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Abstract

Background— Converging lines of evidence suggest that the hippocampus may be particularly
vulnerable to deleterious effects of alcohol and marijuana use, especially during adolescence. The
goal of this study was to examine hippocampal volume and asymmetry in adolescent users of alcohol
and marijuana.

Methods— Participants were adolescent (aged 15-18) alcohol (ALC) users (n=16), marijuana and
alcohol (MJ+ALC) users (n=26), and demographically similar controls (n=21). Extensive
exclusionary criteria included prenatal toxic exposure, left handedness, and psychiatric and
neurologic disorders. Substance use, cognitive, and anatomical measures were collected after at least
2 days of abstinence from all substances.

Results— Adolescent ALC users demonstrated a significantly different pattern of hippocampal
asymmetry (p<.05) and reduced left hippocampal volume (p<.05) compared to MJ+ALC users and
non-using controls. Increased alcohol abuse/dependence severity was associated with increased right
> left (R>L) asymmetry and smaller left hippocampal volumes while marijuana abuse/dependence
was associated with increased L>R asymmetry and larger left hippocampal volumes. Although MJ
+ALC users did not differ from controls in asymmetry, functional relationships with verbal learning
were found only among controls, among whom greater right than left hippocampal volume was
associated with superior performance (p<.05).

Conclusions— Aberrations in hippocampal asymmetry and left hippocampal volumes were found
for adolescent heavy drinkers. Further, the functional relationship between hippocampal asymmetry
and verbal learning was abnormal among adolescent substance users compared to healthy controls.
These findings suggest differential effects of alcohol and combined marijuana and alcohol use on
hippocampal morphometry and the relationship between hippocampal asymmetry and verbal
learning performance among adolescents.
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1. INTRODUCTION

Alcohol is the most widely used intoxicant among adolescents in the U.S. By 12" grade, 77%
of students have tried alcohol and 33% reported getting drunk in the past month. Marijuana is
the second most used intoxicant, with 20% of 12" graders reporting past month use (Johnston,
O'Malley, Bachman, & Schulenberg, 2005). Furthermore, 58% of adolescent drinkers also use
marijuana (Martin, Kaczynski, Maisto, & Tarter, 1996), contributing to frequent comorbidity
between alcohol and marijuana use disorders (Agosti, Nunes, & Levin, 2002). This prevalence
of alcohol and marijuana use during adolescence is of concern because the introduction of
toxins may disrupt healthy brain development (Giedd et al., 1996; Sowell, Trauner, Gamst, &
Jernigan, 2002). While overall brain size changes little beyond school-age (Giedd, 2004), white
matter develops into the 20’s (Jernigan & Gamst, 2005; Pfefferbaum et al., 1994; Sowell,
Thompson, Holmes, Jernigan, & Toga, 1999). Gray matter volume peaks around ages 12-14
then decreases, due largely to synaptic pruning (Huttenlocher, 1990). The few studies that
examined the hippocampus specifically found increased volume (Giedd et al., 1996; Jernigan
& Gamst, 2005; Suzuki et al., 2005) and increasing myelination (Benes et al., 1994) from
childhood to adulthood.

Chronic heavy alcohol use is associated with deficits in brain structure and function (Rourke,
1996). Studies of adult alcoholics reveal white matter volume reductions and microstructural
abnormalities (Estruch et al., 1997; Hommer et al., 1996; Kril, Halliday, Svoboda, &
Cartwright, 1997; Pfefferbaum et al., 1996; Pfefferbaum et al., 2000), and gray matter volume
deficits in hippocampal and other brain regions (Gansler et al., 2000; Laakso et al., 2000;
Phillips, Harper, & Kril, 1987; Sullivan et al., 2005; Sullivan, et al., 1995). Neuropsychological
studies demonstrate deficits in verbal and visual memory, working memory, visuospatial
functioning, gait/balance, reasoning, inhibition, and speeded processing (Duka, et al., 2003;
Garland, Parsons, & Nixon, 1993; Sullivan, etal., 2002; Sullivan, Rosenbloom, & Pfefferbaum,
2000; Townshend & Duka, 2005).

Adolescents may be particularly vulnerable to the neurotoxic effects of alcohol (see Barron et
al., 2005; Monti et al., 2005; Spear, 2000). Animal studies show greater sensitivity during
adolescence to the effects of alcohol on spatial working memory (Little, et al., 1996; Silveri &
Spear, 1998; Swartzwelder, et al., 1998; White et al., 2002; White, et al., 2000; Yttri, Burk, &
Hunt, 2004), social facilitation (Varlinskaya & Spear, 2006), and long-term potentiation
(Pyapali, et al., 1999; Swartzwelder, Wilson, & Tayyeb, 1995), as well as greater cortical
damage (Crews, et al., 2000; Hollstedt, Olsson, & Rydberg, 1980; Little et al., 1996). In
humans, hippocampal (De Bellis et al., 2000; Nagel, et al., 2005) and prefrontal (De Bellis et
al., 2005) volumes appear smaller and brain response during spatial working memory is
abnormal (Tapert et al., 2004) in adolescents with alcohol use disorders. Heavy alcohol use
during adolescence is associated with poorer verbal retrieval (Brown, et al., 2000), attention
(Tapert & Brown, 1999), and visuospatial functioning (Giancola, Mezzich, & Tarter, 1998;
Tapert, etal.,, 2002). Thus, although adolescents have short lifetime drinking durations, heavy
alcohol use is associated with abnormalities in brain structure, function, and cognitive
performance.

Less is known about the neural consequences of marijuana use. Animal models show changes
associated with chronic exposure in prefrontal regions, hippocampus, and cerebellum (Carta
etal., 1998; Chan et al., 1998; Childers & Breivogel, 1998; Ghozland et al., 2002; Landfield,
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et al., 1999; Romero, et al., 1995; Rubino et al., 1997). As with alcohol, cannabinoids appear
particularly neurotoxic to hippocampal neurons (Carlson, Wang, & Alger, 2002; Chan et al.,
1998; Hoffman & Lupica, 2000; Kim & Thayer, 2001; Landfield, Cadwallader, & Vinsant,
1988). Adult human users (ages 21-35) show decreased gray matter density in the right
parahippocampus and bilateral hippocampus compared to controls, but more white matter
density in the left parahippocampus gyrus (Matochik, et al., 2005), which could suggest altered
adolescent neuromaturational processes. The left hippocampus of marijuana using adults has
shown lower regional cerebral blood flow during a verbal memory task (Block et al., 2002).
Functional imaging studies have revealed abnormal brain functioning during spatial working
memory (Kanayama et al., 2004), inhibitory processing (Gruber & Yurgelun-Todd, 2005), and
motor sequencing (Pillay et al., 2004) among heavy marijuana using adults. In terms of
neurocognitive effects, a meta-analysis suggested (Grant et al., 2003) that chronic cannabis
use was primarily associated with some subtle persistent deficits in learning and memory.
Nevertheless, other studies have reported deficits in attention, working memory, time
estimation, response perseveration, and processing speed (Ehrenreigh et al., 1999; Bolla et al.,
2002; Pope & Yurgelun-Todd, 1996; Solowij et al., 2002). However, neurocognitive deficits
may normalize within a month of abstinence among adults (Pope et al., 2001).

Cannabis may differentially affect adolescents compared to adults. CB1 receptor levels peak
in early adolescence and decrease thereafter (Belue et al., 1995) and cannabinoid exposed
adolescent rats demonstrate more learning impairments compared to exposed mature rats (Cha
et al., 2006; Schneider & Koch, 2003; Stiglick & Kalant, 1982, 1985). Wilson and colleagues
(2000) retrospectively found that adults who used marijuana before age 17 had smaller gray
matter and larger white matter volumes than later-onset users. Further, adults who initiated
heavy marijuana use in early adolescence demonstrated poorer attention (Ehrenreich et al.,
1999), verbal abilities and short term memory (Pope et al., 2003) compared to those who began
use later. Thus far, no published studies have examined brain morphometry in adolescent
marijuana users. A preliminary functional magnetic resonance imaging (FMRI) study found
that adolescent users of marijuana demonstrate increased right hippocampal response during
a 2-back verbal working memory task compared to non-users (Jacobsen et al., 2004), perhaps
indicating that marijuana users failed to inhibit hippocampal activity due to cannabis-induced
changes in inhibitory neurotransmission or apoptosis in the hippocampus. The few studies that
have examined cognitive functioning in heavy marijuana using adolescents report deficits in
attention (Tapert et al., 2002) and short-term memory (Schwartz et al., 1989).

In summary, converging lines of evidence suggest that the hippocampus may be particularly
vulnerable to structural damage caused by heavy alcohol or marijuana use, especially during
adolescence. Hippocampal functioning is associated with learning and memory formation
(Eichenbaum, 1999; Squire, 1992). Animal models have demonstrated hippocampal
asymmetry (e.g., Diamond et al., 1983), although it has not been examined in developing
animals. In healthy adults, hippocampal asymmetry (typically greater right versus left
hippocampal volumes; R>L) is often observed (for review see Pedraza, Bowers & Gilmore,
2004), although some studies have found minimal to no asymmetry (Bhatia et al., 1993; Raz
et al., 2004). Typical hippocampal asymmetry is theorized to contribute to the functional
differences in memory between the two hemispheres (Kawakami et al., 2003; Zaidel et al.,
1997). Abnormal hippocampal asymmetry (including exaggerated R>L, L>R, and symmetry)
has been associated with multiple clinical conditions, including Alzheimer’s disease (Barnes
et al., 2004; Geroldi et al., 2000), schizophrenia (Kim et al., 2005; Zaidel et al., 1997),
psychopathy (Raine et al., 2004), violent offending (Chesterman et al., 1994), and prolonged
febrile convulsion (Scott et al., 2003). However, due to ongoing gray and white matter
development (e.g., Giedd et al., 1996; Nagel et al., 2006; Sowell et al., 2002), results based on
adults or children may not generalize to adolescents. Two studies have reported adolescent
R>L hippocampal asymmetry; one included youth 4 to 18 years old (Giedd et al., 1996) and
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the other compared young adolescents (13-14) to young adults (19-21) (Suzuki et al., 2005).
Foster and colleagues (1999) reported that during late adolescence, smaller left hippocampal
volumes were associated with improved verbal recall. However, the relationship between
hippocampal asymmetry and memory functioning in both healthy or substance-using
adolescents is unknown.

Further, given the comorbidity of alcohol and marijuana use among adolescents (Agosti,
Nunes, & Levin, 2002; Button et al., 2006; Martin, et al., 1996; SAMHSA, 2004), the effects
of combined use of marijuana and alcohol use on hippocampal morphometry is also of great
interest. Unfortunately, relatively little is known about the neurocognitive consequences of
simultaneous use, and previous findings in adults have been conflicting. Some have found no
additive acute motor or cognitive effects of combined cannabidiol (CBD) or THC and alcohol
use (Belgrave et al., 1979b; Liguori et al., 2002), while others have found cumulative acute
effects of THC or CBD and alcohol in perceptual and motor function (Belgrave et al., 1979a;
Chait & Perry, 1993; Consroe et al., 1979). Additionally, simultaneous use of CBD and ethanol
actually decreased blood alcohol levels (Consroe et al., 1979). Although previous research has
shown reduced left hippocampal volumes in adolescent heavy drinkers (Nagel et al., 2005;
DeBellis et al., 2000), no studies to date have examined hippocampal volume and asymmetry
in adolescents who heavily use both alcohol and marijuana.

One critique of previous research is that hippocampal abnormalities may relate to risk-factors
associated with substance use disorders, not to neurotoxic effects of substances. Consequently,
this study sought to expand upon previous findings by statistically controlling for or excluding
potential preexisting differences, within the limitations of a cross-sectional design, that may
affect hippocampal morphometry such as comorbid psychiatric disorders, conduct disorder, or
family history of substance use disorders (e.g., Tapert & Brown, 2000; Kruesi et al., 2004).
Therefore, the purpose of the present study was to examine hippocampal volume and
asymmetry in substance-using and demographically matched adolescents while controlling for
potentially confounding factors. Specifically, we compared right and left hippocampal volumes
and hippocampal asymmetry (right-left/right+left) in three adolescent groups aged 15-18: 1)
alcohol users, 2) alcohol + marijuana users, and 3) non-substance using controls. Relationships
between hippocampal morphometry, substance use severity, and verbal memory functioning
were also examined.

2. METHODS
2.1 Participants

Adolescents aged 15-18 were recruited via distribution of flyers at local high schools,
community colleges, and universities in the greater San Diego area. Flyers described an
opportunity for participation in a brain imaging study and included brief eligibility,
compensation, and contact information. Newspaper and Internet advertisements supplemented
school-based recruitment.

Participants for this study were pooled from two larger projects examining the neural
consequences of alcohol and marijuana use in adolescence (Nagel et al., 2005; Schweinsburg
et al., 2005; Tapert et al., 2004). Due to high levels of concomitant alcohol and marijuana use
during adolescence, we were unable to recruit a large enough group of adolescents who only
used marijuana. Both studies were approved by the University of California, San Diego, Human
Research Protection Program, and written/verbal consent and assent were obtained from each
adolescent and their parent/legal guardian. All teens and parents/guardians were given an
extensive screening interview to determine eligibility. Exclusionary criteria were: history of
DSM-IV Axis | disorder (other than substance use disorder or conduct disorder due to high co-
morbidity with substance use disorders); use of psychotropic medications or any other
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medication affecting the central nervous system; learning disability or mental retardation; head
injury with loss of consciousness >2 minutes; serious medical or neurological problems (e.g.
migraines, seizures); prenatal alcohol (maternal intake of >4 drinks/day or >7 drinks/week) or
drug exposure; complicated or premature birth (<33 weeks gestation); parental history of
bipolar I or psychotic disorders; left handedness; non-correctable vision or hearing problem;
and any MRI contraindications (e.g., claustrophobia, current pregnancy, metal in body).

Eligible participants were classified in three groups based on pattern of substance use: (1)
alcohol-only (ALC, n=16), who used alcohol but had limited marijuana experience (<40
lifetime uses; no MJ abuse/dependence diagnosis) or other substance use (< 25 lifetime uses);
(2) marijuana+alcohol using (MJ+ALC, n=26), who used marijuana and alcohol but had
limited other drug use (< 25 lifetime uses); (3) controls (n=21), with had limited experience
with alcohol (<60 lifetime uses; no ALC abuse/dependence diagnosis) and no experience with
any other substance. All participants were requested to abstain from any alcohol or other drug
use for 2 days prior to the research session. Any teens unable to remain abstinent (as measured
by urine toxicology screening, breathalyzer screening, self-report, and parent report) are not
described in this report (see Procedures section).

2.2 Measures

2.2.1 Demographic and Psychiatric Assessment—Screening interviews were
completed separately with each adolescent and their parent/guardian to assess for current and
past psychiatric conditions and family substance use disorder and psychiatric history. Minor
participants (<18 years) were administered the Computerized NIMH Diagnostic Interview
Schedule for Children (C-DISC-4.0; Shaffer et al., 2000), and participants over 18 years old
who lived independently received the complementary Computerized Diagnostic Interview
Schedule (C-DIS-1V; Robins et al., 1996; Shaffer et al., 2000). Parallel modules of the above
diagnostic measures assessed for major psychiatric disorders, including DSM-IV Axis |
anxiety, mood, conduct, and psychotic disorders. To corroborate this information, parents/
guardians (typically biological mothers) of minors were administered the complementary
parent version of the DISC.

2.2.2 Alcohol and Substance Use—Current (past 3 month) and lifetime experiences with
alcohol, nicotine, and other substances were collected using the Customary Drinking and Drug
use Record, assessing DSM-1V abuse and dependence symptoms, symptoms of withdrawal,
and substance-related adverse life events (Brown et al, 1998, Stewart and Brown, 1995). In
addition, the Time-Line Followback (Sobell and Sobell, 1992) was administered to youth and
parents, providing more detailed information in a calendar format about the type, quantity, and
frequency of recent use for the past 30 days covering alcohol, marijuana, nicotine, stimulants
(e.g., amphetamine, methamphetamine, MDMA/ecstasy, cocaine), opiates (e.g., heroin,
Vicodin), hallucinogens, barbiturates, benzodiazepines, and misuse of other prescription and
over-the-counter medications.

2.2.3 Cognitive Functioning—As part of a larger neuropsychological testing battery,
participants were given the age-appropriate VVocabulary subtests from the Wechsler
Intelligence Scales [Wechsler Intelligence Scale for Children-Third Edition (WISC-I1Il;
Wechsler, 1993), Wechsler Adult Intelligence Scale-Revised (WAIS-R; Wechsler, 1981), or
Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999)], and the California
Verbal Learning Test [Children’s Version (CVLT-C, Delis, 1994) or 2" Edition (CVLT-II,
Delis, 2000)]. CVLT-C and CVLT-1I measure verbal learning and memory using word lists
which include items drawn from semantic categories. The CVLT variables of interest in this
study are trial 1 z-score and total recall (across trials 1-5) T-score. The CVLT was chosen
because this task has been sensitive to verbal memory deficits in substance abusing populations
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(e.g., Medinaetal., 2006; Medina et al., 2005; Tapert & Brown, 2000) and has been associated
with temporal lobe/hippocampal activation (Johnson et al., 2001). All teens were also
administered an estimate of premorbid intelligence reflecting quality of education (Wide Range
Achievement Test, Reading subtest; Wilkinson, 1993).

2.3 Procedures

Trained research assistants administered screening interviews to adolescents and parents to
assess eligibility. If eligible, prospective participants and their parent/guardians were
individually administered a detailed interview assessing demographics, psychosocial
functioning, and psychiatric history. To facilitate open and honest disclosure, confidentiality
of provided information and toxicology results was ensured for youths and parents within
ethical and legal guidelines (Winters et al., 1990). Data from adolescents with self-report of
drug or alcohol use within two days, or positive urine toxicology screens (all drugs excluding
THC) or breath samples (AlcoSensor IV, Intoximeter, Inc., St. Louis, MO) at the time of
evaluation were not included in these analyses. Imaging sessions occurred on Thursday
evenings to maximize recovery from weekend substance use and to minimize possible
circadian influences. Parents and teens received financial compensation for participation upon
completion of the study.

2.4 Image Processing

High-resolution MRI 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). To obtain overall
intracranial volume (ICV), a hybrid watershed and deformable surface semi-automated skull-
stripping program, followed by manual editing, was utilized to remove non-brain materials
from each T1-weighted 3D anatomical dataset (Segonne et al., 2004). All manual editing (ICV
and hippocampal tracings) was performed in AFNI (Cox, 1996) by trained research assistants
blind to participant characteristics who attained high levels of reliability (intraclass correlation
coefficients >.90).

Hippocampal regions of interest were manually traced on contiguous 1.3 mm slices in the
coronal plane through the structure (for additional details see Nagel et al., 2005). The
stereotactic boundaries were as follows: anterior boundary began at the coronal slice through
the fullest portion of the mammillary bodies; superior/lateral boundary was at the temporal
horn and alveus; inferior boundary was at the white matter of the parahippocampal gyrus;
medial boundary was at the ambient cistern; posterior boundary was where the columns of the
fornix are visible. See Figure 1 for sample hippocampal delineation. Left and right hippocampal
volumes were each analyzed as ratios to ICV to control for individual variability in brain size
(Giedd et al., 1996). The hippocampal asymmetry variable was calculated by subtracting the
left hippocampal (LH) volume from the right hippocampal (RH) volume and then diving this
by their sum (RH-LH /RH+LH). Positive values reflect R>L and negative values reflect L>R
hippocampal asymmetry.

2.5 Statistical Analysis

2.5.1. Demographic Information—All statistical analysis was conducted in SPSS 14.0.
To explore any potential group differences, ANOVASs and chi-square tests were run to compare
groups on important demographic variables such as age, gender composition, ethnic category,
parental SES, family history of substance use disorders, prevalence of conduct disorder, verbal
intellect, reading ability, and CVLT performance. Differences between the groups in
frequency, duration, and severity of drug use and intracranial volumes were also analyzed. If
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necessary, post-hoc analysis utilizing Tukey’s HSD tests were utilized. Interpretations of
statistical significance were made if p<.05.

2.5.2 Hippocampal Volume—In order to examine left and right hippocampal structure, a
MANCOVA analyzed whether LH/ICV and RH/ICV volumes differed by group, gender, or
conduct disorder diagnosis after controlling for ethnicity and age. To address the primary study
aim, a 3X2 repeated measures ANCOVA (Raine et al., 2004; Suzuki et al., 2005) was run to
assess whether substance use group (control, ALC users, MJ+ALC users), gender, or conduct
disorder diagnosis predicted hippocampal asymmetry after controlling for ethnicity and age
(which differed between groups). An interaction between group and gender was also explored.
If necessary, post-hoc Tukey’s HSD tests were conducted and interpretations about statistical
significance were made if p< .05.

2.5.3 Substance Use & Hippocampal Volume—As a post-hoc analysis, a multiple
regression tested the relationship between alcohol and marijuana disorder severity (# of abuse/
dependence criteria) and LH/ICV, RH/ICV, and hippocampal asymmetry ratio (RH-LH/RH
+LH) after controlling for gender, conduct disorder diagnosis, age, and ethnicity (p< .05).

2.5.4 Hippocampal Volume & Verbal Learning—To evaluate the functional relationship
between hippocampal asymmetry and verbal learning and memory, simple bivariate
relationships (Pearson’s r) were examined between hippocampal asymmetry and CVLT one-
trial learning and total recall, separately for each substance use group. For this preliminary
analysis, to decrease Type Il error and improve low power due to small n’s, interpretations
about statistical significance were made if p< .10 (Cohen, 1988). In addition, Fisher’s z
transformations were calculated to compare the magnitude of correlation coefficients between
the groups.

3. RESULTS

3.1 Group Comparisons

3.1.1 Demographics/Cognitive Variables/Intracranial Volume—As shown in Table
1, the three groups did not significantly differ in gender composition [x%(2)=0.55, p<.76],
family history of substance use disorders (none, mild, positive) [x2(3)=2.96, p<.56], verbal
intellectual functioning [F(2,62)=1.15, p<.33], reading ability [F(2,62)=.48, p<.62], CVLT
18t trial performance [F(2,62)=.85, p<.43], CVLT total recall [F(2,62)=1.32, p<.28], parental
SES (based on Hollingshead) [F(2,62)=1.15, p<.33], parental income [F(2,62)=0.44, p<.65],
or intracranial volume [F(2,62)=1.19, p<.31]. The groups did significantly differ in age (range
15-18) [F(2,62)=3.28, p<.05], prevalence of conduct disorder [x2(2)=7.22, p<.03], and ethnic
category [x4(8)=16.29, p<.04].

3.1.2 Substance use—All participants were abstinent from all drugs and alcohol for at least
2 days. As shown in Table 1, user groups reported more recent alcohol and marijuana use than
controls, as well as more lifetime alcohol use episodes, drinks per month (past 3 months),
alcohol abuse/dependence symptoms, marijuana abuse/dependence symptoms, and likelihood
of smoking cigarettes (p values <.05). Importantly, the ALC and MJ+ALC groups did not
significantly differ on alcohol use variables or nicotine involvement. As expected, the MJ+ALC
users reported more lifetime and past 3-month marijuana use episodes as well as lifetime other
drug use, although the latter was relatively low (3.5 times, on average) (p values <.05).

3.2 Hippocampal Volumes

3.2.1 Left & Right Hippocampal Volumes—We examined group and gender differences
in LH/ICV and RH/ICV after controlling for age, ethnic group, and conduct disorder. LH/ICV
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significantly differed between the groups [F(2,62)=3.3, p<.04, see Figure 2]. No LH/ICV
gender differences [F(1,62)=1.2, p<.27], RH/ICV group [F(2,62)=1.1, p<.34] or gender
differences [F(1,62)=1.1, p<.31] were found. Post-hoc analysis revealed that the ALC users
demonstrated significantly smaller left hippocampal volumes compared to the MJ+ALC users
(p<.04), but not the control group (p<.17).

3.2.2 Hippocampal Asymmetry—To test the primary aim of the study, a 3 (group) X 2
(hippocampal hemisphere) repeated measures ANCOVA with gender and conduct disorder as
additional independent variables and age and ethnic group as covariates was run. There was
no main effect for hippocampal asymmetry [F(1,53)=.11, p<.75], but a significant asymmetry-
by-group interaction [F(2,53)=3.24, p<.05] was found, indicating that ALC users had greater
R>L hippocampal asymmetry than controls and MJ+ALC users (see Figure 3). No significant
hippocampal asymmetry-by-gender interaction [F(1,53)=0.004, p<.95], hippocampal
asymmetry-by-gender-by-group interaction [F(2,53)=2.30, p<.11], or hippocampal
asymmetry-by-conduct disorder interaction [F(1,53)=2.02, p<.16] was found. (See Table 1 for
hippocampal volumes and asymmetry values according to group.)

3.3 Substance Use & Hippocampal Volume

To assess the relationships between substance use severity (# abuse/dependence symptoms
met) and hippocampal morphometry, ordinary least squares multiple regressions were run (N
= 63) with the following dependent variables: hippocampal asymmetry (RH-LH /RH+LH),
LH/ICV, and RH/ICV. Independent variables were the number of alcohol and marijuana abuse/
dependence symptoms endorsed. Covariates were gender, conduct disorder status, ethnic
group, and age. After controlling for these covariates, increased alcohol abuse/dependence
symptoms were associated with more R>L hippocampal asymmetry [beta =.52, p < .006]. The
opposite was found for increased marijuana abuse/dependence symptoms, which were
associated with more L>R hippocampal asymmetry [beta = —.40, p <.02]. Smaller left
hippocampal volumes (LH/ICV) were associated with more alcohol abuse/dependence
symptoms [beta = —.55, p < .004] and fewer marijuana abuse/dependence symptoms [beta = .
51, p < .003]. None of the covariates were associated with the hippocampal variables, and
abuse/dependence symptoms did not predict right hippocampal volume.

3.4 Hippocampal Volume & Verbal Learning

Table 2 shows correlations between hippocampal variables and CVLT one-trial learning and
total recall (standardized scores) as well as Fisher z transformations utilized to compare
correlation coefficients between the groups. Among the hippocampal measures, asymmetry
was the most robust predictor of verbal memory performance among the healthy non-using
control adolescents (p<.06). The controls demonstrated a stronger relationship between
hippocampal asymmetry and CVLT trial 1 performance compared to the ALC-users (p<.04)
and marginally stronger relationship compared to the MJ+ALC users (p<.09). Controls also
demonstrated a stronger relationship between hippocampal asymmetry and CVLT total recall
compared to the MJ+ALC group (p < .05). No relationships between LH/ICV, RH/ICV, or
asymmetry and memory performance were found among ALC or MJ+ALC using adolescents.
Figure 4 displays the bivariate scatterplot between hippocampal asymmetry and CVLT one-
trial learning by group.

4. DISCUSSION

Converging lines of evidence suggest that adolescents are at increased risk for neurocognitive
consequences of alcohol and marijuana use. Further, animal, neuroimaging, and
neuropsychological data suggest that the hippocampus is particularly sensitive to drug and
alcohol neurotoxicity. The present study was designed to examine hippocampal asymmetry,

Neurotoxicol Teratol. Author manuscript; available in PMC 2007 March 14.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Medina et al.

Page 9

as well as right and left hippocampal volume, among adolescent alcohol (ALC) users,
marijuana and alcohol (MJ+ALC) users, and demographically matched healthy controls. The
primary findings revealed that adolescent ALC users demonstrated more right>left (R>L)
asymmetry than non-using controls and MJ+ALC using teens. This was primarily driven by
smaller left hippocampal volumes among alcohol users.

This study did not find R>L asymmetry in the healthy adolescents, which is in conflict with
two previous findings (Giedd et al., 1996; Suzuki et al., 2005). However, adolescents the age
of our sample (15-18) were not assessed in the latter study (Suzuki et al., 2005), and the former
study (Giedd etal., 1996) examined a sample substantially younger (ages 4—18) than the current
sample. Visual inspection of the published scatterplots within the age range of 15-18 reveal
that males in the study appear to demonstrate symmetrical hippocampal volumes, and R>L
asymmetry was found primarily among the females (Giedd et al., 1996). Therefore, the current
study findings may have been driven by our higher proportion of males compared to females
(65% vs. 35%), and limited power to examine gender effects.

Interestingly, we did observe that more R>L asymmetry was associated with improved verbal
learning only among the non-substance using control adolescents in this sample. These results
may be driven by individual differences in neuromaturation, which would be consistent with
previous findings that smaller left hippocampal volumes are associated with improved verbal
memory during adolescence (Foster et al., 1999). Perhaps most importantly, these results
highlight the need for further studies specifically examining gender and hippocampal
development during the critical period of adolescence.

Expanding on previous findings of reduced hippocampal volumes among adolescent alcohol
users (Nagel et al., 2005), we found that R>L asymmetry was significantly associated with
alcohol abuse/dependence severity, even after controlling for gender, conduct disorder, ethnic
category, and age. Further, compared to controls, ALC users demonstrated a significantly
weaker correlation between hippocampal asymmetry and verbal learning. Therefore, in this
sample of alcohol-using adolescents, smaller left hippocampal volumes and greater R>L
asymmetry likely indicates a small degree of pathological processes, such as alcohol-related
neuronal death or atrophy (e.g., Melis et al., 1996), as opposed to normal pruning. There are
several possible reasons why left, but not right, hippocampal differences were found among
adolescent ALC users. Given that other studies have found reduced left hippocampal and
amygdale, but not right, volumes associated with other pathological processes (e.g., Chen et
al., 2004; Saylam et al., 2006), there may be neurotoxic or pre-existing developmental
trajectory differences between the hemispheres that account for these differences. For example,
left versus right hippocampi may differ in drug effects due to gene expression or
neurotransmitter receptor discrepancies (e.g., Mostal et al., 2006).

In contrast to the alcohol findings, greater marijuana abuse/dependence severity was associated
with larger left hippocampal volumes and greater L>R asymmetry, although as a group MJ
+ALC users did not differ from controls in hippocampal asymmetry or volume. Several
possible scenarios explain these findings. One possibility is that marijuana use could be
neuroprotective in combination with alcohol use. Indeed, among adults, simultaneous use of
cannabidiol and alcohol actually reduces blood alcohol levels (Consroe et al., 1979). However,
this hypothesis is in conflict with our finding that the MJ+ALC-using adolescents demonstrated
significantly weaker correlations between hippocampal asymmetry and verbal learning
compared to control adolescents. It is possible that the concomitant use of both substances may
create opposing mechanisms so that macromorphometric variables do not differ from those of
controls. Microstructural hippocampal changes related to marijuana use may include increased
glial proliferation and white matter density as well as reduced gray matter density (Chan et al.,
1998; Matochik et al., 1995), which could result in relatively normal hippocampal volumes
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among MJ+ALC teens despite functional pathology. Alternatively, heavy adolescent
marijuana use could subtly interfere with synaptic pruning processes, resulting in larger gray
matter volumes, particularly in the left hippocampus. Of course, additional longitudinal studies
examining hippocampal morphometry and function among adolescents who use combined MJ
+ALC and MJ alone are necessary to test these competing hypotheses.

Some potential limitations warrant consideration. Although comparable to other published
neuroimaging studies, the alcohol use group included fewer participants than the other two
groups, reducing power to detect bivariate relationships in this group. Further, results may not
generalize to substance users with different patterns of use or lengths of abstinence. Without
a marijuana-only group, it is difficult to disentangle the effects of alcohol vs. marijuana use
alone. It is also possible that the methods to measure the hippocampal volumes could have
influenced the measure of asymmetry. By using stereotactic methods to define the anterior
hippocampal boundary (the mammillary bodies), the left hippocampus may have been
artificially larger than the right because the right hemisphere is typically slightly more anterior
compared to the left (Thompson et al., 2005). Although this would not have affected group
difference results, it may have slightly underestimated R>L asymmetry for all participants.
Lastly, due to the cross-sectional nature of this study, the directional and developmental
relationship of hippocampal asymmetry and substance use cannot be clearly ascertained.
Although statistically controlled, the groups differed in the frequency of conduct disorder, with
more substance-using adolescents meeting criteria. However, there were no group differences
in other premorbid variables or risk factors associated with substance use such as family history
of substance use disorders, parental SES, verbal intellectual functioning, reading ability, and
education. Still, it remains possible that the observed hippocampal differences may be due to
preexisting individual differences, and longitudinal studies are required to further examine
hippocampal asymmetry in both healthy and substance-using adolescents.

In summary, the present study found that adolescent heavy drinkers demonstrated a
significantly different pattern of hippocampal asymmetry compared to marijuana+alcohol
users and non-substance using controls. Further, results indicate that the functional relationship
between hippocampal asymmetry and verbal learning was abnormal among adolescent alcohol
and marijuana+alcohol users compared to healthy controls. Finally, these results highlight the
need for additional animal and human research examining the potential interaction of heavy
marijuana and alcohol use on neurocognitive functioning, especially among adolescent
populations.
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Figure 1.
Examples (coronal view) of hippocampal boundary delineation.
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Means (£ 1SE) of Left Hippocampal Volume/ICV According to Group
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(Note: positive values indicate R>L hippocampal volumes, while negative values indicate
L>R.)

Neurotoxicol Teratol. Author manuscript; available in PMC 2007 March 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Medina et al. Page 20
0.10
. 4 ® Control
ﬁ A
3005 H @ O Al
£ A
2 O A A A MJ+Alc
o Control
® 0.00
@ — - Alc
/)]
2
£ = MJ+Alc
o
S 0
a -0.05 %
e A A
o A A ®
p— A A
= L :
-~ @
9\1 -0.10
E
3 0
-0.15
-2.0 -1.0_ . 0.0 1.0 2.0
CVLT First Trial Recall z-score
Figure 4.

Bivariate Scatterplot Between California VVerbal Learning Test (CVLT) Trial 1 (Z-Score) and

Hippocampal Asymmetry (RH-LH/RH+LH) According to Group.
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Table 1
Demographic, Cognitive Function, Substance Use Characteristics, and Hippocampal Morphometry Information
According to Drug Use Group.

Controls (n=21) M (SD) Alcohol (n=16) M (SD) or MJ+Alc (n=26) M (SD) or

or % [range]

% [range]

% [range]

Age£
% Female
% Caucasian

% Family history negative/mild/positive

% Conduct disorder positive

Parent annual salary (thousands)

17.5 (1.1) [15.6 - 18.9]
35%
65%
62/10/28%
0%
130.3 (60.2) [35 - 275]

16.9(0.7) [15.2 - 17.7]
33%
100%
43/32/25%
31%
146.3 (64.5) [55 - 280]

17.6 (0.9) [15.7 - 18.9]
27%
85%
48/24128%
16%
125.8 (72.5) [8 - 275)

WRAT-3 Reading Standard Score

Vocabulary T-score?
CVLT 1% Trial z-score
CVLT Total Recall T-score

104.6 (8.3) [85 - 116]
56.7 (8.6) [39 - 77]
0.0 (0.9) [1.5 - 2.0]
52.2(9.1) [36 - 67]

106.6 (7.7) [90 — 120]
59.2 (6.4) [47 - 70]
0.1(0.9) [-1.0- 2.0]
48.4 (7.1) [30 - 63]

106.5 (6.8) [88 — 116]
55.3 (8.5) [37 - 70]
-0.2(0.8) [-1.5- 1.5]
51.9 (6.9) [41 - 66]

Days since last drink *

Lifetime alcohol use episodes

521.3 (447.8) [14 — 998]
7.9 (15.7) [0 - 57]
1.0 (2.4) [0-10]

16.6 (14.4) [5 - 60]
133.6 (139.5) [14 — 505]
40.8 (30.3) [3 - 108]

20.2 (12.7) [3 - 45]
152.3 (185.4) [11 — 900]
452 (35.4) [4 - 180]

Drinks/month, past 3 months

Alcohol abuse/dependence criteria, past 3 months 0.5(0.2) [0-1] 2.7(1.6)[1-6] 2.5(2.2)[0-10]
€,

419.9 (465.7) [12 - 998]
11.9 (12.7) [0 - 40]

31.4(28.7) [2 - 120]
402.3 (259.7) [60 — 998]

Days since last marijuana use C'd,i*** 951.9 (211.2) [30 - 998]
Lifetime marijuana use episodes d, 2.2(5.7)[0-20]

Kkk

Marijuana use/month, past 3 months 0.0 (0.0) 0.8(1.4)[0-5] 14.2 (10.6) [1-30]
Marijuana abuse/dependence criteria, past 3 0.0 (0.0) 09 (15)[0-4] 22(31)[0-12]
months & .

Smoked cigarettes, past month 4% 50% 50%
Cigarettes per smoking day © 1.0(0) [1] 2017 [1-4] 2.8(3.0)[1-10]
Lifetime other drug use episodes 0.0(0.0) 0.0 (0.0) 3.5(6.8) [0-25]

Intracranial Volume (ICV) (cc®)

Left Hippocampal (LH) Volume (cc®)
Right Hippocampal (RH) Volume (cc®)
Hippocampal Asymmetry (RH-LH/RH+LH)

1566.8 (129.6) [1333 —
1733]

3.26 (0.43) [2.55 — 3.86]
3.07 (0.38) [2.48 — 3.56]
-0.0312 (0.0372)
[-0.0959 — 0.0534]

1627.3 (114.1) [1430 —
1866]
3.15 (0.36) [2.68 — 3.86]
3.17 (0.29) [2.79 - 3.67]
0.0033 (0.0432) [-0.1167
~0.0551]

1560.8 (142.9) [1333 -
1799]
3.33(0.34) [2.69 - 4.01]
3.15 (0.33) [2.60 — 3.76]
-0.0270 (0.0454) [-0.0828
~0.0747]

£FuII sample ANOVA or Chi-Square p<.05. (MJ+ALC differ in age from ALC, p<.10.).

Family history (FH) was calculated as Negative=no FH+ relatives; Mild=one FH+ ond degree relative or two FH+ ond degree relatives on different

sides; Positive= one or more FH+ 18t degree relative or two FH+ ond degree relatives on the same side.

aConverted T-scores based on Wechsler Intelligence Scale for Children-I11 (Wechsler, 1997), Wechsler Adult Intelligence Scale-111 , or Wechsler
Abbreviated Scale of Intelligence (Wechsler, 1999).

bConverted standard scores based on the California Verbal Learning Test-Children’s Version or the California Verbal Learning Test-2Nd Edition (CVLT-
C, Delis, 1994; CVLT-II, Delis, 2000).

CFigures include only those who reported use.

dThe maximum allowed was 998.

eNumber of abuse/dependent symptoms do not necessarily indicate a positive DSM-IV diagnosis as symptoms may overlap within a criterion.
~7£.Post-hoc analysis reveal all groups significantly different (Tukey p <.05).

*Post—hoc analysis reveal controls differ from other groups (Tukey p < .05).

Fk

Post-hoc analysis reveal controls differ from MJ+ALC teens only (Tukey p < .05).

Fok

3
Post-hoc analysis reveal MJ+ALC differ from other groups (Tukey p < .05).
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Table 2

Bivariate Relationships Between Hippocampal Volumes and California Verbal Learning Test Performance by

Group
LH/ICV RH/ICV Hippocampal Asymmetry Ratio

Controls

CVLT 1% Trial -13 22 40%

CVLT Total Recall -.29 -.02 .33
ALC Users

CVLT 1% Trial -.09 -.24 -.20

CVLT Total Recall -.01 .18 .23
MJ+ALC Users

CVLT 1% Trial -10 -10 .004

CVLT Total Recall .01 -.09 -.16

Fisher’s z-score
LH/ICV RH/ICV Hippocampal Asymmetry Ratio
Controls vs. ALC (1% Trial) -0.11 1.29 175"
Controls vs. ALC (Total Recall) -0.79 —-0.55 0.30
Controls vs. MI+ALC (1% Trial) -0.10 1.03 1377
Controls vs. MJ+ALC (Total Recall) —-0.98 0.22 160"
ALC vs. MJ+ALC (1% Trial) 0.55 -0.42 -0.60
ALC vs. MJ+ALC (Total Recall) -0.06 0.78 1.14
+
“p<.06
*
p<.10,
p<.05.

Notes: Pearson product moment correlations run separately by group: controls (n=21), alcohol users (n=16), marijuana+alcohol users (n=26). Fisher’s
converted z-score measures the differences between correlation coefficients. LH= Left hippocampal volume. RH= Right hippocampal volume. ICV=
Intracranial volume. Hippocampal asymmetry was calculated as RH-LH/RH+LH; positive values denote R>L and negative values reflect L>R. CVLT=

California Verbal Learning Test (Children’s Version or ond Edition) standard score.
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