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ABSTRACT

Cannabis use has been associated with altered sensory gating and neural oscillations. However, it is
unclear which constituent in cannabis is responsible for these effects, or whether these are cannabinoid
receptor 1 (CB1R) mediated. Therefore, the present study in humans and rats examined whether
cannabinoid administration would disrupt sensory gating and evoked oscillations utilizing electroen-
cephalography (EEG) and local field potentials (LFPs), respectively. Human subjects (n=15) completed
four test days during which they received intravenous delta-9-tetrahydrocannabinol (A°-THC), canna-
bidiol (CBD), A°-THC + CBD, or placebo. Subjects engaged in a dual-click paradigm, and outcome mea-
sures included P50 gating ratio (S2/S1) and evoked power to S1 and S2. In order to examine CB1R
specificity, rats (n = 6) were administered the CB1R agonist CP-55940, CP-55940+AM-251 (a CB1R
antagonist), or vehicle using the same paradigm. LFPs were recorded from CA3 and entorhinal cortex.
Both AS-THC (p < 0.007) and A®-THC + CBD (p < 0.004) disrupted P50 gating ratio compared to placebo,
while CBD alone had no effect. A>-THC (p < 0.048) and A°-THC + CBD (p < 0.035) decreased S1 evoked
theta power, and in the A°-THC condition, S1 theta negatively correlated with gating ratios (r = —0.629,
p <0.012 (p < 0.048 adjusted)). In rats, CP-55940 disrupted gating in both brain regions (p < 0.0001), and
this was reversed by AM-251. Further, CP-55940 decreased evoked theta (p<0.0077) and gamma
(p<0.011) power to S1, which was partially blocked by AM-251. These convergent human/animal data
suggest that CB1R agonists disrupt sensory gating by altering neural oscillations in the theta-band.
Moreover, this suggests that the endocannabinoid system mediates theta oscillations relevant to
perception and cognition.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

acid (GABA) from cholecystokinin-containing interneurons (Ali and
Todorova, 2010; Eggan et al., 2010) and glutamate in the hippo-

Cannabis, via delta-9-tetrahydrocannabinol (A%-THC), induces
disruptions in behavior, perception, and cognition (Sherif et al.,
2016). A-THC acts by binding to presynaptic cannabinoid re-
ceptors type 1 (CB1Rs), thus inhibiting neurotransmitter release.
CB1Rs are the most highly expressed metabotropic receptors in the
brain, and primarily inhibit the release of gamma-amino butyric
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campus and striatum (Gerdeman and Lovinger, 2001; Polissidis
et al., 2013; Wang, 2003). Moreover, CB1Rs are implicated in the
fine-tuning of GABA-mediated theta (4—7Hz) and gamma
(30—80 Hz) oscillations (Skosnik et al., 2016). As these oscillations
are involved in numerous perceptual and cognitive processes
(Lachaux et al., 2012; Singer and Gray, 1995), it has been postulated
that A-THC induces its psychotropic effects by disrupting the
excitatory-inhibitory balance of neural networks, which in turn,
desynchronizes neural oscillations in the theta and gamma range
(Cortes-Briones et al., 2015a; Skosnik et al. 2006, 2016).
Assessment of the integrity of inhibitory neural networks and
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their oscillatory dynamics can be achieved utilizing the auditory
repetition suppression paradigm (also termed P50 sensory gating).
Using either electroencephalography (EEG) in humans or local field
potentials (LFPs) in animals, this highly translatable paradigm can
be applied across species using the same stimuli, experimental
parameters, and signal analysis methods. In the standard auditory
repetition suppression or “dual-click” procedure, pairs of auditory
clicks are presented, and the amplitude of the P50 event-related
potential (ERP; the N40 in rodents) to the second auditory click
(S2) is attenuated relative to the P50 amplitude to the first click (S1)
(Patterson et al., 2008; Smucny et al., 2015). This effect is typically
indexed using P50 amplitude ratio (S2/S1; higher P50 ratios indi-
cate more disrupted sensory gating) (Edwards et al., 2009). While
the P50 response to S1 is associated with basic sensory registration
and processing, it is thought that the reduction of the P50 ampli-
tude to S2 reflects the gating of irrelevant stimuli via recurrent or
feed-forward inhibition (Hajos, 2006; Miller and Freedman, 1993,
1995).

Several studies have demonstrated P50 suppression deficits in
heavy cannabis users utilizing EEG. For example, Rentzsch et al.
(2007) showed that individuals studied after 28 days of absti-
nence demonstrated P50 gating deficits that correlated with the
total years of cannabis consumption (Rentzsch et al., 2007). Studies
examining individuals currently using cannabis (but not acutely
intoxicated) have also shown disruptions in P50 suppression, and
this effect was associated with frequency of cannabis use (Edwards
et al.,, 2009; Patrick and Struve, 2000). By contrast, Broyd et al.
(2013) reported that while cannabis users did not differ from
healthy controls on P50 gating, prolonged duration of chronic use
was associated with greater impairment in sensory gating (Broyd
et al,, 2013). Germane to the current study, Edwards et al. (2009)
also demonstrated that current cannabis use was associated with
disruptions in evoked theta, beta, and gamma oscillations during
P50 gating (Edwards et al., 2009).

Taken together, these findings suggest that cannabinoids like
AS-THC may interfere with the inhibitory networks involved in the
“gating out” of irrelevant or redundant sensory information.
However, it is unclear whether these deficits are the result of a
constituent in cannabis other than A’-THC (e.g., cannabidiol (CBD))
or premorbid differences in cannabis-seeking individuals. While
several previous studies in animals utilizing LFPs have demon-
strated that the administration of CB1R agonists disrupts gating
(Dissanayake et al., 2008; Hajos et al., 2008; Zachariou et al., 2008),
to date, no studies have examined the effect of acute cannabinoids
on sensory gating in humans.

The current study therefore examined the effects of acute
intravenous (IV) A-THC, CBD (the second most abundant canna-
binoid in cannabis), the combination of A>-THC + CBD, and placebo
on P50 sensory gating and neural oscillations in healthy humans. In
order to examine the receptor specificity of cannabinoid effects on
gating and oscillations, a second study was performed utilizing a
full agonist and antagonist for the CB1R. As no CB1R full agonists or
antagonists are currently available for use in humans, this parallel
study examined LFPs in rodents and was undertaken using the
same experimental parameters and signal processing techniques
(utilizing the CB1R agonist CP-55940 and antagonist AM-251).

2. Methods
2.1. Human study

The current study utilized a randomized, placebo-controlled,
double-blind, 2 (A°-THC or placebo) x 2 (CBD or placebo), and

counterbalanced design. Subjects completed 4 test days separated
by at least 72 h to limit any carryover effects of A°-THC from one

test day to another. The study was conducted at the Neurobiological
Studies Unit (VA Connecticut Healthcare System, West Haven, CT)
with the approval of the Institutional Review Boards of VA Con-
necticut Healthcare System and Yale University School of Medicine,
the FDA (IND #51671) and in accordance with the Helsinki Decla-
ration of 1975. Subjects were recruited by public advertisement and
compensated for their participation.

2.1.1. Participants

Inclusion/exclusion criteria were the same as described previ-
ously (Cortes-Briones et al., 2015b; D'Souza et al., 2004). The
sample consisted of healthy individuals (n = 15; 40% female; mean
age in years =29.6, S.D.=7.0; mean years of education=16.3,
S.D. =2.3), who underwent a structured psychiatric interview and
were carefully screened for any DSM IV axis 1 lifetime psychiatric
and substance use disorder and family history of major axis 1 dis-
order. Cannabis-naive individuals were excluded to minimize any
risk of promoting future cannabis use/abuse. A general physical and
neurological examination, electrocardiogram, and laboratory tests
(serum electrolytes, liver function tests, complete blood count with
differential, and urine toxicology) were also conducted and subjects
with ongoing medical conditions were excluded if deemed unsafe
to participate. Subjects with any major current or recent stressor
(<6 weeks) were excluded to avoid decompensation under the
effect of A>-THC. All subjects tested negative for urinary metabo-
lites of A°-THC prior to the start of testing.

2.1.2. Drugs

A°-THC. The preparation, formulation, and storage of A°-THC
solution have been reported elsewhere (D'Souza et al., 2004). For
the placebo condition, an equivalent volume of ethanol (vehicle)
was used, which has been previously shown to be undetectable in
multiple post-injection blood samples (D'Souza et al., 2004). The IV
route of administration was chosen to standardize the delivery of
A®-THC as discussed previously (D'Souza et al., 2004). The dose of
A9-THC used in this study was 0.035 mg/kg (2.5 mg in a 70 kg in-
dividual), given intravenously over 20 min into a rapidly flowing IV
infusion of normal saline (see General Study Procedure below).
Similar doses from our previous studies have been shown to pro-
duce statistically significant behavioral, cognitive, and electro-
physiological effects (Cortes-Briones et al., 2015b; D'Souza et al.,
2012).

CBD. CBD was manufactured and supplied by STI pharmaceuti-
cals Ltd. The dose used in this study was 5 mg, administered IV over
2 min. CBD powder was dissolved in 95% ethanol at a concentration
of 10 mg/mL in the VA research pharmacy. This is similar to the
stock solution prepared with A®-THC. This dose and route of
administration of CBD has been demonstrated to be effective and
well tolerated in previous studies (Bhattacharyya et al., 2010).

2.1.3. General study procedure

Subjects fasted overnight, reported to the test facility at 8 a.m.,
and were provided a standard breakfast. A positive urine drug
screen and a positive pregnancy test resulted in exclusion. In-study
safety procedures are described elsewhere (D'Souza et al., 2004).
Vital signs were continuously monitored throughout the test day. A
field sobriety test, mental state examination, and exit interview
were conducted at the end of each test day and an exit interview
was conducted on the last test day. At the —30, +20, +80, and +240
time points, blood was sampled from the IV line from the arm
opposite to the one used for administering the study drug for
determination of 11-nor-A°-THC-9-COOH (THC-COOH) and CBD
levels. Immediately after collection, blood samples were placed on
ice, centrifuged and the extracted plasma was aliquoted into vials
for storage at —70 °C until assayed.
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Subjects first received either CBD or placebo (administered over
2min) followed by either A-THC or placebo. Time points for
behavioral assessments were —60 min, +15, +90, and +240 min
(see details below). EEG data were collected at +25 min in order to
capture electrophysiological signals during peak A°-THC effects.

2.14. Behavioral and subjective measures

In order to confirm A®-THC effects and examine possible asso-
ciations of its electrophysiological effects with its behavioral and
subjective effects, several outcome measures known to be sensitive
to the effects of A°-THC (D'Souza et al., 2008a; D'Souza et al., 2004;
D'Souza et al., 2008b) were also included. Perceptual alterations
were measured using the Clinician Administered Dissociative
Symptoms Scale (CADSS) (Bremner et al., 1998) consisting of 19
self-report items and 8 clinician-rated items rated from O (not at all)
to 4 (extremely). The scale evaluates aspects of altered environ-
mental (sensory) perception, time perception, body perception,
feelings of unreality, and memory impairment. “High” associated
with cannabis intoxication was measured using a self-reported
visual analog scale (VAS) (0—100). Both of these assessments
were administered at baseline (—60 min), +15, +90, and +240 min
time points, where time-point zero minutes denotes the beginning
of the A-THC infusion.

2.1.5. EEG recording and preprocessing

EEG recording and preprocessing was performed as described
previously (Radhakrishnan et al., 2015). Briefly, EEG data were
collected in an acoustically and electrically shielded booth, and
recording was done with the commercially available Active Two
acquisition system (Biosemi, the Netherlands). A sampling rate of
1024 Hz was utilized, with on-line low-pass filter of 256 Hz to
prevent aliasing of high frequencies. A 64-channel electrode cap
according to the extended 10—20 system was used, along with
additional electrodes to record the vertical and horizontal electro-
oculogram. All electrodes were referenced during recording to a
common-mode signal (CMS) electrode between POz and PO3 and
then subsequently re-referenced to the nose offline. EEG data were
first bandpass filtered from 0.1 to 100 Hz (24 dB/oct) and notch
filtered at 60 Hz. The recorded EEG was then segmented into
epochs consisting of a 500 ms baseline and ending 1000 ms after
stimulus onset (which captures both S1 and S2). Ocular movement
correction was applied using Gratton's algorithm (Gratton et al.,
1983). After baseline correction (500 ms), any trial with a voltage
greater than + 150 uV was excluded from analysis. All EEG pre-
processing and analysis was performed using the software package
Brain Vision Analyzer 2.0 (Brain Products GmbH, Germany).

2.1.6. Sensory gating paradigm

A standard P50 sensory gating paradigm was utilized which
consisted of 75 trials of paired click stimuli (500 ms interstimulus
interval, 80 dB SPL, binaural). The stimuli were 3 ms white noise
clicks presented through Etymotic insert ER-3a earphones (Ety-
motic Research, Inc., Elk Grove Village, IL, USA). Each trial was
separated by a variable 6—10 s intertrial interval. Participants were
seated comfortably in a sound attenuated and electrically shielded
booth with eyes open (focused on a fixation cross 70 cm from the
subject) while passively listening to the paired click stimuli.

2.1.7. S1 and S2 amplitudes and sensory gating ratios

Following preprocessing and trial segmentation (see above),
individual trials were averaged and low pass filtered (50 Hz cutoff,
24 dB/octave). In order to determine S1 and S2 amplitudes, the N40
and P50 components were detected automatically utilizing
Analyzer 2.0, which were subsequently confirmed manually. The
N40 window was defined as the largest negative voltage between

20 and 50 ms post click, while the P50 was defined as the largest
positive voltage between 40 and 70 ms post click. S1 and S2 re-
sponses were calculated as the N40 to P50 peak-to-peak amplitude
as described previously (Edwards et al., 2009). Sensory gating ratio
was then determined by dividing S2/S1. Thus, lower ratios indicate
more robust gating.

2.1.8. S1 and S2 evoked power

It has been established that evoked power is a measure of non-
jittered, tightly time-locked activity commonly observed in
response to simple sensory stimuli (e.g. auditory clicks, tones, etc.)
(Roach and Mathalon, 2008; Skosnik et al., 2016). By contrast,
induced power is a measure of jittered, non-time locked activity
observed during more complex higher perceptual and cognitive
processing (e.g. object recognition, motion perception, semantic
processing, etc.) (Roach and Mathalon, 2008; Skosnik et al., 2016).
Given that EEG responses during higher perception/cognition jitter
from trial to trial, it is necessary to perform spectral analysis on
single trials prior to averaging (otherwise, the signal of interest
would be cancelled out during averaging) (Roach and Mathalon,
2008; Skosnik et al., 2016). In the current study, the stimuli were
simple, discrete auditory clicks, which elicited time-locked re-
sponses (i.e. ERPs). In this paradigm, any jittered non-time-locked
activity likely represents noise unrelated to the stimulus. Hence,
maximal signal-to-noise ratio was achieved by averaging as a first
step (since non-stimulus related activity would cancel out), and
then applying time-frequency analysis (see below).

Time-locked, evoked power (Skosnik et al., 2016) was deter-
mined via time-frequency analysis and was performed using a
complex Morlet wavelet transform on unfiltered data in Brain
Vision Analyzer 2.0. After preprocessing and individual trial aver-
aging, a continuous wavelet transform was carried out using 1 Hz
frequency steps from 1 to 80 Hz. A wavelet parameter of 8 was
utilized, and a 500 ms baseline correction was applied. A spectral-
temporal region of interest (ROI) approach was used, as the time
window of interest was between 0 and 100 ms (corresponding to S1
and S2 amplitudes and the gating response). Traditional frequency
bands between 0 and 100 ms (mean power) for both S1 and S2
were extracted and included delta (1—3 Hz), theta (4—7 Hz), alpha
(8—12 Hz), beta (13—29 Hz), and gamma (30—80 Hz) frequencies.

2.2. Animal study

2.2.1. Subjects

Data were collected on male Sprague-Dawley rats (n=6;
250—300 g) using an approved animal use protocol in compliance
with the Animal Welfare Act Regulations and with the Guide for the
Care and Use of Laboratory Animals, National Institutes of Health
guidelines.

2.2.2. Drugs

CP-55940 is a selective CB1R agonist, and this compound has
been tested in both auditory gating studies and network oscillation
experiments (Hajos et al., 2008; Robbe and Buzsaki, 2009; Robbe
et al, 2006; Sales-Carbonell et al., 2013). AM-251 is a well-
characterized CB1R antagonist broadly used in both in vitro and
in vivo studies. Furthermore, the doses of both CP-55940 and AM-
251 that affected gating and oscillations have been established in
these previous studies (Hajos et al., 2008; Robbe and Buzsaki, 2009;
Robbe et al., 2006; Sales-Carbonell et al., 2013). CP-55940 (0.3 mg/
kg; Pfizer, Groton, Connecticut) and AM-251 (3 m/kg; Tocris
Bioscience, Ellisville, Missouri) were made up as suspensions in
methylcellulose (2.5 mg/mL) sterile vehicle (Pharmacia & Upjohn,
Kalamazoo, Michigan). Vehicle injection volumes were 1 mL/kg.



PD. Skosnik et al. / Neuropharmacology 135 (2018) 412—423 415

2.2.3. Sensory gating paradigm and LFP recordings from the
hippocampus (CA3) and entorhinal cortex (ENT)

LFP recordings were carried out from the hippocampus CA3
region and the ENT since numerous previous studies have shown a
relationship between auditory gating and electrophysiological ac-
tivity in these brain regions (Adler et al., 1986; Boutros et al., 2008;
Hajos et al., 2008; Smucny et al., 2015). Experiments were per-
formed in chloral hydrate anesthesia (400 mg/kg, intraperitoneal)
as described previously (Hajos et al., 2005). Anesthetized rats were
placed in a stereotaxic frame, and the femoral vein was cannulated
for administration of test compounds or additional doses of anes-
thetic. Craniotomy was performed above the hippocampus and the
ENT. Body temperature was maintained at 37 °C by an isothermal
heating pad. After conclusion of experiments, animals were sacri-
ficed; brains were removed, blocked, and frozen for histological
verification of electrode placement.

Field potentials and auditory evoked potentials (AEPs) were
recorded (2083 Hz sampling rate) from the CA3 region of the right
hippocampus (AP = 3.5 mm, V=4.0 mm, and L =3.0 mm) and the
ipsilateral ENT (AP=8.0mm, V=6.0 mm, L=4.4 mm). Auditory
stimulation consisted of two consecutive tone bursts of 10-msec
duration (sound pressure level 95 dB between the ear bars) at a
frequency of 5 kHz. As in the human experiment, delay between S1
and S2 was 500 ms, and intertrial interval was 10 s. After baseline
(vehicle), the CB1R agonist (CP-55940; 0.3 mg/kg) was injected IV.
Following CP-55940, the CB1R antagonist (AM-251; 3 m/kg, IV) was
administered; recordings of AEPs commenced 5 min after drug
administration, and 50 paired tone trials were administered for
each drug condition.

2.2.4. S1 and S2 amplitudes, sensory gating ratios, and evoked
power

Preprocessing of the animal LFP data was performed in Analyzer
2.0 as described above, minus ocular correction. In addition, LFP
data were downsampled to 1024 Hz in order to be congruent with
the human EEG data.

In order to determine S1 and S2 amplitudes, the P20 and N40
components were detected automatically utilizing Analyzer 2.0,
which were then subsequently confirmed manually. The P20 win-
dow was defined as the largest positive voltage between 10 and
30ms post stimulus, while the N40 was defined as the largest
negative voltage between 20 and 60 ms post stimulus. S1 and S2
responses were calculated as the P20 to N40 peak-to-peak ampli-
tude. Sensory gating ratio was then determined by dividing S2/S1.
S1 and S2 evoked power was analyzed in the same manner as the
human EEG data described above.

2.3. Statistical analysis

Initially, data were examined descriptively using means, stan-
dard deviations, and graphs. Each outcome was assessed for
normality visually with histograms, normal probability plots, and
Kolmogorov test statistics. CADSS and VAS data were examined at
time point +15 min in order to examine subjective effects as close
as possible to EEG data collection and peak A°-THC effects. For the
human EEG data (S1 and S2 amplitude, P50 gating ratio, and S1 and
S2 spectral power; all at electrode FCz, where P50 was largest),
linear mixed models were utilized with drug condition (4; A°-THC,
CBD, A°-THC + CBD, placebo) as a within-subjects factor. For the
animal LFP data (S1 and S2 amplitude, P50 gating ratio, and S1 and
S2 spectral power) linear mixed models were utilized with drug
condition (3; CP-55940, CP-55940-+AM-251, placebo) and brain
region (2; CA3 and ENT) as a within-subject factors. Every model
included random effects and unstructured variance-covariance
matrices. The best fitting variance-covariance structure was

determined using information criteria. Tukey's post-hoc procedure
was used to determine significant pair-wise group differences The
mixed effects approach is advantageous as it is unaffected by
randomly missing data and allows greater flexibility in modeling
the correlation structure of repeated measures data (Gueorguieva
and Krystal, 2004). Pearson correlations were utilized to examine
relationships between variables. All analyses were conducted using
SAS version 9.1 (SAS Institute Inc., Cary, NC).

3. Results
3.1. Human subjective/behavioral results

Subjective/behavioral data exhibited a non-normal distribution.
Hence, a nonparametric approach utilizing ANOVA-Type Statistics
(ATS) was performed for the VAS and CADSS data (Brunner et al.,
2002).

For VAS “high” a main effect of drug condition was observed
(ATS =20.42, df = 1.9, p < 0.0001) (data not shown). Post hoc tests
revealed that A°-THC significantly increased VAS “high” compared
to placebo (ATS=13.42, df=1, p<0.0002) and CBD alone
(ATS = 22.35, df = 1, p < 0.0001). Moreover, the combination of A%-
THC + CBD induced increases in VAS “high” compared to placebo
(ATS = 40.86, df = 1.9, p < 0.0001) and CBD alone (ATS = 47.35,
df = 1.9, p < 0.0001). No differences were observed for A>-THC
compared to A%-THC + CBD (ATS = 0.2, df = 1, p = 0.659) or CBD
compared to placebo (ATS = 1.58, df = 1.9, p = 0.209).

For CADSS patient-rated (CADSS-PR), a main effect of drug
condition was observed (ATS = 8.15, df = 2.31, p < 0.0001) (data not
shown). Post hoc tests revealed that A°-THC significantly increased
CADSS-PR compared to placebo (ATS =12.57, df =1, p <0.0004)
and CBD alone (ATS=10.75, df=1, p<0.001). Moreover, the
combination of A°-THC + CBD induced increases in CADSS-PR
compared to placebo (ATS = 12.6, df = 1, p < 0.0004) and CBD
alone (ATS = 8.13, df = 1, p < 0.0044). No differences were observed
for A%-THC compared to A%-THC + CBD (ATS = 0, df = 1, p = 0.956)
or CBD compared to placebo (ATS = 0.02, df = 1, p = 0.8935).

For CADSS clinician-rated (CADSS-CR), a main effect of drug
condition was observed (ATS = 16.8, df = 2.61, p < 0.0001) (data not
shown). Post hoc tests revealed that A%-THC significantly increased
CADSS-CR compared to placebo (ATS =48.33, df=1, p<0.0001)
and CBD alone (ATS=27.6, df=1, p<0.0001). Moreover, the
combination of A%-THC + CBD increased CADSS-CR scores
compared to placebo (ATS = 28.28, df = 1, p < 0.0001) and CBD
alone (ATS = 11.9, df = 1, p < 0.0006). No differences were observed
for AS-THC compared to A°-THC + CBD (ATS = 152, df = 1,
p = 0.217) or CBD compared to placebo (ATS = 0.11, df = 1,
p = 0.7383).

3.2. Human S1 and S2 amplitudes, and P50 gating ratios

Grand averaged ERPs (electrode FCz) from the human sensory
gating paradigm can be seen in Fig. 1. For S1 amplitude, no main
effect of drug condition was observed (F(3,42)=0.61, p=0.61).
Likewise, no main effect of S2 amplitude was observed
(F(3,42) = 0.64, p = 0.59). However, a significant main effect of drug
condition was observed for P50 gating ratio (F(3,42)=4.65,
p <0.007). Post hoc tests revealed that gating ratios were signifi-
cantly increased (disrupted) by A9-THC (t(42) = 2.82, p <0.007)and
AS-THC + CBD (t(42) = 3.01, p < 0.004) compared to placebo. Mean
gating ratios for the four drug conditions can be seen in Fig. 2.

3.3. Human S1 and S2 evoked power

Time-frequency plots of evoked power at FCz from the human
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Fig. 1. Grand-averaged AEPs from electrode FCz across the four drug conditions. Dashed red lines indicate peak-to-peak amplitudes of the N40-P50 components. Grand-averaged
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Fig. 2. Mean gating ratios (+S.E.M.) across the four drug conditions derived from AEPs
from electrode FCz. Both A®-THC and AS-THC + CBD disrupted P50 gating ratios
compared to placebo, while CBD alone had no effect.

sensory gating paradigm can be seen Fig. 3. For S1, no significant
differences were observed for evoked power, although there was a

trend towards significance for drug condition at the theta fre-
quency (F(3,42) =2.09, p = 0.14). Post hoc tests revealed that theta
power following S1 was significantly decreased for both A°-THC
(t(42) = 2.17, p < 0.048) and AS-THC + CBD (t(42) = 2.31, p < 0.035)
compared to placebo. Mean S1 evoked theta power for the four
drug conditions can be seen in Fig. 4. No effect of drug on evoked
power was observed for S2.

3.4. Human correlational results

Given the apparent selective role of A°-THC in gating ratios and
S1 theta power described above, potential associations between
gating ratios, S1 theta power, and sensory effects (CADSS-PR and
CADSS-CR) were examined within the A°-THC condition. While no
correlations were observed for subjective measures, a significant
negative correlation between gating ratio and S1 theta was found
(r=-0.629, p<0.012 [p <0.048 adjusted for four comparisons])
(Fig. 5). Interestingly, gating ratio did not correlate with S1 theta in
the placebo condition (r = —0.271, p = 0.329) (data not shown). In
other words, those individuals with the lowest S1 theta power
during A°-THC administration exhibited the largest (most dis-
rupted) gating ratios.
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Fig. 3. Grand-averaged time x frequency plots from electrode FCz across the four drug conditions. Both A>-THC and A%-THC + CBD decreased S1 evoked theta power compared to

placebo, while CBD alone had no effect.

3.5. Animal S1 and S2 amplitudes, and P50 gating ratios

Grand averaged AEPs (from CA3 and ENT) from the animal
sensory gating paradigm can be seen in Fig. 6. For S1 amplitude, a
main effect of drug condition (F(2,25) = 8.34, p < 0.0017) and re-
gion was observed (lower S1 amplitudes at CA3) (F(1,25) = 6.15,
p < 0.02). However there was no drug x region interaction
(F(2,25) = 1.08, p = 0.35). Post hoc tests averaged over region

indicated that while CP-55940 significantly decreased S1 amplitude
compared to vehicle (F(1,25) = 8.44, p < 0.008), the combination of
CP-55940+AM-251 was not different from vehicle, indicating that
AM-251 reversed the effects of CP-55940 on S1 amplitude
(F(1,25) = 1.07, p = 0.31). There was also a significant difference
between CP-55940 alone and CP-55940+AM-251 (F(1,25) = 15.51,
p < 0.0006).

For S2 amplitude, a main effect of drug condition (F(2,25) = 5.68,
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p < 0.0092) and region was observed (lower S2 amplitudes at CA3)
(F(1,25) = 12.91, p < 0.0014). However there was no drug x region
interaction (F(2,25) = 0.95, p = 0.4). Post hoc tests averaged over
region indicated that while CP-55940 significantly increased S2
amplitude compared to vehicle (F(1,25) = 11.35, p < 0.0025), the
combination of CP-55940+AM-251 was not different from vehicle,
indicating that AM-251 reversed the effect of CP-55940 on S2
amplitude (F(1,25) = 0.69, p = 0.41). There was no significant dif-
ference between CP-55940 alone and CP-55940+AM-251
(F(1,25) = 1.01, p = 0.33).

Mean gating ratios for the three drug conditions can be seen in
Fig. 7. For P50 gating ratio, a main effect of drug condition
(F(2,25) = 18.27, p < 0.0001) and region (F(1,25) = 7.52, p < 0.011)
was observed. However, no drug x region interaction was observed
(F(2,25) = 0.47, p = 0.63). Post hoc tests averaged over region
indicated that while CP-55940 significantly increased (disrupted)
P50 gating ratio compared to vehicle (F(1,25) = 32.37, p < 0.0001),
the combination of CP-55940+AM-251 was not different from
vehicle, indicating that AM-251 reversed the effects of CP-55940 on
gating ratio (F(1,25) = 0.02, p = 0.89). Moreover, there was a sig-
nificant difference between CP-55940 alone and CP-55940+AM-
251 (F(1,25) = 18.99, p < 0.0002).

3.6. Animal S1 and S2 evoked power

Time-frequency plots of evoked power from ENT and CA3 from
the animal sensory gating paradigm can be seen in Fig. 8. Main
effects for condition were only observed in the theta and gamma

bands, and mean S1 evoked theta and gamma power for the three
drug conditions can be seen in Fig. 9. Specifically, for S1 evoked
theta power, a main effect of drug condition (F(2,25) = 4.34,
p < 0.024) and region (F(1,25) = 11.32, p < 0.0025) was observed.
There was also a trend towards a condition x region interaction
(F(2,25) = 2.42, p = 0.11). Post hoc tests averaged over region
revealed that CP-55940 significantly decreased evoked theta power
compared to vehicle (F(1,25) = 8.40, p < 0.0077). There was also a
trend-level difference between vehicle and CP-55940+AM-251
(F(1,25) = 3.65, p = 0.068). No differences were observed in
evoked theta power between CP-55940 alone and CP-55940+AM-
251 (F(1,25) = 0.98, p = 0.33). Examining each region separately,
post hoc tests revealed that CP-55940 decreased evoked theta po-
wer compared to vehicle in both ENT (F(1,25) = 6.76, p < 0.015) and
CA3 (F(1,25) = 10.33, p < 0.0036). There was also a significant
difference in theta power between CP-55940+AM-251 and vehicle
in CA3 (F(1,25) = 7.47, p < 0.011).

For S1 evoked gamma power, a main effect of drug condition
was observed (F(2,25) = 6.63, p < 0.0049). Post hoc tests averaged
over region revealed a significant difference between CP-55940 and
vehicle (F(1,25) = 3.65, p < 0.011) and a trend level difference be-
tween vehicle and CP-55940+AM-251 (F(1,25) = 3.56, p = 0.071).

For S2 evoked power, a main effect of region was observed for
theta (F(1,25)=4.35, p <0.047), alpha (F(1,25)=4.29, p <0.049),
and gamma (F(1,25) = 22.83, p < 0.0001). No main effects of drug
condition or condition x region interactions were observed for S2.

4. Discussion

The current study found that both A°-THC and A°-THC + CBD
disrupted P50 gating ratios compared to placebo, while CBD alone
had no effect. A>-THC and A°-THC + CBD also decreased S1 evoked
theta power, and in the A®-THC condition, S1 theta negatively
correlated with gating ratios (larger ratios indicate more disrup-
tion). In rats, CP-55940 disrupted gating in both brain regions, and
this was reversed by AM-251. Further, CP-55940 decreased evoked
theta and gamma power to S1, which was partially blocked by AM-
251. These convergent human and animal data suggest that
cannabinoid agonists disrupt sensory gating by altering neural os-
cillations in the theta-band, and that these effects are CB1R-
mediated.

To our knowledge, this is the first study demonstrating that
acute A°-THC disrupts P50 sensory gating in humans. The results of
the current study are congruent with previous work demonstrating
that chronic cannabis use is associated with altered P50 gating
ratios (Broyd et al., 2013; Edwards et al., 2009; Patrick and Struve,
2000; Rentzsch et al., 2007). However, given the limitations of
previous cross-sectional studies, the specific role of A°-THC and
CB1Rs in P50 gating had remained equivocal. The current study
now provides direct evidence that perturbation of the endogenous
cannabinoid system by exogenous A’-THC disrupts inhibitory net-
works involved in auditory repetition suppression/sensory gating.
Of note, deficits in P50 gating were not observed by the adminis-
tration of cannabidiol, a phytocannabinoid with minimal activity at
the CB1R (Morales et al., 2017). Interestingly, CBD has been shown
to attentuate many of the effects of A°-THC, particularly it's psy-
chotomimetic effects (Bhattacharyya et al., 2010; Englund et al.,
2013; Zuardi et al., 1982). However, in the current study, CBD
failed to reverse the A°-THC-induced disruption of sensory gating
and theta oscillations. This finding, and the fact that CP-55940-
mediated disruptions in sensory gating were reversed by the
CB1R antagonist AM-251 in the animal portion of this study pro-
vides converging evidence that cannabinoid-related deficits in
auditory repetition suppression/sensory gating are directly linked
to alterations in CB1R function.
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In addition to A°-THC's effects on gating, the current study
showed that evoked theta power to S1 was disrupted in both the
A%-THC and A°-THC + CBD conditions. This finding was corrobo-
rated by the animal study, as CP-55940 significantly reduced S1
theta power. This may have functional implications regarding the
mechanism whereby cannabinoids disrupt sensory gating. It is
thought that gating occurs via recurrent for feed-forward inhibition
whereby neuronal ensembles activated by S1 stimulate inhibitory
circuits which serve to diminish excitatory responses to S2 (Fritz
et al., 2005; Mears et al., 2006; Miller and Freedman, 1993, 1995;
Tan et al., 2004). Germane to the current theta findings, it has been
shown that septal input to the hippocampus plays a major role in

the inhibition of S2 (Miller and Freedman, 1993), and GABAergic
input from the septum is known to be the primary generator of
hippocampal theta (Bender et al., 2015; Dragoi et al., 1999; Hangya
et al., 2009; Mysin et al., 2015; Pilly and Grossberg, 2013). More-
over, CB1R agonists have been shown to disrupt septal theta os-
cillations (Hajos et al., 2008). Hence, S1 may generate a travelling
wave of inhibition in the theta band, which may serve to alter the
firing thresholds in circuits responding to S2. Through the inhibi-
tion of GABA release (and perhaps acetylcholine), cannabinoids like
A®-THC and CP-55940 would desynchronize these theta oscilla-
tions, thus disrupting the “gating out” of S2. Indeed, the correlation
between S1 theta and P50 gating ratios in the A°-THC condition in
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the current study provides support for this notion, as does the
finding that septal input to the hippocampus may be fine-tuned by
endocannabinoid signaling (Nyiri et al., 2005).

More generally, the observed finding regarding cannabinoids
and theta are consistent with previous reports, and suggests a
common mechanism whereby cannabinoids disrupt sensory,
perceptual, and cognitive processes. As pointed out by Kucewicz
et al. (2011), disruption of theta “provides an intuitive neural
mechanism for cannabinoid-induced cognitive impairment that
Melges et al. (1970) called ‘temporal disintegration’ and described
as ‘difficulty in retaining, coordinating and serially indexing those
memories, perceptions and expectations that are relevant to the
goal one is pursuing™ (Kucewicz et al., 2011; Melges et al., 1970). It
has already been established that both chronic cannabis use and
acute A°-THC disrupt sensory-related gamma oscillations (Cortes-
Briones et al., 2015a; Skosnik et al. 2006, 2012, 2014, 2016). How-
ever, due to longer conduction delays between distant brain re-
gions, it is thought that gamma-range oscillations act to
synchronize the activity of local circuits, while lower frequency
oscillations serve to coordinate the activity of more widely
distributed brain networks (as would be necessary for higher
perceptual and cognitive functions) (Siegel et al., 2012). Theta os-
cillations may serve this purpose, and if disrupted by cannabinoids,
could disrupt perceptual and memory processes. Indeed, previous
work has demonstrated that acute cannabinoids can disrupt non
stimulus-related theta power in both humans (Bocker et al., 2010;
Morrison et al., 2011) and animals (Hajos et al., 2008). Interestingly,
alterations in resting theta power have been associated with
polymorphisms of the CB1R gene (Heitland et al., 2014). More
importantly, several studies in animals have shown that cannabi-
noid agonists can disrupt theta oscillations during memory tasks
(Kucewicz et al., 2011; Robbe and Buzsaki, 2009; Robbe et al., 2006).

Here we show that stimulus-evoked theta power during auditory
repetition suppression/P50 sensory gating is also perturbed by
CB1R agonists in both humans and animals. Hence, a confluence of
data suggests that perturbation of normal CB1R function by exo-
cannabinoids disrupts functionally relevant neural oscillations in
the theta-range. By extension, this indicates that the endocanna-
binoid system may modulate theta oscillations relevant to behavior,
perception, and perhaps, cognition.

Several limitations and possible future directions are worth
discussing. The first and most obvious limitation is the fact that
dissimilar cannabinoid compounds were used in the human versus
the animal study. While A%-THC is a partial agonist at the CB1R,
synthetic cannabinoids like CP-55940 work as full agonists (Tai and
Fantegrossi, 2017). Moreover, the human study utilized ethanol for
drug delivery, while in the animal study, drugs were made up as
suspensions in methylcellulose. These factors may limit the
generalizability and translational nature of the animal study, and
could also explain why S1 gamma disruption was observed in ro-
dents but not in humans. Future studies could replicate and extend
these results by examining sensory gating and neural oscillations in
non-human animals utilizing A°-THC. Further limitations from the
animal portion of this study include the use of anesthetized rats
and the small number of implanted electrodes. Hence, prospective
studies should consider the use of free-moving animals and with a
greater number of electrodes (e.g., in prefrontal cortex, auditory
cortex, etc.). Limitations to the human portion of the study include
the low spatial resolution of EEG, making assertions regarding the
anatomical substrates of the observed effects difficult. Future
studies examining A°-THC utilizing intracranial EEG or simulta-
neous EEG/fMRI could shed light on the neuroanatomical correlates
of cannabinoid-induced alterations on sensory gating and neural
oscillations. A second limitation to the human portion of the study
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relates to the correlation observed between gating ratios and S1
theta power. Given that both gating ratios and S1 theta are out-
comes derived after averaging (i.e. ERPs and evoked power), it is
possible that this association reflects the fact that the measures
may be partially dependent. However, it should be noted that
gating ratio takes into account P50 amplitude at S2 as well as S1,
and the P50 response itself is likely a higher frequency transient
oscillation (e.g., gamma) (Basar et al., 1987; Clementz et al., 1997).
This suggests that these measures may represent different (albeit
related) underlying neural processes. Nonetheless, given this po-
tential limitation, the correlation between gating ratio and S1 theta
in the A°-THC condition should be interpreted with caution. Lastly,
while the IV route of administration yields the most reliable de-
livery of A%-THC (D'Souza et al., 2004; Sherif et al., 2016), studies
using more ecologically valid methods of drug administration (i.e.
pyrolyzed cannabis) would yield results more generalizable to
cannabis use disorders.

These limitations notwithstanding, the current study in both
humans and animals suggests that exogenous cannabinoids disrupt
sensory gating and the ability to generate neural oscillations in the
theta range, which may have implications for understanding the
short- and long-term neurobiological effects of cannabis. Moreover,
this study illustrates the translational potential of the signals
derived from the auditory repetition/sensory gating paradigm.
Hence, gating ratios and evoked power could be utilized as trans-
lational biomarkers in the design of “proof-of-pharmacology” trials
(Soares, 2010), which are urgently needed in the fields of neuro-
science and neuropharmacology.
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