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Abstract

Central cannabinoid receptors are thought to mediate neural oscillations and are localized to brain
regions implicated in auditory P50 sensory gating, including the hippocampus and neocortex. The
current study therefore examined if neural oscillations evoked by the paired clicks (S1, S2) are
associated with impaired P50 gating reported in cannabis users. Seventeen heavy cannabis users
and 16 cannabis naive controls participated. Analyses included P50 amplitudes, and time x
frequency analyses examining event-related spectral perturbations (ERSP) and inter-trial
coherence (ITC). In agreement with prior studies, cannabis users exhibited reduced P50 gating.
The ERSP analysis yielded attenuated high frequency activity in the beta range (13-29 Hz) post-
S1 and in the gamma range (30-50 Hz) post-S2 in the cannabis group, compared to the control
group. Attenuated ITC was also observed in the cannabis group in the post-S2 theta band (4-7 Hz).
Greater levels of cannabis use were positively associated with high P50 ratios and negatively with
post-S2 ERSP gamma power. These findings suggest that heavy cannabis use is associated with
aberrant beta and gamma activity in the dual-click procedure, which corroborates recent work
demonstrating disruption of beta/gamma by cannabinoid receptor (CB1) agonists in a rat analogue
of this procedure and highlights the translational potential of the dual-click procedure.
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Introduction

The dual-click “sensory gating” procedure is widely used as in index of sensory registration
and suppression (e.g., Braff, Swerdlow, & Geyer, 1995). In the typical dual-click procedure,
amplitude of the P50 event-related brain potential (ERP) to the second paired click (S2) is
attenuated relative to the P50 amplitude to the first click (S1; 500 ms inter-stimulus
interval). While the P50 to S1 is thought to assess the capacity of the central nervous system
to register salient stimuli, the relative decrement of the P50 amplitude to S2 (compared to
S1) is thought to be associated with suppression or “inhibitory gating” of redundant and
irrelevant stimuli (Boutros, Belger, Campbell, D’Souza, & Krystal, 1999; Braff, Swerdlow,
& Geyer, 1995). Both human (Freedman, Adler, & Waldo, 1987) and non-human studies
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(N40; Boutros and Kwan, 1998) suggest that the reduction of S2 amplitude may reflect
recurrent inhibitory mechanisms activated by the neural response to the first click. This
gating effect is typically indexed using an amplitude ratio (S2/S1) or difference score (S1 —
S2) (Smith, Boutros, & Schwarzkopf, 1994). Clinically, sensory gating disturbances are
associated with posttraumatic stress disorder (Neylan et al., 1999), bipolar disorder (Olincy
and Martin, 2005), schizotypal personality disorder (Cadenhead et al., 2000), and, most
notably, schizophrenia (e.g., Patterson et al., 2008).

While the exact mechanisms of P50 sensory gating remain unclear, three brain regions have
been consistently implicated in the P50 ERP to the dual clicks: the hippocampus, the
superior temporal gyrus, and the prefrontal cortex. The hippocampus has been implicated in
rat sensory gating models (N40; Boutros, Bonnet, Millana, & Liu, 1997; Boutros and Kwan,
1998; Bickford-Wimer et al., 1990; Freedman et al., 1996) and has been demonstrated by
intracranial hippocampal recordings (Boutros et al., 2005; Grunwald et al., 2003) to be
engaged in humans during the dual-click procedure, though not related to the P50 response
itself. Recordings made directly from the human hippocampus during the dual-click
procedure do not show prominent activity during the mid-latency, including P50, time
window; instead, neural activity occurs at approximately 200 ms post S1 and persists
through S2 onset (Boutros et al., 2005).

The superior temporal gyrus and medial frontal cortex have been identified as generators of
the P50 ERP using electrophysiological source localization (Korzyukov et al., 2007; Weisser
etal., 2001), MEG (Hanlon et al., 2005), fMRI (Mayer et al., 2008), and intracranial
recordings (Grunwald et al., 2003; Kurthen et al., 2007). Data from these studies have been
used to posit that frontal cortex mechanisms activated by the first click inhibit
responsiveness of the auditory cortex to the second click— resulting in the relative
attenuation of the S2 P50 ERP (Grunwald et al., 2003; Mayer et al., 2008). The involvement
of these cortical regions in mid-latency ERPs suggests that they mediate preattentive sensory
gating, whereas it has been speculated that the hippocampus may mediate gating of longer
latency, perhaps, attentional processes (Grunwald et al., 2003).

The consistently reported involvement of human frontal and temporal cortices and possible
involvement of hippocampus in sensory gating is notable because in primates these
structures contain comparable densities of the CB1 cannabinoid receptors (Eggan & Lewis,
2007). In both the hippocampus and neocortex, CB1 receptors are mostly found on
cholecystokinin expressing GABAergic interneurons and mediate depolarization-induced
suppression of inhibition (Trettel, Fortin, & Levine, 2004). In rat and primate neocortex,
however, limited evidence shows CB1 receptors may also be expressed on glutamatergic
neurons (Ong and Mackie, 1999; Hill et al., 2007). The fact that structures containing high
densities of CB1 receptors have been implicated as possible neural substrates of the auditory
response to paired stimuli raises the possibility that the endogenous cannabinoid system may
mediate hippocampal and neocortical processes related to sensory gating.

Because the primary psychoactive constituent of cannabis, delta-9-tetra-hydrocannabinol
(THC), is a CB1 receptor agonist (Iversen, 2003), a growing number of studies have sought
to examine if P50 gating is disrupted in heavy cannabis users. Indeed, three studies have
reported that cannabis users exhibit higher P50 gating ratios (worse gating) compared to
controls (Patrick et al., 1999; Patrick and Struve, 2000; Rentzsch et al., 2007). Impaired P50
gating in the cannabis users seems to be driven primarily by increased P50 amplitude to the
testing click (S2) (Patrick et al., 1999; Patrick and Struve, 2000; Rentzsch et al., 20071).
Traditionally, increased S2 P50 amplitude has been interpreted to indicate the failure of an
inhibitory mechanism activated by the processing of S1 (Braff, Swerdlow, & Geyer, 1995).
Because abstinence criteria have ranged from 24 hours (Patrick and Struve, 2000) to 28 days
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(Rentzsch et al., 2007) across these studies, yet the reported P50 ratio deficits are similar, the
observed gating abnormality seems to be a robust correlate of heavy cannabis use. In
addition, each of these studies reported that increased cannabis use (e.g., number of joints
per week and the number of years smoking) was associated with higher (worse) P50 gating
ratios. Despite these intriguing findings, analyses from these studies were limited to
traditional N40-P50 trough-peak measures and did not assess neural oscillatory activity in
frequencies known to either comprise the P50 ERP or manifest pronounced gating effects in
the dual-click procedure, such as low frequency activity (e.g., 0-20 Hz; see Johannesen et
al., 2005; Clementz et al., 1997; Blumenfeld & Clementz, 2001) and higher frequency
ranges such as beta (Hong et al., 2004) and gamma band activity (see Blumenfeld &
Clementz, 2001; Brockhaus-Dumke, Mueller, Faigle & Klosterkoetter, 2008; Clementz et
al., 1997; Johannesen et al., 2005).

In humans, neural oscillatory activity in the above mentioned frequency domains have been
associated with different functional roles in information processing. For instance, neural
oscillations in the gamma frequency range (about 20/30-50 Hz) emerge after exposure to a
discrete stimulus and are thought to be an index of stimulus registration (Blumenfeld &
Clementz, 2001; Karakas & Basar, 1998). Beta oscillations are typically observed following
gamma activity and have been associated with perceptual binding (von Stein, Rappelsberger,
Sarnthein, & Petsche, 1999) and novelty detection (Whittington, Traub, Faulkner, Stanford,
& Jefferys, 1997), and may be capable of transmitting/integrating information across more
distal, higher-order, brain regions than gamma (Kopell, Ermentrout, Whittington, & Traub,
2000). Some research has separated broad beta activity into low beta (betal; 12-20 Hz) and
high beta (beta2; 21-30 Hz), and suggest that betal oscillations are sensitive to novelty
(Haenschel, Baldeweg, Croft, Whittington, and Gruzelier, 2000). Once a stimulus has been
registered, supplementary attentional mechanisms further encode the stimulus as reflected
by event-related neural oscillations in low frequency bands (e.g., Blumenfeld & Clementz,
2001). Specifically, theta and alpha have been associated with selective attention processes
and working memory, respectively (see Basar, Basar-Eroglu, Karakas, & Schiirmann, 1999).
Thus, examining distinct information processing components of the auditory evoked brain
response by parsing separable oscillatory frequency bands can inform the nature of the task-
activated neural mechanisms related to stimulus registration and higher-order stimulus
processing.

The relationship between neural oscillatory abnormalities and cannabis use is an important
issue to address because emerging evidence suggests that the endogenous cannabinoid
system is a mediator of hippocampal oscillations in the low frequency theta (4-7 Hz) range
(Reich, Karson, Karnup, Jones, & Alger, 2005) and higher beta/gamma frequency range
(e.g., 12-50 Hz; Wilson and Nicoll, 2002; Hajos et al., 2000, see also Soltesz and Staley,
2006). In addition, assessment of neocortical cells /n vitro suggests that cannabinoids
mediate cortical oscillations (Bacci, Huguenard, & Prince, 2004). A study by Hajds,
Hoffman, and Kocsis (2008) examined the performance of rats in the dual-click procedure
following administration of the CB1 agonist CP-55940. The CB1 agonist impaired N40
sensory gating and was associated with desynchronization of beta/gamma and theta range
hippocampal oscillations following the paired clicks. Prefrontal cortical recordings yielded a
similar attenuation of beta/gamma and theta power after drug administration during free
movement. Both of these effects were reversed by the CB1 antagonist AM-251. Thus, the
identification of oscillatory abnormalities in the hippocampus and neocortex that were
induced by disruption of the cannabinoid system strongly supports investigation of such

1Rentzsch et al. (2007) did not report if S2 amplitudes were significantly different between the control and cannabis groups. However,
using the reported means (controls: 2.1, cannabis: 1.1), standard deviations (1.5, 0.8, respectively) and group size (11, 18,
respectively), an unpaired t-test analysis yielded a significantly larger P50 S2 amplitude for the cannabis group (t (27) = 2.35, p<.05).
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processes in humans with a disturbed cannabinoid system, such as long-term cannabis users
(Villares, 2007).

The primary aim of the current study was to extend the translational potential of the P50
cannabis literature by elucidating neural oscillations that may accompany P50 sensory
gating disturbances in heavy cannabis users (Patrick et al., 1999; Patrick and Struve, 2000;
Rentzsch et al., 2007). Traditional methods of indexing information processing mechanisms
by measuring peak and trough of the time-domain grand average ERP conceal changes in
frequency-specific neural bands that may be associated with perturbed information
processing mechanisms (Delorme and Makeig, 2004). Thus, assessment of frequency-
specific induced and evoked neural oscillations may provide a clearer picture of information
processing abnormalities observed in heavy cannabis users with the dual-click procedure, as
well as clarify the relationship between mid-latency ERPs and frequency-specific
oscillations. Toward this end, a Fourier-based time-frequency analysis was conducted on
each trial in addition to a traditional time-domain assessment of the P50 auditory ERP. The
time-frequency procedure generated an event-related spectral perturbation (ERSP)
composed of induced and evoked oscillatory power across time and an inter-trial coherence
(ITC) measure yielding the degree of between-trial phase variability across time. It is
important to emphasize that the ERSP is sensitive to amplitude/magnitude of the response,
while ITC is sensitive to the phase of the response but not its amplitude. Based on prior
human and rat research (Bacci et al., 2004; Hajés et al., 2008), it was hypothesized that (1)
the heavy cannabis users would exhibit higher P50 gating ratios compared to the cannabis
naive control group. (2) Because CB1 receptors are thought to mediate the maintenance of
hippocampal and neocortical rhythms in the theta, beta, and gamma range, it was also
predicted that cannabis use would be associated with attenuated neural oscillations in these
frequencies. Because the current study assessed cortical activity, it was expected that these
group differences would occur in the first 200 ms post-stimulus, where these P50 ERP
component frequencies typically exhibit their greatest power (e.g., Johannesen et al., 2005;
Blumenfeld and Clementz, 2001). Finally, (3) consistent with the prior research we expected
that rates of cannabis use would be positively associated with impaired gating.

Seventeen heavy cannabis users (group CB; mean age = 20.53, SD = 2.48) and 16 healthy
cannabis-naive controls (group HN; mean age = 22.19, SD = 3.82) were assessed. The study
was approved by the human subjects institutional review board. Participants were recruited
from the local university community, provided written informed consent, and were paid for
their participation. Demographic information and rates of cannabis use are shown in Table 1.
The inclusion criteria were as follows. For the cannabis group: 1 = joints per week for the
past month (24 hour abstinence prior to testing to control acute effects while permitting
possible long-term effects of drug use); positive urine toxicology screen for only THC given
just prior to testing; no other illicit substance use during the past three months; and no DSM-
IV diagnosis of Axis I or Il disorders except cannabis abuse or dependence. For the control
group: no history of illicit substance use; a negative urine toxicology screen for all drugs
tested; and no history of psychiatric illness (Axis I). For all participants: no reported hearing
problems, neurological disease, learning disability, or head injury resulting in loss of
consciousness. Participants were excluded if they reported consumption of more than 2
alcoholic drinks on average per day (1 per day for females) during the past month.
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Clinical Interviews, Questionnaires, and Drug Use Assessment

The Structured Clinical Interview for DSM-1V Axis | and 11 Disorders (SCID | and SCID 1)
and subscales of the Wechsler Adult Intelligence Scale 111 (Picture completion, Digit
Symbol, Similarities, and Digit Span) were administered to rule out psychiatric conditions
and characterize general neuropsychological function (see Table 1). The clinical interview
was used to ascertain current and past diagnoses for alcohol and substance abuse and
dependence. Measures of frequency, quantity, and density of cannabis consumption were
determined via the interview.

Urine screens (Q10-1, Proxam) were administered immediately preceding all testing. The kit
screened for cannabis (11-nor-A-9-tetrahydrocannabinol-9-COOH ; 50 ng/mL sensitivity),
opiates, amphetamines, cocaine, MDMA (ecstasy), tricyclic antidepressants, phencyclidine,
benzodiazepines, methamphetamines, and barbituates.

Experimental Stimuli and Procedure

The experimental design consisted of 102 trials of paired click stimuli (500 ms SOA, 81 dB
SPL, 3 ms white noise bursts; binaural). To facilitate similar levels of engagement and
alertness during the testing session, participants were asked to press a button to additional
infrequent paired tones (2000 Hz, 500 ms SOA, 81 dB SPL, 3 ms duration; binaural) that
randomly occurred 18 times during the procedure, thus yielding a total of 120 trials. Because
it was important that the data be free of preparatory activity, the participants were
specifically told not to prepare to respond to the infrequent paired fonesand that the speed of
their response was irrelevant. Recorded activity to the infrequent clicks was not examined.
Foam ear inserts (E-A-RLINK, Aearo Company Auditory Systems, Indianapolis, IN) were
used to present the auditory stimuli. All paired-trials were separated with a 9 + 3 s inter-trial
interval (i.e., S1 to S1). During the experiment, participants were seated up-right in a
recliner within a sound-attenuated, dimly lit, and electrically shielded booth. The procedure
lasted about 18 minutes.

Data Acquisition and Processing

P50 ERP

EEG activity at FCz (referenced to the nose) and vertical electrooculogram (EOG) activity
was recorded with 10 mm disc gold electrodes (MedAssociated, St. Albans, VT) filled with
EC2 electrode cream (Astro-Med inc., RI). The vertical EOG was recorded using two
electrodes placed 1 inch above and below the right eye. A ground electrode was placed on
the forehead. The skin was cleaned with NuPrep prior to electrode application. All electrode
impedances were below 10 kQ. Electrophysiological data were continuously recorded at a
sampling rate of 2.5 kHz with a Sensorium EPA-6 bioamplifier. The
electroencephalographic data (analog highpass filter = 0.02 Hz, 12 dB/octave; lowpass filter
=300 Hz, 8™ order elliptic; gain = 10,000 for EEG) and electrooculargraphic data (analog
highpass filter = 1 Hz, 12 dB/octave; lowpass filter = 300 Hz, 8™ order elliptic; gain = 5000)
were acquired using the software Neuroscan (v.4.1, El Paso, TX).

To assess the P50 ERP the following steps were executed using Neuroscan software:
recorded EEG was segmented into 2000 ms epochs (500 ms pre-stimulus and 1500 ms post-
S1 onset); -50 to 0 ms baseline amplitude correction at S1; VEOG artifact rejection excluded
epochs with voltage exceeding + 75 pV; EEG artifact rejection excluded epochs when FCz
voltage exceeded = 75 pV (this relatively conservative rejection criteria retained about 80%
of the trials across groups); visual inspection of remaining trials; 0.02 — 50 Hz bandpass
filter (24 dB/octave) was applied; epochs were cut to -50 to 1000 ms and then averaged. N40
(greatest negative peak between 35 and 50 ms) and P50 ERP peaks (greatest positive peak
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between 50 and 85 ms) were automatically selected by an algorithm and then checked by an
experimenter (CRE), who was blind to group membership. An additional criterion was that
the P50 peak and trough latencies were within 10 ms of the response to the first click
(Brenner et al., 2004). P50 amplitude was determined as the P50-N40 amplitude difference.
In accord with prior research, individuals with non-discernable S1 P50 amplitudes (e.g., less
than 1 microvolt) were considered non-responders (2 controls, 1 cannabis user) and
excluded from P50 analyses (but not the time x frequency analyses). If there was no positive
ERP deflection recorded at S2 (i.e., complete P50 suppression), an amplitude of .01
microvolts was entered so that the gating ratio could be derived (1 control).

Time x Frequency Analysis

EEG power across time was assessed using the EEGLab toolbox for Matlab software
(Delorme and Makeig, 2004). A baseline normalized event-related spectral perturbation
(ERSP) was obtained separately for each group by applying a Fast Fourier Transform (FFT)
using a 128 ms sliding window on single trial data. The 500 ms interval prior to stimulus
onset (S1) was used as the baseline for computing the ERSP. After 500 ms padding, a
frequency resolution of 2.44 Hz was obtained and the time resolution was 6.51 ms. The
ERSP figures are shown in Figure 2.

Following generation of the ERSP, the intertrial coherence (ITC) was computed to
determine whether possible abnormalities in ERSP power were due to impairment in phase
variability across trials. While the ERSP is sensitive to magnitude/amplitude of the response,
the ITC is a measure of phase synchronization of EEG activity across trials at particular
temporal intervals and frequencies and is less sensitive to amplitude (Delorme and Makeig,
2004; O’Donnell et al., 2004). To compute ITC, the complex output of the baseline
normalized ERSP was divided by its complex norm (absolute value), which was then
averaged across trials. The complex norm of this averaged value results in the ITC for
different time and frequency points. ITC values range from 0 (absence of synchronization)
to 1 (perfect synchronization, or phase reproducibility across trials at a given latency). The
ITC figures are depicted in Figure 2. The following frequency domains were assessed: theta
(4-7 Hz), alpha (8-12 Hz), broad beta (13-29 Hz), low beta (13-20 Hz), high beta (21-29
Hz), and gamma (30-50 Hz).

Statistical Analysis

Results
P50 Gating

An ANOVA was employed using the between-subject factor of cannabis use for the
dependent variable P50 ratio. A 2 (group) by 5 (time: average power in five 40 ms windows
following each click) repeated-measures ANOVA was used to examine changes in
frequency power and ITC across time separately for each click. For analysis of frequency
changes between clicks an ANOVA analysis was conducted across all subjects. For the
repeated-measures ANOVAs, the effect sizes are reported in the form of partial eta? (PES):
small effect sizes are less than .06; moderate effect sizes range from .06 to .14; large effect
sizes are greater than .14 (Cohen, 1973). All tests were two-tailed, and significance was
established at p < 0.05. For pairwise comparisons, Cohen’s destimates of effect size are
reported where values of 0.2, 0.5, and 0.8 are considered small, medium, and large effects
sizes, respectively (Cohen, 1992).

The grand average P50 waveforms for each group are shown in Figure 1. Although the
groups did not statistically differ in their P50 amplitudes to S1 (HN mean = 4.89, SD = 4.29;
CB mean = 3.98, SD = 2.67), F (1,28) = .49, p= .49, d= .25, or S2 (HN mean = .96, SD =
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1.69; CB mean = 1.53, SD = 1.21), F(1,28) = 1.14, p=.294, d'= .39, the P50 ratio (S2/S1)
was significantly larger in the CB group (mean = .42, SD = .33) compared to the HN control
group (mean = .11, SD =.12), F(1,28) = 10.63, p=.003, d= 1.25. As with prior studies of
P50 gating in cannabis users, only the P50 ratio measure, not the S1-S2 difference score
(F(1,28) = 2.51, p= .13, d=.59), differentiated the groups.

Event-Related Spectral Perturbation

Consistent with the prediction, (see Figure 2), ERSP power was most prominent in the first
200 ms post click. The data were therefore assessed within just the first 200 ms (5 time
windows of 40 ms each). Because Table 2 shows the primary descriptives, main effects, and
interactions for all frequencies, only the findings achieving statistical significance will be
fully presented in the text. In addition, the effects of time will also not be discussed here
because a main effect of time would be expected (see Figure 3) in an event-related response
with the greatest magnitude of difference typically occurring closer to the stimuli (unless
otherwise noted). All time x group interactions were non-significant (see Table 2).

Click Effects Across Groups—Examination of frequency power between clicks
(collapsed across groups) in the broad beta domain yielded a click x time interaction
(F(4,112) =5.05, p=.016, PES = .15), which reflected a larger beta component 100-150 ms
post-S1 compared to the distribution of activity in the time bins post-S2. This effect
appeared to be carried by the high beta2 domain in which a larger S1 response was reflected
in a main effect of click (S1>S2; F(1,28) = 5.04, p=.033, PES = .15) as well as in the click
x time interaction (F(4,112) = 7.82, p=.002, PES = .22). The interaction represented S1
activity maximizing by 40-80 ms ((t(28) = 2.87, p=.008) and returning to comparable S2
levels in the 120-160ms window (t(28) = 1.77, p=.086). The alpha activity was also greater
post-S1 as evidenced by a main effect of click (S1>S2; F(1,28) = 18.56, p=.001, PES = .40)
and a click x time interaction (F(4,112) = 5.63, p=.015, PES = .17. The interaction
corresponded to increasing S1 activity, compared to S2 activity across the window with the
most prominent click difference occurring in the 120-160ms window (t(28) = 3.88, p=.
001). For the theta band, there was a main effect of click (51>S2; F(1,28) = 51.57, p=.001,
PES = .65) and a click x time interaction (F(4,112) = 37.93, p=.001, PES = .58), with
comparable theta activity for S1 and S2 in the 0-40 ms bin with increasing S1 activity
maximizing in the 160-200ms window (t(28) = 8.56, p=.001). Attenuated power was
observed across all frequencies at S2 compared to S1, with the exception of the gamma
band, indicating a pronounced gating effect across frequencies (see Figure 2 for a visual
illustration of click effects, and Table 2 for means and standard deviations).

Group Differences by Click—For frequency data following S1, a significant main effect
of group was found across the 5 time windows of the broad beta frequency indicating lower
levels in cannabis users (see Figure 3), F(1,27) =5.28, p= .03, PES =.16 (HN mean = .84,
SE =.17; CB mean = .30, SE = .16). This pattern was evident in the high beta2 frequency
domain at S1, F(1,27) =5.06, p=.03, PES = .16 (HN mean = .63, SE = .18; CB mean = .09,
SE =.16), but not in the lower betal domain. For gamma activity following S2, there was
also a significant main effect of group (see Figure 3), F(1,27) = 6.61, p= .02, PES = .20,
with the CB group exhibiting markedly less gamma power, compared to controls (HN mean
=.19, SE = .14; CB mean = -.28, SE = .12).

To summarize, analysis of the ERSP showed a striking gating effect across all frequency
domains except the gamma band. The group x time analyses demonstrated attenuated high
beta? activity after S1 and attenuated gamma activity following S2.
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Intertrial Coherence

The magnitude of phase-locked activity (i.e., ITC) was also evaluated in 5 time segments,
each 40 ms in duration, across the 200 ms post-click window between groups. In the interest
of space only significant group findings will be noted here (see Table 2 for full statistics).

Click Effects Across Groups—Examination of phase-locking between clicks (across
subjects) in the gamma domain yielded a main effect of click (S1>S2; F(1,28) = 13.44, p=.
001, PES = .32), with greater gamma phase-locking post-S1. Analysis of broad beta activity
yielded a main effect of click (S1>S2; F(1,28) = 27.04, p=.001, PES = .49) and an click x
time interaction (F(4,112) = 6.16, p=.008, PES = .18), with the greatest S1 broad beta
phase-locking difference occurring in the 40-80 ms window and approaching reconvergence
by 200 ms (p < .01). Greater beta phase-locking after S1 was also reflected in a main effect
of click for low betal activity (F(1,28) = 26.90, p=.001, PES = .49) and a main effect of
click (S1>S2; F(1,28) = 11.15, p=.002, PES = .29). High beta2 activity also showed a main
effect of click (S1>S2; F(1,28) = 11.147, p=.001, PES = .28), as well as a click x time
interaction (F(1,28) = 4.90, p =.02, PES = .15) with the greatest click difference occurring
at 80-120ms (t(28) = 3.67, p=.001) and approaching reconversion in the 200 ms window.
Alpha phase-locking was similarly reduced at S2 as indicated by a main effect of click
(S1>S2; F(1,28) = 61.54, p=.001, PES = .69) and a significant interaction (F(4,112) = 8.20,
p=.003, PES = .23) with the click difference maximizing in the 160-200ms window. For
the theta band, there was a main effect of click (S1>S2; F(1,28) = 38.79, p=.001, PES =.
58) and interaction (F(4,112) = 50.47, p=.001, PES = .64). Theta ITC click differences
increased throughout the window and maximized in the 160-200ms time bin (t(28) = 7.56, p
=.001). Taken together, phase-locked activity was attenuated across all frequencies post-S2.

Group Differences by Click—A main effect of group was observed in theta phase-
locking following S2, F(1,27) = 4.63, p= .04, PES = .146, with the cannabis group showing
a greater attenuation of theta coherence (see Figure 3).

To summarize the ITC analyses, attenuated phase-locking was found across all frequency
domains following S2. However, the cannabis group only exhibited reduced theta after S2,
compared to controls.

Pearson Correlations

P50 gating and frequency analysis—The 41-80 ms window (which is the window
during which the P50 occurs) was utilized for assessing the relationship between S1 and S2
P50 amplitudes and the ERSP and ITC activity. To correct for multiple comparisons
between the two clicks, the six frequency domains, and the two frequency measures (i.e.,
ITC and ERSP), a Bonferroni adjustment was employed yielding a significance criterion of
p<.002 (.05/24).

S1 P50 amplitude was positively correlated with several mean S1 ITC beta frequency values
including broadband beta, r(29) = .66, p=.0001, as well as low, r(29) = .58, p=.001, and
high beta, r(29) = .60, p=.0006. S2 P50 amplitude was positively correlated with S2 ITC
broadband beta, r(29) = .71, p=.00001, and high beta, r(29) = .74, p=.000005. With regard
to mean ERSP data, S1 P50 amplitude was significantly correlated with broad beta, r(29) =.
61, p=.0005, and high beta, r(29) = .60, p=.0006, but not the low beta frequency.
Interestingly, S1 P50 amplitude also correlated with S1 ERSP alpha power, r(29) = .72, p=.
00001. However, S2 P50 amplitudes were not significantly associated with any of the ERSP
frequency measures in the 41-80 mean window following S2.
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In sum, whereas the P50 amplitudes at both S1 and S2 were positively associated with post-
click phase-locked beta activity, only variability in post-S1 beta and alpha spectral power
was positively associated with S1 amplitude.

Cannabis use—To examine the prediction that cannabis use would be associated with
indices of sensory gating impairments, correlations between the number of cannabis joints
reportedly smoked in the previous 6 months and the ERP amplitudes, ITC values, and ERSP
values were assessed.

There was a positive relationship between the reported number of joints smoked in the prior
6 months and the P50 gating ratio, r(16) = .50, p= .05, suggesting that increased estimates
of long-term cannabis use were associated with poor P50 gating. While phase-locking values
did not significantly correlate with cannabis use, decreased mean ERSP gamma power in the
post-S2 200 ms window was correlated significantly with increased cannabis use in the prior
6 months, r(16) = -.528, p=.036.

Discussion

Consistent with previous reports, heavy cannabis users exhibited impaired P50 sensory
gating in the dual-click procedure compared to cannabis naive participants. When groups
were collapsed, all ERSP and ITC activity was markedly attenuated after S2, with the only
exception being gamma power. Analysis of inter-trial coherence indicated that cannabis
users showed attenuated phase-locked theta activity following S2 in the 200 ms following
stimulus onset. Analysis of the ERSP indicated that cannabis users exhibited a time-specific
reduction in frequency power immediately following S1 in high-frequency bands, including
gamma, broad beta, and beta2, and following S2 in just the gamma frequency. Increased
rates of cannabis use were associated with reduced post-S2 ERSP gamma power and, in
agreement with prior studies, associated with high P50 ratios (Patrick et al., 1999; Patrick
and Struve, 2000; Rentzsch et al., 2007).

Finding reduced oscillatory power in the beta range in the cannabis group post-S1 is
consistent with human studies demonstrating that cannabis use is associated with attenuated
beta power elicited to auditory (Skosnik et al., 2006a) and visual (Skosnik et al., 2006b)
steady state stimulation. These data also corroborate two very recent animal studies.
Dissanayake et al. (2008) reported that CB1 agonist administration (WIN55,212-22)
disrupted auditory gating in rats as measured by local field potentials in the dentate gyrus,
CA3, and medial prefrontal cortex; these effects were reversed by the CB1 antagonist
rimonabant. Similarly, a study by Hajos and colleagues (2008) reported disruption of
sensory gating (rat N40) in hippocampal areas CA3 and entorhinal cortex following
administration of the CB1 agonist CP-55940 that was reversed by the CB1 antagonist
AM-251. Moreover, this group expanded traditional ERP measures of gating and identified
reduced power of high beta/gamma and theta oscillations during the paired-click
presentations by the agonist that were also reversed by the antagonist (frequency measures
were analyzed over the entire testing period). Likewise, high beta/gamma power and phase-
locking in the theta band were attenuated in the EEG of cannabis users in the current study.
Given previous evidence linking synchronized theta activity to selective attention processes
(see Basar, Basar-Eroglu, Karakas, & Schirmann, 1999) it may be speculated that reduced
phase-locked theta post-S2 reflects aberrant attentional processes in the cannabis group.

The observation that exposure to cannabinoids in humans and animals seems to impair the
generation of neural activity in specific frequencies following exposure to auditory stimuli is
consistent with data from Robbe and colleagues (2006) who reported that THC and
CP-55940 administration, at doses comparable to human recreational use, markedly
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decrease the temporal coordination of hippocampal gamma and theta activity. While the
relationship between hippocampal and cortical oscillations is currently unclear, these data
reflect a substantial role of the cannabinoid system in the generation of neural oscillations
and suggest that these mechanisms may be indexed by local field potentials and cortical
electrodes during the dual-click paradigm.

One possible explanation for finding high beta and gamma oscillatory abnormalities in the
cannabis group (and CB1 agonist treated rats) is based on the localization of CB1 receptors
to cholecystokinin positive GABA-A interneurons in the neocortex (Hill et al., 2007) and
hippocampus (H4jos et al., 2000). GABA-A interneurons are known to mediate cortical
gamma bursts /n vitro (Cunningham et al., 2004) and hippocampal rhythmic oscillations /n
vitro, including beta and gamma oscillations (Haenschel, Baldweg, Croft, Whittington, and
Gruzelier, 2000). A genetic liability to beta frequency abnormalities has also been linked
with GABA-A receptor genes (Porjesz et al., 2002). However, accumulating evidence
suggests that cholecystokinin/CB1 GABA-A interneurons may fine tune gamma oscillations
initiated by fast spiking gap-junction connected neuron populations (c.f., Cunningham et al.,
2004; Hajos et al., 2000). It is therefore feasible that information processing mechanisms
indexed by high frequency beta/gamma activity, such as stimulus registration (Karakas and
Basar, 1998) and perceptual binding (von Stein et al., 1999), are impaired by cannabinoid
system abnormalities induced by heavy cannabis use or CB1 agonist administration.
Although, the endocannabinoid system has been documented to mediate hippocampal theta
oscillations (Reich et al., 2005), which are posited to index selective attention (Basar-Eroglu
and Basar, 1991), the relationship between hippocampal theta activity and cortical EEG
remains unclear and requires further study.

The identification of strong correlations between S1 and S2 P50 amplitudes and ITC of beta
responses and a strong correlation between S1 P50 and the ERSP of beta and alpha
frequencies suggests that while the P50 amplitude to S1 is associated with both power and
phase-locked activity, the S2 P50 may be principally associated with phase-locked beta
oscillations. The fact that none of the gamma measures were associated with P50 amplitudes
in this study is not surprising given recent evidence that beta oscillations are more strongly
associated with P50 amplitude gating than gamma oscillations (Hong et al., 2008a).

The present findings may be of relevance to the sensory gating literature in schizophrenia
(e.g., Bramon, Rabe-Hesketh, Sham, Murray, & Frangou, 2004; Patterson et al., 2008) given
growing evidence of cannabinoid dysfunction in the disorder (e.g., Emrich et al., 1997;
Ujike and Morita, 2004). For instance, in addition to poor sensory gating (greater P50 ratio)
(Patterson et al., 2008), schizophrenia is associated with greater cerebral spinal fluid
concentrations of anandamide (Giuffrida et al., 2004) and decreased expression of CB1
messenger RNA in dorsolateral prefrontal cortex, compared to controls (Eggan, Hashimoto,
& Lewis, 2008). These data may be interpreted to support the model that increased
availability of CB1 agonists (e.g., anandamide) in humans is compensated for by
downregulating and/or desensitizing CB1 receptors (Villares, 2007; Edwards and Skosnik,
in press). In terms of the clinical implications of the current data, the results provide further
support that cannabis use is associated with gating disturbances similar to those found in
schizophrenia (e.g., Bramon, Rabe-Hesketh, Sham, Murray, & Frangou, 2004; Patterson et
al., 2008).

Despite the interesting findings and implications of the present study, a number of
limitations should be considered. First, the possibility exists that the sample size was
insufficient to detect other meaningful differences between the groups. Second, although
translational links between the current results and those reported based on studies of rat
hippocampal regions have been presented, the relationship between human scalp recorded
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EEG and human and rat hippocampal activity is unclear and requires further study. Third,
although consistent with all previous studies of cannabis users, the current study found that
only the P50 S2/S1 gating ratio differed between the cannabis users and naive controls, not
the P50 S1-S2 difference measure. While the P50 S1-S2 difference score has been shown to
be more psychometrically reliable than the ratio derivation (Smith et al., 1996), these two
indices may assess different neural processes (Freedman et al., 1983, Smith et al., 1996).
Finally, it is unclear whether the reported effects are due to the chronic use of cannabis (i.e.
CB1 downregulation/desensitization; Villares, 2007), residual THC (Pope, Gruber, &
Yurgelun-Todd, 2001), or withdrawal effects (Budney, Hughes, Moore, & Vandrey, 2004).
However, the current sample of cannabis users was assessed after 24 hrs of abstinence,
which is long enough for most THC clearance, and likely too short of a time period to
induce significant withdrawal. Taken together, CB1 downregulation may be the more
proximal and salient explanation of the observed effect compared with the possible subtle
effects of residual cannabinoids or cannabis withdrawal. Future studies utilizing the P50
paradigm during direct THC administration in humans could address this issue.

In conclusion, these data replicate and extend previous P50 studies in heavy cannabis users
by making contributions to human and animal literature. In terms of the human P50
literature, these data support a role for high frequency neural oscillatory activity in
mediating differential brain responses to S1 and S2 in the dual-click procedure and suggest
that heavy recreational cannabis use may disrupt these mechanisms.

These results also contribute to translational research by demonstrating that humans
chronically exposed to CB1 agonists exhibit phase-locking and power abnormalities
suggestive of impaired temporal coordination of neural activity, as has been analogously
reported in non-human /17 vivo studies (see Hajos et al., 2008). These data are consistent
with the hypothesis that chronic use of cannabis causes downregulation and/or
desensitization of CB1 receptors in auditory and hippocampal cortices, which may impair
the capacity of GABAergic interneurons in these areas to maintain the theta, alpha, and beta
oscillations recently associated with the magnitude of sensory gating (Hong et al., 2008a,b).
Examining whether aberrant neuronal oscillations in cannabis users are related to those
observed in cannabinoid-treated non-human animals during the dual-click procedure would
be an important next step in strengthening the translational potential of this literature.
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Mean ERP to S1 and S2 between groups illustrating the attenuation of the P50. The S2/S1
ratio significantly distinguished between the HN and CB group (p < .01), the CB group

xhibiting a larger ratio.
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Figure 2.

Visualization of the ERSP (top) and ITC (bottom) data between groups. Dotted white lines
indicate each click stimuli. ERSP color values are in dB while ITC color values in are phase-
locked correlations where 1 represents perfect phase synchrony across trials and 0 represent
the lack of synchrony. Boxes indicate regions where groups statistically differed.
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Figure 3.

Illustration of the time x frequency analysis across a 400 ms post-stimulus period. Thus,
each window corresponds to the mean activity (power for ERSP or phase-locking value for
ITC) in a 40 ms time window within a given frequency domain. The red boxes indicate the
windows submitted to the statistical analysis. For the ERSP, there was a significant main
effect of group for the first 5 windows post-stimulus for broad band beta following S1 (p <.
05) and for gamma following S2 (p < .05). For the ITC theta, there was a significant main
effect of group (p < .05), with cannabis using participants exhibiting less phase-locked theta
post-S2.
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Table 1

Demographic and drug use histories for the cannabis group and control participants.

Cannabis Group

Control Group

Variable (n=17) (n = 16) value®  p*
Mean (S.D.) Mean (S.D.)

Age(Years) 20.53 (2.48) 22.19 (3.82) F=222 015

Yearsof Education 14.62 (1.41) 15.13 (1.50) F=100 0.32

WAIS (Picture Completion) ™™ 11.76 (2.79) 12.06 (3.26) F=008 0.78

WAI'S (Digit Symbol) ** 11.77 (2.80) 13.19 (3.49) F=168 0.20

WAIS (Similarities) ™ 13.71 (2.54) 12.25 (2.65) F=260 0.12

WAI'S (Digit Span) ** 12.41 (2.74) 10.94 (2.89) F=227 014

PAS 2.59 (2.15) 1.50 (1.51) F=280 0.10

SPQ 14.47 (12.42) 10.44 (6.27) F=136 0.25

Mean Cannabis (Joints) Per Week (Past M onth) 6.50 (6.05) 0(0)

Cannabis Use Past Month 42.81 (39.02) 0(0)

Cannabis Use Past 6 Months 204.06 (181.33)  0(0)

Ageof First CannabisUse 15.63 (1.92) 0(0)

Total Yearsof CannabisUse 4.18 (1.60) 0(0)

Mean Alcoholic Drinks Per Week (Past Month) 4.97 (3.43) 2.46 (4.18) F=3.15 0.09

Mean Number of Cigarettes Per Day (Past Month)  1.63 (3.95) 0.14 (0.53) F=339 0.08
N(%) N(%)

Male 13 (76.5%) 7 (43.8%)

Female 4 (23.5%) 9 (56.3%)

Diagnosis of Cannabis Abuse 7 (30%) 0(0%)

Diagnosis of Cananbis Dependence 4 (23%) 0(0%)

*
One-way ANOVA for the cannabis group versus control participants

*Kk
Age-scaled WAIS scores
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