 26y = 4.18, p = 0.027]. Post hoc comparisons using Fisher's LSD revealed that
co-administered 100 ng THC+U0126 reduced % time spent freezing relative to 100 ng THC
(p = 0.034), demonstrating that MEK1-2 blockade counteracts THC-induced potentiation of

fear responsivity.

We next challenged the antagonistic effect of intra-vHipp THC+CBD co-
administration by co-infusing THC+CBD+EPA. One-way ANOVA comparing VEH (n=11),
100 ng THC+CBD (n=8), and 100 ng THC+CBD+1 mM EPA (n=10) revealed no significant
main effect of Group [F(2, 26y = 2.91, p > 0.05]. However, a planned pre-hoc comparison
revealed that THC+CBD+EPA co-administration significantly increased % time spent
freezing relative to THC+CBD [t¢16) = -2.19, p = 0.043], demonstrating that vHipp pERK1-2
up-regulation mitigates relief of fear-responsivity by THC+CBD. In addition, a separate one-
way ANOVA comparing 1 ng U0126, and 1 mM EPA alone (n’s=8) relative to VEH revealed

no significant main effect of Group [F(2, 24) = 2.71, p > 0.05].

THC and CBD differentially regulate context-independent fear memory processing via
interactions with ERK1-2 signaling in the vHipp

Considering that the vHipp has previously been implicated in context-independent
associative memory formation (Kramar et al., 2017), we next tested the effects of intra-vHipp
THC/CBD administration and the impact of pERK1-2 signaling on olfactory-cue fear memory
formation using a subthreshold fear conditioning protocol (see methods). Based upon dose-

response curves obtained in our context-dependent fear conditioning task (Figure 3b), we
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selected doses of 100 ng THC, 100 ng CBD, and 100 ng THC+CBD for intra-vHipp
microinfusions. The mean % time freezing to CS- and CS+ presentations during testing are
represented in Figure 3c. Mixed measures ANOVA comparing VEH, THC, CBD, and
THC+CBD groups (n’s=8) revealed a significant main effect of Group [F(3, 26y = 13.36, p <
0.001], and a significant main effect of Conditioned Stimulus Factor [F(4, 2) = 24.67, p <
0.001], but not an interaction between Group and Conditioned Stimulus Factors. Post-hoc
comparisons using Fisher's LSD revealed that THC significantly increases % time freezing
to CS- and CS+ relative to VEH (p = 0.022; p < 0.001), CBD (p = 0.007; p < 0.001), and
THC+CBD (p = 0.007; p < 0.001) groups. Thus, whereas intra-vHipp THC indiscriminately
potentiates fear responsivity to associative fear-conditioned cues, THC+CBD co-
administration mitigates these conditioned effects.

We next examined the impact of pERK1-2 signaling on THC-induced changes in
context-independent fear responsivity. Mixed measures ANOVA comparing VEH, THC, and
THC+UO0126 groups (n’s=8) revealed significant main effects of Group [F(2, 21)=8.11,p =
0.002], and Conditioned Stimulus Factor [F1, 21y = 13.18, p = 0.002], but not an interaction
between Group and Conditioned Stimulus Factors. Post-hoc comparisons using Fisher’s
LSD revealed that rats treated with THC+U0126 display less % time freezing to the CS+
relative to THC alone (p = 0.004), and do not differ in CS- freezing % relative to VEH. Thus,
inhibition of pERK1-2 signaling is sufficient to counteract THC-induced potentiation of fear
responsivity.

Next, we examined the potential role of pERK1-2 signaling in the inhibitory action of
CBD co-administration on THC-induced fear responsivity by co-administering

THC+CBD+EPA. Mixed measures ANOVA comparing VEH, THC+CBD, and
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THC+CBD+EPA groups (n’s=8) revealed significant main effects of Group [F(2, 21y = 10.61, p
< 0.001], and Conditioned Stimulus Factor [F(1, 21y = 28.54, p < 0.001], but no interaction
between Group and Conditioned Stimulus Factors. Post-hoc comparisons indicated co-
infusion of THC+CBD+EPA increased % time freezing to CS- and CS+ relative to THC+CBD
(p = 0.026; p < 0.001), indicating that CBD co-administration rescues THC-induced
associative fear memory formation via inhibition of vHipp pERK1-2 activation. Additionally, a
separate mixed measures ANOVA comparing 1 ug U0126, and 1 mM EPA alone (n’s=8)
relative to VEH revealed a significant main effect of Conditioned Stimulus Factor [F(1, 21y =
10.25, p = 0.004], but no significant main effect of Group or interaction between Group and

Conditioned Stimulus Factors.

Intra-vHipp THC and CBD produce opposite effects on opioid reward processing via
local ERK1-2 modulation

In addition to modulation of fear-related associative memory, using a morphine-
dependent place conditioning procedure (CPP), we recently reported that vHipp CB1R
activation can strongly potentiate opioid reward memory salience (Loureiro et al., 2015).
Therefore, we used a sub-reward threshold conditioning doses of morphine (0.05 mg/kg, i.p.)
with an unbiased CPP design (see methods) assessing mean % time spent in the morphine-
paired and saline-paired contexts during CPP testing (Figure 3d). Mixed measures ANOVA
comparing VEH, THC, CBD, and THC+CBD groups (n’s=7) revealed a significant interaction
between Group and Context Factors [F(3, 24) = 3.38, p = 0.035], but no significant main effect
of Group, or Context Factor. Post-hoc comparisons using Fisher’'s LSD indicated that THC

significantly increased % time spent in the morphine context relative to VEH (p = 0.035),
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CBD (p = 0.028), and THC+CBD (p = 0.007) groups. Furthermore, a planned pre-hoc
comparison revealed that rats receiving THC+CBD co-administration demonstrated greater
% time spent in the saline vs. morphine-paired contexts [t(12) = -1.93, p = 0.039]. Thus,
whereas intra-vHipp THC potentiates the reward salience of morphine, THC+CBD co-
administration reverses this effect, producing aversion to morphine-paired contexts. We also
separately analyzed both the average time spent in the centre grey compartment (one-way
ANOVA: [F(3, 24) = 1.39, p > 0.05]), as well as the average time spent in either conditioning
environment (mixed measures ANOVA: [F(3, 48) = 0.68, p > 0.05]) to examine possible
contextual bias, but the analyses revealed no significant differences between groups.

We next examined whether the ability of intra-vHipp THC to modulate morphine-
dependent reward processing may depend upon local pERK1-2 signaling. Mixed measures
ANOVA comparing VEH, THC, and THC+U0126 (n=8) groups revealed a significant
interaction between Group and Context [F(2, 19) = 4.02, p = 0.035]. Post-hoc comparisons
using Fisher’s LSD showed that rats receiving THC+U0126 did not differ from VEH in %
time spent in the morphine context, suggesting that THC potentiates the rewarding
properties of morphine via local pERK1-2 signaling. We also assessed the role of pERK1-2
signaling on the opposing actions of THC+CBD on CPP via co-administration of
THC+CBD+EPA. Mixed measures ANOVA comparing VEH, THC+CBD, and
THC+CBD+EPA groups (n’s=7) revealed a significant main effect of Group [F(2, 1) = 4.24, p
= 0.031]. Post-hoc comparisons indicated that relative to rats receiving VEH (p = 0.022),
those receiving THC+CBD+EPA increased % time spent in the morphine context. Therefore,
CBD co-administration reverses the potentiation of reward memory salience induced by

intra-vHipp THC via local pERK1-2 inhibition.
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THC, CBD, and their combination enhance preference for a low-concentration sucrose
solution

We next examined the effects of THC, CBD, and their combination on responses
toward a natural reward using the sucrose preference assay (see methods). Mean
preference for 2% sucrose solution is represented in Figure 3e. One-way ANOVA
comparing VEH (n=7), THC (n=8), CBD (n=7), and THC+CBD (n=7; 100 ng each) revealed a
significant main effect of Group [F(3 25) = 5.61, p = 0.004], and post-hoc comparisons using
Fisher's LSD revealed that THC (p = 0.001), CBD (p = 0.002), and THC+CBD (p = 0.01)
each significantly increase sucrose preference compared to VEH. Similar results were
observed when comparing water intake between groups during the sucrose preference
assay (main effect of Group [F3, 25) = 4.51, p = 0.012]; Figure 3f). Total caloric intake during
testing did not differ between groups ([F 3, 25) = 2.48, p = 0.084]). Thus, intra-vHipp THC,
CBD, and combined THC+CBD each selectively enhance preference for a low-concentration
sucrose reward by decreasing water intake, without altering total caloric consumption or food

intake.

Intra-vHipp THC elicits a hyperactive VTA DA activity state via ERK1-2 activation and
is blocked by CBD

We next performed intra-VTA extracellular single-unit recordings to determine if
VTA DA neuronal activity states are modulated by intra-vHipp VEH (cells/animals; n=13/5),
THC (n=19/6), CBD (n=12/4), combined THC+CBD (n=16/6), or local pERK1-2 activity using

THC+U0126 (n=14/5). Sample microphotographs of a representative vHipp microinfusion
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location and VTA neuronal recording site are shown in Figure 4a-b. Neuronal activity
profiles following intra-vHipp microinfusion treatments are summarized in Figure 4c. Figure
4d represents mean frequency change (expressed as % relative to baseline) in VTA DA
neurons, and one-way ANOVA revealed a significant main effect of Group [F,69) = 3.54 p =
0.011]. Post-hoc comparisons using Newman Keuls’ test revealed that VTA DA neuronal
firing frequencies were significantly increased following intra-vHipp THC relative to VEH (p =
0.028), CBD (p < 0.001), THC+CBD (p = 0.011) groups. One-way ANOVA comparing mean
VTA DA bursting activity change (expressed as bursts/min, % relative to baseline) between
VEH (cells/animals; n=11/5), THC (n=14/6), CBD (n=10/4), THC+CBD (n=16/6), and
THC+U0126 (n=11/5) revealed similar results (significant main effect of Group [F4, 57) = 2.61,
p = 0.045]; Figure 4e). Thus, whereas THC increases VTA DA neuronal frequency and
phasic bursting rates through a vHipp pERK1-2 dependent substrate, THC+CBD co-
administration mitigates these changes. Rastergrams demonstrating effects on firing
frequency according to treatment with THC alone, or combined THC+CBD are represented

in Figure 4f-g, respectively.

Intra-vHipp THC and CBD reduce VTA non-DA neuronal activity

Putative non-DA neurons isolated in the VTA were also analyzed. Neuronal activity
profiles following intra-vHipp microinfusion treatments are summarized in Figure 5a. Figure
5b represents mean frequency change (expressed as % relative to baseline) in VTA non-DA
neurons. One-way ANOVA comparing VEH (cells/animals, n=15/5), THC (n=14/6), CBD
(n=11/4), THC+CBD (n=11/6), and THC+UQ0126 groups (n=14/5) revealed a significant main

effect of Group [F, 60y = 3.01, p = 0.025]. Post-hoc comparisons using Newman Keuls’ test
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reveal that THC (p = 0.008) and CBD (p = 0.041) each reduce VTA non-DA neuronal
frequency rates relative to VEH. Co-administration of THC+CBD ( p= 0.007), and
THC+U0126 (p = 0.019) each mitigated the actions of THC. Rastergrams demonstrating
effects on firing frequency according to treatment with THC alone, or combined THC+CBD

are shown in Figure 5c¢c-d, respectively.

Intra-vHipp THC and CBD exert distinct control over VTA oscillatory frequencies

Local field potential (LFP) recordings in the VTA were obtained simultaneously with
single-unit activity. The strength of the oscillations was assessed by calculating power
spectral densities (PSD; window length=2 s; shift=0.5 s) during the 5-minute pre-infusion and
post-infusion recording epochs, averaging PSDs within epochs and subsequently
normalizing the averaged PSD to the total power (normalized total power=1; frequencies
values between 59-61 Hz were excluded to avoid contamination with 60 Hz noise from power
line). Figure 6a depicts representative VTA spectrograms in the pre- and post-infusion
recording epochs following intra-vHipp microinfusions of 100 ng THC, and Figure 6b
represents the average normalized power spectra corresponding to VTA LFP of rats
receiving VEH or THC. Difference scores calculated between pre- and post-infusion epochs
for B, vy, and & power spectra oscillations, calculated as the sum of power values for
frequencies between 15-30 Hz, 30-80 Hz, and 90-100 Hz respectively, following infusion of
VEH (n=16), THC (n=15), CBD (n=16), THC+CBD (n=15), and THC+U0126 (n=12) are
represented in Figure 6c-e.

One-way ANOVA examining oscillatory power changes in the B frequency range

upon intra-vHipp THC revealed a significant main effect of Group [F4, 69y = 6.70, p < 0.001],
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and post-hoc comparisons using Newman Keuls’ test show that THC significantly increases
B power relative to all other groups (p < 0.001 for all). Comparable results are observed
within y, and e frequency ranges (y: main effect of Group [F4, s9) = 5.22, p < 0.001]; &: main
effect of Group [Fu, s9) = 2.99, p = 0.024]). These data suggest that local pPERK1-2 activation
regulates THC-induced dysregulation of intra-VTA B, v, and ¢ frequencies, consistent with the

observed VTA neuronal frequency abnormalities induced by THC.

Discussion

Emerging evidence suggests that CBD possesses antipsychotic properties and can
mitigate many of the psychotropic side-effects of THC (Bhattacharyya et al., 2010; Renard et
al., 2016a). Cannabis strains and extracts containing high-THC and low-CBD concentrations
are linked to increased neuropsychiatric risk (Beale et al., 2018; Di Forti et al., 2009; Englund
et al., 2013; Schubart et al., 2011), underscoring the importance of CBD as a mitigating
factor in reducing THC-related neuropsychiatric side-effects. However, little is understood
regarding how CBD produces these mitigating effects at the neuronal, molecular and
behavioural levels. We report that intra-vHipp THC increases VTA DA frequency and
bursting rates while concomitantly decreasing GABAergic neuronal activity, and increasing
the magnitude of intra-VTA B, v, and ¢ oscillatory frequencies via a vHipp pERK1-2 mediated
mechanism. Whereas THC induces an anxiogenic phenotype and distorts reward and
aversion-related salience attribution, we found that THC+CBD co-administration blocked
these effects through differential modulation of local vHipp pERK1-2 signaling states.

Consistent with evidence linking hippocampal CB1R stimulation with pERK1-2

activation (Derkinderen et al., 2003), we observed strongly upregulated local pERK1-2
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expression following intra-vHipp THC administration. This effect was selectively blocked by
co-administration of the MEK1-2 inhibitor, U0126. Although CBD alone produced no effect
on pERK1-2 expression, co-administered THC+CBD reversed the effects of THC and
significantly downregulating pERK1-2 expression relative to THC and VEH groups. This is
the first evidence, to our knowledge, that combined THC+CBD functionally reverses the
actions of THC on local pERK1-2 signaling. Given that CBD modulates ERK signaling
through a very narrow dose range (Solinas et al., 2013), primarily via cannabinoid and
vanilloid receptor-independent mechanisms (McPartland et al., 2007), indirect mechanisms
such modulation of endocannabinoid signaling could underlie the effects by CBD on pERK1-
2 activity in the current study. In addition, CBD’s inhibitory effect on THC-induced pERK1-2
activation was blocked by local application of the ERK activator, EPA, further demonstrating
the importance of vHipp ERK phosphorylation in the functional effects of THC and CBD.
Interestingly, at the molecular level, the results of the current study resemble post-mortem
assays conducted with brains of schizophrenia cohorts (Kozlovsky et al., 2004).

The ERK signal transduction cascade is a critical regulator of synaptic plasticity, DA
and glutamate neurotransmission, and affective processing, each of which are dysregulated
in schizophrenia and related disorders (Yuan et al., 2010). ERK expression is functionally
coupled with hippocampal CB1R stimulation, which can overdrive mesolimbic DA
transmission and disrupt gating of emotionally salient information (Derkinderen et al., 2003;
Loureiro et al., 2015). Given that vHipp CB1Rs are highly expressed on cholecystokinin
(CCK)-positive GABAergic interneurons (Derkinderen et al., 2003; Takacs et al., 2015),
direct agonism of these CB1Rs represents one potential mechanism driving THC-induced

pERK1-2 activation.
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Alterations in hippocampal pERK1-2 signaling are associated with exposure to
stressors and anxiety behaviours, and ERK phosphorylation is importantly involved in fear-
related learning and memory processing (Huh et al., 2009; Ritov et al., 2014; Selcher et al.,
2003). Thus, our findings that vHipp THC induces a dramatic increase in local ERK1-2
phosphorylation states suggests a potential molecular mechanism by which THC might
serve to amplify the salience of incoming affective contextual stimuli. Indeed, distortions of
fear-related associative memory are observed following THC administration in the nucleus
accumbens (Fitoussi et al., 2018) and also upon CB1R stimulation in the vHipp or
basolateral nucleus of the amygdala (Laviolette and Grace, 2006; Loureiro et al., 2015).
Activation of vHipp CB1Rs reduce local GABA release, thereby increasing hippocampal
excitatory output (Hajos and Freund, 2002; Ivanov et al., 2006), and the psychotomimetic
effects of THC in both humans and rodents have been shown to be directly related to striatal
glutamate influx (Colizzi et al., 2019; Loureiro et al., 2015).

Behaviourally, we observed dose-dependent, biphasic modulation of anxiety
behaviours following intra-vHipp THC. Previous evidence has suggested that the anxiolytic
and anxiogenic effects of low- vs high-dose CB1R agonists are independently modulated by
activation of CB1Rs expressed on glutamatergic vs GABAergic neuronal populations (Aparisi
Rey et al., 2012). Furthermore, hippocampal CB1Rs are expressed at greater concentrations
on GABAergic interneurons relative to glutamatergic neurons (Marsicano and Lutz, 1999;
Nyiri et al., 2005; Takacs et al., 2015) with CB1R activation preferentially targeting GABA
interneurons (Pertwee, 2005; Roberto et al., 2010). These cell-specific differences could
explain the differential anxiolytic-like vs anxiogenic-like effects of low-dose vs high dose

THC, via saturation of CB1Rs localized on vHipp glutamatergic vs GABAergic neurons,
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respectively. While CBD had no effect alone, combined THC+CBD reversed THC-induced
anxiogenesis, which was blocked by activation of vHipp pERK1-2 signaling, emphasizing the
functional role of vHipp pERK1-2 inhibition in the anxiolytic properties of CBD. Thus, THC
and CBD exert opposing control over anxiety-related behavioural responses via differential
regulation of vHipp ERK phosphorylation.

Hippocampal ERK activation is critically involved in fear-related associative learning
(Huh et al., 2009; Ritov et al., 2014; Selcher et al., 2003), and is necessary for reward-
related and hippocampal-dependent memory formation (Berman et al., 1998; Besnard et al.,
2013). In the current study, we found that intra-vHipp THC potentiated the rewarding
properties of a normally sub-reward threshold conditioning dose of morphine and also
amplified conditioned fear responses to context-dependent and context-independent cues.
Both effects were blocked by MEK 1-2 inhibition or by CBD co-administration. These effects
are consistent with changes in affective memory formation observed following acute vHipp
CB1R, and GPR55 stimulation (Kramar et al., 2017; Loureiro et al., 2015), and support the
hypothesis that THC dysregulates vHipp excitatory output leading to aberrant emotional
sensory processing. Genetic variations of both the Akt and DA transporter genes are
associated with dysregulation of DA signaling within the striatum and mesolimbic circuitry, as
well as psychosis following acute, high dose THC exposure (Colizzi et al., 2019; Morgan et
al., 2016). Intriguingly, we also observed a THC-specific generalization of fear responding to
olfactory CS- within context-independent fear testing, suggesting that intra-vHipp THC
disrupts salience attribution toward affective sensory stimuli. The current design does not
allow us to speculate as to whether this result is due to generalization of conditioned

stimulus processing vs generalized negative affect. However, previous evidence suggests
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that CBD regulates fear-related memory processing by disrupting fear memory consolidation
and enhancing fear extinction, both of which can result in a lasting reduction of learned fear
(Lee et al., 2017; Norris et al., 2016), possibly underlying the mitigation of fear-responsivity
following THC+CBD co-administration. Thus, similar to effects observed in anxiety-like
behaviours, the combination of THC+CBD is capable of counteracting THC-induced affective
memory changes by blocking THC-induced local ERK 1-2 activation.

Interestingly, THC, CBD, and their combination each increased natural, sucrose-
related appetitive behaviours, suggesting that CBD-related mitigation of affective motivation
may be selective for drug-related (vs. natural) reward cues. Although CBD engendered few
behavioural changes in the current study, changes in sucrose preference by systemic CBD
administration is a well-established phenomenon (Bisogno et al., 2001; Park et al., 2008).
The precise mechanism of action of CBD remains unknown, previous evidence largely
excludes cannabinoid and vanilloid receptor contributions (Bisogno et al., 2001), and we
have previously demonstrated the involvement of 5-HT1ARs in CBD-induced mitigation of
emotional memory expression (Norris et al., 2016). Although CBD does not seem to have
marked effects on any relevant physiological or symptomatic variables under normal
circumstances (Martin-Santos et al., 2012), it appears to exert powerful modulation over cue-
induced responsivity in associative learning tasks and in those with compromised
neuropsychiatric statuses (Devinsky et al., 2014; Ren et al., 2009).

Through control of DA neuronal activity states, the vHipp relays affective-contextual
information to downstream limbic regions. vHipp dysfunction may underlie DA dysregulation
in schizophrenia, leading to impairments in salience attribution toward affective stimuli. For

example, vHipp stimulation increases the number of spontaneously active VTA DA neurons
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780 and striatal DA influx (Floresco et al., 2001; Legault et al., 2000), and the psychotomimetic
781 effects of THC are directly related to striatal DA and glutamate levels (Bhattacharyya et al.,
782 2012; Colizzi et al., 2019; Fitoussi et al., 2018). Using in vivo single-cell electrophysiological
783 recordings, we found that intra-vHipp THC significantly increased both frequency and

784 bursting rates of VTA DA neurons. Interestingly, although CBD alone had no effect, co-

785 infusion of THC+CBD, or THC+U0126 reversed THC-induced DA hyperactivity,

786 demonstrating the direct involvement of vHipp ERK signaling in these effects.

787 Changes in VTA DA activity patterns from tonic to phasic burst firing are associated
788 with phasic DA release in the nucleus accumbens, which encodes unexpected outcomes,
789 such as prediction errors. Acute or neurodevelopmental THC exposure has been shown to
790 induce a hyperactive mesolimbic DA state, both in terms of increased frequency and bursting
791 in VTA DAergic neuronal populations (Fitoussi et al., 2018; Renard et al., 2017). CB1Rs are
792 predominantly expressed presynaptically on GABAergic axon terminals within the

793 hippocampus and recent studies reveal that THC exhibits full agonist efficacy at these

794 CB1Rs (Laaris et al., 2010; Marsicano and Lutz, 1999; Nyiri et al., 2005), possibly

795 accounting for the hyperactive VTA DA endophenotype observed in our current study. They
796 may also be relevant for interpreting the actions of the THC+CBD combination; given that
797 CBD increases endocannabinoid tone (Leishman et al., 2018), co-administered THC+CBD
798 may indirectly antagonise the actions of THC on CB1Rs in the vHipp. Consistent with

799 evidence that hippocampal ERK signaling facilitates generation of DAergic neuronal

800 prediction errors (Huh et al., 2009), and that CBD normalizes VTA DA activity (Renard et al.,
801 2016a), co-infusion of CBD, or the MEK1-2 inhibitor U0126 each prevented the THC-induced

802 increase in VTA DA phasic bursting. Although VTA DA vs non-DA neurons are well-
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characterised and display canonical activity profiles in-vivo, it has been previously
demonstrated that a subset of tyrosine hydroxylase-positive VTA neurons display alternative
physiological properties, and that no physiological property is both sensitive and selective for
DA vs GABAergic neurons in the VTA (Margolis et al., 2006). Thus, it is important to
recognize that the features used to characterise neuronal sub-populations in the current
study are not ubiquitous.

In schizophrenia, loss of hippocampal GABAergic activity is hypothesized to
disinhibit hippocampal outputs, inducing a hyperdopaminergic state (Grace, 2010).
Reductions in PV-expressing interneurons are reliably observed in schizophrenia patients
and are linked to NMDA receptor desensitization (Gonzalez-Burgos and Lewis, 2012).
Similar aberrant volumetric deficits and physiological changes are observed in chronic
cannabis users (Beale et al., 2018). Importantly, these local interneurons are necessary for
the generation of normal y oscillations (Benes et al., 2007). In the VTA, LFPs are comprised
of integrated input from several structures, including the hippocampus, nucleus accumbens
and mPFC (Cembrowski et al., 2018). Considerable evidence demonstrates that
dysregulated y oscillations contribute to schizophrenia-related perceptual and cognitive
deficits (Baldeweg et al., 1998). y oscillations crucially subserve high-frequency oscillations
(HFO), including ¢, and frequently couple with slower frequencies, including  (Buzsaki et al.,
2012). HFOs, including epsilon, are evoked following hippocampal stimulation and coincide
with excitotoxicity and seizure-like discharges (Fisher et al., 1992). Intriguingly, it has been
suggested that  and y frequency ranges may be particularly involved in long-range neural
coordination (Kopell, 2000), and may underlie schizophrenia-related dysfunctional

connectivity among cortical and subcortical networks. We observed increased oscillatory
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frequency in VTA beta, gamma, and epsilon power following intra-vHipp THC. In contrast,
although CBD alone had no effect alone, co-infusion of CBD, or the MEK1-2 inhibitor U0126,
each counteracted these THC-induced effects on VTA oscillations suggesting functional
involvement of vHipp ERK signaling in these oscillatory effects.

CB1R agonists dysregulate hippocampal and cortical beta and gamma magnitudes
to a similar extent to that observed in schizophrenia (Cass et al., 2014; Morrison et al., 2011;
Renard et al., 2017). However, no studies to date have examined these effects directly in the
VTA. Evidence suggests that CBD restores membrane excitability in PV- and CCK-
expressing cells (Campos et al., 2013; Drysdale et al., 2006; Khan et al., 2018), suggesting
that CBD co-administration may restore vHipp inhibitory control to counteract the neural
effects of THC. That said, across several behavioural and electrophysiological measures, the
effects of THC+CBD are different than those observed for vehicle alone, and in the opposite
direction of THC. In other cases, CBD and THC each produce similar effects (see Fig. 3e-f).
It is important to note that the pharmacodynamic and pharmacokinetic mechanisms by which
THC and CBD exert their effects are complicated, and become even more intricate when
delivered in combination (Russo, 2011). Thus, it is not always possible to attribute the
actions of the THC+CBD combination to one proposed molecular mechanism. Despite
feasibility limitations and although outside of the scope of the present study, examining the
actions of CBD+EPA, or THC+EPA may have aided interpretation across several measures.
Given that interactions between hippocampal CB1R activation and ERK phosphorylation
critically regulate DA neurotransmission and maintenance of normal oscillatory activity, the
present findings provide further evidence for the contrasting effects of intra-vHipp THC/CBD

on VTA oscillatory magnitudes.
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In summary, the behavioural and neurophysiological disturbances elicited by intra-
vHipp THC mimic a range of neuropsychiatric symptoms resembling core endophenotypes
of schizophrenia. The present findings identify a common mechanism by which distinct
phytocannabinoids may differentially modulate neuropsychiatric side-effects of cannabis
exposure through the bi-directional control of localized hippocampal ERK 1-2
phosphorylation states, mesolimbic DA activity levels and associated oscillatory wave

patterns.
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1146 Figure Legends

1147 Figure 1. Acute effects of local (a) pERK1-2 expression, (b) ERK1-2 expression, and (c)
1148 pERK:ERK1-2 expression ratio in the vHipp of rats treated with VEH, THC (100 ng), CBD
1149 (100 ng), THC+CBD (100 ng+100 ng), THC+U0126 (100 ng+1ug), and THC+CBD+EPA
1150 (100 ng+100 ng+1 mM). (d) Representative western blot for pERK1-2 and ERK1-2

1151 expression levels, relative to alpha (a)-tubulin in the vHipp. (e) Histological localization of
1152 microinfusion sites in the vHipp for each treatment condition (circles: Vehicle; diamonds:
1153 THC; stars: CBD; triangles: THC+CBD; squares: THC+U0126; and inverted triangles:
1154 THC+CBD+EPA). All drug doses were given in a total volume of 0.5 ul. n=5-6 rats, Mixed
1155 measures ANOVAs; *Indicates p < 0.05, **Indicates p < 0.01. Error bars represent the
1156 standard error of the means (SEM). pERK: phosphorylated Extracellular-signal Regulated
1157 Kinase; vHipp: ventral hippocampus; VEH: vehicle; THC: A-9-tetrahydrocannabinol; CBD:
1158 cannabidiol; EPA: eicosapentaenoic acid.

1159

1160 Figure 2. Effects of intra-vHipp VEH, THC (10 and 100 ng), CBD (10 and 100 ng),

1161 THC+CBD (100 ng+100 ng), THC+U0126 (100 ng+0.1 and 1ng), and THC+CBD+EPA (100
1162 ng+100 ng+0.1 and 1 mM) on (a) distance travelled, and (b) time in centre compartment
1163 during the open-field test. (¢) Representative activity plots for Vehicle, THC (100 ng),
1164 THC+CBD (100 ng+100 ng), and THC+CBD+EPA (100 ng+100 ng+1 mM) groups. (d)
1165 Depiction of light-dark anxiety test. Effects of intra-vHipp drug treatment on (e) % time
1166 spent in light side, and (f) latency to emerge from dark-light in the light-dark anxiety test.

1167 n=8-12 rats, one-way ANOVAs; *Indicates p < 0.05, **Indicates p < 0.01, *Indicates p <
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(SEM). vHipp: ventral hippocampus; VEH: vehicle; THC: A-9-tetrahydrocannabinol; CBD:

cannabidiol; EPA: eicosapentaenoic acid.

Figure 3. Effects of intra-vHipp drug treatments on rewarding and aversive memory
formation. (a) Photomicrograph demonstrating a representative vHipp microinfusion site.
(b) Effects of intra-vHipp VEH, THC (10 and 100 ng), CBD (10 and 100 ng), THC+CBD
(100 ng+100 ng), THC+U0126 (100 ng+1ug), and THC+CBD+EPA (100 ng+100 ng+1 mM)
on % time freezing to contextual, and (c) olfactory-associative CS+ and CS- cues, (d) % time
spent in morphine and saline-paired contexts during subreward threshold morphine (0.05
mg/kg, i.p.) CPP testing, (e) sucrose preference, and (f) water intake during sucrose
preference testing. Intra-vHipp drug infusion occurred prior to each conditioning session.
n=7-11 rats, one-way, or mixed measures ANOVAs; *Indicates p < 0.05, **Indicates p <
0.01. Error bars represent the standard error of the means (SEM). vHipp: ventral
hippocampus; VEH: vehicle; THC: A-9-tetrahydrocannabinol; CBD: cannabidiol; EPA:

eicosapentaenoic acid; CS: conditioned stimulus; CPP: conditioned place preference.

Figure 4. Effects of intra-vHipp VEH, THC (100 ng), CBD (100 ng), THC+CBD (100 ng+100
ng), and THC+U0126 (100 ng+1 ng) exposure on spontaneous VTA putative DA neuronal
activity. (a) Microphotograph of a representative VTA microinfusion site. (b) VTA neuronal
recording placement. (¢) Summary of the VTA DA neuronal activity profile (ie, number of
cells that increased, decreased, or did not change their firing frequency after microinfusions).
(d) Consequences of intra-vHipp drug treatments on VTA DA neuronal firing frequency, and

(e) burst rate. (f) Representative histogram showing the increase in response activity of one
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1192 DA neuron upon microinfusion of THC, and (g) example of a DA neuron showing no change
1193 in activity level following THC+CBD co-infusion. For each panel, inset shows (1) the action
1194 potential waveform of the selected neuron; and (2) show the activity patterns recorded

1195 before (baseline activity) and after the microinfusions respectively. n=12-16 cells from n=4-6
1196 rats, one-way ANOVAs; *Indicates p < 0.05, **Indicates p < 0.01. Error bars represent the
1197 standard error of the means (SEM). vHipp: ventral hippocampus; VEH: vehicle; THC: A-9-
1198 tetrahydrocannabinol; CBD: cannabidiol; VTA: ventral tegmental area; DA: dopamine.

1199

1200 Figure 5. Effects of intra-vHipp VEH, THC (100 ng), CBD (100 ng), THC+CBD (100 ng+100
1201 ng), and THC+U0126 (100 ng+1 pg) exposure on VTA non-DA (putative GABA interneurons)
1202 activity. (@) Summary of the VTA non-DA neuronal activity profile (ie, number of cells that
1203 increased, decreased, or did not change their firing frequency after microinfusions). (b)
1204 Consequences of intra-vHipp drug infusion on VTA GABA neuronal firing frequency. (c)
1205 Representative histogram showing the decrease in tonic firing frequency of a single VTA
1206 non-DA neuron upon microinfusion of THC, and (d) example of a non-DA neuron showing a
1207 non-significant increase in frequency levels following THC+CBD co-infusion. For each panel,
1208 inset shows (1) the action potential waveform of the selected neuron; and (2) show the
1209 activity patterns recorded before (baseline activity) and after the microinfusions respectively.
1210 n=11-15 cells from n=4-6 rats, one-way ANOVAs; *Indicates p < 0.05, **Indicates p < 0.01.
1211 Error bars represent the standard error of the means (SEM). vHipp: ventral hippocampus;
1212 VEH: vehicle; THC: A-9-tetrahydrocannabinol; CBD: cannabidiol; VTA: ventral tegmental

1213 area; DA: dopamine; GABA: Gamma-Aminobutyric Acid.
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CBD Offsets THC via Hippocampal ERK 1-2 Signaling

Figure 6. Effects of intra-vHipp VEH, THC (100 ng), CBD (100 ng), THC+CBD (100 ng+100
ng), and THC+U0126 (100 ng+1 ug) exposure on B (15-30 Hz), y (30-80 Hz), and & (90-100
Hz) oscillatory power in the VTA of a urethane anesthetized rat. (a) Representative
spectrogram showing temporal changes in the power of intra-VTA oscillations at different
frequencies. The power values are color-coded as indicated on the right-hand side insets. A
peak at around 60 Hz reflect power line frequency and the LFP power values for frequencies
between 59-61 Hz were excluded from further analysis. (b) Average normalized power
spectra corresponding to LFP of VEH- (blue) and THC-treated (red) rats. Note the increased
power of B (15-30 Hz), y (30-80 Hz), and ¢ (90-100 Hz) bands in THC-treated rats. (c-e) Bar
graphs summarizing the average total power change of the different frequency bands
following intra-vHipp drug microinfusion. n=12-16 from n=4-6 rats, one-way ANOVAs;
*Indicates p < 0.05, **Indicates p < 0.01. Error bars represent the standard error of the
means (SEM). vHipp: ventral hippocampus; VEH: vehicle; THC: A-9-tetrahydrocannabinol;
CBD: cannabidiol; B: beta; y: gamma; ¢: epsilon; LFP: local field potential; VTA: ventral

tegmental area.
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