Impact of gonadectomy on maturational changes in brain volume in
adolescent macaques
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ARTICLE INFO ABSTRACT

I;[eyw ords: 1 Adolescence is a transitional period between childhood and adulthood characterized by significant changes in
A ;Zf:;i ;2? aua global and regional brain tissue volumes. It is also a period of increasing vulnerability to psychiatric illness. The
Prefrontal cortex relationship between these patterns and increased levels of circulating sex steroids during adolescence remains
Magnetic resonance imaging unclear. The objective of the current study was to determine whether gonadectomy, prior to puberty, alters
Testosterone adolescent brain development in male rhesus macaques. Ninety-six structural MRI scans were acquired from 12

male rhesus macaques (8 time points per animal over a two-year period). Six animals underwent gonadectomy
and 6 animals underwent a sham operation at 29 months of age. Mixed-effects models were used to determine
whether gonadectomy altered developmental trajectories of global and regional brain tissue volumes. We
observed a significant effect of gonadectomy on the developmental trajectory of prefrontal gray matter (GM),
with intact males showing peak volumes around 3.5 years of age with a subsequent decline. In contrast, pre-
frontal GM volumes continued to increase in gonadectomized males until the end of the study. We did not
observe a significant effect of gonadectomy on prefrontal white matter or on any other global or regional brain
tissue volumes, though we cannot rule out that effects might be detected in a larger sample. Results suggest that
the prefrontal cortex is more vulnerable to gonadectomy than other brain regions.

1. Introduction period are accompanied by significant changes in brain maturation
(Brenhouse and Andersen, 2011). In humans, cortical volume, measured

Adolescence is a distinct phase of development extending from pu- via structural magnetic resonance imaging (sMRI), follows an
bertal onset to the emergence of adult appearance, physiology, and inverted-U-shaped cubic trajectory between three and thirty years of age

identity. Substantial changes in cognition and behavior throughout this (Raznahan et al.,, 2011). It peaks in the peripubertal period (late
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childhood, early adolescence) and then reduces with decreasing velocity
until itstabilizes around twenty years of age. This overall pattern reflects
changes in both gray matter (GM), which exhibits a nonlinear pattern of
development (pre-pubertal increases followed by adolescent decreases),
and white matter (WM), which exhibits a relatively linear increase from
childhood to young adulthood (Aubert-Broche et al., 2013; Giedd et al.,
1999). Significant regional heterogeneity is present. For example, pari-
etal gray matter (GM) shows marked reductions in volume which begin
prior to puberty (perhaps as early as five years of age) and continue
throughout adolescence, although the rate of change attenuates with
increasing age (Aubert-Broche et al., 2013; Tamnes et al., 2013;
Vijayakumar et al., 2016). In contrast, anterior regions appear to reach
peak volumes in the peripubertal period, and display accelerating vol-
ume reductions across adolescence (Aubert-Broche et al., 2013; Giedd,
2004; Tamnes et al., 2013; Vijayakumar et al., 2016).

Sex differences have also been reported at both the global and
regional level (Aubert-Broche et al., 2013; Dennison et al., 2013; Len-
root et al., 2007; Mills et al., 2016; Raznahan et al., 2011; Vijayakumar
et al., 2016). Females achieve peak cortical volumes earlier (around 8
years) compared to males (9.3 years) (Raznahan et al., 2011) and males
demonstrate protracted increases in WM across adolescence compared
to females (Aubert-Broche et al., 2013). Information on regional sex
differences is somewhat inconsistent. However, data from the Phila-
delphia Neurodevelopmental Cohort suggests that there are sex differ-
ences in hippocampal development with pre-pubertal males and females
exhibiting similar hippocampal volumes (relative to intracranial vol-
ume), but post-pubertal females exhibiting larger hippocampal volumes
than males (Satterthwaite et al., 2014). Males also show greater brain
volume variance than femalesacross multiple structures, an effect which
is relatively stable throughout childhood and adolescence (Weirenga
et al., 2017). For a more comprehensive review readers are directed to
Kaczkurkin et al. (2019).

Unfortunately, the period of adolescent brain maturation is also a
period of increased vulnerability to psychopathology (Mendle, 2014).
During adolescence, depression, anxiety, and eating disorders increase
in females (Angold et al., 2003; Hayward and Sanborn, 2002), conduct
problems and aggression rise for both genders (Mendle, 2014), and onset
of schizophrenia is more common in males (Gotowiec et al., 2003).

It is currently unclear how these developmental brain changes relate
to the substantial increases in primary sex steroids that accompany
puberty. Several studies of human adolescents have reported associa-
tions between circulating sex steroid levels and GM and WM volumes
(Bramen et al., 2011; Herting et al., 2014; Neufang et al., 2009; Peper
et al., 2009), but the pattern of results is inconsistent, perhaps due to
heterogeneity in design, subject demographics, and approaches toimage
acquisition and analysis. Furthermore, these observational studies
cannot distinguish between the possibility that circulating hormones
play a causal role in shaping adolescent brain development and the
possibility that circulating hormone levels are serving as a proxy for
some other causal factor. Well-controlled, experimental studies are
necessary to overcome these limitations.

Experimental studies in rodents indicate that gonadal hormones in-
fluence sex differences in the adult brain (for review see Schulz and Sisk
(2016) and McEwen and Milner (2017)). For example, seminal work
conducted by Bruce McEwen revealed that estrogen increases spine
density in the hippocampus of adult female rats (reviewed in McEwen
et al., 2012), while testosterone increases dendritic spine density in the
CAl region of the adult male rat hippocampus (Romeo et al., 2005).
Gonadal steroids also play causal roles in the emergence of neurobio-
logical sex differences during adolescence. For example, pubertal
ovarian steroids appear to promote apoptosis in primary visual cortex
(Nunez et al., 2001, 2002) and ventral mPFC of female rats (Koss et al.,
2015), while pubertal testosterone influences regional volume and
neuron number within the medial amygdala of adult male Syrian ham-
sters (De Lorme et al., 2012). In some cases, gonadal hormones may be
necessary for maintaining neurobiological sex differences established in

the prenatal and early postnatal period (Ahmed et al., 2008; Breedlove
et al., 2002; Morishita et al., 2017). However, the relevance of these
findings to humans is currently unclear due to significant species dif-
ferences in pubertal physiology, brain development, and brain structure
(Borrell and Calegari, 2014; Hodges and Palmert, 2007).

Compared to rodents, the rhesus macaque possesses a greater simi-
larity to humans in terms of the extended time course of puberty and
brain maturation, and in possessing a more convoluted cortical brain
structure (Hodges and Palmert, 2007; Knickmeyer et al., 2010; Scott
et al., 2016). Consequently, this species is especially informative as a
translational model. Encephalization of the macaque cortex is also
conducive to state-of-the-art neuroimaging (Young et al., 2017). Thus,
the objective of the current study was to determine whether gonadec-
tomy, prior to puberty, alters adolescent brain development in male
rhesus macaques using sMRI. We have previously shown that gonad-
ectomy prior to puberty increases hippocampal neurogenesis, leads to a
drop in position in the social hierarchy, attenuates sensory-motor gating,
and alters reactions to emotional faces of con-specifics during adoles-
cence (Allen et al., 2014; Morris et al., 2010; Richards et al., 2009). How
gonadectomy influences maturational trajectories of global, cortical,
and subcortical brain volumes has not been previously reported. Based
on prior research suggesting that pubertal testosterone closes the
“growth” window or plasticity window for hippocampal neurogenesis
(Allen et al., 2014), we hypothesized that gonadectomized monkeys
would exhibit prolonged maturational trajectories compared to intact
animals (e.g. extended growth).

2. Materials and methods
2.1. Subjects

Twelve experimentally naive male rhesus macaque monkeys
(Macaca mulatta) from the NIH Animal Center’s primate field station
were used in this study. Detailed information on matriline and maternal
rank, housing conditions, and feeding can be found in Richards et al.
(2009). At the start of the study (27 months), all monkeys weighed be-
tween 3.2 and 5.39 kg, had basal morning testosterone levels of <0.06
ng mL—1, and none showed overt signs of puberty (Bowen and Koch,
1970). The sample size represents all eligible animals that could be ac-
quired from the NIH Animal Center’s primate field station in a two-year
period, given constraints such as the size of the birth cohort, the number
of males, and the number of other projects being conducted.

2.2. Surgeries and subsequent assessments

At 29 months of age, monkeys were randomly selected for either
gonadectomy (n = 6) or sham operation (n = 6) with the constraint that
resulting groups were comparable in average matriline rank, maternal
rank, and body weight. Sham animals underwent the same anesthesia
protocol but did not have any surgical manipulations. Mean (SD) of age
at time of surgery was 29.18 (0.44) months for sham animals and 29.09
(0.47) months for gonadectomized animals (test for group differences: df
= 9.94, p-value = 0.73, t = 0.36). The surgeries were performed in a
yoked fashion on aged matched monkeys, where castration was per-
formed on one animal and sham surgery was performed on the other
animal by the same surgical team, with the same equipment, on the
same day, with the same recovery period. Blood samples were collected
every 6-8 weeks from 1 month prior to surgery until study conclusion in
order to assess plasma levels of testosterone. Samples were taken at 9:30
am and 11:00 pm to account for diurnal variation. Plasma testosterone
levels were measured by radioimmunoassay at the Yerkes National
Primate Research Center Biomarkers Core Lab at Emory University.
Additional details can be found in Richards et al. (2009).

For the acquisition of the MRIs, a General Electric 3 T MRI (voxel
size: 0.43 x 0.43 x 0.8 mm?>) scanner was utilized. The MRI image
acquisition parameters were Field of View = 30 mm, Repetition Time =



9 ms, Echo Time = 4 ms (minimum). As the monkey heads were too
small for a human head coil, the subjects were scanned using a knee coil.
All monkeys were anesthetized for the duration of the MRI assessment to
reduce motion artefacts. Eight separate scans were acquired in each
subject over a 2-year period. All procedures were approved by the Na-
tional Institute of Mental Health (NIMH) Animal Care and Use Ethics
Committee and comply with the National Research Council’s guide for
the care and use of laboratory animals and with the ARRIVE guidelines.

2.3. Image analysis

Longitudinal image processing frameworks (for example using the
baseline scan as a reference for each subject or propagating measure-
ments directly from one age to another age) can easily yield biased
measurements (see also Reuter and Fischl (2011)). Consequently, we
chose to employ an independent processing approach in this study. T1w
scans were first corrected for intensity inhomogeneity via N4, followed
by rigid alignment into the UNC-Emory 12-month atlas space (Shi et al.,
2016) and automatic brain mask computation using AutoSeg (v3.3.2)
(Wang et al., 2014). The automatic brain masks were all manually
corrected for the purpose of skull stripping. Skull stripped T1w images
were then processed via a standard atlas moderated Expectation Maxi-
mization tissue segmentation, single atlas subcortical segmentation, and
regional parcellation (Knickmeyer et al., 2010) in AutoSeg. We employ
an affine registration followed by a deformable registration (using the
symmetric diffeomorphic registration in ANTS) in order to register each
image to the relevant atlases. Regional WM parcellation volumes were
calculated for the following regions: cerebellum, cingulate cortex, pre-
frontal cortex (PFC), frontal cortex, insular cortex, parietal lobe, occip-
ital lobe, visual temporal cortex, limbic temporal cortex, auditory
temporal cortex, combined pons and medulla, combined subcortical
region, and the corpus callosum. Regional GM parcellation volumes
were calculated for all the above regions except the corpus callosum. In
addition to the combined subcortical region noted above, separate
subcortical volumes were calculated for the putamen, hippocampus and
caudate. We did not calculate separate volumes for the amygdala due to
the challenges of reliably identifying the boundaries of the amygdala in
our images. Visual inspection was performed to assess the quality of the
segmentation using ITK-Snap (www.itksnap.org). Datasets failing visual
inspection were excluded from the analysis (one out of 96 scans failed
visual inspection). No manual correction of the automatically
segmented data was performed. Individuals performing image analysis
and quality control were blind to experimental condition (gonadecto-
mized versus intact). See Supplementary Fig. 1 for an example of a
successful segmentation.

log Testosterone (ng/mL)

2.4. Statistical analysis

In order to determine whether gonadectomy successfully eliminated
the expected increase in adolescent testosterone, linear mixed effects
models with random intercepts were fit to testosterone values using time
(age), condition, and time of day as covariates, including a time by
condition interaction. Time of day indicates whether the measurement
was taken in the morning (time of day = 1) or in the evening (time of day
= 0). In intact animals, testosterone exhibits a clear diurnal pattern
(lower values in the morning, higher values in the evening). Values of
testosterone below the clinical level of detection (0.05 pug / mL) were
fixed at 0.05 for analysis. Diagnostics for the initial model revealed
skewed residuals, indicating a violation of the linearity assumption
necessary for a valid linear regression. The model was thus rerun with a
log-transformation of testosterone, where diagnostics no longer showed
any signs of assumption violations.

In order to determine whether gonadectomy altered adult sMRI
outcomes, global brain tissue volumes, regional brain tissue volumes,
and subcortical volumes at final MRI were modeled as a linear function
of condition, correcting for baseline ICV. Global outcomes included total
GM (GM), total WM (WM), and total cerebrospinal fluid (CSF). Regional
volumes are described in the image analysis section (see above). The
Benjamini-Hochberg correction was used to control family-wise error
rate due to multiple testing with correlated outcomes. Volumes from left
and right hemispheres were combined by region prior to statistical
analysis.

In order to determine whether gonadectomy altered the develop-
mental trajectory of intracranial volume, scaled and centered intracra-
nial volume (ICV) was modeled as a function of time, condition, and
their interaction using a linear mixed effects model with random inter-
cept, as in the analysis of testosterone. Scaling and centering was ach-
ieved by subtracting mean ICV from the individual ICV values and then
dividing by the standard deviation of the ICV values. Scaling and
centering is recommended when there is heterogeneity in observed
values, which can lead to problems with model convergence.

In order to determine whether gonadectomy altered the develop-
mental trajectory of global and regional brain tissue volumes, analyses
were performed in two steps: screening and feature selection. This was
done to control potential false positives that might arise from testing a
large number of regions. In the screening step, all regional and global
tissue volumes were scaled and centered, and the following mixed ef-
fects model was fit with random intercepts.

Condition
Castrated

== Intact

25 3.0 35

4.0 45

Time since Birth (years)

Fig. 1. Log-testosterone trajectories for each monkey with fit lines based on the polynomial functions in Table 1.
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where time was taken to be the scaled number of days since birth. Eq. 1
was then compared against a random intercept only model using a chi-
square test with a Satterthwaite approximation of the degrees of
freedom from the ImerTest R package. Quadratic terms were considered
to correct for observed non-linearity in the residuals. Regions with
model comparisons leading to a significant p-value after Benjamini-
Hochberg correction for multiple testing were considered to have
passed the screening step. This step allows for the evaluation of both
time and condition effects on the standardized volumes.

A feature selection step was then performed on the regions which
passed the screening step to consider the effect of condition only. For
each screened region, the same mixed effects model was fit with random
intercepts (Eq. 1). Backwards step-wise selection removed variables
from Eq. 1 one at a time, according to their F-test statistics. The model is
iteratively refit after removing the variable with the highest p-value
until all model variables have a p-value below 0.05. The model was set
up to ensure that lower order age terms (e.g. linear effect of time) could
not be removed before higher order terms (e.g. quadratic effect of time).
In addition, main effect terms (e.g. condition) could not be removed
before interaction terms (e.g. condition*time).

For models with significant condition effects, a permutation test was
performed to confirm that the effect was indeed significant. All subjects
were reassigned condition status, and the most parsimonious model
from the feature selection step for these regions was compared to a
reduced model. The reduced model included the same terms as the
discovered most parsimonious model, but the terms involving condition
were removed. A null distribution of p-values can then be created, and
the p-value from the feature selection step is then compared with the p-
values from each of the permutations.

To better understand what effect sizes would be detectable in our
sample, we compared Eq. 1 (which includes terms for condition, time,
timez, condition*time, and condition*time?) against Eq. 2 (which in-
cludes terms for time and time?, but no terms related to condition) using
a chi squared test.

E[Volume] = By; + B time + p,time* 2)

The resulting test statistic captures the overall group effect of the
intervention (condition + condition*time + condition*timez). We then
compared each test statistic against the critical value of a chi-square
distribution with 3 degrees of freedom and 0.05 level of significance.
The resulting values represent the necessary increase in the chi-square
statistic required to see a significant effect of condition, con-
dition*time, or condition*time? in our sample. One can also conceptu-
alize this as the proportional increase in Cohen’s D necessary to see
significance. The values are proportional to the vector of coefficients for
the effects of condition, condition*time, and condition*time? together.

All mixed models were fit using the lmer function of the R package
Ime4; a seed of 2018 was used, and all tests were evaluated at the 0.05
significance level after correction unless otherwise specified.

Finally, longitudinal standard deviation estimates are reported in
Table 6 so that investigators of future longitudinal studies may perform
their sample size calculations. These estimates are derived from Fitz-
maurice et al. (2012) with modifications for unbalanced and mis-
matched time points. First, consider the null hypothesis that the effect
size of castration is zero where the effect size is the mean difference in

the volume. The null hypothesis may be formalized as Hy : 6™ = ylm'k —
/46""‘ where § is the effect size, u'l"‘k is the mean type m volume in region k

in the castrated group, and ﬂg"k is that in the sham surgery group. We
have n = 12 subjects and each is measured N; times fori =1, ..., n.
Assume the linear model

Yt =Bt + gty + et 3)

where Yl']"k is the matter type m volume of the k th region for subject i €

1, ... nattimej =0, ...N, t; is the j th time point for subject i, and

& ~ N(0, 62). First, we estimate 62 as the average within-subject vari-
n N; _ 2
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between-subject variance, from fitting the linear mixed effects model in

Eqn. 4. Finally, these estimates may be used to find the total variance,
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and the estimated standard deviation is simply the square-root of Eqn. 5.
The estimates found in Table 6 may be used in future analysis according
to

{Zowp+2Z0y '}
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given some desired power (1 —y) x 100% and significance level a,
where y,a € (0, 1)

3. Results

Model parameters for log-testosterone values are described in
Table 1, and the effect of the time and condition interaction was found to
be significant (p < 0.0001), confirming that gonadectomy did eliminate
the expected increase in adolescent testosterone as can be seen in Fig. 1
(confirming our earlier analysis reported in Richards et al. (2009)).

All comparisons of adult (final) brain volumes between the gonad-
ectomized and intact groups were found to be non-significant after
correction for multiple testing.

The model for developmental change in ICV revealed that there was
no significant association with time or condition, and no significant
interactions between time and condition (Table 2). Removal of the
interaction term led to the same conclusion for the association between
ICV and the main effect of condition (p = 0.4878). Individual trajec-
tories of ICV can be seen in Fig. 2.

The screening step revealed that the set of covariates from Eq. 1 had a
significant effect (p < 0.05) on 8 WM regions, 6 GM regions, as well as
total WM, total GM, and total CSF (see Table 3). Of these regions, only
prefrontal GM was found to have a significant effect from the interaction
between time and condition in the feature selection step (p = 0.0475 for
condition x time and p = 0.0403 for condition x time?) (Table 4). Tra-
jectories can be compared in Fig. 2 (fit lines are based on the polynomial

Table 1

Model summary for the linear mixed effects model for log-Testosterone, using
morning status, time since birth, and condition as covariates with a random
intercept.

Effect Estimate  Std. df p-value 95 % CI
Error

Time of day -1.04 0.13 208.81 3.42x 10 (-1.28,
-0.79)

Time (Age) 4.61 0.48 209.15 < 1.00 x 107%° (3.66,
5.55)

Condition (Intact ~ 3.01 0.68 217.80 < 0.00011.58 x (1.69,
=0) 10°° 4.34)

Time*Condition -5.73 0.67 209.09 < 0.00013.55 x (-7.04,
1015 -4.41)

f Testosterone generally exhibits a diurnal pattern with lower values in the
morning and higher values in the evening. Time of day indicates whether the
measurement was taken in the morning (time of day = 1) or in the evening (time
of day = 0).



Table 2
Model summary for the linear mixed effects model for standardized intracranial
volume, using time and condition as covariates with a random intercept.

Effect Estimate  Std. df p- 95 % CI
Error value
Time 0.07 0.21 81.00  0.7248 (-0.34,
0.49)
Condition (Intact = 0.63 0.65 15.40  0.3512 (-0.63,
0) 1.88)
Time*Condition -0.21 0.30 81.00  0.4786 (-0.80,
0.37)

functions in Table 4). The permutation test for prefrontal GM had a p-
value of 0.0617.

We note that the intact and castrated subjects also exhibit significant
differences at the baseline measurement (p = 0.0298). However, the
effect estimates for the PFC GM volume given in Table 4 suggest that at
any given time point, the slope of condition + condition*time + con-
dition*time? is positive, signaling less thinning than the intact group,
which would have condition + condition*time + condition*time? = 0.
Thus, the trend over time for the castrated group is more positive than
that for the intact group, despite the baseline differences. We also note
that baseline differences are strongly influenced by animal ZB33, who
happens to be quite large. Removal of ZB33 from the analysis attenuates
baseline differences, but does not influence the overall trajectory dif-
ferences (see Supplementary Fig. 2).

The other brain volume variables selected in the screening step were
found to have a significant effect of time, or time?, but no effect of

condition and no interaction between time and condition. Total WM
increased across adolescence, while total GM and total CSF decreased.
Regionally, WM volumes increased with age in the cerebellum, occipital
and parietal lobes, and in temporal auditory and temporal visual cortex.
WM volumes decreased in cingulate and PFC. Overall decreases in
regional GM volumes were observed in the cerebellum, parietal lobe,
and temporal auditory, temporal visual, and cingulate cortices.

Values comparing observed chi-square statistics with the propor-
tional increase necessary to observe significance from the main and
interactive effects of condition in a sample of this size can be found in
Supplementary Table 1. Note that the proportional increase varies
significantly across different regions and tissue types. For example, in
order to observe a significant effect of condition on subcortical GM
volume, the y? statistic would need to be 55.89 times as large as the one
observed. In contrast, the y? statistic would only need to be 1.45 times
larger than the one observed to achieve significance for condition on
frontal GM volume. Supplementary Table 2 presents longitudinal stan-
dard deviation estimates for the MRI volumes across all matter types and
regions. These numbers can be used to power future studies.

4. Discussion

Some of the most salient biological differences between males and
females emerge during the pubertal transition when the hypothalamic
gonadotropin releasing hormone pulse generator emerges from juvenile
suppression, resulting in increasing levels of circulating gonadotropin-
releasing hormone (GnRH) and pituitary follicle-stimulating hormone
(FSH) and luteinizing hormone (LH), which lead to increases in gonadal
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Fig. 2. Observed trajectories for intracranial volume (ICV) and prefrontal GM with fit lines based on the polynomial functions in Table 4.



Table 3
Brain regions which were found to have significant model effects under Eq. (1).

Matter Region Adjusted p-value R?
Occipital 2.88x 1072 0.12
Temporal Auditory 6.70 x 10~* 0.29
Cerebellum 6.70 x 104 0.17
WM Cingulate 3.18x 1072 0.07
Parietal 2.00x 1077 0.62
Prefrontal 1.01x 1072 0.17
Temporal Visual 2.93x 1077 0.07
Pons Medulla 2.93x 1077 0.16
Temporal Auditory 3.45x 1072 0.13
Cerebellum 1.89 x 1072 0.34
Cingulate 827 x 1073 0.86
GM
Parietal 6.19 x 1072 0.17
Prefrontal 2.07 x 1072 0.78
Temporal Visual 323x10°° 0.07
WM 3.24x 10715 0.03
Total GM 1.05x 1072 0.89
CSF 6.70 x 1074 0.01

sex steroids. In humans, this period includes marked increases in the
incidence of depression, anxiety, and eating disorders in females
(Angold et al., 2003; Hayward and Sanborn, 2002) and increased
prevalence of schizophrenia in males (Gotowiec et al., 2003). Sex

differences have also been reported in trajectories of global and regional
brain volumes during adolescence, measured via sMRI (Aubert-Broche,
etal., 2013; Dennison et al., 2013; Lenroot et al., 2007; Mills et al., 2016;
Vijayakumar et al., 2016). In this study, we tested whether circulating
factors from the male gonad influence adolescent changes in brain
morphology in rhesus macaques. We observed a significant effect of
gonadectomy on the developmental trajectory of prefrontal gray matter
(GM), with intact males showing peak volumes around 3.5 years of age
with a subsequent decline. In contrast, prefrontal GM volumes continued
to increase in gonadectomized males until the end of the study. This
result is in keeping with reports of inverse correlations between circu-
lating testosterone and cortical thickness in dorsolateral PFC of human
males between 14 and 22 years of age (Nguyen et al., 2013). We note
that final PFC volumes were not larger in gonadectomized animals
compared to intact animals. This may be due to inter-individual varia-
tion in animal size. A major benefit of longitudinal studies, such as this
one, are that they can account for complexity related to individual dif-
ferences over time. Such effects may be masked in cross-sectional studies
(Wolff and Piven, 2014).

We did not observe a significant effect of gonadectomy on prefrontal
WM or on any other global or regional brain tissue volumes, though we
cannot rule out that effects might be detected in a larger sample. Sup-
plementary Table 1 provides the proportional increase necessary to
observe significance from the main and interactive effects of condition
in a sample of this size, while Supplementary Table 2 presents longitu-
dinal standard deviation estimates for the MRI volumes across all matter
types and regions which can be used to power future studies. Never-the-
less, the current study suggests that prefrontal GM is more vulnerable to

Table 4
Stepdown step significant effects reduced from Eq. 2. R are marginal R? values associated with only fixed effects.
Matter Region R? Effect Estimate Std. Error df p-value
Occipital 0.11 time 1.58 0.42 82.05 2.70 x 10~
Temporal Auditory 0.08 time 1.37 0.27 82.02 1.81x10°°
Cerebellum 0.14 time 1.83 0.36 82.06 2.85x 107°
Cingulate 0.05 time -1.04 0.31 82.00 1.29x 1073
0.04 time —4.11 1.56 81.01 0.0103
WM Parietal time? 255 0.79 81.01 1.85x 107°
Prefrontal 0.11 '(%me2 —-12.49 4.80 81.29 0.0109
time 5.69 2.43 81.29 0.0219
Temporal Visual 0.12 time 1.70 0.23 82.01 1.27 x 10710
Pons Medulla 0.09 time 1.47 0.21 82.01 8.09 x 10710
GM Temporal Auditory 0.02 time —7.04 1.97 81.02 5.90x 104
time? 3.52 1.00 81.02 6.88 x 104
Cerebellum 0.07 time -1.26 0.32 82.02 1.83x 1074
Cingulate 0.01 time —6.02 1.52 81.01 1.54 x 107*
time? 3.10 0.77 81.01 1.23x 1071
Parietal 0.01 time —5.54 1.39 81.01 1.51 x 107#
time? 2.77 0.71 81.01 1.88x 1074
Prefrontal' 0.18 condition 5.76 2.60 84.03 0.0298
time 3.73 3.74 70.03 0.322
time? —1.68 1.90 79.03 0.379
condition*time —10.85 5.39 79.03 0.0475
condition*time? 5.69 2.73 79.03 0.0403
Temporal Visual 0.05 time —9.63 2.30 81.03 7.26 x 107>
time? 4.47 1.17 81.03 251x 1071
Total WM 0.09 time -4.31 1.45 81.01 3.99x 1073
time? 2.88 0.74 81.01 1.90 x 104
GM 0.01
time —6.34 1.52 81.01 7.32x 107
time? 3.13 0.77 81.01 1.08 x 104
CSF 0.11 time —10.56 3.70 81.10 548 x 1073
time? 4.66 1.88 81.10 0.0151

" model where condition was significant.



gonadectomy than other regions. This is particularly interesting as this
region’s functional correlates include high-level cognitive processes
such as working memory, social cognition, and abstract thought. The
primate PFC is also evolutionarily distinct in being hyperscaled in
comparison to isocortex and whole brain. The PFC shares extensive in-
terconnections with subcortical regions, sensorimotor cortices, and
other association cortices (Teffer and Semendeferi, 2012). Conse-
quently, disrupted PFC development could have wide-ranging func-
tional effects and may explain behavioral changes previously reported in
these monkeys, which include higher levels of prepulse inhibition and
altered responses to social stimuli (Allen et al., 2014; Morris et al., 2010;
Richards et al., 2009).

The PFC matures relatively late in comparison with the rest of the
brain at both the structural and neurochemical level (Caballero et al.,
2016). This prolonged maturational trajectory may contribute to its
particular vulnerability to gonadectomy, although many other brain
regions showed significant time-related changes, including cerebellum,
parietal lobe, and temporal auditory, temporal visual, and cingulate
cortices. Other areas such as pons/medulla, frontal lobe (excluding
prefrontal areas), and temporal limbic and insular cortex showed little
change during adolescence and may represent regions that are essen-
tially mature prior to puberty and thus were unlikely to be affected by
peripubertal gonadectomy. The vulnerability of PFC may also reflect
regional differences in distribution of hormone receptors and enzymes
which process testosterone, such as aromatase and 5-alpha reductase.
High-affinity androgen-binging sites appear to be widely distributed in
the brain of mature rhesus macaques, and production of 5-alpha reduced
androgens is also widespread. In contrast, production of estrogen via
aromatase appears to be more restricted, occurring primarily in
subcortical areas and, notably, in PFC (Clark et al., 1988). We also note
that the molecular mechanisms which produce sexually-dimorphic
neuroanatomical endpoints vary significantly from region to region
(McCarthy et al., 2015). For example, the prostaglandin PGE2 plays an
important role in sexual differentiation of the medial preoptic area
(Amateau and McCarthy, 2004), while PI3 and MAP kinases play a key
role insexual differentiation of the hypothalamus (Schwarz etal., 2008).
Some of these regional mechanisms may be more robust to perturba-
tions, such as gonadectomy, than others.

We note that in human beings, PFC thinning during adolescence is
accompanied by a marked increase in PFC (and other cortical) WM, with
the rate of increase being greater in males (Schulz and Sisk, 2017).
Consequently, one might hypothesize that pubertal testosterone induces
a switch in PFC development (promoting both GM thinning and WM
growth). We did not observe effects of gonadectomy on WM in the PFC
or elsewhere. Thus, our results do not support this model in its entirety,
though they are compatible with the hypothesis that testosterone pro-
motes a switch in GM development from thickening to thinning.
Furthermore, we did not observe sharp increases in PFC WM develop-
ment during adolescence in this study — instead we observed decreases
in PFC WM (See Supplementary Figure 3), which mirror an earlier
cross-sectional study of regional GM and WM development in macaque
(Knickmeyer et al., 2010). The absence of gonadectomy effects on WM
development may appear surprising, given reports that the androgen
receptor influences gene expression of myelin proteins in the peripheral
nervous system (Melcangi et al., 2003) and testosterone plays a role in
the spontaneous regeneration of myelin in the central nervous system
(Bielecki et al., 2016). As before, we note that significant effects might
be observed in a larger sample. We also note that the imaging technique
used in this study does not directly index myelination. Future studies
using magnetization transfer (MT) or myelin water imaging (MWI)
could address this question more directly. Furthermore, the impact of
testosterone on brain cells in vivo is dependent on multiple variables
including the age of exposure, duration of exposure, and prior history of
exposure (Schulz and Sisk, 2016; Sinclair et al., 2014). Consequently, we
cannot rule out the possibility that gonadectomy would impact WM in a
different context than the one studied here. However, our results are

consistent with several prior studies in rats that suggest ovarian hor-
mones, rather than testicular hormones, influence white matter devel-
opment during adolescence, thereby producing adult sex-differences.
The first study revealed that prepubertal gonadectomy did not influence
WM volumes in the medial prefrontal cortex (mPFC) of males, but did
influence WM volumes in females (Koss et al., 2015). The second
demonstrated that prepubertal gonadectomy led to a significant reduc-
tion of myelin basic protein (MBP) in the orbitofrontal cortex of adult
females, but did not affect MBP levels in adult males (Darling and
Daniel, 2019).

Non-significant results for other brain regions must be taken with
certain caveats. First, individual variation in regional volumes from
monkey to monkey and/or variation arising due to measurement noise
could have obscured relatively subtle effects of gonadal steroids. This
effect may be more pronounced in some regions than others. Although
the current study found insufficient evidence, a larger study might
reveal subtle effects of gonadectomy in other regions. Second, gonadal
steroids may influence neurodevelopmental processes occurring at a
resolution not captured by our sMRI protocol. Improved acquisition
sequences or use of higher-strength scanners would allow more detailed
assessments of neuroanatomy, including direct measures of surface area
and cortical thickness. Third, gonadectomy may have detectable effects
on imaging modalities not included in the current study, such as diffu-
sion tensor imaging or functional activity/connectivity. Finally, gonadal
steroids may exert more widespread effects in human beings than they
do in macaques. We think this final possibility is somewhat unlikely
given the phylogenetic closeness between humans and macaques as well
as similarities in pubertal physiology and brain development (Hodges
and Palmert, 2007; Knickmeyer et al., 2010; Scott et al., 2016). As
regards pubertal physiology, like humans, juvenile rhesus macaques
experience a protracted period of gonadal quiescence followed by a
steep increase in gonadal steroid production that continues over many
years. This is in contrast to rodents where the transition to puberty is
more gradual and continuous, but occurs over weeks (Hodges and Pal-
mert, 2007). However, unlike humans, rhesus macaques are seasonal
breeders and undergo significant changes in sex hormones during the
year (increasing during the autumn months in the Northern Hemi-
sphere). Thus, the increase in sex steroids can be sharp but variable. As
regards brain development, human males exhibit a greater rate of
change in brain tissue volumes across adolescence compared to females
(Lenroot et al., 2007), an effect which is particularly marked for WM
(Aubert-Broche et al., 2013). This finding of prolonged maturation in
males has also been observed in macaques (Konigsberg et al., 1990; Scott
et al., 2016). Although the current study did not include a female
comparison group, both intact and gonadectomized males showed
protracted increases in WM and protracted decreases in parietal and
temporal GM across adolescence, potentially continuing into adulthood,
patterns also evident in humans (Mills et al., 2016).

Strengths of the current study include the direct manipulation of
adolescent sex steroid levels via gonadectomy and acquisition of longi-
tudinal neuroimaging data throughout adolescence into young adult-
hood. There are also several limitations. First, the study lacks a female
control group and a gonadectomy + testosterone replacement group.
Future studies should include intact and oophorectomized females as
well as intact and gonadectomized males and incorporate hormone
replacement arms to delineate effects of different gonadal hormones.
Future studies might also involve direct manipulation of adrenarche as
well as gonadarche, as this constitutes another component of puberty
(Fechner, 2003). Finally, we note that gonadal hormones, including
testosterone and estrogen, participate in dynamic hormonal networks.
Individual responses to gonadectomy may be modulated by other factors
such as genetic variation in androgen and estrogen receptors, and in
enzymes responsible for interconversion and metabolism (Xia et al.,
2014). Genetic variation in the estrogen receptor is associated with
neonatal brain volume (Knickmeyer et al., 2014), and
testosterone-related increases in white-matter volumes of male



adolescents are influenced by the number of CAG tripletsin exon 1 of the
androgen receptor gene (AR) (Perrin et al., 2008), which is thought to be
inversely proportional to AR transcriptional activity (Chang, 2002).

Despite these limitations, the current study provides important new
information about the role of gonadal steroids in adolescent brain
development. In particular, our finding that gonadectomy influences
GM development in the PFC may have important implications for un-
derstanding the role of pubertal sex steroids in shaping developmental
changes in cognitive control, working memory, emotional regulation,
and vulnerability to psychopathology.
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