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Growth of White Matter in the Adolescent Brain: Role of
Testosterone and Androgen Receptor
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The growth of white matter during human adolescence shows a striking sexual dimorphism; the volume of white matter increases with
age slightly in girls and steeply in boys. Here, we provide evidence supporting the role of androgen receptor (AR) in mediating the effect
of testosterone on white matter. In a large sample of typically developing adolescents (n = 408, 204 males), we used magnetic resonance
imaging and acquired T1-weighted and magnetization transfer ratio (MTR) images. We also measured plasma levels of testosterone and
genotyped a functional polymorphism in the AR gene, namely the number of CAG repeats in exon 1 believed to be inversely proportional
to the AR transcriptional activity. We found that the testosterone-related increase of white-matter volume was stronger in male adoles-
cents with the lower versus higher number of CAG repeats in the AR gene, with testosterone explaining, respectively, 26 and 8% of
variance in the volume. The MTR results suggest that this growth is not related to myelination; the MTR decreased with age in male
adolescents. We speculate that testosterone affects axonal caliber rather than the thickness of the myelin sheath.
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Introduction
White matter of a 20-year-old man contains a staggering
176,000 km of myelinated axons (Marner et al., 2003). Axons
ensure smooth communication throughout the brain in two
important ways: by conducting electrical impulses and by
transporting various molecules and organelles from the cell
body to the synapse (Barry etal., 2007). Hence, the importance
of maturational changes in white matter (WM) during child-
hood and adolescence for the child’s cognitive development
and mental health.

The growth of WM during childhood and adolescence follows
a strikingly different trajectory in girls and boys; it increases with
age slightly in girls and steeply in boys (De Bellis et al., 2001;
Lenroot et al., 2007). This sexual dimorphism remains unex-
plained, however. An as-yet-untested assumption is that the age-
related increase in WM during male adolescence is mediated by
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the effect of testosterone on myelination. We tested this hypoth-
esis by acquiring structural magnetic resonance (MR) images in a
large cohort of adolescents together with measuring testosterone
levels in blood and evaluating a common functional polymor-
phism in the androgen receptor (AR) gene.

To evaluate the role of the AR receptor in mediating the effect
of testosterone on white matter, we chose the known functional
polymorphism in the AR gene that is determined by a variable
number of CAG repeats in exon 1 of the gene; this segment en-
codes a polyglutamine stretch of variable length in the receptor
protein (Zitzmann, 2007). The number of CAG repeats is in-
versely related to the transcriptional activity of androgen-
dependent genes (Hsiao et al., 1999; Irvine et al., 2000). Patho-
logically high number of CAG repeats is present in individuals
with X-linked spinal and bulbar muscular atrophy (Kennedy dis-
ease) who also show signs of hypogonadism (La Spada et al.,
1991).

Whether or not age-related changes in white-matter vol-
ume during male adolescence are related to myelination is
unknown. Unfortunately, there is no MR technique that
would allow one to measure directly myelin content in vivo.
Several indirect approaches have been proposed, including the
measurement of magnetization transfer ratio (MTR) and T2
relaxation times (Laule et al., 2007). Given the large-scale na-
ture of our study, we have chosen the measurement of MTR
throughout the brain as an indirect index of myelination. It is
well established that MTR provides information on the mac-
romolecular content and structure of the tissue (McGowan,
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Table 1. Demographics of the participants split both by sex and the variant of the AR gene

n Age (months) Tanner stage Bioavailable testosterone (nmol/l) Full-scale 1Q
Females 204 183.88 (23.54) 4.16 (0.71) 104.93 (11.84)
Males 204 180.60 (22.39) 3.47(0.89) 105.22 (12.85)
Short AR gene 929 182.62 (22.47) 3.55(0.89) 8853 106.28 (13.34)
Long AR gene 85 180.51(22.97) 3.45(0.88) 93+56 104.84 (12.63)

For the analyses of MTR, there were 147 females and 140 males (short AR gene, n = 69; long AR gene, n = 63). The mean (SD) is shown.

1999); the macromolecules of myelin are the dominant source
of MT signal in white matter (Kucharczyk et al., 1994). This
interpretation of MTR is further supported by postmortem
data that revealed a significant positive correlation between
myelin contentand MTR (Schmierer etal., 2004, 2008). None-
theless, it should be pointed out that MTR is not absolutely
specific to myelin and that differences in MTR values can arise,
especially under pathological conditions, from a number of
other sources including water content or astrocytic swelling
(Laule et al., 2007; Rovira et al., 2001).

We used the above MR approaches, together with the as-
sessment of plasma levels of testosterone, the AR genotype,
and psychopathology, in a large-scale study of adolescence
(Pausova et al., 2007). Our results suggest that a genetic vari-
ation in the AR gene moderates the effect of testosterone on
WM volume during male adolescence and that the age-related
increases in the volume cannot be explained by increases in
myelination.

Materials and Methods

Subjects. All participants of this cross-sectional study were French
Canadians recruited from a geographically isolated population of
French Canadian origin living in the Saguenay Lac Saint-Jean (SLSJ)
region of Quebec, Canada. At the time of analysis, 408 adolescents
between 12 and 18 years of age had completed the study protocol.
Table 1 provides details concerning the participants, including their
age, stage of pubertal development, plasma levels of bioavailable tes-
tosterone, and full-scale intelligence quotient (IQ). Details of the
recruitment and testing procedures are provided by Pausova et al.
(2007). Briefly, subjects were recruited in secondary schools in the
SLSJ region. A research nurse conducted a telephone interview with
interested families (usually with the child’s mother) to verify their
eligibility. Additional information was acquired using a medical ques-
tionnaire completed by the child’s biological parent. The main exclu-
sion criteria were as follows: (1) positive history of alcohol abuse
during pregnancy; (2) positive medical history for meningitis, malig-
nancy, and heart disease requiring heart surgery; (3) severe mental
illness (e.g., autism, schizophrenia) or mental retardation (IQ <70);
and (4) MR contraindications.

Puberty Development Scale and serum testosterone. All participants
filled out the Puberty Development Scale (PDS) (Peterson et al.,
1988), which is an eight-item self-report measure of physical devel-
opment based on the Tanner stages with separate forms for males and
females. For this scale, there are five categories of pubertal status: (1)
prepubertal, (2) beginning pubertal, (3) midpubertal, (4) advanced
pubertal, and (5) postpubertal. Participants answer questions about
their growth in stature and pubic hair, as well as menarche in females
and voice changes in males. Dorn et al. (1990) compared self-ratings
and physician ratings of pubertal development and found significant
correlations between adolescent self-rating and physician’s rating. In
our sample, levels of bioavailable testosterone correlated with self-
rated pubertal stage in boys (r = 0.604; p < 0.0001). Therefore, the
self-rated PDS likely provides a valid measure of pubertal
development.

Fasting blood samples were taken in the morning (between 8:00 and
9:00 A.M.) and analyzed via radioimmunoassay (Testosterone RIA DSL-
4000; Diagnostic Systems Laboratory) to measure serum levels of testos-

terone (nanomoles per liter) and sex-hormone-binding globulin. The
level of bioavailable testosterone (nanomoles per liter) was then calcu-
lated using an equation developed by Sodergérd et al. (1982).

Assessment of general intelligence and psychopathology. We used the
Wechsler Intelligence Scale for Children (WISC-III) to assess general
intelligence. This assessment was performed at the beginning of a 6 h
neuropsychological battery.

In addition, we used the Diagnostic Interview Schedule for Children
(DISC) Predictive Scales (DPSs) (Lucas et al., 2001) to evaluate the like-
lihood of psychiatric diagnosis. This is a self-report questionnaire an-
swered by the adolescent; it contains a total of 98 questions about possible
symptoms of psychiatric disorders. In the case of depression, for exam-
ple, seven questions are asked including “was there a time when you had
less energy than normal?” and “was there a time when you seriously
thought about killing yourself?” To establish an epidemiological diagno-
sis of disorders listed in supplemental Table 1 (available at www.
jneurosci.org as supplemental material), we used the full-scale cutoff
criteria established by Lucas et al. (2001); using these criteria, Lucas et al.
(2001) found an excellent agreement between the DPS-based diagnosis
and a diagnosis based on the full DISC.

MR image acquisition and analysis. For each participant, high-
resolution MR images of the brain were acquired on a Phillips 1.0-T
superconducting magnet. T1-weighted images were acquired using the
following parameters: three-dimensional (3D) radio frequency (RF)-
spoiled gradient-echo scan with 140160 slices, an isotropic resolution of
1 mm, arepetition time (TR) of 25 ms, an echo time (TE) of 5 ms, and flip
angle of 30°.

Magnetization transfer images were acquired using a dual acquisi-
tion (3D RF-spoiled gradient-echo scan with ~50 slices of 3 mm
thickness and 1 mm in-plane resolution; TR, 41 ms; TE, 7.9 ms; flip
angle, 20°) with and without an MT saturation pulse (Gaussian RF
pulse of 7.68 ms duration, 1.5 kHz off resonance, and 500° effective
pulse angle).

Computational analysis of the MR images was used to calculate the
volume of WM in male and female adolescents. Volumes of WM in
the frontal, parietal, temporal, and occipital lobes were generated
using an automated process involving nonlinear registration to a tem-
plate brain and tissue classification (for details, see Paus, 2005). To
correct for interindividual differences in brain size, we calculated
relative volumes of WM by dividing the absolute lobar volumes by the
total brain volume. In the rest of the study, “volumes of WM” refer to
these relative volumes.

MTR images were calculated as the percentage of signal change
between the two acquisitions (Pike, 1996). The mean MTR values for
WM tissue were calculated, in native space, across all WM voxels
constituting a given lobar mask of WM in that subject. For technical
reasons, the MTR images of the first 90 subjects (acquired between
November 15,2003, and September 25, 2004) had to be discarded and
were therefore not included in any of the analyses. Subjects with and
without MTR did not differ significantly in sex composition, age,
pubertal stage, and full-scale IQ.

Genotyping of the androgen receptor gene. PCRs were performed
using 100 ng of genomic DNA in a total volume of 8.0 ul containing
1.0 mm MgCl, (Qiagen), 1X PCR buffer containing 1.5 mm MgCl,
(Qiagen), 0.035 um dNTPs (Qiagen), 0.04 U/ul HotstarTaqg DNA
polymerase (Qiagen), and 200 nm forward and reverse primer. PCR
protocol was initiated by denaturing the samples at 95°C for 10 min
followed by 45 cycles containing a denaturation phase at 95°C for 30's,
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an annealing phase at 60°C for 30 s, and an extension phase at 72°C for
30 s. The final extension was done at 72°C for 7 min. A reading
mixture was prepared with 2 ul of PCR products, 0.15 ul of Genescan
500 Liz size standard (Applied Biosystems), and 8.5 ul of Hi-Di For-
mamide (Applied Biosystems) and migrated on Applied Biosystems
3730x1 DNA Analyzer. The genotypes were analyzed with the Applied
Biosystems GeneMapper analysis program (release 3.7, October 12,
2004). In our sample of male adolescents, the number of CAG repeats
varied between 8 and 32, with a median of 21.7 repeats. Based on the
median split, we divided the adolescents into those with a “short”
(=22 CAG repeats) and a “long” (=23 CAG repeats) AR gene.

Statistics. We analyzed the data using linear regression models, with
the relative volume of WM and MTR as dependent variables. To
consider independent effects of age and levels of bioavailable testos-
terone, we calculated semipartial correlation coefficients. These differ
from partial correlations in that the relationships between indepen-
dent variables are accounted for but the dependent variable remains
unchanged (Howell, 1997). The squared semipartial correlation co-
efficient indicates the proportion of variance explained specifically by
either age or testosterone. It excludes, however, the proportion of
variance that is explained by the variance that is shared between
the two independent variables. In our case, the proportion attributed
to the shared variance can be calculated by subtracting the sum
of the independent contributions of age and bioavailable testosterone
(rspz) from the total amount of variance explained by the
model (R?).

Results

Figure 1 A and Table 2 provide confirmation of the striking sexual
dimorphism in age-related increases in relative (i.e., corrected for
the total brain volume) volume of WM during adolescence. Age
explained 23 and 3% of variance in WM volume in males and
females, respectively.

In male adolescents, significant relationships were observed
between bioavailable testosterone and WM volume (r*> = 0.16;
p < 0.0001) but also, as expected, between bioavailable testoster-
one and age (r> = 0.42; p < 0.0001). The amount of variance
explained by bioavailable testosterone above and beyond age was
low (1%; p = 0.082). The known functional polymorphism in the
AR gene was used as an alternative strategy for evaluating the
effect of testosterone on WM.

Figure 1B and Table 3 reveal the moderating effect of AR
genotype on the relationship between testosterone and WM
volume in adolescent males with low (=22; short AR; n = 97)
and high (=23; long AR; n = 82) numbers of CAG repeats.
Levels of bioavailable testosterone predicted 26 and 8% of
variance in WM volume in male adolescents with short and
long AR genes, respectively. The difference between the two
groups in this relationship approached statistical significance
in the entire group ( p = 0.08; two tailed) and was significant
(p = 0.03) when evaluated in the subset of male adolescents
with the available MTR values. Note that male adolescents
with the different AR genes did not differ in the pubertal stage
or the mean plasma levels of bioavailable testosterone
(Table 1).

Table 2 reveals the effect of age on MTR values, an indirect
index of myelination. Age explained 8 and 1% variance in MTR
values in male and female adolescents, respectively. The MTR
values decreased with increasing age in male adolescents.

Figure 1C and Table 3 reveal the moderating effect of AR
genotype on the relationship between testosterone and MTR
values in white matter in adolescent males. Levels of bioavail-
able testosterone predicted 27 and 8% of variance in MTR
values in adolescents with short and long AR genes,
respectively.
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Figure 1. A, Relative (brain-volume corrected) volume of WM plotted as a function of age in
female (left) and male (right) adolescents. B, Relative volume of WM plotted as a function of plasma
levels of bioavailable testosterone in male adolescents with low (short AR gene) and high (long AR
gene) numbers of CAG repeats in the androgen receptor gene. €, Mean-centered values of MTR in
white matter plotted as a function of bioavailable testosterone in male adolescents with short and
long AR. The WM volumes and MTR values have been summed across all four lobes.
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Table 2. Effect of age on relative volume of WM and mean values of MTR in white matter

Males Females Sex by age

R p R p Iy’ p
WM volume 0.23 <0.0001 0.03 0.01 0.03 <<0.0001
MTR 0.08 0.001 0.01 0.22 0.04 <0.0001

r,pz refers to the squared semipartial correlation coefficient. p, Two-tailed test.

Table 3. Relationships between bioavailable testosterone, relative volumes of WM, and mean values of MTR in white matter in male adolescents with short (=22 (AG

repeats) and long (=23 CAG repeats) versions of the AR gene

Short AR gene Long AR gene AR genotype by BioTesto

R p R p I~ p
WM volume 0.26 <0.0001 0.08 0.01 0.01 0.08
MTR 0.27 <<0.0001 0.08 0.03 0.01 0.14

r,p2 refers to the squared semipartial correlation coefficient. p, Two-tailed test; BioTesto, bioavailable testosterone.

Table 4. Relationships between age and bioavailable testosterone, relative volumes of WM, and mean values of MTR in white matter in male adolescents with short (=22

CAG repeats) and long (=23 CAG repeats) versions of the AR gene

Short AR gene Long AR gene
R Age BioTesto R Age BioTesto
r’ Iy r’ Iy
sp sp Sp P
WM volume 0.32 0.06 (p = 0.006) 0.04 (p = 0.02) 0.22 0.15 (p < 0.001) 0.00 (p = 0.89)
MTR 0.27 0.00 (p = 0.75) 0.11 (p = 0.002) 0.08 0.00 (p = 0.64) 0.04 (p = 0.12)

rsp2 refers to the squared semipartial correlation coefficient. BioTesto, Bioavailable testosterone.

Table 4 further indicates that the distribution of variance be-
tween chronological age and levels of bioavailable testosterone,
estimated using semipartial correlations, is different in males
with the short and long AR genes, respectively. When considering
age and bioavailable testosterone together (i.e., total variance ex-
plained; R?), the amount of variance explained appears slightly
higher in males with the short AR gene for both WM volume and
MTR. When evaluating the independent contributions of age and
bioavailable testosterone using semipartial correlations (rspz),
bioavailable testosterone appears to explain significant amount
of variance only in males with the short AR gene.

Supplemental Table 1 (available at www.jneurosci.org as
supplemental material) provides an overview of the possible
relationship between the levels of bioavailable testosterone
and the likelihood of psychopathology in the adolescents with
short and long versions of the AR gene. Higher levels of bio-
available testosterone were associated with a higher likelihood
of depression in male adolescents with the short but not the
long AR gene. On the other hand, lower levels of bioavailable
testosterone were associated with a higher level of separation
anxiety disorder in male adolescents with the long but not the
short AR gene. Note that significance levels reported in
supplemental Table 1 (available at www.jneurosci.org as
supplemental material) are not corrected for multiple
comparisons.

Discussion

First of all, our findings replicate previous studies in observing
a striking sexual dimorphism in the WM growth during ado-
lescence. The previous studies suggest that the growth of WM
volume in girls is less steep than that of boys, even when a
wider range of age is considered (7-19 years) [Lenroot and
Giedd (2007), their Fig. 2C], thus arguing against the possibil-

ity of missing such a growth “spurt” in our sample caused by a
more advanced pubertal development in the female versus
male participants. Most importantly, we found that this
growth may be driven, at least in part, by testosterone acting
via androgen receptors. The moderating influence of AR ge-
notype on the effect of testosterone can be thought of as a case
of gene—environment interaction; hormonal environment in-
fluences the phenotype more or less depending on a specific
variant of the gene. Here, testosterone influenced WM volume
to a greater extent in males with the more “efficient” AR (short
AR gene), compared with those with a less efficient AR (long
AR gene). Furthermore, the observed moderating effect of AR
genotype on the relationship between testosterone levels and
white matter provides a certain level of causality and specific-
ity not available when simply correlating levels of testosterone
with WM volumes. It is important to note that we observed
this effect within a normal range of the number of CAG repeats
(832 repeats in our sample). As pointed out in the Introduc-
tion, individuals with 40—66 CAG triplets in the AR gene are
known to suffer from Kennedy disease, a neurodegenerative
disease characterized by loss of motor neurons in spinal cord
and brainstem and accompanied by signs of partial androgen
insensitivity (La Spada et al., 1991; Brooks and Fischbeck,
1995).

Our observation of age-related increases in WM volume on
the background of decreases in MTR values suggests that tes-
tosterone does not act primarily by increasing the rate of my-
elination during male adolescence. We speculate that testos-
terone affects axonal caliber, perhaps by influencing the
number and/or properties of microtubules and/or neurofila-
ments (Marszalek et al., 1996; Hoffman et al., 1987). This view
is consistent with the pathology of Kennedy disease, as well as
with experimental findings of testosterone-induced upregula-
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tion of B-tubulin expression (Butler et al., 2001; Matsumoto et
al., 1993). Future studies in experimental models are necessary
to test directly the proposed hypothesis of testosterone-
induced increases in axonal diameter during adolescence. An
increased axonal caliber would reduce the number of axons
per unit of volume and thus lead to an apparent decrease in the
myelination index, as reflected in the lower MTR values. Note,
however, that the genotype-based differences in the strength
of the relationship between testosterone and MTR were not
statistically significant.

Finally, assessment of psychopathology in our normative
sample allowed us to ask whether or not there are any possible
functional consequences of the age-related increase of WM
volume during male adolescence. The DISC Predictive Scales
estimate the likelihood of an epidemiological diagnosis of the
most common psychiatric disorders. Using this tool, we found
that higher levels of bioavailable testosterone were associated
with a higher likelihood of depression in male adolescents with
the short but not the long AR gene. Previous studies suggest
that anabolic androgenic steroids are associated with depres-
sion and other side effects (Ekl6f et al., 2003; Pope and Katz,
1988). It is possible that the stronger impact of testosterone on
the brain of adolescents carrying the short versus long AR gene
might have similar, albeit less severe, detrimental effects.
Thus, high levels of testosterone in individuals with the more
“efficient” AR could represent a male-specific pathophysio-
logical mechanism of depression during adolescence. Al-
though we are unable to make any causal inferences about the
relationship between the observed effects of testosterone on
white matter and behavior, any variations in the axonal caliber
and the related network of microtubules and neurofilaments
may affect axonal transport and, in turn, the amount of neu-
rotransmitters, growth factors, and other molecules available
at the synapse. The above observations should be treated with
caution, however. First, these effects appear subtle and would
not survive corrections for multiple comparisons. Second, this
report is based on cross-sectional data and, as such, does not
allow us to address the dynamics of the possible relationship
between changing levels of testosterone during male adoles-
cence and mental health.

In conclusion, our study confirmed sexual dimorphism in
the growth of white matter during human adolescence, sug-
gested the role of testosterone and androgen receptors in this
growth, and pointed out possible parallels between the effects
of testosterone on white matter and on depression during
male adolescence. Nonetheless, it should be noted that the
interaction between bioavailable testosterone levels and func-
tional polymorphisms in the AR gene explained only a small
amount of variance in both the WM volume and MTR values.
Clearly, other factors must play a role in mediating age-related
changes in white matter during male adolescence. These may
include, for example, effects of testosterone metabolites such
as dihydrotestosterone and 17-f-estradiol acting, respec-
tively, via androgen and estrogen receptors (Melcangi et al.,
2008), or perhaps involve direct neural effects of gonado-
tropins, such as luteinizing hormone (Lei and Rao, 2001).
Finally, future longitudinal studies will allow investigators to
examine, in a more causal manner, whether or not there are
any risks associated with fast vs slow growth of white matter
during male adolescence vis-a-vis the individual’s mental
health.
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