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Abstract

Background—Amygdala volume abnormalities have been reported in relation to craving in
substance-dependent adults, but it remains unclear if these effects are seen in adolescent marijuana
(MJ) users, particularly following abstinence.

Objectives—The aim of this study was to examine the relationship between amygdala volume
and craving during 28 days of abstinence in adolescent MJ users.

Methods—MJ-using adolescents (n = 22) aged 16-19 were recruited as part of a larger study on
brain function in teen drug users. Craving measures were collected twice per week throughout a
28-day abstinence period. High-resolution anatomical magnetic resonance imaging data were
collected at the end of the 28 days of confirmed abstinence. Left and right amygdala volumes were
traced by hand (ICC>0.86). Composite scores for self-reported craving and withdrawal symptoms
throughout the 28-day abstinence period were calculated to provide four composite measures of
total craving, mood, sleep, and somatic complaints.

Results—Results revealed that greater craving during abstinence was significantly associated
with smaller left and right amygdala volumes, after controlling for age and gender. Other
measures of withdrawal, including mood, somatic complaints and sleep problems, were not related
to amygdala morphometry.
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Conclusion—These results are consistent with previous findings in adult alcohol-and cocaine-
dependent individuals, who demonstrated a relationship between reduced amygdala volumes and
increased craving. Future studies are needed to determine if these brain-behavior relationships are
attributable to MJ use or predate the onset of substance use.
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Introduction

Marijuana (MJ) is the most widely used illicit substance in the United States (1).
Recreational MJ use is common among teenagers (2), and 40% of high school students who
have used MJ in the past year met criteria for MJ abuse or dependence (3). This is of
particular concern because MJ use during adolescence may interrupt ongoing
neurodevelopment.

While it is known that brain size stabilizes around age five (4), crucial neurodevelopments
continue throughout adolescence and into young adulthood, including white matter
myelination (5), synaptic refinement (6) and reductions of gray matter volumes (7). The
impact of MJ use on amygdala volume is important since the amygdala undergoes
volumetric increases during adolescence (8-10), at a time when MJ use is increasingly
common. It has been suggested that the increased risk-taking behavior in adolescents is
related to earlier development of subcortical limbic regions in relation to the prefrontal
cortex (PFC; 11-15). In particular, adolescents have demonstrated exaggerated amygdala
versus PFC activation compared with children and adults (16), further emphasizing this
region's importance in the context of adolescent brain development.

Chronic MJ use during adolescence has been associated with aberrant brain structure and
function. Studies have reported decreased white matter integrity (17,18), volumetric
differences (19-22), and abnormalities in brain activation during tests of spatial working
memory (23-25), executive function (26), memaory (25,27), auditory verbal working
memory (28,29), verbal learning (30) and inhibitory processing (31). Our group has also
reported that amygdala morphometry may interact with gender (22) such that female MJ
users exhibited larger right amygdala volumes and increased internalizing symptoms
compared with female controls; male users did not differ from male controls. In young
adults, MJ craving is also related with amygdala activation as measured through fMRI (32).
However, amygdala morphometry and potential relationships with withdrawal and craving
symptoms have not yet been examined in adolescent MJ users.

In adults, smaller amygdala volumes have been associated with greater self-reported craving
of alcohol (33) and cocaine (34). Similarly, adults with cannabis dependence demonstrated
smaller bilateral amygdala volumes compared with controls (35). The current study
examined relationships between amygdala volumes and craving and other withdrawal
symptoms in abstinent, MJ-using adolescents. We hypothesized that greater withdrawal
symptoms, especially craving, over a one-month period of abstinence would predict smaller
amygdala volumes.
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Participants

Procedure

Measures

MJ-using adolescents were recruited from local schools and provided consent in accordance
with the UCSD Human Research Protections Program. As part of a larger study (31),
adolescents aged 16—19 meeting eligibility requirements (right handedness, parent/guardian
consent, and 200 or more lifetime MJ use episodes) were recruited. Exclusionary criteria
included history of psychotropic medication use, DSM-1V Axis | disorder other than
cannabis abuse or dependence, neurologic problems, learning disabilities, prenatal substance
exposure and MRI contraindications.

A detailed description of procedures has been described previously (31). Participants were
asked to abstain from all illicit drugs and alcohol during a 28-day monitoring period.
Monitored urine toxicology screens were performed every 3-4 days (36) utilizing cloned
enzyme donor immunoassay kits (CEDIA DAU, Microgenics, Fremont, CA, USA)
detecting recent use of MJ (indicated by THCCOOQOH), amphetamines, methamphetamines,
benzodiazepines, cocaine, barbiturates, codeine, morphine, phencyclidine or ethanol.
Quantitative indices were tracked to determine if THC metabolite levels, after controlling
for creatinine, decreased during the 28-day period (37). Participants who initially screened
positive for THC were accepted and retained, as long as THCCOOH)/creatinine ratios
decreased continually over the 28 days. Self-report of withdrawal and craving symptoms
were collected at each drug toxicology session. Following confirmed abstinence for 28 days,
all adolescents completed a MRI examination.

Demographics and verbal intelligence estimate—A structured clinical interview
assessed demographics and psychosocial functioning. The Wechsler Abbreviated Scale of
Intelligence (WASI) Vocabulary subtest provided an estimate of verbal intellectual
functioning (38).

Drug use, craving and withdrawal—The Customary Drinking and Drug Use Record
(39) assessed lifetime and past three-month alcohol, nicotine and other drug use, lifetime
and current DSM-1V abuse and dependence criteria, withdrawal symptoms and other
consequences of substance use. The Timeline Follow-Back (40) determined substance use
patterns for the 30-days prior to enrolling in the study. The Cannabis Withdrawal Symptom
Checklist (41) assessed MJ-related craving and withdrawal symptoms, including mood,
somatic complaints, and sleep problems, on a 10-point Likert scale (0 = no intensity; 10 =
most intense). Composite scores were calculated by averaging across all time-points.

Psychiatric history—The computerized NIMH Diagnostic Interview Schedule for
Children was administered to youth and parents to detect major psychiatric disorders in
adolescents (42). Similar modules of the Computerized Diagnostic Interview Schedule (43)
were used for 18 and 19-year-old participants living independently (44).
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Current mood—The Beck Depression Inventory (BDI) (45) total score assessed current
mood and has previously been used with adolescents (46). The Hamilton Anxiety Rating
Scale (HARS) (47) was used to determine anxiety levels and has also been used with
adolescents (48).

MRI image acquisition and processing

Anatomical images were collected on a 3T GE scanner using a sagittally-acquired structural
image collected with an inversion recovery prepared 3D T1-weighted SPGR sequence (TR =
8 ms, TE = 3 ms, flip angle = 12°, field of view = 240 mm, 176 continuous slices, 1 mm3
voxels, acquisition time = 7:19). This acquisition provides high tissue contrast, permitting
volumetric analyses.

Intracranial volumes were obtained to separate brain from non-brain material from each
anatomical dataset. Semi-automated skull stripping (49) was used, followed by manual
editing in Analysis of Functional Neurolmages (AFNI) (50). Manual tracing of the
amygdala region of interest occurred on high-resolution grayscale images in standard AC-
PC space. Amygdala regions were reliably (ICC>0.86) traced by trained research assistants
(TM, CP, and JP) blind to participant characteristics, on contiguous slices in the coronal
plane using a protocol based on Richardson and colleagues (51) and Sheline and colleagues
(52). Boundaries were as follows: (i) Anterior boundary: first coronal slice in which the
temporal stalk merges with the white matter of the insula; (ii) Dorsal boundary: entorhinal
sulcus separating the basal forebrain and temporal lobe; (iii) Posterior boundary: head of
hippocampus as evident in sagittal view; (iv) Ventral boundary: horizontal boundary
extending from the anterior and ventral hippocampal edge; (v) Medial boundary: presence of
the subarachnoid space; and (vi) Lateral boundary: surrounding the white matter. Ratios
were created from amygdala divided by intracranial volumes to control for individual
variability in intracranial space in all analyses (8).

Data analyses

Descriptive statistics were performed to describe the sample and determine if substance use
characteristics, age, gender, and family history of SUD were potential covariates.
Descriptive characteristics correlated with the outcome measure were included in all
subsequent analyses. Primary analyses included a series of linear regressions to determine
whether craving or other withdrawal symptoms (mood, somatic complaints, appetite or sleep
problems) reported during abstinence predicted amygdala volumes after controlling for
covariates. Exploratory analyses were performed to examine factors that may be related to
significant results from the primary analysis. Statistical decisions were made if p<0.05.

Results

Sample characteristics

MJ users [lifetime use episodes M (SD) = 436.9 (361.0)] reported low to no affective
symptoms [BDI M (SD) = 3.1 (2.6) and HARS M (SD) = 3.7 (5.5)], and were generally from
high socioeconomic backgrounds [parental salary M (SD) = 109.3 (93.8)]. MJ users
endorsed numerous lifetime alcohol use episodes [M (SD) = 220.5 (178.6)] and performed
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within the average to high-average ranges in verbal intellectual ability (Vocabulary T score),
[M (SD) =56.1 (8.0)] (see Table 1). None of the potential covariates tested were
significantly correlated with amygdala volumes and were therefore not included in the
regression model.

Primary results

Primary results revealed that following 28 days of abstinence, average craving across the
period of abstinence significantly predicted of smaller right (t = -2.32, B = -0.46, p = 0.031,
see Figure 1) and left (t = -3.09, B = -0.57, p = 0.006, see Figure 1) amygdala volumes.
Follow-up repeated measures general linear model showed that self-reported craving across
the nine visits did not significantly change over time (F = 0.49, p = 0.70) and are graphically
represented in Figure 2. The relationship between total craving and amygdala volume did
not differ for males as compared to females in this sample and remained unchanged when
controlling for age and gender for both right (t = —2.46, B =-0.51, p=0.024) and left (t =
-2.87, B=-0.57, p = 0.010) amygdala volumes. Craving was correlated with a number of
marijuana dependence symptoms as well as number of hits smoked per month in the three
months prior to study enrollment. After adjusting for these variables as covariates, left (t =
-2.93,B=-0.77, p=0.009) and marginally right (t = -1.78, B =-0.53, p = 0.091)
amygdala volumes were significantly related to self-reported craving. Other symptoms of
MJ withdrawal, including mood, sleep, appetite and somatic complaints, were not related to
amygdala morphometry in this sample.

Exploratory analyses

Bivariate correlations demonstrated that self-reported craving was not associated with THC
metabolites (p<0.05) in this sample, even when controlling for creatinine levels. Similarly,
THC metabolites were not related to duration of marijuana use or lifetime marijuana use.
THC metabolite levels were correlated with a number of marijuana dependence symptoms at
the first four toxicology visits (r = 0.55, p=0.009; r =0.60, p=0.003; r =0.53, p=0.01; r
=0.48, p = 0.024, respectively) as well as average THC metabolite level across the 28 days
(r = 0.45, p=0.034). However these results were no longer significant after controlling for
creatinine levels (p>0.05).

Discussion

The current study revealed that higher levels of self-reported craving during a 28-day
monitored abstinence period were significantly associated with smaller left and right
amygdala volumes in a sample of chronic MJ-using adolescents. This association was
present even after controlling for age and gender. Findings are consistent with previous
reports in adult alcohol and cocaine users, who demonstrated relationships between smaller
amygdala volumes and greater craving (33,34). However, the results are novel in that this
was a community sample of non-treatment seeking heavy MJ users as young as 16 years old.

Despite consistent findings of smaller amygdala volumes with greater drug craving for
various substances in adults (33,34) and now adolescents, the underlying mechanism is not
fully understood. Candidate theories include focal damage specific to the amygdala, or more
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widespread alterations to brain networks involved in craving, such as frontolimbic circuits
which play a role in reward evaluation, affective processing and emotional regulation
(53,54). Specifically, individuals who are more vulnerable to emotion dysregulation, which
is known to be associated with amygdala dysfunction (55), may also experience more self-
reported craving while undergoing abstinence. Furthermore, amygdala abnormalities may
actually predate drug use and serve as an underlying risk factor for the initiation of heavy
drug use, but this hypothesis could not be examined using the current cross-sectional data.
Filbey and colleagues found greater amygdala activation to cue-induced craving in the
amygdala (32). The observed volume reductions may help explain why greater activation is
associated with craving (i.e. hyperactivation of regions to compensate for reduced volumes).

Heavy exposure to MJ that is sufficient to cause withdrawal symptoms, especially craving,
may cause cellular changes in the CB1-dense amygdala (55-58). It is also possible that
heavy MJ use and subsequent craving may disrupt normal amygdala development that is
typically characterized by an increase in volume during adolescence (9). However, the
current sample did not reveal a relationship between THC metabolites and self-reported
craving across the 28 days of abstinence. THC metabolites were related to number of
marijuana dependence symptoms in this sample, suggesting a relationship with dependence
severity. Future longitudinal studies should examine how MJ use may affect the
developmental trajectory of the amygdala as well as moderating factors that may indicate a
more severe substance use patterns that elicit craving, such as number of dependence
symptoms as observed in the current study. Drug craving may also serve as a marker for MJ
addiction severity, emotional reactivity to withdrawal or neurocognitive impact of acute
abstinence. Additionally, amygdala volumes may undergo continued normalization with
prolonged sobriety; Makris et al. (59) reported increases in limbic region volumes following
abstinence among adult alcohol-dependent individuals (59).

Limitations of the present study should be considered. The study was cross-sectional so it is
not possible to infer cause-effect relationships. Additionally the sample was relatively small.
Adolescent MJ users typically consume alcohol (2) but alcohol was not related to amygdala
volumes in this study. Nonetheless, it is difficult to fully disentangle the effects that may be
attributable to alcohol use or cessation. Unfortunately due to a shortage in female MJ users,
we had insufficient power to properly examine gender differences beyond examining gender
as a covariate. This will be crucial in future studies given the known gender differences in
amygdala development (14) as well as drug use (60). Lastly, due to the high socioeconomic
status and lack of comorbid psychological disorders, these results may not generalize to
other samples.

In conclusion, the present study suggested that heavy MJ-using adolescents with their levels
of craving during one month of abstinence show smaller bilateral amygdala volumes. It is
unknown if this relationship predates or is a consequence of chronic MJ exposure during
adolescence. Future studies are needed to examine amygdala morphometry and function
longitudinally to test whether abnormal brain-behavior relationships predict relapse.
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Figure 1.
Scatterplot of craving symptom scores predicting right and left amygdala to intracranial

volume ratios in 22 abstinent adolescent marijuana users.
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Figure 2.
Average craving rating for chronic marijuana users across nine time-points collected over 28

days of abstinence.
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Characteristics of abstinent adolescent marijuana users (n = 22).

M (SD)
Age 17.8 (0.9)
% Female 23%
% Caucasian 55%
Pubertal development scale score 3.5(0.4)
Parent annual salary 109.3 (93.8)
WASI Vocabulary T-score 56.1 (8.0)
Beck Depression Inventory Score 3.1(2.6)
Hamilton Anxiety Rating Scale 3.7 (5.5)
Lifetime alcohol use episodes 220.5 (178.6)
Years of MJ use 2.6 (1.6)
Age first used MJ regularly (weekly) 14.5 (3.6)
Lifetime MJ use episodes 436.9 (361.0)
MJ craving score (1 question) 16.3 (23.2)
Mood score (5 questions) 44.4 (45.3)
Sleep score (5 questions) 82.4 (57.6)
Appetite score (1 question) 8.9 (12.9)
Somatic score (5 questions) 21.7 (23.4)
Intracranial volume (in cc®) 1574.6 (129.0)
Left amygdala volume (in cc3) 2.0(0.3)
Right amygdala volume (in cc3) 2.3(0.4)

WASI, Wechsler Abbreviated Scale of Intelligence; MJ, marijuana.
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