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WHITE MATTER & DEPRESSIVE SYMPTOMS

ABSTRACT

Background. Depressed mood has been associated with decreased white matter and
reduced hippocampal volumes. However, the relationship between brain structure and mood
may be uniqgue among adolescents who use marijuana heavily. The goal of this study was to
examine the relationship between white matter and hippocampal volumes and depressive
symptoms among adolescent marijuana users and controls.

Methods. Data were collected from marijuana users (n=16) and demographically similar
controls (n=16) aged 16-18. Extensive exclusionary criteria included psychiatric and neurologic
disorders, including major depression. Substance use, mood, and anatomical measures were
collected after 28 days of monitored abstinence.

Results. Marijuana (MJ) users demonstrated more depressive symptoms than controls
(p<.05). MJ use (p= .42, p<.005) and smaller white matter volume (3= -.34, p<.03) each
predicted higher levels of depressive symptoms on the Hamilton Depression Rating Scale. MJ
use interacted with white matter volume (4= -.55, p<.03) in predicting depression scores on the
Beck Depression Inventory: among MJ users, but not controls, white matter volume was
negatively associated with depressive symptoms.

Conclusions. Marijuana use and white matter volume were additive and interactive in
predicting depressive symptoms among adolescents. Subtle neurodevelopmental white matter
abnormalities may disrupt the connections between areas involved in mood regulation.

Keywords: Adolescence; Depression; Cannabis; Neuroimaging; MRI; White Matter;

Hippocampus
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INTRODUCTION

Depressive disorders have been associated with morphological brain abnormalities,
although the majority of studies have been conducted in adults. Reduced hippocampal volumes
have been found among depressed adults (Campbell et al., 2004; Frodl et al., 2002; Videbech
and Ravnkilde, 2004), although this may be associated with age of onset (Lloyd et al., 2004) and
one found no hippocampal differences (Hastings et al., 2004). White matter abnormalities (e.qg.,
hyperintensities) have also been associated with increased depressive symptoms and suicidality
in adult populations (Erlich et al., 2005; Firbank et al., 2005; Heiden et al., 2005; Taylor et al.,
2004).

Due to adolescent neuromaturation, which includes pruning of gray matter and
proliferation of white matter, these adult results cannot be generalized to depressed adolescents
(Benes, 1998; Sowell et al., 1999). Three studies including depressed children and adolescents
found no significant differences in hippocampal volumes (DeBellis et al., 2002), although one
did report larger amygdala-hippocampus ratios (MacMillan et al., 2003) and another reported
reduced amygdale volumes (Rosso et al., 2005). White matter hyperintensities have also been
found among depressed children and adolescents (Lyoo et al., 2002). Further, one study found
that depressed adolescents had smaller overall and frontal white matter volumes compared to
healthy controls (Steingard et al., 2002).

To make matters more complicated, marijuana use is highly prevalent among
adolescents; nearly half (46%) of high school seniors have tried it during their lifetime (Johnson
etal., 2004). Further, marijuana use appears moderately associated with an increased risk of
depressive symptoms in both adults and adolescents (see Degenhardt et al., 2003). While some
longitudinal studies found no or weak links between marijuana use and depression (Fergusson et

al., 1997; Kandel, 1984), recent studies have shown that heavy marijuana use during adolescence
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is associated with later risk for depressive symptoms (Arseneault et al., 2002; Bovasso, 2001,
Brook et al., 2002; Green and Ritter, 2000; Fergusson et al., 2002; Patton et al., 2002).

There are several possible explanations for the link between major depressive disorders
and chronic marijuana use. The endogenous cannabinoid system is widely distributed
throughout the central nervous system, including the prefrontal and hippocampal regions
(Iversen, 2003), as well as white matter areas (Romero et al., 1997; Romero et al., 2002).
Although animal studies have suggested cellular effects, especially in hippocampal regions
(Childers and Breivogel, 1998; Pistis et al., 2004; Stiglick and Kalant, 1985), and despite
developmental changes to the endogenous cannabinoid system during adolescence (Romero et
al., 1997; Belue et al., 1995), no studies to date have examined structural brain changes
associated with marijuana use among human adolescents (Verdejo-Garcia et al., 2004). Adult
animal models suggest that damage to the cannabinoid system, specifically to the CB1 receptors,
results in depressive-like symptoms in mice (Martin et al., 2002). Adult human studies utilizing
magnetic resonance imaging have yielded conflicting results, with two studies finding gray and
white matter abnormalities among young adult marijuana polydrug users (Aasly et al., 1993;
Matochik et al., 2005) and one study found no differences (Block et al., 2000). Wilson and
colleagues (2000), found that adult participants who had used marijuana before age 17 had
smaller gray matter and larger white matter volumes compared to later-onset users.

In sum, because marijuana may disrupt adolescent neurodevelopment (Wilson et al.,
2000), including the developing endogenous cannibinoid system (Romero et al., 1997; Belue et
al., 1995), previous findings among depressed adolescents without comorbid substance use
cannot necessarily be generalized to the rather sizeable population of marijuana users (e.g.,
Tapert & Brown, 1999; Tapert et al., 2002). Therefore, the goals of the present study were to

examine: 1) the relationship between white matter and hippocampal volumes and depressive
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symptoms and 2) whether marijuana use moderates the relationship between brain structure and

depressive symptoms in a sample of thirty-two adolescents.

METHOD
Participants

Adolescents were recruited from high schools, universities, and through ads. All youth
were between 16 to 18 years old, fluent in English, and had a parent/guardian available to
consent and provide history. Other comprehensive exclusionary criteria included: psychotropic
medication use; history of DSM-IV Axis I disorder (other than substance use); LOC >2 minutes;
serious medical illness; learning disability/mental retardation; significant maternal drinking or
drug use during pregnancy; complicated birth (<33 weeks); parental history of bipolar I or
psychotic disorders; left handedness; vision or hearing problem; and MRI contraindications.
Finally, any youth with data suggestive of substance use in the 28 days prior to the session were
excluded from analyses.

All participants and, if under age 18, their parent/guardian, underwent written informed
consent and, for minors, assent in accordance with the UCSD IRB. Of those eligible, data were
collected from sixteen marijuana using (“MJ-users”) and sixteen drug-free adolescents
(“controls™). MJ-users took marijuana at least 60 times in their lifetime, did not meet criteria for
Heavy Drinker status (Cahalan et al., 1969), and did not use substances other than marijuana,
alcohol, or nicotine > 25 times in their lifetime. Controls never met criteria for Heavy Drinker,
had < 5 experiences with marijuana, and never used any other drug besides nicotine.

Measures
Youth History. The Structured Clinical Interview (SCI) was used to measure psychosocial

functioning. The computerized NIMH Diagnostic Interview Schedule for Children was also
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administered (C-DISC-4.0; Shaffer et al., 2000), which reliably diagnoses major psychiatric
disorders in adolescents. Parallel modules of the Computerized Diagnostic Interview Schedule
(Robins et al., 1996) were used for any 18-year-olds who lived independently (Thompson et al.,
1996).

Youth Drug Use. Youth were administered the Customary Drinking and Drug use

Record (CDDR) to assess frequency of lifetime and past 3-month use, and DSM-IV abuse and
dependence criteria (Brown et al., 1998; Stewart and Brown, 1995). To more closely examine
frequency of drug use during the past 60 days, the Time-Line Followback (TLFB) was utilized
(Sobell et al., 1979; Sobell and Sobell, 1992). The following drug categories were assessed by
both instruments: marijuana, alcohol, nicotine, stimulants (cocaine, amphetamine,
methamphetamine, MDMA), opiates (heroin, morphine, opium), hallucinogens (PCP,
mushrooms, LSD, ketamine), sedatives (GHB, barbiturates, benzodiazepines), and prescription/

OTC medications.

Parent Interview. To corroborate the youth’s information, parents were administered the
parent version of the SCI and the parent version of the C-DISC-4.0. In addition, the
parents/guardians were given the TLFB to corroborate youth reports of alcohol and drug use for
the past 60 days.

Depressive Symptoms. The Beck Depression Inventory (BDI; (Beck et al., 1988) and

Hamilton Depression Rating Scale (HAM-D; Hamilton, 1986) assessed current mood. The BDI
is a 21-item self-report questionnaire that measures depressive symptoms over the previous two
weeks; the BDI has been used previously with adolescents (Bennet et al., 1997). The HAM-D,
which has also been used with adolescents (e.g., Nixon et al., 2001), is a 26-item semi-structured

interview that assesses depressive symptoms during the previous 7 days.
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Procedures

Trained laboratory assistants administered the youth screening interviews to assess the
aforementioned inclusion and exclusion criteria. Parents or guardians of youth were then
contacted. Parents and youth were informed that they would not receive information regarding
each other’s responses or test results. If still eligible, potential youth and parent/guardians were
administered a detailed interview assessing demographic and psychosocial functioning, Axis |
psychiatric disorders, and drug use history. To improve open disclosure, different lab assistants
interviewed the parent and youth. If eligible, they were scheduled to begin the monitored
abstinence protocol.

The youth were monitored with supervised urine and breath samples every 3-4 days for
28 days. If all toxicology tests were negative, the youth was scheduled for psychological
evaluation and imaging. These sessions included a brief questionnaire and interview (including
the depressive measures), neuropsychological evaluation, hair sample toxicology to confirm the
urine toxicology results, and magnetic resonance imaging (MRI). Of eligible MJ-using youth
who initiated monitored abstinence, 29% had data suggesting substance use during the 28-day
period. Youth who did not maintain abstinence were discontinued and compensated for their
time. Upon completion of the study, youth and parents/guardians received financial
compensation.
Imaging

Imaging data were acquired on a 1.5 Tesla General Electric Signa LX system using a
sagittally acquired inversion recovery prepared T1-weighted 3D spiral fast spin echo sequence
(TR =2000 ms, TE = 16 ms, FOV = 240 mm, voxel dimensions = 0.9375 x 0.9375 x 1.328 mm,

128 continuous slices, acquisition time = 8:36) (Wong, 2000).
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Data Processing and Analysis

Removal of non-brain materials from each T1-weighted 3D anatomical dataset used a
combination of a hybrid watershed and deformable surface semi-automated skull-stripping
program (Segonne et al., 2004) and manual editing. All manual editing was performed in AFNI
(Cox, 1996) by trained assistants blind to participant characteristics who attained high levels of
inter- and intra-rater reliability (intraclass correlation coefficients >.90) prior to data collection.
Next, fully skull-stripped T1 anatomical images were processed using the Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain's automated segmentation tool (FAST)
(Zhang et al., 2001). Utilizing a hidden Markov random field model and an associated
expectation-maximization algorithm, this automated program was used to segment the white

matter of the brain from other tissue types (see Figure 1).

Hippocampal regions of interest were manually traced on contiguous 1.3 mm slices in the
coronal plane through the structure (see Nagel et al., 2005) by trained assistants blind to
participant characteristics (ICC >.90). Briefly, the stereotactic boundaries were as follows:
anterior: coronal slice through the fullest portion of the mammillary bodies; superior/lateral:
temporal horn and alveus; inferior: white matter of the parahippocampal gyrus; medial: ambient
cistern; posterior: columns of the fornix. All volumes were analyzed as a ratio to overall
intracranial volume (ICV) to control for individual variability in brain size (Giedd et al., 1996).

The primary analysis included three series of multiple regressions that tested whether
white matter or hippocampal (right and left) volume was significantly associated with depressive
symptoms after controlling for marijuana use group status, gender, alcohol use, and interactions

between group and white matter/hippocampal volume. Specifically, three regressions testing the
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relationship between each independent variable of interest [overall white matter volume/ICV, left
hippocampal volume/ICV, or right hippocampal volume/ICV] and each dependent variable (BDI
and HAM-D) were run, totaling six regressions. BDI and HAM-D scores were log-transformed
to adhere to linear regression assumptions. Independent variables were entered first as a block
(standard entry): white matter or hippocampal volume, group, lifetime alcohol use, and gender.
Interactions between brain volume and group were then entered as a second block.

RESULTS

Group Comparisons

Demographics. ANOVAs and chi-squares tested whether the MJ-users and controls
differed demographically. The MJ-users and controls (n=16/group) did not differ significantly in
age [average=18.0 years, range 16.0-18.9; F(1,31)=.12, p=.74]; WRAT-3 (Wilkinson, 1993)
Reading standard score [MJ-users 106.7 mean%6.4 SD, range 98-119; controls 106.0£8.6, range
85-116; F(1,31)=.14, p=.71], or gender composition [MJ-users 4 females, 12 males; controls 5
females, 11 males; x*(1)=.16, p=.69]. However, groups differed in ethnic identification
[x3(4)=10.18, p=.04]: MJ-users were 75% Caucasian, 13% multiple ethnicities, 6% Pacific
Islander, and 6% “other,” while controls were 63% Caucasian and 37% Asian-American (see
Table 1).

White Matter/Hippocampal Volume. The MJ-users and controls did not significantly
differ in their intracranial volume (ICV) [F(1,31)=.15, p=.71], white matter volume/ICV
[F(1,31)=.60, p=.44], left hippocampal volume/ICV [F(1,31)=2.0, p=.16], or right hippocampal
volume/ICV [F(1,31)=.26, p=.61]. (See Table 1 for raw values.)

Drug Use. All participants were abstinent from all drugs for a minimum of 28 days (light
to moderate alcohol use may have occurred because breathalyzer tests were given only every 3-4

days; participants who self-reported binge drinking were excluded). The average length of
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abstinence from any alcohol use for MJ-users was 44 days (£61, range=9-270 days) and 132
days (£130, range=30-365 days) for controls. Average length of abstinence from all other drugs
for the MJ-users was 107 days (£33, range=30-300 days). MJ-users reported more lifetime
episodes of MJ use than controls [MJ-users 475.6+268.5, range 60-1000; controls 0.6+1.4, range
0-5; F(1,31)=50.0, p=.0001]. On average, the MJ-users had used marijuana for 3.4 years (1.7,
range= 0.8-6.7). MJ-users also had more lifetime episodes of alcohol consumption than controls
[MJ-users 194.5+136.8, range 20-420; controls 22.6+46.9, range 0-160; F(1,31)=22.6, p=.0001].
No control had used any drug besides alcohol or marijuana, but MJ-users had used other drugs
an average of 6.9 times [£8.6, range 0-25; F(1,31)=10.42, p=.003] (see Table 1).

Depressive Symptoms. In general, MJ-users reported marginally higher scores on the BDI
[MJ-users 4.6+7.0, range 0-20; controls 1.3+2.0, range 0-6; F(1,31)=3.4, p=.08] and significantly
greater scores on the HAM-D [MJ-users 4.0 £5.9, range 0-21; controls 1.0+2.0, range 0-8;
F(1,31)=4.2, p=.05]. Compared to published norms (Beck et al., 1996; Bennet et al., 1997), 0%
of controls and 19% of MJ-users were clinically elevated (>13) on the BDI. On the HAM-D, 6%
of controls and 13% of MJ-users evidenced mild symptoms (scores 7-17) and 6% of MJ-users

reported moderate (>18) depressive symptoms (Nixon et al., 2001).

Bivariate Relationships

Table 1 shows correlations between the demographic variables, brain volumes, and
depressive measures for each group. Effect sizes (Cohen, 1988) reflecting the magnitude of the
difference between correlation coefficients (with equal sample sizes) revealed that the

correlations between white matter volume and BDI scores (q=.89, large effect size) and HAM-D
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scores (g=.22, small effect size) were stronger among the MJ-users compared to controls. All
other effect sizes were not significant (q<.10).
Multivariate Relationships

As stated earlier, a series of regressions (predictors: gender, group, alcohol use, white
matter or left/right hippocampal volume, and group-by-brain volume interaction term) was run to
predict depressive symptoms on the BDI and HAM-D.

Predictor: White Matter Volume. When predicting BDI scores, there was a significant
interaction between group membership and white matter volume (beta = -.59, p =.03) indicated
that, among MJ-users only, smaller white matter volume was associated with higher depressive
scores. For the HAM-D, smaller white matter volume was significantly associated with higher
levels of depressive symptoms among all the adolescents (beta = -.34, p = .03; see Figures 2 and
3). MJ-users (beta = .42, = < .04), and all female adolescents (beta = -.42, p = .01) reported
higher scores on the HAM-D.

Predictor: Hippocampal Volume. No hippocampal (left or right) variables predicted
depressive symptoms on the BDI or HAM-D. When hippocampal volumes were predictors
instead of white matter volume, similar relationships were found between group status and
gender and HAM-D scores in that MJ-users (p = .03) and female adolescents (p = .002) reported

higher scores.

DISCUSSION
The primary findings revealed that marijuana use and white matter volume were additive
and interactive in predicting depressive symptoms among adolescents. It is notable that the

relationship between white matter volume and depressive symptoms was observed in a sample of
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adolescents who did not meet past or current criteria for a depressive disorder. Therefore, the
findings are not confounded by the influences of mood disorder duration or psychiatric
medications. Consistent with previous research, we also found that marijuana users had
significantly higher scores on a depression rating scale (HAM-D) compared to the controls.

The relationship between reduced white matter volume and increased depressive
symptoms in this sample may be driven primarily by disruption in the frontal-limbic-basal
ganglia circuitry (e.g., Levy and Dubois, 2005; Rogers et al., 1998; Tekin and Cummings, 2002).
Indeed, differences in prefrontal white matter volume and integrity have been shown in pediatric
(Nolan et al., 2002), adolescent (Steingard et al., 2002), adult, and elderly (Ballmaier et al., 2004;
Heiden et al., 2005; Taylor et al., 2004) depressed patients compared to non-depressed controls.
Among depressed adolescents, it has been hypothesized that reduced prefrontal lobe white matter
volume is due to abnormal myelination during neuromaturation (Steingard et al., 2002).
However, it remains difficult to determine whether abnormal neurodevelopment caused
depression, or if depression interrupts developmental myelination.

Notably, we found that the relationship between smaller white matter volume and
increased depressive symptoms was most prominent among the marijuana users. Due to the
cross-sectional nature of this study, the directional and temporal relationship of white matter
volume, marijuana use, and depressive symptoms cannot be ascertained. One possible
explanation for these findings is that the MJ users demonstrated increased variance in depressive
symptoms compared to controls, especially on the BDI; therefore, statistical relationships were
more likely to be observed in this group compared to controls. However, we did detect a small
difference in the correlations between the HAM-D and white matter volume between the groups.
Therefore, based on these findings and previous research demonstrating higher rates of

depressive symptoms among marijuana users (Degenhardt et al., 2003; Rey et al., 2004), we
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believe that the current results support the hypothesis that chronic marijuana use may cause or
worsen depressive symptoms. In turn, morphological abnormalities may be observed earlier in
the mood disorder process among marijuana users.

The endogenous cannabinoid receptors are found in brain regions associated with mood
regulation, such as limbic and frontal areas, as well as white matter (Eggan and Lewis, 2006;
Romero et al., 1997; Soares and Mann, 1997). Therefore, it is possible that chronic marijuana
use may alter white matter tracts in these areas (Matochik et al., 2005), directly causing
depressive symptoms. However, we did not find white matter volume differences between the
groups, although differences in white matter microstructure may exist. Still, we believe it is
unlikely that marijuana use is directly or solely responsible for the subtle white matter
abnormalities associated with depressive symptoms in this sample. A possible alternative is that
chronic marijuana use worsens existing depressive symptoms by disrupting the neuronal
functioning of the frontal and limbic brain circuits (Loeber and Yurgelun-Todd, 1999; Lungqvist,
et al., 2001; Martin et al., 2002). Due to compromised neuronal functioning in these areas,
adolescent marijuana users may be less able to compensate for additional neuropathological
processes associated with depressive symptoms. Finally, this observed interaction between
marijuana use and white matter could be due to other moderating factors, such as shared genetic
or environmental vulnerability for both disorders (e.g., Fu et al., 2002).

We did not find relationships between hippocampal volume and depressive symptoms in
this sample of adolescents. It is possible that hippocampal volume reductions occur later in the
depressive disorder course (MacQueen et al., 2003; Sheline et al., 1999). However, the current
findings are consistent with studies focused on depressed pediatric patients (DeBellis et al.,
1999; MacMillan et al., 2003; Rosso et al., 2005) and medication free young adults (average age

30) (Hastings et al., 2004). Therefore, the relationship between hippocampal volume and
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depressive symptoms may occur primarily in the elderly (Lloyd et al., 2004), particularly those
with comorbid cerebrovascular disease (losifescu et al., 2005; Thomas et al., 2002).

Some limitations of this study warrant consideration. Although comparable to previous
neuroimaging studies, the sample size is relatively small, which may influence generalizability
and power. Further, the control group had limited variability of depressive symptoms, which
may have influenced the group-white matter interaction results. Samples with substantially
different patterns of substance use may yield different results. Further, the marijuana users had
greater histories of alcohol and other drug use, although these variables were not related to
depressive symptoms or white matter in this sample. Still, statistical control is not equivalent to
matching, so it is possible that the combination of alcohol and marijuana use contributed to these
findings.

In summary, the present study found significant negative relationships between white
matter volume and depressive symptoms in adolescents, especially among marijuana users.
These structural findings may be primarily due to frontal-limbic-basal ganglia circuitry
disruption. Therefore, further research investigating white matter integrity in specific regions of
interest (e.g., dorsolateral prefrontal cortex, cingulum) combining morphological analysis with
diffusion tensor imaging in adolescent marijuana users is warranted. Further, longitudinal
studies are needed to examine the developmental course of brain structure in conjunction with

depressive symptoms among substance-using and non-using adolescents.
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Table 1: Demographic, brain volume characteristics, and simple bivariate relationships with

depression
Marijuana Users Controls
(n=16) (n=16)
% or M+SD | r with rwith | % or M£SD | rwith | rwith
BDI HAM-D BDI | HAM-D
Gender (male) 75% -80*** | -64** 69% 29 -41
Ethnicity (Caucasian) * 75% 22 -.05 63% -.29 .00
Age 18+0.7 -.23 .10 18+0.9 .01 31
Lifetime alcohol use (episodes) *** 195+137 .26 13 2347 .06 -.06
Lifetime marijuana use (episodes) *** 4761269 .06 -13 1+1 n/a n/a
Global white matter volume/ICV (cc®) | .2998+.0139 | -.60** -56* |.2963+.0116 | .19 -42
Raw white matter volume (cc®) 448.56+48.6 n/a n/a 437.89+48.5| nla n/a
Left hippocampus volume/ICV (cc®) .0026+.0003 .10 -.09 .0025+.0002 | .15 .03
Raw left hippocampal volume (cc®) 4.05+.45 n/a n/a 3.89+.40 n/a n/a
Right hippocampus volume/ICV (cc®) | .0024+.0003 .02 -15 .0023+.0002 | .03 -13
Raw right hippocampal volume (cc®) 3.72+.46 n/a n/a 3.67+.39 n/a n/a

ICV=Intracranial Volume. Analyses utilizing brain volumes were corrected for total intracranial

volume. *p<.05 **p<.01 ***p<.001
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Figure 1: Example (axial orientation) of an anatomical image in the skull, after skull stripping,

and after white matter segmentation.
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Figure 2: Simple bivariate relationships between white matter volume and BDI by group.
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Figure 3: Simple bivariate relationships between white matter volume and HAM-D by group.
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