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Offspring from families with multiple cases of alcohol dependence have a greater likelihood of developing
alcohol dependence (AD) and related substance use disorders. Greater susceptibility for developing these
disorders may be related to structural differences in brain circuits that influence the salience of rewards or
modify the efficiency of information processing and AD susceptibility. We examined the cerebellum of 71
adolescent/young adult high-risk (HR) offspring from families with multiple cases of alcohol dependence
(multiplex families), and 60 low-risk (LR) controls with no family history of alcohol or drug dependence who
were matched for age, gender, socioeconomic status and IQ, with attention given to possible effects of
personal use of substances and maternal use during pregnancy. Magnetic resonance images were acquired on
a General Electric 1.5-Tesla scanner andmanually traced (BRAINS2) blind to clinical information. GABRA2 and
BDNF variation were tested for their association with cerebellar volumes. High-risk offspring from multiplex
AD families showed greater total volume of the cerebellum and total gray matter (GM), in comparison with LR
controls. An interaction between allelic variation in GABRA2 and BDNF genes was associated with GM
volumes, suggesting that inherited variation in these genes may promote early developmental differences in
neuronal proliferation of the cerebellum.
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1. Introduction

The cerebellum has long been considered an important region for
motor control, coordination, and motor learning (Thach, 1996;
Bastian et al., 1998). Recently, the cerebellum has been viewed as
an integral part of a cortico-cerebellar-thalamic-cortical circuit that
is involved in coordination and modulation of cortical activity
(Desmond and Fiez, 1998; Andreasen and Pierson, 2008). Neuroim-
aging studies show that the cerebellum has a critical role in directed
attention, many types of memory, facial recognition, theory of mind
attribution, and emotional monitoring (Kim et al., 1994; Andreasen
et al., 1995a, b; Fiez et al., 1995; Andreasen et al., 1996; Allen et al.,
1997; Andreasen et al., 1999; Turner et al., 2007). Also, the cerebellum
may facilitate cognitive processing through its role in monitoring of
time perception (Keele and Ivry, 1990). In addition, there is now a
large body of evidence suggesting that the cerebellum contributes to
other higher order functions (Parkins, 1997; Schmahmann and
Sherman, 1998; Desmond, 2001; Castellanos et al., 2002; Heyder
et al., 2004) including personality characteristics (Schmahmann and
Sherman, 1998) and emotional control (Turner et al., 2007).

A number of studies now suggest that brain morphology is
associated with familial genetic risk for alcohol dependence even in
individuals without substantial exposure to alcohol or drugs (Hill
et al., 2001; Benegal et al., 2007; Hill et al., 2007; Venkatasubramanian
et al., 2007; Hill et al., 2009). Among the brain regions that have been
implicated in alcohol use disorders is the cerebellum. An association
between cerebellar volume and alcohol use disorders has been
established based both on clinical and neuropathological findings in
alcohol dependent individuals (Zahr et al., 2010) and in their high risk
relatives (Hill et al., 2007).

Previously, we reported that familial risk for alcohol dependence is
associated with greater total cerebellar volume in comparison to low
risk controls (Hill et al., 2007). Age-related changes in cerebellar gray
matter appeared to differ by risk group as well, with low-risk controls
showing a steeper slope for reduced gray matter with age. These
findings appeared to suggest developmental delay in achieving age-
appropriate cerebellar gray matter volume possibly due to develop-
mental change in gray matter that represents normal pruning with
age that occurs during adolescence and young adulthood. In contrast
to the greater cerebellar volume that is seen in association with familial
risk, reduced volume of the cerebellar vermis has been reported for
adolescent marihuana users with greater alcohol use (N=16) in
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Table 1
Demographic characteristics of high and low-risk adolescents and young adults.

High risk
(N=71)

Low risk
(N=60)

Mean S.D. Mean S.D. F d.f. p

Age 18.31 4.18 17.75 5.80 0.41 1, 130 NS
Intracranial
volume (cc1,2,3)
Males

1480.94 115.43 1453.46 108.78 0.75 1, 36.2 NS

Intracranial
volume (cc1,2,4)
Females

1342.31 104.66 1278.44 101.21 6.16 1, 45.2 0.02

SES5 42.36 11.42 45.41 10.56 2.46 1, 128 NS
IQ6 109.24 13.71 112.90 17.20 1.82 1, 129 NS
BMI Male1,2,3 24.67 5.16 23.01 3.77 2.07 1, 54 NS
BMI Female1,2,4 23.18 4.97 25.76 6.33 3.40 1, 65 NS
Number right-handed,
(%) right-handed

68
(95.8)

56
(93.3)

0.707 1 NS

Alcohol or drug
abuse/dependence8

19 5

1 Age range for high-risk individuals was 9–28 years and 8–29 years for low-risk
controls.

2 Analysis of risk, gender and risk by gender showed a significant difference by
gender and risk. Accordingly, results are presented by gender.

3 There was a total of 65 males (37 high risk and 28 low risk).
4 There was a total of 66 females (34 high risk and 32 low risk).
5 Hollingshead Four-Factor Index Index (61).
6 Subjects were administered the Peabody Picture Vocabulary Test to determine IQ.
7 Chi square value.
8 Number of cases meeting criteria for alcohol or drug abuse or dependence before

their scan. Diagnoses were made using the age appropriate diagnostic instrument,
KSADS for those under age 19 and CIDI for those 19 or greater.

Table 2
Alcohol and drug dependence among fathers and mothers of high- and low-risk
offspring.

High risk (N=71) Low risk (N=60)

Yes No Unknown Yes No Unknown

Father alcohol dependent 47
(66.2)

16
(22.5)

8
(11.3)

3
(5)

49
(81.7)

8
(13.3)

Father drug dependent 18
(25.4)

34
(47.9)

19
(26.8)

1
(1.7)

48
(80.0)

11
(18.3)

Mother alcohol dependent 14
(19.7)

54
(76.1)

3
(4.2)

0
(0)

54
(90)

6
(10)

Mother drug dependent 3
(4.2)

62
(87.3)

6
(8.5)

0
(0)

53
(88.3)

7
(11.7)

High-risk target families identified through an affected male proband pair. The affected
and unaffected siblings of the pair were also eligible for inclusion. Offspring of the
proband pairs and their siblings form the basis of this report.
Although some high-risk offspring did not have an alcohol-dependent father, the
familial density of alcohol dependence for these offspring was greater than that
typically seen in unselected families of alcohol-dependent individuals because their
uncles and grandparents were frequently alcohol dependent.
Low-risk target families were selected for absence of alcohol dependence in two
generations. The alcohol- and drug-dependent fathers seen among the control families
resulted from these individuals marrying into the target families.
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comparison to 16 controls (Medina et al., 2010). Although reduction in
cerebellar volume was not seen in a sample of adolescent and young
adults with alcohol use disorder (AUD) studied byDeBellis et al. (2005),
this negative findingmay have been the result of differingmethodology
for measurement of the cerebellar vermis. At any rate, the findings by
Medina et al. (2010) show that the reductionof cerebellar volume that is
often seen in older alcohol dependent subjects (Sullivan et al., 2003;
Chanraud et al., 2011) can be observed even in youth.

Because we had previously observed risk group differences in a
much smaller sample of 34 individuals (Hill et al., 2007), our first goal
was to determine if risk group differences in cerebellar volume (total
and segmented volumes) would be seen in an expanded sample. A
large sample of high- and low-risk offspring was available because of
an ongoing longitudinal study of offspring from multiplex alcohol
dependence families and control families.

Our second goal was to identify genetic variation associated with
cerebellar volume. Candidate genes were chosen based on their
implicated role in the etiology of alcohol dependence and CNS growth.
Cerebellum volumes (total, white matter and gray matter) were tested
for association with genotypic variation in brain derived neurotrophic
factor (BDNF) and GABRA2 the gene that encodes the gamma
aminobutyric acid subunit 2. Consistent with its role as a nerve growth
factor, variation in the VAL/MET alleles of BDNF is associated with
smaller volume of the hippocampus in healthy controls (Bueller et al.,
2006), and in first episode schizophrenia patients and controls (Szeszko
et al., 2005). Additionally, VAL/MET variation in the BDNF genehas been
reported to be associatedwith cerebellar graymatter volume (Agartz et
al., 2006), one of the regions in which BDNF expression has been well
documented (Levi-Montalcini., 1987). GABRA2 also appears to act as a
nerve growth factor and has been associated with cerebellar develop-
ment (Takayama and Inoue, 2004; Fiszman, 2005; Jelitai and Madarasz,
2005). Additionally, because both BDNF and GABRA2 have been
implicated in the etiology of alcohol dependence (Edenberg et al.,
2004; Janak et al., 2006;Matthews et al., 2007), these genes appeared to
be good candidates for uncovering a possible relationship between
alcohol dependence risk and cerebellar volume.

Although developmental changes in cortical organization and
functioning have been studied extensively, cerebellar morphology
and functioning have received less attention from a developmental
perspective. Therefore, a third goal was to provide a description of
cerebellar age-related changes by gender and by familial/genetic risk
group.

2. Methods

2.1. Participants

The sample included 71 high-risk subjects from multiplex for
alcohol dependence families and 60 low-risk control subjects
(Table 1). The groups did not differ in mean age, IQ, education,
gender, body mass index (BMI) or hand preference, though high risk
offspring had larger intracranial volumes (ICV).

2.2. Risk group status

Multiplex alcohol dependence (AD) families were identified
through the presence of two adult brothers with AD. Extensive in
person and family history informationwas available for these targeted
families (Table 2). The multiplex sampling strategy used in this study
resulted in a high density of AD in the targeted pedigrees as previously
described (Hill et al., 2008). Offspring from the brother pairs and their
siblings in the multiplex families provided the high-risk offspring for
the present report. Psychiatric status of the “marrying in” side of the
offspring's family was also obtained. Although not all offspring had a
father or mother with a lifetime diagnosis of AD, the sampling design
insured that each high-risk offspring had an average of four first and
second degree relatives who were alcohol dependent. Among the
high-risk offspring, 66% of the fathers and 19.7% of the mothers had
AD (see Table 2). In addition, low-risk control families were identified
through two adult brothers without alcohol or drug dependence.
Parental AD among low-risk offspring was infrequent (b5%) but did
occur where “marrying in” spouses had AD.
2.3. Contaminating variables

In order to control for variables other than familial/genetic risk that
might influence brain morphology, careful attention was paid to
personal characteristics of the subjects including their personal history
of substance use and other psychiatric disorders (Tables 3 and 4).
Similarly, prenatal history of use of substances bymotherswas obtained.



Table 3
Psychiatric diagnosis for participants scanned in childhood (ages 8–18 years old) by
familial risk group status. All diagnoses were based on outcome of K-SADS a interviews
with parent and child.

High risk (N=33) Low risk (N=34)

Alcohol or drug abuse 2
(6.1)

1
(2.9)

Alcohol or drug dependence 2
(5.7)

1
(2.9)

Either abuse or dependence 3
(9.1)

1
(2.9)

Anxiety disorders 5
(15.2)

4
(11.8)

Depressionb 6
(18.2)

1
(2.9)

Attention deficit hyperactivity
disorder (ADHD)c

8
(24.2)

1
(2.9)

Oppositional/conduct disorder 5
(15.2)

2
(5.9)

a Kiddie version Schedule for Affective Disorders and Schizophrenia.
b A significantly greater proportion of high- than low-risk offspring met criteria for

depression in childhood (χ2=4.16, d.f.=1, p=0.041).
c A significantly greater proportion of high- than low-risk offspring met criteria for

ADHD in childhood (χ2=6.53, d.f.=1, p=0.011).
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2.3.1. Prenatal use of substances
Mothers of both high- and low-risk offspring were administered a

structured interviewdesigned to assess quantity and frequencyof use of
alcohol, drugs and cigarettes during pregnancy. Although the assess-
ment was retrospective, being obtained at the child's first longitudinal
assessment and usually before the age of 12 years, the information
obtained would appear to be valid. Comparison of prospective and
retrospective data for drinking during pregnancy has shown retrospec-
tive data to be valid (Griesler and Kandel, 1998).Moreover, follow-up of
women for 4 and 5 years following their pregnancies has shown
substantial reliability (r=0.53 and 0.67, respectively) between reports
obtained during pregnancy and those obtained following the pregnancy
(Ernhart et al., 1988; Jacobson et al., 1991).

2.3.2. Personal history of psychiatric disorders
All participants are enrolled in an ongoing longitudinal study that

has followed youngsters from childhood through young adulthood.
Extensive clinical information was available for determining if any
psychiatric disorder including substance use disorder was present
by the time the magnetic resonance imaging (MRI) assessment was
performed. Children/adolescents were assessed yearly with the
Table 4
Cumulative psychiatric diagnoses for participants scanned as young adults (19 years or
older). (All diagnoses were based on outcome of a CIDIa interview if performed after age
19 or K-SADS interview performed between the ages of 8–18).

High risk (N=38) Low risk (N=26)

Alcohol or drug abuse 13
(34.2)

3
(11.5)

Alcohol or drug dependence 12
(31.6)

7
(26.9)

Either abuse or dependenceb 13
(34.2)

3
(11.5)

Anxiety disorders 13
(34.2)

8
(30.8)

Depression 9
(23.7)

3
(11.5)

Attention deficit hyperactivity
disorder (ADHD)c

4
(11.8)

0
(0)

Oppositional/conduct disorderc 9
(26.5)

0
(0)

a Composite International Diagnostic Interview.
b A significantly greater proportion of high than low risk offspring met criteria for

substance use disorder defined as either abuse or dependence on alcohol or drugs
(χ2=4.23, d.f.=1, p=0.04).

c This diagnosis was available only from the K-SADS.
Kiddie version Schedule for Affective Disorders and Schizophrenia
(K-SADS) (Chambers et al., 1985) using separate interviews of parent
and offspring to determine the presence or absence of Axis I DSM-III
diagnoses. (DSM-III was the current methodology at the initiation of
the study in 1989.) Young adults were assessed using the Composite
International Diagnostic Interview (CIDI) diagnostic instrument
(Janca et al., 1992) to obtain DSM-IV Axis I diagnoses. There were no
exclusion criteria applied based on presence of psychiatric disorder.

2.4. Informed consent and safety monitoring

All participants signed informed consent documents after having
the study explained to them. All were screened to insure absence of
ferromagnetic metal in or on their body. All female subjects were
screened for absence of pregnancy using Icon® 25 hCG pregnancy kits.
A neuroradiologist reviewed any scan considered suspicious for
abnormality.

2.5. Image acquisition

All subjects were scanned on a GE 1.5 T GE scanner located in the
Department of Radiology MR Research Center. T1 weighted axial
images with slice thickness of 1.5 mm were obtained using a three-
dimensional spoiled gradient recalled echo in the steady state
sequence (3D SPGR) (TE=5, TR=24, flip angle=45°, acquisition
matrix=192×256, NEX=1, FOV=24 cm). Slices were resliced in
the coronal plane through the anterior commissures to provide a
more reproducible guide for image orientation. Additionally, axial
proton density and T2 weighted images were obtained covering the
whole brain at a slice thickness of 5 mm, slice gap=0 mm ([double
echo spin echo, TE=17 ms and 102 ms; TR=3000 ms], acquisition
matrix=256×192, NEX=1, FOV=24 cm). Obtaining the dual echo
study enabled us to adequately address segmentation.

2.6. Region of interest analysis

Imageswere transferred from theMRResearchCenter to a computer
workstation in our neuroimaging laboratory and regions of interest
drawn using BRAINS2 (Magnotta et al., 2002), a software that provides
valid and reliable volumemeasurements of specific structuresbyusinga
semiautomated segmentation approach. Two raters (SW and HC) blind
to subject's identity and risk group membership traced the volumes of
the cerebellum and intracranial volume (ICV) for each subject. The
Neural Net program (BRAINS2 [Magnotta et al., 2002]) provided
landmarks for outlining each slice. Region of interest (ROI) manual
tracing (approximately 70–75 slices) was performed in the coronal
plane. BRAINS2 provides separate windows for coronal, axial, sagittal
and three-dimensional views and provides automated segmentation of
gray, white, and CSF volumes. Inter-rater reliability for total volumewas
97.7%, 99.3% for gray matter and 95.8% for white matter.

BRAINS2 uses successive maximization of tissue into gray and
white matter to optimize the kappa values obtained. Separation of
tissue classes is performed using discriminant function analysis with
the function then applied to the entire image. A kappa of 1.00
indicates perfect classification of gray matter, white matter, and CSF.
All scans had Kappa values in the range of 0.92–0.98.

2.7. Morphometry of the cerebellum

Using guidelines established for the cerebellum using the Neural Net
algorithm (Pierson et al., 2002), the midline was determined by using
the vertex of the fourth ventricle at its most posterior point (coronal
plane) andthemidlineof thecorpusmedullare. The cerebellarpeduncles
were excluded from the corpusmedullare at the pointwhere it emerged
from beyond the gray matter of the cerebellar cortex (axial plane). The
vermis was included in the cerebellum measurements.



Table 5
Effect of familial risk, gender and their interaction on total cerebellar volume, gray
matter volume and white matter volume adjusting for ICV and age.

Table 5A — Analysis for full
sample (N=131)

Table 5B— Analysis for sample
with no SUD prior to MRI scan
(N=107)

Full sample N=131 Sample with no SUD N=107a

F value d.f. p value F value d.f. p value

Total cerebellum
Risk 3.65 1, 57.33 0.061 6.03 1, 41.39 0.018
Gender 4.64 1, 124.96 0.033 4.43 1, 101.94 0.038
RiskXGender b1 1, 123.75 NS b1 1, 101.28 NS
ICV 23.33 1, 118.70 b0.001 25.17 1, 92.49 b0.001
Age 2.21 1, 99.91 0.14 1.59 1, 73.08 NS

Gray matter
Risk 3.81 1, 62.05 0.056 4.88 1, 53.34 0.031
Gender 11.02 1, 124.65 0.001 10.32 1, 101.98 0.002
RiskXGender 1.12 1, 124.65 NS b1 1, 100.73 NS
ICV 12.49 1, 124.74 0.001 12.32 1, 97.07 0.001
Age b1 1, 100.97 NS b1 1, 82.90 NS

White matter
Risk b1 1, 125.0 NS b 1 1, 102 NS
Gender 1.89 1, 125.0 NS 1.83 1, 102 NS
RiskXGender 1.63 1, 125.0 NS 1.43 1, 102 NS
ICV 13.19 1, 125.0 b0.001 12.49 1, 102 0.001
Age 18.18 1, 125.0 b0.001 12.88 1, 102 0.001

a A total of 131 cases had MRI scans. A total of 24 cases meeting criteria for alcohol or
drug abuse or dependence prior to the MRI scan were removed from the analyses
resulting in 107 cases with no known dependence. Analyses were completed for this
sample and are displayed in Table 5B.
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The cerebral hemispheres, brainstem, and the CSF surrounding
these structures were included in the ICV measure (Prasad et al.,
2005). Intracranial volumes were calculated by summing areas of
successive coronal slices, including gray and white matter and CSF
volumes, and multiplying by slice thickness. Statistical analyses of
cerebellar volumes (total, gray and white) were adjusted using total
intracranial volume (ICV) minus the total volume of the cerebellum.

2.8. Genotyping

DNA was available for 103 Caucasian individuals (62 high-risk and
41 low-risk offspring) for whom structural MRI scans were assessed.
Genetic variation in two genes was of interest: BDNF and GABRA2.
These genes were chosen based on their potential to alter brain
growth and development (Fiszman, 2005; Agartz et al., 2006) and
known interaction in this process (Berninger et al., 1995).

2.8.1. BDNF
The BDNF genotyping was completed using the SNP rs6265

analyzed on the Biotage PSQ 96MA Pyrosequencer (Biotage AB,
Uppsala, Sweden). An amplimer containing the polymorphism was
generated by PCR in 96 well plates in a 50-µl total reaction volume,
containing 10 ng of human genomic DNA; 1× GeneAmp® PCR Gold
Buffer; 2.5 mM magnesium chloride; 200-µM dNTPs; 1 unit of
AmpliTaq Gold™ taq polymerase; and 1 pmol of each of the
unmodified forward primer 5′-GGACTCTGGAGAGCGTGAAT-3′ and
the biotinylated reverse primer 5′-CCTCATCCAACAGCTCTTCTATC-3′.
Thermal cycling included 45 cycles at an annealing temperature of
60 °C. The Biotage workstation was used to isolate the biotinylated
single strand from the double strand PCR products. The isolated
product was then sequenced using the complimentary sequencing
primer 5′-GGCTGACACTTTCGAAC-3′. At the polymorphic site, the
minor allele was detected by the presence of an A nucleotide whereas
the major allele was detected by the presence of a G nucleotide.

2.8.2. GABRA2 — rs279871
This polymorphism was analyzed by PCR amplification using the

unmodified forward primer 5′-AATCCAAACCCTGAAACACTTCT-3′ and
the biotinylated reverse primer 5′-AGAAGGGATCAGAGGTAGAA-
CAAA-3′. The Biotage PSQ 96MA Pyrosequencer and accompanying
workstation were then utilized in order to isolate the biotinylated
single-stranded from double-stranded PCR products. Subsequently,
the isolated product was sequenced using the complimentary
sequencing primer 5′-TGACATGTATGTGATATATT-3′. The wild type
allele was detected by an A nucleotide at the polymorphic site, while
the variant allele was detected by the presence of a G nucleotide.

2.9. Statistical analysis

Mixed model analyses were performed with fixed effects that
included familial risk, gender, a gender by risk interaction term, with
age and ICV (total ICV volume minus total cerebellum) as covariates.
Each family was assigned a unique family ID that was used as a
random effect in the model to control for multiple siblings within
families (57.3% had 2 or more offspring).

3. Results

3.1. Personal psychiatric history and prenatal maternal use of substance

3.1.1. Psychiatric disorders — subjects scanned in childhood or in young
adulthood

A greater incidence of psychopathology (depression, attention
deficit hyperactivity disorder (ADHD), abuse and dependence) was
seen in high-risk (HR) than low-risk (LR) offspring (Tables 3 and 4).
3.1.2. Prenatal use of substances
Mothers of both high- and low-risk offspring were interviewed

concerning their use of alcohol or drugs during pregnancy and found
to be free of heavy use during pregnancy. Drinking among mothers in
both groups was quite low. A total of 76.3% reported no drinking with
an additional 21.9% drinking less than 1 drink per day. A total of 2.7%
reported using any drugs during pregnancy. Absence of cigarette use
was reported by 77.8% of mothers. However, of those who smoked, a
greater percentagewere from high-risk families (35%) versus low-risk
families (6.3%).

3.2. Group effects for total cerebellum volume

The effect of familial risk membership on total cerebellar volume
was analyzed in a 2X2 model that assessed risk and gender and their
interaction (Table 5A). Data were then removed for 24 cases who met
criteria for alcohol or drug abuse or dependence (Table 5B), resulting
in a significant risk group difference for total cerebellum volume with
high-risk individuals having larger volumes of both. It was expected
that removal of the 24 cases would increase risk group differences
because alcohol dependence is associated with reduction of cerebellar
volume (Zahr et al., 2010). To insure that prenatal exposure to alcohol
did not influence our results, an analysis was performed for total
cerebellar volume for the 107 cases in which familial risk was
evaluated with gender, age, ICV, and prenatal alcohol use as
covariates. This analysis continued to reveal risk differences
(F=5.30, d.f. 1, 39.11, p=0.027). Typical high- and low-risk
cerebellar tracings are shown in Fig. 1.

3.3. Group effects for cerebellar gray matter volumes

In the initial 2X2 statistical model performed, gender was found to
be statistically significant but familial risk was marginally significant
(Table 5A). Because exposure to alcohol and other drugs can be



Fig. 1. Region of interest outlines of a typical low-risk male participant (blue outline) and of a typical high-risk male participant (red). Bothmale participants were 16 years old at the
time the scans were obtained.
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expected to reduce cerebellar volume, it was important to remove this
confounder effect, whichmight mask the familial risk group differences
that were the focus of interest. Removal of data for the 24 alcohol and
drug exposed cases resulted in significant risk group differences for
cerebellar gray matter (GM) with high-risk offspring having larger
cerebellar GM volume than low-risk offspring (Table 5B). Gender was
also significant with GM greater for males than females.
3.4. Group effects for white matter volumes

The mixed model analysis did not find an association between risk
status, gender or their interaction for cerebellar white matter for the
full sample (Table 5A), or for the sample with exposed cases removed
(Table 5B).
Fig. 2. Cerebellar gray matter volume for male and female subjects genotyped for GABRA2 an
influenced by the presence of having any Met allele of the BDNF gene.
3.5. Effects of BDNF and GABRA2 variation on cerebellar gray matter
volume

Analyses were performed to determine if variation in the BDNF or
GABRA2 genes, alone or in combination, influenced gray or white
matter volume. Using graymatter volume as the dependent variable, a
mixed model analysis was performed in which GABRA2 variation
(those with 1 or 2 copies of the minor allele versus those with none)
and genetic variation in the BDNF gene that similarly contrasted
individuals with 1 or 2 copies of the minor allele versus those with
none. The model included control for ICV using a modified ICV index
(ICV minus cerebellum volume). A significant effect for GABRA2 or
BDNF alone was not seen. However, the interaction between the two
genes showed a significant association with gray matter volume
(F=7.15, d.f.=1, 64.2, p=0.009) (Fig. 2). Because differences in
d BDNF (N=103). Note that the effect of having at least one copy of the minor G allele is

image of Fig.�2


Table 6
Best fit model for total, gray and white matter volumes for full sample (N=131) and
sample with no SUD prior to MRI scan (N=107).

Full sample (N=131) Samplewith no SUD (N=107)

F value d.f. p value F value d.f. p value

Total cerebellum
Linear model

Total sample 1.05 1, 129 NS 1.42 1, 106 NS
Females b1.00 1, 64 NS 1.24 1, 54 NS
Males b1.00 1, 63 NS b1.00 1, 50 NS

Quadratic
Total sample 2.78 2, 128 0.07 3.86 2, 105 0.024
Females b1.00 2, 63 NS b1.00 2, 53 NS
Males 2.37 2, 62 0.10 3.51 2, 49 0.038

Gray matter
Linear model

Total sample b1.00 1, 129 NS b1.00 1, 106 NS
Females 1.02 1, 64 NS b1.00 1, 54 NS
Males b1.00 1, 63 NS b1.00 1, 50 NS

Quadratic
Total sample 4.31 2, 128 0.015 5.77 2, 105 0.004
Females 1.41 2, 63 NS 1.11 2, 53 NS
Males 3.21 2, 62 0.047 6.33 2, 49 0.004

White matter
Linear model

Total sample 13.42 1, 129 b0.001 10.47 1, 106 0.002
Females 10.79 1, 64 0.002 9.62 1, 54 0.003
Males 2.38 1, 63 NS b1.00 1, 50 NS

Quadratic
Total sample 6.85 2, 128 0.001 5.36 2, 105 0.006
Females 6.13 2, 63 0.004 5.45 2, 53 0.007
Males 1.23 2, 62 NS b1.00 2, 49 NS

Fig. 3. Total cerebellar volume by age is shown for high and low risk male subjects. The
upper panel shows the trajectories obtained for the 52 males without SUD prior to the
MRI scan. The lower panel shows all 65 male subjects and includes those with SUD
(N=13).
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genotype by familial risk group might have explained these results, a
statistical model was run inwhich risk groupwas entered as a dummy
variable to covary the effects of risk status. Results continued to be
significant (F=6.90, d.f.=1, 60.3, p=0.011). Unlike the results for
cerebellar gray, significant effects for white matter were not seen.
3.6. Cerebellum and age related regression analyses

Because familial risk group differences in total and GM cerebellar
volumes were found, it was of interest to determine if differing
developmental trajectories might be seen by risk group. First, curve
fitting models were used to determine the best fit solution for all 131
male and female high- and low-risk cases. Data for the 24 offspring
with substance use disorder were then removed and curve fitting
models applied to the remaining 107 cases (Table 6). For total
cerebellar volume, a quadratic model provided the best fit for the total
sample, and for the male only sample (Fig. 3), though neither linear
nor quadratic models fit the data for females (Fig. 4). For males,
removal of the SUD cases improved the significance of the fit
(Table 6). For gray matter volumes, the quadratic models provided a
statistically significant fit for the combined sample of males and
females. Separate analyses performed for the male and female
samples showed that the quadratic model provided a good fit to the
data for the males but not the females (Table 6). White matter age
related changes for the 131 subjects were significant for both the
linear and quadratic models. Analysis within each gender showed a
significant fit for white matter for females that was not seen for males.

In summary, we find that total cerebellar volume formales appears
to peak later than it does for females as may be seen by comparing
Figs. 3 and 4. Also, low-risk males appear to reach peak volumes
earlier than high-risk males (Fig. 3). A similar trend can be observed
for the high- and low-risk females (Fig. 4).
4. Discussion

It is now well-known that offspring of parents with alcohol
dependence (AD) have an increased risk for developing alcohol and
drug dependence by young adulthood (Hill et al., 2008; Kendler et al.,
2008). With a number of morphological differences now being
identified in high-risk offspring (see Tessner and Hill, 2010, for
review), it is clear that some of these variations may provide clues to
the neurobiological underpinnings for addiction. It is also clear that
alcohol has neuropathological effects on neuronal integrity in adults
(Sullivan and Pfefferbaum, 2005) and adolescents (DeBellis et al.,
2005). Reduced hippocampal volume (DeBellis et al., 2000) and
smaller prefrontal cortex volume (DeBellis et al., 2005) along with
neurocognitive changes (Brown et al., 2000) have been reported in
adolescent-onset alcohol use disorders. What is not always clear is
whether the differences observed are a consequence of exposure or,
through the effects of familial risk factors, are antecedent to the
development of alcohol dependence. Alternatively, the effects of risk
and exposure may be in opposite directions so that removal of cases
with substance use disordersmay be necessary to observe familial risk
group differences as was the case in the present study. To illustrate,
adolescents with significant alcohol exposure show reduced hippo-
campal volume (DeBellis et al., 2000) that is not seen in high-riskmale
offspring with minimal alcohol exposure (Hill et al., 2001). However,
other regional alterations in morphology have been observed in high-
risk offspring with only minimal alcohol or drug exposure including
reduced volume of the right amygdala (Hill et al., 2001), and the right
orbitofrontal cortex (OFC) (Hill et al., 2009).

image of Fig.�3


Fig. 4. Cerebellar gray volume by age is shown for female high- and low-risk subjects.
The upper panel shows the trajectories obtained for the 55 females without substance
use disorder (SUD) prior to the MRI scan. The lower panel shows all 66 female subjects
and includes those with SUD prior to the scan (N=11).
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Both total and gray matter volumes of the cerebellum are greater
in high-risk offspring from multiplex for alcohol dependence families
in comparison to controls. The results are unlikely to be due to the
personal diagnosis of offspring as no single diagnosis contributed
more than 25% of cases with the exception of substance use disorders.
Analyses controlling for the effects of exposure to alcohol and drugs in
these adolescent and young adult participants suggest that the greater
volume seen in individuals with high familial loading for alcohol
dependence is present before drug and alcohol use are initiated. How
these morphological changes may be related to greater susceptibility
to alcohol dependence and other substance use disorders is currently
unknown. However, it is clear that adults with long histories of
alcohol dependence display disruption of frontocerebellar circuitry
(Sullivan et al., 2003). Other regions such as the orbitofrontal cortex
have been studied far more extensively as candidate regions for
addiction susceptibility because of their involvement in disinhibitory
processes (Dom et al., 2005). The present results suggest that the
cerebellum may play an important role in addiction susceptibility as
well.

In addition to structural alterations, functional changes in the
cerebellum have also been observed in associationwith addiction. In a
PET study using a visual–spatial recognition task with delayed
response and monetary reward, Martin-Soelch et al. (2001) found
greater activation of the left cerebellum in an opiate addicted group in
comparison to controls. Also, greater activation in the right superior
cerebellum and left frontal cortex has been reported for alcohol
dependent subjects in comparison to controls when performing a
Sternberg working memory task (Desmond et al., 2003). Additionally,
cocaine users in comparison to controls have more difficulty in-
hibiting their responses in a GO/NO GO inhibition task with varying
working memory load which is accompanied by greater activation in
the left cerebellum (Hester and Garavan, 2004). Taken together, these
studies suggest that individuals susceptible to substance use disorders
may have altered cognitive functioning involving the cerebellum.

In addition to the structural and functional cerebellar alterations
seen across different addictions, there is reason to believe that
cerebellar development may be altered in those with highest risk for
developing an addiction through familial/genetic loading. Cortical
development has been studied extensively allowing for description of
the overall process. Briefly, during adolescence and young adulthood
changes in brain structure and refinement of brain organization lead
to significant changes in cognitive, social, and emotional behavior
(Casey et al., 2005; Yurgelun-Todd, 2007). White matter volume
appears to increase well into adulthood while gray matter volume
tends to increase in childhood and adolescence followed by a decrease
(Jernigan et al., 1991; Pfefferbaum et al., 1994; Giedd et al., 1996a,b;
Sowell et al., 2004), with females reaching their peak 1–2 years earlier
than males (Lenroot and Giedd, 2006). Because cortical development
appears to follow a pattern that subserves the needs of the organism,
primary motor, sensory and visual areas mature earlier than those
supporting more complex cognitive functions such as the association
areas (Gogtay et al., 2004). Although these developmental changes in
cortical organization and functioning have been studied extensively,
developmental changes in cerebellar morphology and functioning
have received less attention.

Previous reports indicate that the cerebellum undergoes substan-
tial development during childhood and adolescence, first increasing to
a peak volume and then subsequently declining (Castellanos et al.,
2002; Keller et al., 2003; Raz et al., 2003; Mackie et al., 2007; Tiemeier
et al., 2010), peaking approximately 2 years later than cerebral
volume (Giedd et al., 2009). In addition to an overall larger volume
seen in males than females, peak volumes differ by gender with girls
peaking at approximately 12 years and boys at about 15 years of age
(Tiemeier et al., 2010). White matter volume of the cerebellum
increases through adolescence with a peak of approximately 17 years
in females and 22 years in males. In the present study, we find that
total cerebellar volume for males appears to peak later than it does for
females in agreement with the Tiemeier et al. findings. Moreover, we
find that when the contaminating influence of alcohol and drug
exposure that is brought about by a substance use disorder diagnosis
is removed, the developmental curves for high- and low-risk offspring
more clearly show a difference in developmental trajectories by risk
group. This difference appears to show that low-risk males reach peak
volumes earlier than high-risk males. A similar trend can be observed
for the females, with high-risk females showing a somewhat different
developmental trajectory than low-risk females.

The present results support our previous work with a sample of 34
male participants in finding larger cerebellar volume (total and gray
matter) in high-risk offspring from multiplex for alcohol dependence
families (Hill et al., 2007). Importantly, variation in SNPs within
the BDNF and GABRA2 genes show evidence for gene/gene interaction
in altering cerebellar volume. In order to better understand the
relationship between cerebellar volume, genotypic variance and
familial risk, preliminary analyses were performed relating BDNF
and GABRA2 genotypes and familial risk. An association for BDNF was
not found. For GABRA2, the rs279871 SNP showed a significant
association between risk status and presence of the “2” allele (χ2=
7.34, d.f.=1, p=0.007). Because of modest sample size, we view this
result as preliminary. However, it does suggest that risk group
differences in GABRA2 in association with BDNF variation may
promote cerebellar growth resulting in larger cerebellar volume in
high-risk offspring.

It is possible that risk group differences at the time these par-
ticipants were scanned might represent developmental differences in
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the high- and low-risk groups. Age-regression analyses showed
significant age-related changes over the age range studied with total
cerebellar volumeandgraymatter volume following aquadratic pattern
and white matter a more linear trend. As noted in previous reports
(Giedd et al., 2009), cerebellar volumes of males and females differed
significantly. Comparison of high- and low-risk subjects without
substance use disorder shows that high-risk subjects, especially males,
may be delayed in reaching full cerebellar volume before a subsequent
reduction in volumewith age is seen. These results support our previous
results in showingwhat appeared to be a delay in graymatter reduction
with age in the high-risk male sample studied.

Of particular interest were our findings concerning the association
between variation in GABRA2 and BDNF genes and cerebellar volume.
These data provide for the first time an indication that specific genes
that have been associated with alcohol dependence risk (Edenberg
et al., 2004; Janak et al., 2006) may be influential in determining
cerebellar growth and differentiation. In addition, there is abundant
evidence that these two genesmay be operating in early development
and beyond to influence cerebellar development. Although GABA is
the principal inhibitory neurotransmitter in the nervous system,
GABA appears to have excitatory effects, inducing immature cerebel-
lar granule cells to proliferate. This is accomplished when GABA
depolarizes these cells allowing intracellular calcium to be increased
and phosphorylation of MAPK and CAMKII to occur which then leads
to trophic effects in these neurons (Fiszman, 2005). BDNF mRNA
expression increases by approximately one-third from infancy to
adulthood, rising during adolescence and peaking during young
adulthood (Webster et al., 2002). Accordingly, it appeared plausible
that BDNF might influence growth and development of cells within
the cerebellum, a region that does not reach peak volume until
adolescence or young adulthood. BDNF has also been reported to
influence the volume of the hippocampus (Szeszko et al., 2005;
Bueller et al., 2006) and posterior superior cerebellar vermis (Agartz
et al., 2006) through its trophic effects on neurons.

In addition to the specific effects that each of these genes have on
neuronal development, a number of studies point to the interaction of
these two genes in neuronal development of the cerebellum. Evidence
for these epistatic effects includes in vitro studies showing that BDNF
accelerates cerebellar granule cell gene expression and modulates
cell differentiation (Lin et al., 1998; Bulleit and Hsieh, 2000). Also,
there is evidence that BDNF may be involved in the maturation of the
GABAergic system, particularly in the hippocampus, by promoting
differentiation and formation of synapses and cell survival (Berninger
et al., 1995). A direct effect of BDNF on GABAA receptors has now
been demonstrated. In a novel approach, GABAA receptors were
microtransplanted from human epileptic brain tissue to Xenopus
oocytes (Palma et al., 2005). With this technique, the oocytes acquire
human GABAA receptors which can then be tested for response to
BDNF. In this experiment, exposure to BDNF increased the currents
generated by the “epileptic” GABAA receptors. With demonstrated
effects for each of these genes alone and together in cerebellar
development, we view the present results showing an interaction of
these genes on cerebellar gray matter volume as quite plausible. What
is unclear is how the presence of the GABRA2 minor allele (1 or 2
copies) protects cerebellar cells from tissue reduction effects often
associated with the BDNF Met allele.

4.1. Limitations of the study

One limitation of the present report is that age-related cerebellar
relationships were determined using cross-sectional data. However,
data were collected for 131 high- and low-risk individuals across a
broad age range (8–28) allowing for description of developmental
patterns for total, gray and white matter in childhood, adolescence
and young adulthood. Another limitation of the study was its focus
on total cerebellar volumes for the statistical analyses presented.
Functional variation among the cerebellar lobes is well documented
(Andreasen and Pierson, 2008). Use of a single SNP to characterize
genetic variation of the BDNF and GABRA2 genesmight also be viewed
as a limitation. However, among several GABRA2 SNPs studied, the
rs279871 SNP was highly related to alcohol dependence (Edenberg
et al., 2004). Similarly, allelic variation in the BDNF SNP rs6265 and
regional variation in brain volume is well documented (Szeszko et al.,
2005; Agartz et al., 2006; Bueller et al., 2006).

Another possible limitation of our analysis was that some offspring
were exposed to alcohol, cigarettes or other drugs used by the
mothers while they were in utero. Although the ideal situation would
be to have offspring without such exposure when evaluating the
effects of familial risk, this may not be possible due to the base rate of
such exposures in the general population. However, the rates of
alcohol use for mothers during their pregnancies observed in this
sample are similar to those seen in the general population. Using data
from a survey of eight obstetric clinics in Southeastern Michigan,
Flynn et al. (2003) found that 81.9% of the mothers reported drinking
less than 1 drink per week. In our sample, 76.3% reported no drinking
during pregnancy. Smoking during pregnancy was reported by 22.2%
of our sample in comparison to national survey data for the US and
England in which 12–20% of mothers continue to smoke during
pregnancy (ONS, 2006; Gilman et al., 2008). These considerations
suggest that the risk group differences observed for cerebellar volume
are minimally influenced by the effects of prenatal use of substances
by the mothers of these offspring.
4.2. Conclusion

In summary, these results suggest that familial risk group dif-
ferences are associatedwith differences in cerebellar morphology that
may be due to altered developmental trajectories that appear to be
influenced by genetic variation in BDNF and its influence on GABRA2
signaling in early development and/or altered gene expression through
adolescence and young adulthood.
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