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Abstract

Withdrawal symptoms are observed upon cessation of cannabis use in humans. Although
animal studies have examined withdrawal symptoms following exposure to delta-9-
tetrahydrocannabinol (THC), difficulties in obtaining objective measures of spontaneous
withdrawal using paradigms that mimic cessation of use in humans have slowed research. The
neuromodulator dopamine (DA) is known to be affected by chronic THC treatment and plays a
role in many behaviors related to human THC withdrawal symptoms. These symptoms include
sleep disturbances that often drive relapse, and emotional behaviors, e.g., irritability and
anhedonia. We examined THC withdrawal-induced changes in striatal DA release and the
extent to which sleep disruption and behavioral maladaptation manifest during withdrawal in a
mouse chronic cannabis exposure model. Using a THC treatment regimen known to produce
tolerance we measured electrically elicited DA release in acute brain slices from different striatal
subregions during early and late THC abstinence. Long-term polysomnographic recordings from
mice were used to assess vigilance state and sleep architecture before, during, and after THC
treatment. We additionally assessed how behaviors that model human withdrawal symptoms
are altered by chronic THC treatment in early and late abstinence. We detected altered striatal
DA release, sleep disturbances that mimic clinical observations, and behavioral maladaptation
in mice following tolerance inducing THC treatment. Sex differences were observed in nearly all
metrics. Altered striatal DA release, sleep and affect-related behaviors associated with
spontaneous THC abstinence were more consistently observed in male mice. To our knowledge
these findings provide the first model of directly translatable non-precipitated cannabis

withdrawal symptoms, in particular, sleep disruption.
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Introduction

Cannabis use and abuse

Cannabis derivatives are currently the most widely used illicit drugs in the world [1], with
reported use increasing, at least in part due to efforts towards its legalization [2]. While adverse
side-effects of cannabis use are often mild, a subpopulation of chronic cannabis users
experience hallmarks of a substance use disorder (SUD), including use despite adverse
consequences, craving, tolerance to the drug’s effects, and withdrawal symptoms [3-5].
Experiencing these symptoms can lead to diagnosis of cannabis use disorder (CUD) as defined

by the DSM-5 [€].

The main psychoactive component of cannabis is delta-9-tetrahydrocannabinol (THC). This
compound is primarily responsible for the drug-induced “high” via actions at the cannabinoid-
type 1 receptor (CB1) [7, 8]. Indeed, behavioral effects of chronic THC treatment are absent in
mice genetically engineered to lack the CB1 receptor [9, 10], and CB1 antagonists prevent self-

administration of synthetic cannabinoids [10, 11].

Cannabis withdrawal symptoms

Cessation of chronic cannabis or THC use causes withdrawal symptoms in a significant
population of users [12-25]. In humans, cannabis withdrawal symptoms (CWS) may include:
irritability/aggression, nervousness/anxiety, disrupted sleep, hypophagia and weight loss,
restlessness, depressed mood, uncomfortable somatic symptoms e.g. abdominal pain, shakes,
sweating, fever/chills, and headache [6]. One of the most prominent CWS is disrupted sleep,
and poor sleep quality is a major risk factor towards cannabis relapse [26-28]. Human studies
show that acute THC produces sleep facilitation including shorter sleep latency, less difficulty

falling asleep and more time spent in sleep [29-32]. Our group has shown that endocannabinoid

3
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(eCB) activity contributes to non-rapid eye movement, (NREM) stability [33]. The sleep-inducing
effects of acute THC may dissipate during chronic exposure in humans [29], and withdrawal

from chronic THC or cannabis use in humans is associated with a decrease in sleep time and

efficiency [34-36].

At the preclinical level, CWS have been modeled using spontaneous withdrawal (abrupt
cessation of drug treatment). However, withdrawal precipitated by CB1 antagonist
administration, which immediately blocks the effects of the chronically administered cannabinoid
drug, is the more prevalent model [37]. An obvious caveat of precipitated withdrawal is that
humans undergo spontaneous withdrawal, so the translational relevance of precipitated CWS is
unclear. Spontaneous cannabis or THC withdrawal reliably induces somatic withdrawal
symptoms (e.g. wet dog and head shaking, front paw tremor, hunched posture, body tremor,
etc.) [38-41], yet previous studies have struggled to provide strong evidence for spontaneous

THC withdrawal symptoms that more closely model human CWS.

Dopamine, CUD and CWS

The neuromodulator dopamine (DA) has well established roles in SUDs [42, 43], behavioral
alterations during drug withdrawal [44, 45], and sleep [46-48].There is considerable evidence
that exogenous cannabinoids indirectly modulate DA activity [49-51] with ramifications for
development of CUD and CWS. The striatum, comprised of subregions including the nucleus
accumbens (NAc), dorsal medial (DMS) and dorsal lateral striatum (DLS), is a major site of DA
action in the brain and is involved in many behaviors associated with drug abuse and withdrawal
symptoms [52], as well as sleep [53], making it an interesting nexus of the actions of THC and

withdrawal phenomena.
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93 Aim of study

94  In the present study, we modeled chronic cannabis use using a well-established procedure to

95 induce THC tolerance in mice [54] to examine whether spontaneous THC withdrawal drives: 1)

96 alterations in striatal DA release, 2) sleep disruption, and 3) translationally relevant behavioral

97 maladaptation. To examine effects of acute and chronic THC treatment on behavior and sleep

98 we compared vehicle injections to the first and last injections of the chronic THC or vehicle

99  control (VEH) treatment. To examine maladaptive behavior and sleep during withdrawal we
100 compared changes in baseline metrics (2 days pretreatment) to early (1-2 days) and late (5-6
101 days) of abstinence in mice treated with THC or VEH (Supplemental Figure 1). Both male and
102 female mice were examined, as accumulating evidence suggests sex-differences exist in the

103  development of CUD and severity of CWS [55].

104


https://doi.org/10.1101/2021.12.01.470765

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.01.470765; this version posted December 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

105 Methods and Materials

106 Subjects

107  All experiments were conducted using wildtype, 8 to 10-week-old male and female mice (Mus
108 musculus, C57BL/6J strain) at the time of electroencephalogram/electromyogram (EEG/EMG)
109 implantation or behavioral studies. For full description of subjects see supplemental

110 information. All methods used in this work were approved by the Animal Care and Use

111  Committee of the National Institute on Alcohol Abuse and Alcoholism (protocol #: LIN-DL-1) and
112  were within the guidelines described in the NIH Guide to the Care and Use of Laboratory

113 Animals.

114  Sleep recordings

115  Sleep experiments were performed as previously described [33, 56]. See supplemental
116 information for full description of surgical procedures, recording environment,

117  polysomnographic acquisition, and vigilance-state scoring (e.g., NREM vs REM sleep).

118 THC treatment and behavioral paradigms

119 Sleep effects during and after THC treatment.

120 Recordings and treatment began after the 7-day acclimatization period. First, we collected 2
121  separate days of baseline polysomnographic measurements (pretreatment). Following stoppage
122  of recording on the second day of baseline, all mice received injection of VEH consisting of

123  1:1:18 (Dimethysulfoxide (DMSO) : Cremaphor : 0.9% Saline) (Cat# D2650 and C5135 for

124  DMSO and Cremaphor EL, respectively, Sigma Aldrich, St. Louis, MO). After stoppage of

125 recording for this VEH treatment, mice were treated with either VEH or 10mg/kg of THC in

126  vehicle and EEG/EMG were recorded for another ~22 hrs. After stoppage of recording for first
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127  injection the animals received injections according to their assigned group twice daily for four
128 more days — once before the dark phase, between ZT11:00 and ZT12:00, and the second

129 injection between ZT1:00 and ZT2:00. Treatments were assigned randomly such that each

130 recording chamber, which housed five individually housed mice, had roughly half the subjects
131 receiving either THC or VEH. Injections for Vehicle-only session and first injection occurred

132  within the last hour before the start of the dark phase, between zeitgeber time (i.e. lights on; ZT)
133 ZT11:00 and ZT12:00. Finally, the mice received one last injection, again between ZT11:00 and
134  ZT12:00, and EEG/EMG were recorded for ~22 hr. We then continued recording EEG/EMG for
135 the next six full days of abstinence (ABST 1-6). Each ABST recording began between ZT11:00
136 and ZT12:00, and lasted ~22 hrs. To measure effects from chronic low dose THC, the same
137  procedure as above was used, but a 1mg/kg dose of THC was given. To measure sleep effects
138  during abstinence from an acute dose of THC, the same procedure as chronic 10 mg/kg THC

139  experiments was used except a single THC treatment was immediately followed by ABST 1-6.

140 Behavioral effects of chronic 10 mg/kg dose of THC.

141  For all awake behaviors, mice were treated with the chronic 10 mg/kg dose of THC using the
142  treatment procedure described above in sleep experiments. All mice were initially group housed,
143 4 animals per cage. Before all experiments mice were transported to respective behavioral

144  rooms and handled daily for 3 days.

145  See supplemental information for full description of sucrose preference test, operant
146  conditioned sucrose seeking, intake and locomotor activity metrics, and bottle brush test

147  procedures.


https://doi.org/10.1101/2021.12.01.470765

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.01.470765; this version posted December 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

148 Plasma corticosterone quantification

149  Blood was collected via lateral tail vein bleeding. See supplemental information for full

150 description of plasma corticosterone collection procedures. Plasma corticosterone concentration
151  was determined using enzyme-linked immunosorbent assay as per manufacturer’s instructions
152  for small sample volume (ELISA part # ADI-901-097, Enzo Life Sciences, Inc., NY). The assay
153 was performed in duplicate and read using a SpectraMax190 Microplate Reader. Standard

154  curves and corticosterone concentration extrapolation were performed using an open-access

155  online analysis service (MyAssays Ltd., USA).

156  Statistical analysis

157  Data were analyzed using GraphPad Prism (version 9; GraphPad Software, La Jolla, CA, USA)
158 statistics software. All behavioral data and CORT measurements were transformed to change,
159  “A”, from vehicle injection (when investigating effects of first and last treatments) or pretreatment
160 (when investigating effects during early and late abstinence). See supplemental information

161 for full description of statistical analysis.

162
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163 Results

164  Striatal dopamine release in early and late abstinence after acute and

165 chronic THC treatment

166 Sex-dependent changes in DA release during abstinence following acute THC

167 treatment

168  We first measured electrically stimulated DA release in the NAc, DMS, and DLS during early
169 and late abstinence following acute THC treatment. Male mice showed a significant increase in
170 peak DA release in DMS following a single, i.e., acute, injection of THC (Figure 1A). This

171  significant increase was observed during early (Figure 1B) and late abstinence (Figure 1C).
172  However, there were no differences in peak DA release in the DLS or NAc after an acute THC
173  injection. In contrast, female mice showed decreased peak DA levels in DMS and NAc following
174  asingle THC dose in early abstinence. However, this same THC administration protocol elicited
175 anincrease in peak DA levels in DLS (Figure 1D). In late abstinence after acute THC treatment
176 no differences in peak DA release were observed (Figure 1E). THC treatments did not elicit

177  changes in uptake rate (data not shown).

178 Sex-dependent changes in DA release during abstinence following chronic THC

179 treatment

180 In male mice exposed to chronic THC treatment (Figure 1F), a significant increase in DMS DA
181 release was present during late abstinence but not early abstinence (Figure 1G-H). In females,
182  during early abstinence we found a robust increase in DA levels in all three striatal regions

183  (Figure 1), but no such increase during late abstinence (Figure 1J).
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184 Sleep and vigilance state architecture during acute and chronic THC

185 treatment and abstinence

186  We next examined if THC and VEH treatments changed percent time spent in NREM and REM
187 sleep and sleep architecture (i.e., bout number and duration) referenced to baseline metrics
188 (i.e., vehicle treatment or pretreatment epochs). Note that the sleep and behavioral data that
189 follow are reported as a change-score (i.e. delta “A”) from either Vehicle-treatment or

190 pretreatment epochs.

191 Acute and chronic THC exposure alters sleep in a sex dependent manner

192  We first examined how VEH or THC treatments altered sleep after the first and last injections of
193 the chronic treatment regimen as compared to the vehicle treatment session (Figure 2A and
194  B). In male mice, the first THC injection increased percent time spent in NREM compared to
195 VEH during the dark photoperiod (lights off; LOFF). After the last injection, percent time in

196 NREM was lower in THC treated compared to VEH treated male mice during both LOFF and
197  the light photoperiod (lights on; LON). During LOFF, THC-treated male mice showed a lesser
198 change in percent time in NREM as compared to the first injection (Figure 2C). No significant
199 effects were detected for NREM bout duration (Figure 2D). However, an increased number of
200 NREM bouts was observed during LOFF in THC-treated male mice compared to VEH-treated
201  mice. After the last injection the number of NREM bouts during both LOFF and LON was

202 decreased regardless of treatment when compared to the first injection (Figure 2E).

203  Small changes in percent time in REM sleep were observed following the first THC injection, but
204  post-hoc testing found no significant differences between treatments or within treatment groups
205 across epochs (Figure 2F). In contrast, REM bout duration, particularly after the last injection
206  where THC treated male mice showed larger increases compared to VEH treated mice during
207 LOFF. THC treated male mice also had longer REM bout durations after the last injection

10
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208 compared to first injection during both photoperiods (Figure 2G). THC treated male mice also
209 exhibited increased number of REM bouts during LOFF after the first injection compared to VEH
210 treated mice, while the number of REM bouts in these THC treated decreased after the last

211  injection when compared to the first injection for both LOFF and LON (Figure 2H).

212 Female mice also exhibited increased percent NREM sleep after acute THC (Figure 21), that
213  was abolished after repeated dosing. In contrast to male mice (Figure 2C), NREM sleep time
214  did not differ between THC treated females and the VEH control group after repeated dosing.
215  Neither acute nor chronic THC administration altered NREM bout duration in female mice

216  (Figure 2J). While there was an overall increase in the number of NREM bouts, there were no
217  pair-wise differences between groups (Figure 2K). Also, in contrast to male mice, we observed

218  no effect of THC injections on REM sleep time or architecture (Figure 2L-N).

219 Chronic THC transiently disrupts sleep in male mice at early abstinence

220 timepoints

221  Because sleep disturbances are commonly reported by individuals with CUD during periods of

222  abstinence [35, 57, 58], we obtained electrographic measures of sleep after the six-day chronic
223  treatment regimen and normalized these to the pretreatment baseline for each subject (Figure

224  3A and B). In male mice, we observed reduced NREM sleep following chronic THC treatment,

225  evidence of acute, spontaneous withdrawal symptoms in early abstinence (Figure 3C). These

226  effects were specific to LOFF in early abstinence, and they recovered by late abstinence, when
227  THC-treated males slept no differently than the VEH group. Reduced sleep in early abstinence
228  was largely due to a reduction in the duration of NREM bouts with THC-treated subjects

229  exhibiting decreased bout duration during LOFF in early but not late abstinence (Figure 3D).

230  While interaction effects for NREM bout number were observed in late-LOFF compared to early-

11
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LOFF in male THC treated mice, post-hoc tests found no significant differences related to

treatment (Figure 3E).

Chronic THC treatment in male mice led to increased time spent in REM sleep compared to
VEH treatment in LOFF and LON periods late in abstinence (Figure 3F). We did not detect any
treatment related effects in REM bout duration (Figure 3G). THC treated male mice had greater
increases in REM bout number when compared to VEH treated mice during LOFF in late
abstinence (Figure 3H). In contrast to male mice, no significant treatment-related main or
interaction effects were detected for NREM or REM metrics during abstinence in females

(Figure 3I-N).

Low dose chronic treatment does not strongly alter sleep during administration

or abstinence

We next performed separate experiments where mice were chronically treated with a lower
dose (1.0 mg/kg) of THC. (Supplemental Figure 2A & B). During the treatment period we only
detected a decrease in NREM bout duration and number in THC treated relative to VEH treated
mice during LON after the last injection (Supplemental Figure 2C-E). A significant interaction in
number of REM bouts was detected, but no significant differences between treatments or
across injection epochs was found in post-hoc tests (Supplemental Figure 2F-H). We found no
significant main or interaction effects of low dose chronic THC treatment in female mice for
NREM sleep metrics, nor percent time in REM or number of REM bouts. We did detect an
interaction effect on REM bout duration in these groups, but post-hoc tests found no significant
treatment-related effects (Supplemental Figure 2I-K). Low dose chronic THC treatment did not
alter any sleep metrics during early or late abstinence when compared to the pretreatment

epoch in either sex (Supplemental Figure 3A-N).

12
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254  Acute THC treatment does not alter sleep during abstinence

255  Profound sleep disturbances were only observed in male mice after chronic 10 mg/kg THC

256 treatment. These changes could be due to effects of the final THC treatment in the chronic

257  regimen rather than changes accrued during chronic treatment. To examine this possibility, we
258 gave a single 10 mg/kg THC treatment and examined sleep in abstinence. A significant

259 interaction was detected for changes in NREM and REM bout duration, but no significant

260 differences between treatments or across abstinence epochs were observed (Supplemental
261  Figure 4A-H). Thus, the effects of chronic 10 mg/kg THC in male mice are likely due to accrued

262 effects of chronic treatment.

263 Sustenance intake and locomotor activity during chronic THC

264 treatment and abstinence

265  Accumulating evidence indicates humans experience altered hunger and thirst during cannabis
266  withdrawal. These symptoms are often accompanied by restlessness which might manifest as
267 increased locomotor behavior in general contexts. Thus, we examined how food and water

268 intake and locomotor behavior are altered during early and late abstinence following chronic
269  THC treatment in mice (Figure 4A-B). For both males and females, significant treatment related
270 effects were detected for food and water intake, and locomotion (Figure 4C-H). Additionally,
271  THC treated animals showed decreased food and water intake during LOFF after the first

272  injection of the chronic treatment regimen, which differed from VEH treated mice. Changes from
273  vehicle treatment did not differ between groups after the last chronic treatment, but after the last
274  injection both sexes showed normalization of intake back towards vehicle treatment levels

275  during LOFF. Similarly, THC treated mice of both sexes had reduced changes in locomotion
276  compared to VEH treated mice during LOFF after the first treatment. While VEH treated mice

277  showed reduced locomotion after the last treatment compared to first treatment, an increase

13
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278 was found in THC treated mice. THC treatment did not alter food or water intake and locomotion
279  during early or late abstinence when compared to the pretreatment epoch in either sex (Figure

280  4I-N).

281  THC treated mice of both sexes showed significantly lower body weight compared to VEH
282  treated mice during the first two days of treatment. This effect normalized by the final THC

283  treatment but reemerged during abstinence (Figure 40-P).

284 Altered reward seeking and conditioned cue discrimination during

285 chronic THC abstinence

286  We hypothesized that various aspects of reward seeking and consumption would be altered
287  during THC abstinence (Figure 5A), consistent with observed alterations in striatal DA release
288 and sleep disturbances. We examined these behaviors by training mice to respond on levers
289 that led to the presentation of auditory stimuli signaling whether-or-not sucrose-solution reward
290 would be delivered (Figure 5B-C). Over 5 pretraining sessions, all mice displayed increased
291 latency to enter the sucrose port upon lever press-contingent presentation of an auditory

292  stimulus signaling no reward (CS-), while maintaining relatively short latency when presented
293  with the stimulus signaling the reward (CS+) (Figure 5D) indicating that the mice learned to

294  discriminate CS+ from CS-.

295 Comparing behavior during pretreatment and following chronic THC or VEH treatment indicated
296  no significant differences in rewards earned (Figure 5E). THC treatment did not alter sucrose
297  consumption behavior (i.e., ‘licks’) upon reward delivery (Figure 5F). The most striking effect
298 was the behavioral response to reward predictive cues, where THC treated mice were slower to
299  approach the sucrose reward port after a lever press indicating reward availability, i.e., CS+

300 latency (Figure 6G), in both early and late abstinence. This effect was not present for non-

14
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301 rewarded (i.e., CS-) lever press latency (Figure 5H). Interestingly, THC treated male mice also
302 differed from VEH treated mice in their change in cue discrimination during late withdrawal

303 (Figure 5I1). Here, the VEH mice increased the ratio of CS- latency to CS+ latency, while the
304 THC mice showed ratios similar to pretreatment and early withdrawal levels, indicating THC
305 treatment attenuated the enhanced discrimination between the cues that VEH treated mice

306  experience during late withdrawal. Like male mice, THC treated female showed no significant
307 differences in rewards earned (Figure 5J), or reward consummatory behaviors (Figure 5K),
308 and had slower CS+ latency during early withdrawal (Figure 5L) with no difference in CS-

309 latency (Figure 5M). Unlike males, no effect on cue discrimination was observed in female mice

310 for either abstinence epoch (Figure 5N).

311  To examine whether differences in reward seeking behaviors were due to altered hedonic
312 characteristics of sucrose reward, we tested mice in a sucrose preference test (Figure 50). No
313  differences in sucrose preference during early or late abstinence were observed for THC treated

314  mice of either sex compared to VEH treated mice (Figure 5P-Q).

315 Irritability measurements and circulating stress hormones

316  Clinical evidence suggests some cannabis users display enhanced aggression and irritability
317  during abstinence [13, 20, 59]. We used the bottle brush test [60, 61] (Supplemental Figure
318 5A) to assess changes in irritability-related behaviors during abstinence in chronic THC vs VEH

319 treated mice (Supplemental Figure 5B).

320 Sex differences emerge during ethological dissection of irritability behaviors.

321  We scored metrics related to aggressive (smelling, biting, boxing, following, exploring, tail
322  rattling) and defensive/stress-induced behaviors (escaping, digging, jumping, climbing,

323  defecating, vocalizing, grooming) (Supplemental Figure 5C-P). Male THC treated mice
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324  showed enhanced boxing behavior during both early and late abstinence (Supplemental

325  Figure 5D). In addition, male THC but not VEH treated mice had a greater change in escape
326  behaviors in late as compared to early abstinence (Supplemental Figure 5F). No significant
327  changes in irritability behaviors were detected in female mice. Biting, exploring, tail rattling,

328 jumping, climbing, and vocalizing were scored, but were scarce or absent in most mice, so were

329  not further analyzed.

330 THC withdrawal symptoms are not likely driven by changes in stress as

331 measured by circulating corticosterone.

332  Stress is known to have profound effects on sleep and behavior [62]. We assessed whether the
333 THC treatment itself acted as a stressor in a manner that might alter sleep and wake behaviors
334  during abstinence. We measured circulating plasma corticosterone (CORT) as an index of

335 perceived stress and assessed changes in pretreatment CORT during early and late withdrawal
336  (Supplemental Figure 6A). While THC treated male mice displayed increased CORT during
337 early withdrawal compared to VEH treated mice (Supplemental Figure 6B), this increase

338 (27.26 ng + 13.17 ng; mean + SEM) was an order of magnitude smaller than CORT increases
339  from chronic mild stress [63]. Changes in CORT did not differ between THC treated and VEH

340 treated female mice (Supplemental Figure 6C).

341

342

343
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344 Discussion

345 Summary

346  We examined how spontaneous withdrawal from chronic THC administered to naive mice drives
347 changes in striatal DA release, sleep disruptions, and behavioral maladaptation. Overall, our
348  experiments show that mice can be used to study translatable THC withdrawal symptoms and
349 neural mechanisms that might drive these symptoms. Of particular interest are apparent sex-
350 differences in nearly all metrics during spontaneous THC withdrawal. These studies open the
351  door for further investigation into the neurophysiological changes mediating CWS and potential

352  therapeutic interventions to treat CUD/CWS. Key findings and implications are discussed below.

353  Striatal DA has well established roles in drug dependence [52], including CUD [51, 64], and DA
354  dysregulation following chronic cannabis or THC use is a known factor in the manifestation of
355 CWS [65]. The implications of the sex differences in DA release during abstinence after acute
356 THC are unclear. Perhaps the increased DA release in males makes them susceptible to

357 enhanced sensitivity to salient or rewarding stimuli after their first drug experience, while

358 females are resistant to such changes. Future studies are required to test whether the increased
359 DA release in males contributes to behavioral and sleep alterations following chronic THC

360 administration.

361  More pertinent to CUD/CWS are the observed sex differences in DA release during abstinence
362  after chronic THC treatment. In early abstinence female mice had far greater DA release across
363 the striatum, while males showed no such effects. However, while in females these

364 measurements returned to control level in late abstinence, the relative lack of change in DA
365 release in males may result in susceptibility to changes in reward-associated stimuli. These

366 findings may be related to effects of altered dopaminergic transmission in disrupted cognitive
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367  function due to dysregulation in signal to noise processing [66]. Again, further investigation into

368 the role of altered DA release in wake behaviors and sleep is needed.

369  Previous studies have mainly examined effects of chronic cannabis or THC on firing of ventral
370 tegmental area DA neurons that project to striatum, with less information about changes during
371  abstinence. Furthermore, it is unclear how these firing changes relate to alterations in striatal
372 DA release, as that has not been measured in past studies. Diana and coworkers found that rat
373  midbrain DA single-unit activity was reduced 24hrs after the last THC injection using a treatment
374  regimen similar to the one we used [67]. Based on this finding one might not expect the

375 increased striatal DA release that we observed during abstinence. A possible explanation for
376  this contradiction is the recent evidence that striatal DA activity does not necessarily reflect

377  midbrain DA neuron activity [68], and this dissociation can be explained by intrastriatal

378  microcircuitry. Indeed, the endocannabinoid (eCB) system can modulate striatal DA release
379 independent of postsynaptic action potentials [69], suggesting prolonged alterations in striatal
380 eCB action due to THC administration as a potential contributor to the increased DA release.
381 Imaging studies in human cannabis users abstaining for 1-7 days found a reduction in stimulant-
382  induced DA response [65], which also contrasts with our findings of increased DA release at
383  similar timepoints during withdrawal. Technical differences can potentially reconcile these

384  divergent findings, as stimulant-mediated increases involve altered DA transporter function

385  while electrical stimulation induces DA release directly via DA afferent stimulation and indirectly
386 via cholinergic interneuron activation [70]. Examining the role of cholinergic drive on DA release
387  may thus also indicate mechanisms underlying THC actions. Likewise, our data were collected
388 postmortem in brain slice preparations taken at precise withdrawal timepoints. Future in-vivo
389  studies using genetically coded DA sensors [71] can also shed light on the relationship between

390 striatal DA activity and precise THC withdrawal timepoints.
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391 A mouse model for sleep disruption during THC withdrawal

392  Treating sleep pathologies is often given as a reason for THC use both recreationally and

393 medically [72, 73]. Indeed, many individuals list poor sleep as a major factor leading to their
394  relapse to cannabis use [16], and those subjects showing sleep disruption, poor sleep quality in
395 particular, relapse more readily [26, 27, 74, 75]. However, sleep disruption is one of the most
396  consistent and problematic aspects of cannabis withdrawal, with altered sleep observed in the

397  majority of regular users who attempt to quit [16, 21].

398 The observed effects on sleep, especially male mice are generally consistent with our

399  hypothesis that chronic THC administration would cause sleep disruption that diminishes as
400 mice build tolerance to the drug. However sleep disruption would reemerge early in withdrawal
401 and normalize during abstinence — i.e. the disruption would mirror the transient changes

402  observed in the clinical setting [17]. The observations that acute THC treatment enhanced

403 NREM and REM sleep was fragmented in male mice during abstinence following acute THC are
404  consistent with previous reports of single THC or cannabis exposures in animal models [76-78]
405 and humans [32, 79-83]. The finding that THC tolerance following chronic treatment diminishes
406 the drug’s effect on sleep is also consistent with past findings in animals [77, 78, 84-86] and
407  regular human cannabis users [34, 79, 82, 87-89]. We also found that male mice experience
408 disruptions during THC withdrawal similar to human cannabis users [35, 36, 57, 90, 91] while
409 female mice appear more resilient to the overall effects of spontaneous THC withdrawal on

410 sleep. The absence of significant differences in female mice in our study was surprising given
411  that female cannabis users report sleep difficulty during cannabis abstinence [92]. However, in
412  clinical polysomnographic studies measuring sleep during cannabis abstinence the participants
413  are primarily male, making comparison to our findings in female mice difficult. Future clinical
414  studies should be properly powered to examine sleep physiology in female cannabis abstainers.
415  Additionally, if female cannabis users are indeed more resilient to sleep changes as measured

19
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by polysomnography, there are other psychological manifestations occurring during cannabis or
THC withdrawal that may drive self-report of poor sleep quality despite no profound changes in
sleep physiology.. We believe overall our study provides a valuable back-translational model to

investigate the neural mechanisms mediating sleep disruption during cannabis withdrawal.

Mouse as a back-translational model for CWS during wake-behaviors

Past research using mice to study spontaneous CWS primarily report negative findings for
behaviors beyond typical somatic symptoms and cannabis tetrad metrics [3]. This is potentially
confounded by typical behavioral paradigms used in preclinical settings that may not adequately
probe the most pronounced human CWS. We focused our behavioral tasks to measure
changes in behaviors that directly map to some of the strongest CWS; (1) reduced food and
water intake, (2) restlessness (i.e., heightened locomotion), (3) amotivation, (4) attention

deficits, and (5) irritability.

While we observed profound hypophagia, hypodipsia, and reduced locomotion behavior after
the first THC injection, our chronic THC treatment clearly induces behavioral tolerance to the
effects of the drug as evidenced by the normalization of these measures to control levels by the
final THC injection. However, the lack of change in these metrics in abstinence following chronic
THC exposure suggest home cage intake and locomotion may not serve as an appropriate
back-translational model for human CWS. Perhaps this paradigm does not recapitulate other
environmental and cognitive factors that manifest in the human population, e.g., additional life
stressors, or situations that when compounded with cannabis abstinence affect food and water
intake. Nonetheless, we observed significant differences between treatment groups in body
weight as early as day two of abstinence. This finding is particularly intriguing as it suggests

chronic THC treatment alters metabolic function that may contribute to alterations in body
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439  weight despite no differences in intake or locomotion — a notion that is ripe for future

440 investigation.

441  Our observation that male and female mice did not differ in rewards earned indicates that CWS
442  in mice does not involve strong changes in motivation or drive. However, the slower retrieval of
443  reward in THC treated mice of both sexes may indicate decreased motivation. Responses to the
444  CS+ and CS- cues that followed operant responding provide insight into attention during this
445  goal-directed task. In particular, the poorer cue discrimination in male mice treated with THC in
446 late abstinence indicates a deficit in attention or focus that emerges later in withdrawal. While
447  this operant responding paradigm provided evidence of impairment in several cognitive

448  processes related to goal-directed action during chronic THC withdrawal, future studies should
449  directly target specific aspects of reward-seeking behaviors and attention processes in an effort

450 to home in on neural mechanisms mediating these specific disruptions.

451  Increased irritability is prevalent during cannabis abstinence in humans [24, 93]. We were

452  surprised to find that relatively few irritability-like behaviors were altered in our bottle brush test
453 assay. Nonetheless, male mice showed enhancement of some irritability-like metrics, i.e.,

454  boxing and escape behaviors. These behaviors are interesting in that they demark disparate
455  types of irritability behaviors — aggressive and defensive, respectively, indicating that male mice
456  experience alterations in irritability behavior in general, though these alterations manifest in

457  somewhat specific behavioral outputs in the bottle brush test.

458 Conclusions and Caveats

459  Technical limitations to our studies, primarily that metrics were gathered from separate cohorts
460 of animals, make it difficult to draw conclusions about correlations between various behaviors
461 and, in particular, DA voltammetry measurements. Nonetheless, a general observation is that

462 female mice appear more resilient to effects of chronic THC treatment on sleep and maladaptive
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463  behaviors during abstinence. A speculative explanation is the elevation in striatal DA release we
464  observe in female mice during early withdrawal may play a protective role in attenuating

465  withdrawal symptoms, and the clearest indicator of this effect in our studies is in the relationship
466  between lack of sleep disruption and striatal DA release in early abstinence in female mice.

467  Striatal DA is known to play a role in sleep-state architecture [46], so further studies are needed
468  to investigate the causal role of enhanced striatal DA release observed in female mice in

469  alleviating sleep disruption during early chronic THC abstinence.

470  Our findings provide a model of significant and translatable CWS in rodents using a protocol
471  that does not require antagonist-precipitated withdrawal. Future studies based on the treatment
472  protocol and time points used in our study can unravel the likely complex neural mechanisms
473  that drive sleep disruption and behavioral maladaptation that are prevalent in CWS — crucial first

474  steps towards therapeutics to combat CUD.

475
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486 Figures
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489 Effects of acute or chronic THC treatment on striatal DA release in acute brain

490 slices using FSCV.

491 (A) Schematic illustrating acute treatment and time points of FSCV recordings in striatal
492 subregions.

493 (B) DA release in males during early abstinence following acute treatment. No differences
494 detected in DLS or NAc. In DMS THC treated mice had elevated DA release

495 (Frreatment(1,60) = 4.866; p = 0.0312)

496 (C) DA release in males during late abstinence following acute treatment. No differences
497 detected in DLS or NAc. In DMS THC treated mice had elevated DA release

498 (Frreament(1,59) = 21.33; p = <0.0001)

499 (D) DA release in females during early abstinence following acute treatment. In DLS THC
500 treated mice had elevated DA release (Fyeament(1,54) = 4.726, p = 0.0341), while DA
501 release was reduced in DMS (Fireatment (1,60) = 5.669; p = 0.02) and NAc (Fireatment(1,48) =
502 15.87; p = 0.0002).

503 (E) DA release in females during late abstinence following acute treatment. No differences
504 detected in DLS, DMS, or NAc.

505 (F) Schematic illustrating chronic treatment and time points of FSCV recordings in striatal
506 subregions.

507 (G) DA release in males during early abstinence following chronic treatment. No differences
508 detected in DLS, DMS, or NAc.

509 (H) DA release in males during late abstinence following chronic treatment. No differences
510 detected in DLS or NAc. In DMS THC treated mice had elevated DA release (Fueatment
511 (1,71) = 13.56; p = 0.0004).
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512 () DA release in females during early abstinence following chronic treatment. DA release
513 was elevated in DLS (Fyeatment(1,72) = 51.61, p = <0.0001), DMS (Fireatment(1,72) = 33.82,
514 p = <0.0001) and NAC (Fieament(1,60) = 11.69, p = 0.0011).

515 (J) DA release in females during late abstinence following acute treatment. No differences
516 detected in DLS, DMS, or NAc.

517
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520 Effects of acute and chronic THC administration on sleep in male and female

521 mice.

522 (A) Cartoon illustrating i.p. administration of 10mg/kg THC in chronically tethered mice

523 implanted with two EEG, one EMG, and one reference electrodes and their relative

524 placements on the skull / nuchal tissue.

525 (B) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted

526 orange line indicates vehicle treatment epoch that acute and chronic administration

527 epochs are compared.

528 (C) Comparison between effects of THC or VEH on changes from vehicle injection in

529 percent time spent in NREM sleep in male mice. There is a significant interaction (Fepoch x
530 reament(1,38) = 66.18; p = <0.0001), with post-hoc tests finding differences between-

531 groups during First Injection-LOFF (p**** = <0.0001), Last Injection-LOFF (p* = 0.0346)
532 and LON (p**** = <0.0001). The THC group had significant within-group difference

533 between First and Last Injection LOFF (p## = <0.0001).

534 (D) Comparison between effects of THC or VEH on changes from vehicle injection in NREM
535 bout duration in male mice. No significant effects were detected.

536 (E) Comparison between effects of THC or VEH on changes from vehicle injection in

537 number of NREM bouts in male mice. There is a significant interaction (Fepoch x

538 reament(1,38) = 11.68; p = 0.0015), with post-hoc tests finding differences between-groups
539 during First Injection-LOFF (p**** = <0.0001). The THC group had significant within-
540 group difference between First and Last Injection LOFF (p*## = <0.0001) and LON (p##
541 =0.0001).

542 (F) Comparison between effects of THC or VEH on changes from vehicle injection in

543 percent time spent in REM sleep in male mice. There is a significant interaction

544 (Fphotoperiod x epoch x reatment(1,30) = 4.573; p = 0.0407).
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545 (G) Comparison between effects of THC or VEH on changes from vehicle injection in REM
546 bout duration in male mice. There is a significant interaction (Fepoch x treatment(1,36) = 27.37;
547 p = <0.0001), with post-hoc tests finding differences between- groups during Last

548 Injection-LOFF (p** = 0.0112). The THC group had significant within-group difference
549 between First and Last Injection of LOFF (p# = <0.0001) and LON (p#* = 0.0002).
550 (H) Comparison between effects of THC or VEH on changes from vehicle injection in

551 number of REM bouts in male mice. There is a significant interaction (Fepoch x treatment(1,36)
552 =9.043; p = 0.0048), with post-hoc tests finding differences between-groups during First
553 Injection-LOFF (p** = 0.0051). The THC group had significant within-group difference
554 between First and Last Injection LOFF (p* = 0.0011) and LON (p* = 0.0013).

555 () Comparison between effects of THC or VEH on changes from vehicle injection in

556 percent time spent in NREM sleep in female mice. There is a significant interaction

557 (Fphotoperiod x treatment(1,38) = 5.881; p = <0.0202), with post-hoc tests finding differences
558 between-groups during First Injection-LOFF (p8 = 0.0215). The THC group had

559 significant within-group difference between First and Last Injection LOFF (p* = 0.0422).
560 (J) Comparison between effects of THC or VEH on changes from vehicle injection in NREM
561 bout duration in female mice. No significant effects were detected.

562 (K) Comparison between effects of THC or VEH on changes from vehicle injection in

563 number of NREM bouts in female mice. There is a significant interaction (Fpnotoperiod x epoch
564 xweatment (1,25) = 6.629; p = <0.0163).

565 (L) - (N) Comparison between effects of THC or VEH on changes from vehicle injection in
566 percent time in REM (L), bout duration (M), and number of bouts (N) in female mice. No
567 significant effects were detected.

568
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Effects of chronic THC administration on sleep in male and female mice during

early and late abstinence.

(A) Cartoon illustrating chronically tethered mouse during epochs where no injection is
given, i.e., pretreatment and abstinence.

(B) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted
purple line indicates average of two pretreatment epochs that average of days 1 and 2 of
early and days 5 and 6 of late abstinence are compared.

(C) Comparison between effects of THC or VEH on changes from pretreatment in percent
time spent in NREM sleep in male mice. There is a significant treatment effect
(Freament(1,35) = 20.64; p = <0.0001), with post-hoc tests finding differences between-
groups during Early-LOFF (p**** = <0.0001). Both groups had significant within-group
difference between Early and Late abstinence LOFF (THC p*# = <0.0001; VEH p* =
0.0030).

(D) Comparison between effects of THC or VEH on changes from pretreatment in NREM
bout duration in male mice. There is a significant treatment effect (Fieatment(1,35) = 11.14;
p = 0.0020), with post-hoc tests finding differences between-groups during Early-LOFF
(p* = 0.0113).

(E) Comparison between effects of THC or VEH on changes from pretreatment in number of
NREM bouts in male mice. There is a significant interaction (Fepoch x treatment(1,37) = 12.64;
p = 0.0011).

(F) Comparison between effects of THC or VEH on changes from pretreatment in percent
time spent in REM sleep in male mice. There is a significant treatment effect
(Fireament(1,33) = 8.048; p = 0.0077), with post-hoc tests finding differences between-

groups during Late-LOFF (p** = 0.0017) and Late-LON (p** = 0.0057).
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595 (G) Comparison between effects of THC or VEH on changes from vehicle injection in REM
596 bout duration in male mice. No significant effects were detected.

597 (H) Comparison between effects of THC or VEH on changes from pretreatment in number of
598 NREM bouts in male mice. There is a significant interaction (Fepoch x treatment(1,33) = 5.744;
599 p = 0.0224), with post-hoc tests finding differences between-groups during Late-LOFF
600 (p* = 0.0228).

601 () - (N) Same metrics as (C)-(H) but in female mice. No significant effects were detected.
602
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605 Measurements of changes in food and water intake, and locomotion, during first

606 and last THC injections and early and late abstinence.

607 (A) Cartoon illustrating home-cage intake and locomotion monitoring platform.

608 (B) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted

609 orange line indicates vehicle treatment epoch that acute and chronic administration

610 epochs are compared, and dotted purple line indicates average of two pretreatment
611 epochs that average of days 1 and 2 of early and days 5 and 6 of late abstinence are
612 compared.

613 (C) Comparison between effects of THC or VEH on changes from vehicle injection in food
614 intake in male mice. There is a significant interaction effect (Fepoch x treatment(1,18) = 11.37;
615 p = 0.0034), with post-hoc tests finding differences between-groups during First

616 Injection-LOFF (p*** = 0.0007) and within group differences for THC treated mice during
617 Last Injection LOFF (p### = <0.0001).

618 (D) Comparison between effects of THC or VEH on changes from vehicle injection in water
619 intake in male mice. There is a significant interaction effect (Fepoch x treatment(1,18) = 14.43;
620 p = 0.0013), with post-hoc tests finding differences between-groups during First

621 Injection-LOFF (p**** = <0.0001) and within group differences for THC treated mice
622 during Last Injection LOFF (p### = <0.0001).

623 (E) Comparison between effects of THC or VEH on changes from vehicle injection in

624 locomotion in male mice. There is a significant treatment effect (Fyeament(1,18) = 11.42; p
625 = 0.0033), with post-hoc tests finding differences between-groups during First Injection-
626 LOFF (p**** = <0.0001) and within group differences for THC treated (p** = 0.0037) and
627 VEH treated (p* = 0.0013) mice during Last Injection LOFF.

628 (F) Comparison between effects of THC or VEH on changes from vehicle injection in food
629 intake in female mice. There is a significant interaction effect (Fepoch x treatment(1,18) =
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630 4.964; p = 0.0389), with post-hoc tests finding differences between-groups during First
631 Injection-LOFF (p**** = <0.0001) and within group differences for THC treated mice
632 during Last Injection LOFF (p*## = <0.0001).

633 (G) Comparison between effects of THC or VEH on changes from vehicle injection in water
634 intake in female mice. There is a significant treatment effect (Fyeament(1,18) = 18.517; p =
635 0.0092), with post-hoc tests finding differences between-groups during First Injection-
636 LOFF (p**** = <0.0001) and within group differences for THC treated mice during Last
637 Injection LOFF (p# = <0.0001).

638 (H) Comparison between effects of THC or VEH on changes from vehicle injection in

639 locomotion in female mice. There is a significant treatment effect (Fyeament(1,18) = 21.05;
640 p = 0.0002), with post-hoc tests finding differences between-groups during First

641 Injection-LOFF (p**** = <0.0001) and within group differences for THC treated (p* =
642 0.0026) and VEH treated (p** = 0.0002) mice during Last Injection LOFF.

643 (D - (N) Same metrics as above but for early and late abstinence epochs. No significant
644 effects were detected for either sex.

645 (O) Percent of Vehicle treatment weights during chronic THC treatment and abstinence in
646 male mice. There is a significant treatment effect (Fieament(1,18) = 11.08; p = 0.0037),
647 with post-hoc tests finding differences between-groups (p* = < 0.05, p** = < 0.01, p*** =
648 <0.001, p**** = <0.0001).

649 (P) Percent of Vehicle treatment weights during chronic THC treatment and abstinence in
650 female mice. There is a significant treatment effect (Fyeament(1,18) = 5.577; p = 0.0297),
651 with post-hoc tests finding differences between-groups (p* = < 0.05, p** = < 0.01).

652
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Changes in reward seeking behaviors during early and late abstinence from

chronic THC treatment in male and female mice.

(A) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted
purple line indicates average of two pretreatment epochs that average of days 1 and 2 of
early and days 5 and 6 of late abstinence are compared.

(B) Cartoon illustrating operant chamber for reward seeking and conditioned auditory cue
presentation.

(C) Diagram showing operant sucrose-seeking procedure with cue discrimination.

(D) Cue discrimination during last five pretraining sessions as measured by latency to enter
reward port. There is a significant effect of cue (2cue X5session RM-ANOVA,; Fcue(1,45) =
182.9; p = <0.0001).

(E) - () Changes in behavioral metrics related to reward seeking and cue discrimination in
male mice. There is a significant treatment effect for change in latency to approach
sucrose port after CS+ (G; Fyeament(1,10) = 8.616; p = 0.0149) with post-hoc tests finding
group differences during Early (p* = 0.0261) and Late (p* = 0.0131) abstinence, and
significant treatment effects in cue discrimination (I; Freament(1,10) = 5.830; p = 0.0364)
with posthoc tests finding group differences during Late abstinence (p** = 0.0045).

(J) - (N) Same as E-I but for female mice. There is a significant treatment effect for change
in latency to approach sucrose port after CS+ (L; Fieament(1,12) = 5.787; p = 0.0332) with
post-hoc tests finding group differences during Early abstinence (p** = 0.0014).

(O) Cartoon depicting sucrose preference test.

(P) - (Q) Change in sucrose preference score during Early and Late abstinence in male (P)

and female (Q) mice. No significant effects were detected.
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912 Supplemental Methods and Materials

913 Subjects

914  C57BI6/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME), and housed 2 to 4
915 per cage. Initially, mice weighed 25 to 30 g, and their body weight did not change substantially
916 throughout the study. Upon arrival to the animal colony, all mice were maintained on a 12:12 h
917 light:dark cycle with lights turning on at 06:30 EST and off at 18:30 EST. Throughout all parts of
918 the study, except during hour long operant responding experiments, subjects were provided with
919  ad libitum access to food and water and housed in an environment maintained at 22.2 °C and
920  50% humidity. The experimenter conducting experiments where data was collected was blind to
921 experimental treatment groups, except for measurement of weights during chronic treatment

922 administration.

923 Sleep recordings

924  Surgical preparation for sleep recordings

925  Surgeries were performed on subjects anesthetized with isoflurane. Custom electrode implants
926  were prepared as previously described [1]. Stereotaxic surgery was performed to implant

927  electrodes over medial frontal cortex (AP: +1.50, ML: £1.00) and parietal cortex (AP: —2.50, ML
928  +2.00). A ground/reference electrode was also implanted over the cerebellum (AP: -5.7, ML:
929  +1.7). Electrodes consisted of stainless-steel screws (AMS90/1P-25; Antrin Miniature

930 Specialties Inc., Fallbrook, CA) placed in contact with the brain surface and wrapped with

931 Teflon-insulated fine stainless-steel wires (Cat # 91400; A-M Systems Inc., Sequm, WA), that in
932  turn connected to a headcap (MS363 & E363-0; Plastics One, Roanoke, VA) for later

933  connection with recording tethers (363-363; Plastics One, Roanoke, VA). A 1.25mm stainless

934  steel suture pad also connected to the headcap was inserted beneath the nuchal muscle before
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935 the entire headcap was fixed to the skull using standard cold-cure dental acrylic. Post-operative
936  pain and discomfort were mitigated by administering ketoprofen (5 mg/kg i.p.) analgesic solution
937 immediately after the surgery was completed and once daily for the next two days. Following
938  surgery, subjects were allowed to recover for two weeks before being tethered to recording

939 equipment.

940 Recording environment.

941  After the recovery period mice were brought to an isolated room dedicated to 24-hour, long
942  term, mouse sleep recording experiments. Subjects were placed individually into recording

943  cages (custom fabricated, 4 L polycarbonate buckets, Cambro RFSCW4135, Webstaurant

944  Store, Lancaster, PA) and tethered to commutators (SL6C/ SB; Plastics One, Roanoke, VA).
945 These cages were placed into electromagnetically shielded chambers that provided sound and
946 light attenuation (SAE chambers; 5 cages/chamber; CT-ENV-018MD-EMS-X1, MED

947  Associates, Fairfax, VT), with five individual cages present in each chamber such that mice
948  could see, smell, and hear one another. The chambers were outfitted with small fans which
949  continuously circulated room air and provided stable background noise within the recording
950 chambers, and white LED light strips (#10434, General Electric, Fairfield, CT) controlled by a
951 timer synchronized with ambient room lighting. Standard food pellets (BioServe; Cat no. NIH31)
952  were placed on the cage bedding and access to water was provided via glass tubes (#9019,
953  Bio-serve, Frenchtown, NJ). White noise generators were continuously running in the recording

954  room itself to further mask outside noise from disturbing mice.

955 Polysomnographic (EEG/EMG) recording.

956  Recordings of polysomnographic signals (EEG/EMG) were obtained from the chronically
957 tethered mice over 23hr periods. During the intervening 1hr, data acquisition was halted to

958 check on the animals to ensure ad libitum food and water were available and perform injections
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of THC or vehicle when appropriate. EEG/EMG signals were amplified 1000x (20x HST/16V-
G20 head-stage followed by 50x wide-band PBX, Plexon, Dallas, TX) and digitized at 1 kHz
(PCI-6071E, National Instruments, Austin, Tx). Data collection used a standard PC computer
(Optiplex GX620, Dell Computers, Round Rock, Tx) running Recorder v2 software (Plexon). A
60 Hz digital notch filter was applied to attenuate line noise on all channels. EEG channels were
then low-pass filtered at 120 Hz with a 2-pole Bessel filter, and EMG channels were high-pass

filtered 40 Hz with a 4 pole Bessel filter. Data were saved to disk for analysis offline.

Scoring of vigilance states and sleep architecture

Constructing the state space

EEG/EMG signals were analyzed offline to categorize epochs of wake, NREM, and REM states
using software written int MATLAB and CUDA C. This methodology has been previously
validated in our laboratory [1] and has been used in several sleep-wake architecture analysis [1,
2]. The following analysis pipeline was conducted for each mouse for each recording session.
Briefly, data were scored in 2 s epochs by clustering power spectral features in a 3-dimensional
state space. The three power spectral features that made up the state space orthogonal vectors
were: (1) a power spectral ratio (0.5-20 Hz/0.5-100 Hz) from the frontal EEG channel, known to
separate NREM from wake and REM [3]; (2) a second power spectral ratio from the occipital
EEG channel to compute the prominence of theta and low alpha relative to delta power (5-10
Hz/0.5—-4 Hz). This ratio has been used to help separate REM epochs which are characterized
by an overall increase in the theta bandwidth [4-6]; and (3) the root mean square values of the
EMG power spectra. Finally, each of these state space vectors was smoothed by convolution

via a 10 s Hann window, median-centered, and normalized to the maximum absolute value.

Vigilance state classification.
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982  Athree-step process was implemented to categorize vigilance state once the state space was
983 calculated [1]. First, a rough estimate of the boundaries for each state based on univariate

984  distributions along each axis were used to produce a starting point for establishing a preliminary
985  score. Next, a 3-dimensional product kernel estimate using a Gaussian kernel function was

986 calculated for each cluster (i.e., wake, NREM, REM, and unassigned) and these estimates were
987  scaled such that their maximal values were equal to the value in the corresponding peak of the
988  overall density function. We established 99% confidence intervals from this estimate that formed
989 inclusion criteria for the three clusters. Finally, we applied a transitional classifier to clean up
990 unassigned points that were bounded by epochs of the same state. The scoring results for each
991  subject were visually inspected to ensure accuracy, and subjects with excessive noise in the

992 EEG/EMG signals that interfered with scoring were eliminated from further analyses.

993  Once we obtained reliable vigilance state classification for each 2 s epoch, the data were then
994  binned into 3 hr time windows and the percent time spent in either REM, NREM, or wake were
995 calculated along with the total number and duration of each bout of these states. The final 3 hr
996  bin (ZT 9:00 thru 11:59) was excluded from analysis because this is when recordings were

997 interrupted for animal husbandry and drug treatments. A “bout” was defined as a contiguous
998 block of 2 s epochs assigned to the same state, and the total number of bouts is the sum of
999  Dbouts over the 3 hr bin. The bout duration metric was calculated by averaging the number of 2 s

1000 epochs per bout, and then multiplying this number by 2 s (i.e., the duration of each 2s epoch).

1001 Behavioral testing procedures

1002  Sucrose preference test

1003 To pre-expose mice to individual housing and the two-bottle choice (sucrose preference test)
1004 procedure, mice were anesthetized and ear punched for future identification, then after a short

1005 recovery time, were separated into individual cages with a nestlet and food ad lib. Using
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1006  standard home cage lids equipped for inserting two sippers/bottles side by side, we gave mice
1007  two water bottles for the first 23 hr period. Bottles were placed in the lid ~15-30min before lights
1008  off. After the first 23hrs with two water bottles, we provided mice with one bottle containing

1009  water and one containing 1% sucrose in facility water. Both bottles were weighed to compare
1010 later for obtaining amount of liquids consumed, and the side which contained sucrose and water
1011 was counterbalanced for all mice. The mice were then placed in a back room with the same
1012 lights on and off schedule and a white noise machine to mask any outside noises. The room
1013  was not entered for the duration of drinking for any drinking period. The data for this first session
1014 not analyzed because of initial side biases of mice. That is, this first session was an opportunity
1015 for mice to sample each liquid and learn that there were two different liquids. The same

1016  procedure was performed for two more 23hr periods (i.e., 2 days of pretreatment), with side
1017 assignment of sucrose and water bottles reversed each night. After finishing the pretest

1018 experiments, mice were again group housed with their original housemates (4 per cage) and
1019 were allowed to reacclimate to group housing for 36 hours. Then the mice were given the 6-day
1020 THC (10mg/kg) treatment, with 2 mice in each cage receiving THC injections and the other two
1021  mice receiving vehicle injections each day. Twenty-four hours after the final injection, the mice
1022  were again separated into individual cages and provided two bottle choice of the same sucrose
1023  and water solutions, and left in the same room, under the same conditions, for the same time
1024  periods as in the pretest. Bottles were measured every 24 hours for the next six days of

1025 abstinence. Sucrose preference was inferred by the percent sucrose consumed of total liquid

1026  volume consumed.

1027 Conditioned operant sucrose seeking.

1028  Mice were group housed, four per cage, throughout the experiment. Mice were acclimated to
1029  water restriction over several days to potentiate acquisition of operant sucrose seeking.

1030 Experiment sessions were conducted in standard operant conditioning chambers (Med
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1031  Associates, ENV-307W). Each chamber was equipped with two levers, two cue lamps, a house
1032 lamp, an audio stimulus generator, a syringe pump for reward delivery, and a reward port
1033  equipped with a contact lickometer (ENV-303RMW-4.25). Operant sessions were conducted

1034 between ZT700 and ZT1000.

1035 First training procedure: Both levers are available throughout the 30-minute session. A lever
1036  press on either lever resulted in a two-second auditory cue (CS+), which began after the lever-
1037  press, followed by delivery of the sucrose solution (~20 uL of 8% sucrose, 1% maltodextrin, in
1038 facility water) at the end of the cue. Additional lever-presses had no result until mice retrieved
1039 the sucrose reward as detected by breaking the photobeams in the sucrose port. Occasionally
1040  sucrose solution droplets were added to the levers to facilitate approach to the lever and

1041  operant responding. Mice had to successfully earn >21 rewards during the session before

1042  moving to the second training procedure.

1043  Second training procedure: This procedure was identical to the first training procedure, except a
1044  second auditory cue was added to serve as a predictor of no sucrose reward (CS-). CS+

1045  occurred after 50% of lever presses and CS- after the other 50% in a random fashion. Mice
1046  quickly learned to discriminate between CS+ and CS- and after 3 sessions were no longer water

1047 restricted.

1048  Third training procedure: This procedure was identical to the second training procedure, but
1049  mice had access to water ad-lib in home cage. This lasted an additional 5 daily sessions, with
1050 the final two sessions comprising the data for pretreatment condition epoch.

1051 Food and water intake and locomotor activity monitoring.

1052  Mice were individually housed in Sable Systems International Promethion 3721 Mouse Cage

1053 (8.1 x 14.4 x 5.5 in). Cages were equipped with load-cells to monitor food and water intake
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each second (part # MM-1) and cages were surrounded by photobeams (part # - BXYZ),
allowing for precise measurement of consumption and locomotor activity. Cages were lined with
1/8” Teklad corncob bedding (Catalog# 7092). Mice were given a nestlet and an enrichment
device (a solid, plastic cube which while placed beneath the food hopper deterred nesting
beneath the feeder). After a five-day acclimation period, mice began the treatment and
abstinence procedures that were identical to sleep experiments. Mice were also weighed daily

at ZT11:00 beginning just prior to vehicle treatment.

Bottle brush test.

The bottle brush test (BBT) was adapted from Riittinen et al. (1986), Lagerspetz and Portin
(1968), and Kimbrough et al. (2017). BBT sessions were conducted between ZT1300 and
ZT1500. Mice were handled by the experimenter for 5 minutes per day for 3 days prior to
beginning the BBT experiment. On test days, home cages were covered with a sheet to block
ambient light and then transferred to the behavioral suite. The behavioral suite was equipped
with white-noise sound generators and was illuminated with red-ambient light only. The testing
arena was separated from the ‘holding’ area by a door so that mice being tested and cage
mates were sensory-isolated from each other. The experimenter wore a red-light headlamp. Ten
min before its test session, a mouse was put in a fresh home cage with clean bedding and
allowed to habituate. Next, the cage was picked up and transferred to the BBT recording area,
which was a roofless, white-walled 2 ft x 2ft x 2ft enclosure, and the walls of the animal’s cage
were extended by stacking on top an additional “floorless” identical cage. These two testing
area features achieved, respectively, 1) separating the animal visually from the rest of the
behavioral room and 2) preventing the mouse from jumping out of its test cage while the BBT

was conducted.
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1077  Mice were group housed, 4 per cage, for the duration of the experiment except for separation
1078 one-by-one as described above during the BBT itself. The test itself was performed in its

1079  entirety four separate times. First on the third day of handling (pre-exposure), then again 48hrs
1080 later (pretreatment), followed by the 6-day chronic THC/vehicle treatment procedure, and then
1081 ondays 2 and 6 of abstinence. Treatment groups were assigned randomly, with 2 mice from

1082  each cage receiving THC and the other 2 mice vehicle.

1083  During the test, irritability behaviors were elicited by a rotating bottle brush (NSN 7920-00-297-
1084  1510) with brown bristles that extended % inch radially for 3.5 inches lengthwise, which was
1085 attached to a ¥4 inch diameter x 2 ft metal rod that allowed the experimenter to remain at a
1086 distance from the test cage. Each attack consisted of five “stages” in the following sequence: 1)
1087  rotating brush (180 degrees about 2x/sec; with brush spinning axially via twisting of the rod in
1088 the experimenter’s fingers) toward the mouse from the opposite end of the cage, 2) continuing
1089 to rotate the brush, but now against the animal’s whiskers, 3) rotating brush moving away from
1090 mouse back to opposite end of cage, 4) rotating brush at the starting position, 5) brush at

1091  starting position without rotating. Each stage was designed to elicit various aspects of murine
1092 irritability responses, and stage lasted 2 seconds, except the 5th stage that was prolonged until
1093 the mouse returned to its end of the cage or after 5 seconds. This was repeated for each animal
1094 10 times per test, with 10-15 second intertrial intervals. Cage-mates were habituated in a

1095 staggered manner and kept outside the testing room until testing, with the order between

1096 treatment groups counterbalanced within and between cages. Bottle brushes were switched
1097 between mice to prevent responses to conspecific scents. All brushes were cleaned with

1098 ethanol and left to dry before being used for another testing day.

1099 BBT sessions were recorded using Bonsai RX software (10.3389/fninf.2015.00007) to record
1100 synchronous video and audio. Video (30 fps) was recorded using two standard USB web

1101  cameras without infrared filters (E.L.P.; Ailipu Technology Co., China) mounted above and to

52


https://doi.org/10.1101/2021.12.01.470765

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.01.470765; this version posted December 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

1102 the side of the testing cage, and ultrasonic audio (384khz) was recorded from a high-frequency
1103  microphone (M500; Pettersson Elektronik AB, Sweden) mounted 18 inches above the testing
1104 cage. Behaviors were scored manually via top and side recorded video. Scores for irritability-like
1105 behavior were determined by measuring aggressive and defensive behavior. Responses were
1106 designated as aggressive or defensive as described by Kimbrough et al. (2017). Aggressive
1107  responses scored were smelling, biting, boxing, following, exploring, and tail rattling.

1108 Defensive/stress-induced responses were escaping, digging, jumping, climbing, defecating,

1109 vocalizing, and grooming.

1110 Plasma corticosterone collection

1111  Pretreatment samples were collected the day before the initial 20mg/kg THC injection of the
1112 treatment paradigm, while early and late samples were collected two days and six days after the
1113 final treatment, respectively. Mice were restrained using a Tailveiner Restrainer (TV-150) such
1114 that the mouse was placed into the device tail-first. The tail was gently rubbed with a hand

1115 warmer for 5 seconds to increase blood flow. A carbon steel scalpel blade (size 11, Integra) was
1116  used to snip the lateral tail vein and blood was collected using a heparinized Micro-Hematocrit
1117  capillary tube (Fisher Scientific, PA). Pressure was applied to the snip site to stop excessive
1118 bleeding and the mouse was placed in a clean new cage within the room where sample

1119 collection occurred. Cage mates were kept outside the blood sampling room until blood

1120 collection. Sampling took no longer than 2 minutes per mouse. The capillary tubes were spun in
1121 a DM1424 Hematocrit Centrifuge (SCILOGEX, LLC, CT, USA) to separate red blood cell and
1122  plasma components. 15-30 uL of plasma was transferred into an Eppendorf tube and stored in a

1123  -20 C freezer until further analysis.
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Statistical analysis

For sleep, intake/locomotion, sucrose preference test, and operant tasks, the pretreatment,
early, and late withdrawal metric were the average of the two pretreatment sessions, first two
and last two days of abstinence sessions, respectively. For all other experiments we only
recorded metrics during one day for pretreatment, second and sixth day of abstinence, so

analysis reflects those single sessions.

For sleep studies we analyzed the data by fitting a mixed model as implemented in GraphPad
Prism 9.0. This mixed model uses a compound symmetry covariance matrix and is fit using
Restricted Maximum Likelihood (REML). In the absence of missing values, this method gives
the same P values and multiple comparisons tests as repeated measures ANOVA. In the
presence of missing values, the results can be interpreted like a repeated measures ANOVA.
For these data a three-way (2photoperiod X 2epoch X 2treatment) repeated measures mixed-effects
model was used, allowing us to analyze the data set despite missing values for some subjects
on some recording sessions. These occurred at random due to scenarios such as, mice
breaking recording tethers, moisture accumulation from water during a recording session
leading to static electricity artifacts/noisy recordings, and headcaps or recording tethers
becoming detached. For consistency, the same analysis was used for 24hr intake and
locomotion behavior recordings, and all other behavioral studies used a two-way 2epoch X 2ireatment
repeated measures mixed-effects model. When significant (p<0.05) main and interaction effects
relating to treatment were detected, we followed up with Holm-Sidak's multiple comparisons
post-hoc test to compare means of metrics differing by only one factor. Since photoperiod has
clear effects on sleep regardless of treatments or epochs, we only report significant post-hoc
tests comparing treatment effects and within-subjects effects related to epoch. For voltammetry

experiments a two-way ANOVA were used for statistical comparisons between groups.
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1149 Supplemental Figures

1150 Supplemental Figure 1
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1152 General timeline used to model chronic cannabis/THC use in mice.

1153 Time points allow comparison of pretreatment epochs to early and late withdrawal, and initial

1154  vehicle injection to ‘first’ and ‘last’ THC or VEH injections during treatment epoch.
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1159 Effects of acute and chronic low dose THC administration on sleep in male and

1160 female mice.

1161 (A) Cartoon illustrating i.p. administration of lower dose, 1.0mg/kg THC.

1162 (B) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted

1163 orange line indicates vehicle treatment epoch that acute and chronic administration
1164 epochs are compared.

1165 (C) Comparison between effects of THC or VEH on changes from vehicle injection in

1166 percent time spent in NREM sleep in male mice. No significant effects were detected.
1167 (D) Comparison between effects of THC or VEH on changes from vehicle injection in NREM
1168 bout duration in male mice. There is a significant treatment effect (Fieatment(1,23) = 5.834;
1169 p = 0.0241), with posthoc tests finding differences between-groups during Last Injection-
1170 LON (p* = 0.0179).

1171 (E) Comparison between effects of THC or VEH on changes from vehicle injection in

1172 number of NREM bouts in male mice. There is a significant treatment effect

1173 (Freament(1,23) = 7.398; p = 0.0122), with posthoc tests finding differences between-
1174 groups during Last Injection-LON (p* = 0.0428).

1175 (F) - (H) Same metrics as (C-D) but for REM sleep in male mice. There were no significant
1176 effects detected for percent time in REM (F) or REM bout duration (G). A significant
1177 effect of treatment was detected (Fyeament(1,22) = 9.312; p = 0.0059), but posthoc tests
1178 did not detect between or within group effects.

1179 () - (N) Same metrics as (C)-(H) but in female mice. A significant interaction for REM bout
1180 duration was detected (Fpnotoperiod x treatment(1,18) = 7.939; p = 0.0114), but posthoc tests
1181 did not detect between or within group effects.

1182

1183
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1184 Supplemental Figure 3
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1186  Effects of chronic low dose (1.0 mg/kg) THC administration on sleep in male and

1187 female mice during early and late abstinence.

1188 (A) Cartoon illustrating chronically tethered mouse during epochs where no injection is

1189 given, i.e., pretreatment and abstinence.

1190 (B) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted

1191 purple line indicates average of two pretreatment epochs that average of days 1 and 2 of
1192 early and days 5 and 6 of late abstinence are compared.

1193 (C) - (N) No significant effects were detected in either.

1194
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1195 Supplemental Figure 4
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1197 Effects acute THC administration on sleep in male mice during early and late

1198 abstinence.

1199 (A) Cartoon illustrating chronically tethered mouse during epochs where no injection is

1200 given, i.e., pretreatment and abstinence.

1201 (B) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted

1202 purple line indicates average of two pretreatment epochs that average of days 1 and 2 of
1203 early and days 5 and 6 of late abstinence are compared.
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1204 (C) - (H) NREM and REM metrics. Significant interaction effects were detected for bout
1205 duration in NREM (D; Fepoch x reatment(1,25) = 5.388; p = 0.0287) and REM (G; Fepoch x
1206 reament(1,25) = 7.828; p = 0.0098). Posthoc tests for these metrics did not reveal any
1207 significant between or within group differences.

1208
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1209 Supplemental Figure 5
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1211  Effects of chronic THC administration on irritability-related behaviors during

1212 Early and Late abstinence in male and female mice.

1213 (A) Cartoon illustrating bottle brush test procedure for measuring irritability-related

1214 responses.

1215 (B) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted
1216 purple line indicates pretreatment session that Early and Late abstinence sessions are
1217 compared.

1218 (C) - () Change in irritability-related behavioral metrics during Early and Late abstinence in
1219 male mice. Significant effect of treatment was detected for boxing behavior (D;

1220 Freament(1,14) = 12.47; p = 0.0015) with post-hoc tests finding significant group

1221 differences in Early and Late abstinence (p* = 0.0187). Significant effect of epoch was
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1222 detected for escaping behavior (F; Fepocn(1,14) = 8.211; p = 0.0125) with post-hoc tests
1223 finding within group difference in THC treated mice (p* = 0.0096).

1224 (J) - (P) Same metrics as above but for female mice. No significant effects were detected.
1225
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1226 Supplemental Figure 6
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1227

1228 Effect of chronic THC treatment on circulating plasma corticosterone levels in

1229 male in female mice during Early and Late abstinence.

1230 (A) Timeline illustrating treatment regimen and epochs contributing to analysis. Dotted
1231 purple line indicates pretreatment sample that Early and Late abstinence samples are
1232 compared.

1233 (B) Change in plasma CORT from pretreatment levels in Early and Late abstinence in male
1234 mice. A significant effect of treatment was detected Fieament(1,14) = 6.115; p = 0.0332)
1235 with posthoc tests finding between-group differences in Early abstinence (p** = 0.0168).
1236 (C) Same as (B) but for female mice. No significant effects were detected.

1237
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