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Abstract
Androgenization in adult natal women, as in transsexual men (TM), affects brain cortical thickness and the volume of
subcortical structures. In order to understand the mechanism underlying these changes we have developed an adult female rat
model of androgenization. Magnetic resonance imaging and spectroscopy were used to monitor brain volume changes, white
matter microstructure and ex vivo metabolic profiles over 32 days in androgenized and control subjects. Supraphysiological
doses of testosterone prevents aging decrease of fractional anisotropy values, decreased general cortical volume and the relative
concentrations of glutamine (Gln) and myo-Inositol (mI). An increase in the N-acetylaspartate (NAA)/mI ratio was detected d.
Since mI and Gln are astrocyte markers and osmolytes, we suspect that the anabolic effects of testosterone change astrocyte
osmolarity so as to extrude Mi and Gln from these cells in order to maintain osmotic homeostasis. This mechanism could
explain the brain changes observed in TM and other individuals receiving androgenic anabolic steroids.
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Introduction
Testosterone is known for its androgenic and anabolic effects.
Anabolic-androgenic steroids (AAS) are synthetic substances
derived from testosterone used for their masculinizing and/or
trophic effects on the body. Because of these effects, AAS are
administered to hypogonadal men as replacement therapy
(Borst and Yarrow 2015) and to female-to-male transsexuals

(transsexual men [TM]) for virilization (Gooren 2011).
Bodybuilders and weightlifters consume these substances. In
addition, testosterone has been prescribed to treat fatigue,
erectile dysfunction, and psychosexual dysfunction (Aversa
et al. 2004; Tsujimura 2013; Gannon and Walsh 2016). Although
the hormone might be neuroprotective (Melcangi et al. 2016),
chronic administration of AAS is associated with adverse
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effects (Pomara et al. 2015) in addition to cognitive deficit
(Kanayama et al. 2013; Kaufman et al. 2015) and psychiatric dis-
orders in men and women (Pope and Katz 1988; Perry et al.
1990; Gruber and Pope 2000; Ip et al. 2010). Moreover, it has
been suggested that nonmedical use of AAS could have a
neurodegenerative potential (Pomara et al. 2015).

Despite the literature on adverse AAS effects, little attention
has been paid to their effects on the brain. Bjørnebekk et al.
(2016) compared the effects of long-term (more than 1 year)
AAS and non-AAS in weightlifters and found decreases in the
volumes of total gray matter, cerebral cortex, and putamen as
well as a thinner cortex in AAS consumers. They also reported
a negative correlation between AAS use and brain volume and
cortical thickness. The same group also reported reduced func-
tional connectivity between the amygdala and default-mode
network and between the dorsal attention network and frontal
node (Westlye et al. 2016). Although the response may inher-
ently differ irrespectively of time in comparison to cis persons,
medium term (6 months to 1 year) administration of AAS to
masculinize TM increases their total brain volume (Hulshoff Pol
et al. 2006) and cortical thickness bilaterally in the postcentral
gyrus and unilaterally in the left hemisphere inferior parietal,
lingual, pericalcarine, and supramarginal areas as well as the
right hemisphere rostral middle frontal and the cuneus, in a
manner that positively correlates with serum testosterone
levels in parieto-temporo-occipital regions (Zubiaurre-Elorza
et al. 2014). There are also increases in the volume of the hypo-
thalamus (Hulshoff Pol et al. 2006) and the right thalamus

(Zubiaurre-Elorza et al. 2014). Fractional anisotropy (FA)
increases were also reported in the right superior longitudinal
tract and the right corticospinal tract (Rametti et al. 2012). The
androgenization of TM is a unique situation of androgenizing
biological females. Influential clinical reviews suggest that the
cross-sex hormone treatment is reasonably safe (Moore et al.
2003; Gooren et al. 2008; Wierckx et al. 2012).

Testosterone and its metabolites affect cell functions in the
brain. Originated from the peripheral steroidogenic glands (tes-
tes, ovaries, adrenals), testosterone is also produced by neurons
and glial cells (Baulieu 1998) and acts through complex and
multiple routes in the brain. It uses genomic and nongenomic
pathways that are probably interlinked; mammals, including
humans, express androgen (AR) and estrogen (ER) receptors
(Simerly et al. 1990; Finley and Kritzer 1999; Osterlund et al. 2000;
Lorenz et al. 2005). In rodents (Baulieu 1998) and humans (Stoffel-
Wagner et al. 1998; Steckelbroeck et al. 1999), testosterone is con-
verted to estradiol in the brain via the p450 enzyme aromatase,
which shows sex differences (Tabatadze et al. 2014), and ulti-
mately acts on the ER. Testosterone is also reduced to dihydrotes-
tosterone, which acts directly via the AR. However, other reduced
metabolites (3α diol and 3β diol) also bind to ER. What is more,
neurons and glial cells of rodents and humans have the molecu-
lar machinery for steroidogenesis (Melcangi et al. 2016).

Magnetic resonance imaging (MRI) and spectroscopy have
shown enormous potential for research into the mechanisms
of brain function under physiological or pathological conditions
(Liu 2015). Implementing an animal model for adult female

Figure 1. Experimental design. Adult female rats received either vehicle (upper panels) or testosterone (lower panels), at the indicated times. Testosterone levels were

determined by radioimmunoassay (RIA) on Days 1, 15, and 32. T2w measurements of cortical volume and cerebral fractional anisotropy (FA) values were measured

in vivo by MRI on the same days. Metabolomic profiles were obtained in brain biopsies of dissected regions by 1H HRMAS on Day 32, after cerebral microwave fixation.
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androgenization would be an important tool to better interpret
the results gathered in humans and to develop advanced thera-
peutic strategies. Increases in FA (Rametti et al. 2012), cortical,
and subcortical volume (Hulshoff Pol et al. 2006; Zubiaurre-
Elorza et al. 2014) and cortical thickness (Zubiaurre-Elorza et al.
2014) after short-medium term treatment with testosterone in
TM have suggested the anabolic effects of this hormone could
lead to an increase of molecules that can attract water to enter
brain cells.

In the present work, we test this hypothesis in a longitudi-
nal study of androgenized female rats that lasted 32 days, mea-
suring their cortical volume and FA by mean of MRI acquisition
and diffusion tensor imaging (DTI) respectively; ex vivo brain
tissues were analyzed using proton magnetic resonance spec-
troscopy (1H-MRS) to assess the metabolic profile of neuro-
chemical metabolites.

Materials and Methods
Subjects

Twenty 80-day-old female Wistar rats (Instituto de Investigaciones
Biomédicas Alberto Sols, Madrid Spain) were randomly divided
into 2 groups: control (n = 10) and experimental (n = 10). Initial
weight of the animals was 204.33 ± 3.94 g (control) and 201.9 ±
3.79 g (experimental). They were housed 5 animals per cage and
kept in a room at a constant temperature of 22 ± 2°C, humidity
40% and lights on from 8:00 to 20:00, with food and water ad libi-
tum. One control subject died on Day 22. Data from this subject
were not included in statistical analyses.

General Description of the Design

The experiment lasted 32 days (Fig. 1). On the first day (D1)
blood samples for testosterone radioimmunoassay (RIA) were
taken from the tails of the animals before they were anesthe-
tized and placed in the scanner chamber for brain MRI acquisi-
tion to obtain T2 weighted spin-echo images and DTI. After the
acquisition procedure (Days 1, 15), experimental subjects were
injected with 40mg/kg of testosterone propionate (TP) (Sigma
Aldrich, Madrid, Spain) (Callies et al. 2003), while control sub-
jects were injected with the vehicle (olive oil). On Days 7, 22,
and 29 experimental and control subjects were also TP- or
vehicle-injected at the same time (8.00–12.00) as on acquisition
days.

To maintain a constant dose for each animal’s weight in the
experimental group, as well as the volume of vehicle for the
control group, the volume injected was calculated each time
using the following formula:

= ( ) ×V body weight in grams/1000 dose
Testosterone concentration

Blood Sampling and Hormonal Assay

Blood samples were obtained under anesthesia from the tail
vein into precooled vials on Days 1, 15, and 32 before MRI
acquisition. Samples were centrifuged at 2000 rpm for 5min at
4°C and plasma stored in marked precooled labeled vials at
−20°C until assay.

Plasma testosterone concentrations were measured by RIA
using a commercial kit distributed by DRG (DRG International
Inc., Springfield, NJ 07081, USA), CV 4.6. Briefly, a fixed amount of
I-125 labeled testosterone competes with the testosterone to be
measured present in the sample or in the calibrator for a fixed

amount of antibody sites being immobilized to the wall of a
polystyrene tube. Neither extraction nor chromatography is
required because of the high specificity of the coated antibodies.

After 3 h’ incubation at 37°C, an aspiration step terminates
the competition reaction. The tubes are then washed with 3mL
of wash solution and aspirated again. A calibration curve is
plotted and the testosterone concentrations of the samples are
determined by dose interpolation from the calibration curve.

The specificity of the antibody as the percentage of cross-
reaction as estimated by comparison of the concentration yield-
ing a 50% inhibition was: <0.31% for dihydrotestosterone; <0.28%
for androstenedione and <0.004% for other compounds. The
intra- and interassay coefficients of variation as measurements
of intra- and interassay precision were 4% and 5.1%, respec-
tively, and the sensitivity or detection limit was 0.05 ng/ml.

Magnetic Resonance Imaging

MRI acquisitions were performed on a Bruker Pharmascan sys-
tem (Bruker Medical Gmbh, Ettlingen, Germany) using a 7.0-T
horizontal-bore superconducting magnet, equipped with a
quadrature 40mm coil and a 90mm Bruker gradient coil insert
(maximum intensity 360 G/cm). All data were acquired using a
Hewlett-Packard console running Paravision 5.1 software
(Bruker Medical Gmbh) operating on a Linux platform.

The Wistar rats were placed into the center of the volume
radiofrequency (RF) coil and positioned in the magnet under
continuous inhalation anesthesia via a nose cone. A respiratory
sensor connected to a monitoring system (SA Instruments,
Stony Brook, NY) was placed under the abdomen to monitor
the rate and depth of respiration. The subjects were anesthe-
tized with 2% isofluorane in 1 L of oxygen in an induction
chamber and the flow of anesthetic gas was constantly regu-
lated to maintain a breathing rate of 50 ± 20 bpm. Body temper-
ature was maintained at approximately 37°C by passing warm
water through a heat exchanger machine into the animal plat-
form. The physiological state of the rats was monitored using
an MRI compatible small animal gating system from SA
Instruments (Stony Brook, NY, http://www.i4sa.com) that regis-
tered the respiratory rate.

T2-weighted (T2-W) spin-echo images were acquired with a
rapid acquisition relaxation enhancement (RARE) sequence in
axial orientations using the following parameters: TR =
3000ms, TE = 44.3ms; RARE factor = 8; Av = 3; FOV = 3.5 cm;
acquisition matrix = 256 × 256 corresponding to an in-plane
resolution of 148 × 148 μm2, slice thickness = 1.50mm without
gap and number of slices = 16.

Diffusion weighted images used the following acquisition
conditions: TR = 4000ms; TE = 40ms; Av = 1; diffusion gradient
duration = 3.5ms, diffusion gradient separation = 20ms, 7 gra-
dient directions; acquisition matrix = 128 × 128 corresponding
to an in-plane resolution of 312 × 312 μm2 and 2 b values (100
and 1400 s/mm2).

ADC maps were obtained by a linear fitting of the logarithm
of signal intensity (S) versus the b factor according to the
expression: Sb = S0 exp(−ADC × b), using the homemade soft-
ware MyMap Analyzer, based on MatLab v7.0 scripts. ADC value
was extracted from maps using the region of interest (ROI) with
Image J software.

Sacrifice and Dissection

On Day 32, immediately after the MRI session, rats were sacri-
ficed by focused microwave irradiation, with a Muromachi
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Microwave 5KW Model TMW-6402C (Toshiba, Tokyo, Japan) to
obtain a rapid heat inactivation of brain enzymes. Rats were
anesthetized previously and placed in a water-jacketed holder
prior to insertion into the system. A power setting of 5 kW and
an exposure time of 2.7 s was used. Following sacrifice, the
skull was quickly opened and brain dissected to obtain the fol-
lowing regions: olfactory bulb-frontal pole; fronto-parietal
region of the right hemisphere and the hippocampus from the
left hemisphere (Paxinos and Watson 1996).

Ex Vivo 1H HRMAS

The ex vivo 1H spectra were performed on a Bruker Avance
11.7 T spectrometer (Bruker Biospin, Karlsruhe, Germany)
equipped with a 4mm triple channel 1H/13C/31P HR-MAS (High
Resolution Magic Angle Spinning) probe operating at 4°C.
Samples (10–15mg) were introduced into a 50 μl zirconium
oxide rotor (4mm OD) with 50 μl D2O and cylindrical insert and
spun at 5000Hz at 4°C to decrease tissue degradation processes.
Two types of mono-dimensional proton spectra were acquired
using a water suppressed spin echo Carr Purcell Meiboom Gill
(CPMG) sequence with 36ms and 144ms echo time and 128
scans; data were collected into a 64 kH data point using a spec-
tral width of 10 kHz (20 ppm), water presaturation during relax-
ation delay of 2 s and total acquisition time of approximately
19min. All spectra were processed using LC Model version 6.2-
OR (Stephen Provencher, Oakville, ON, Canada), a prior knowl-
edge spectral fit software. Only metabolites fitting within a
Cranmer-Rao Lower Bound of 20% were considered.

Estimation of Neocortex Volume

Neocortex volume was bilaterally estimated using the online
ImageJ package for Windows, version 1.48 v program (https://
www.google.es/?gws_rd=ssl#q=ImageJ+-+Java, National Institute
of Health, Bethesda, USA). We made 3 series of measurements
that were taken from the RM slides obtained on Days 1, 15,
and 32 of the experiment. Contiguous MRI slices were ordered
sequentially in the rostral-caudal direction and the neocortical
perimeter was delineated in every image by comparison with
the corresponding plates of a brain atlas (Paxinos and Watson
1996). Images limiting the neocortical volume measurements
were the rhinal fissure and the midline (Fig. 1). Neocortical vol-
ume was calculated through the algorithm: V = ∑a × h, in which
a is the measured area analyzed in every RM slice and h the dis-
tance between slices (1500 μ). As ImageJ automatically provides
the value of the delineated area in mm2, we multiplied the sum
of the estimated areas by 1.5 to obtain the total volume of the
neocortex in mm3.

Statistical Analyses with SPSS

Statistical analyses were performed using SPSS version 22.0
(SPSS Inc., Chicago, IL). Pairs of within-subjects ANOVA analy-
ses with experimental condition (control vs. treatment) and
day of treatment (D1 and D15 vs. D15 and D32) effect on testos-
terone levels, total cortical volume (TCV), and right and left
hemisphere volume were run. A pair of hierarchical regression
analyses controlling for the TCV on D1 and including the
increase in testosterone between D1 and D15, and between D15
and D32 as predictors of the cortical volume on D32 were con-
ducted for the experimental and control groups, respectively. A
within-subject ANOVA analysis with experimental condition
(control vs. treatment) and day of treatment (D1 and D32) on

white matter microstructure was conducted. Hierarchical
regression analyses were used to identify the effect of the
increase in testosterone between D1 and D32 on FA values on
D32 controlling for FA values on D1. Analyses of variance,
ANOVA, were conducted with experimental condition (control
vs. treatment) on the level of Gln, mI, mI + Gly the NAA/mI
ratio, and the NAA/creatine ratio. A series of hierarchical linear
regression analyses including the effect of the increase in tes-
tosterone between D1 and D15, and between D15 and D32 on
mI, mI + Gly, and Gln were conducted. The level of significance
for all these analyses was set arbitrarily at P < 0.05.

Results
Testosterone

A pair of repeated measures analyses on testosterone levels
including the experimental condition (control vs. treatment)
and day (D) of treatment was conducted. Results showed that
testosterone increased in the treated group while no change
was detected in the control group. A first repeated measures
analysis including experimental condition and day of treat-
ment (D1 vs. D15) yielded a significant 2-way interaction: F
(1,17) = 17.51, P < 0.001, η2 = 0.51. Inspection of means indicated
that testosterone did not increase in the control condition
between D1 and D15, M = 0.14 ± 0.09 ng/mL versus M = 0.16 ±
0.85 ng/mL, P = 0.98, η2 = 0.00. In contrast, the increase in tes-
tosterone in the treatment condition between D1 and D15 was
significant, M = 0.76 ± 0.08 ng/mL versus M = 5.64 ± 0.80 ng/mL,
P < 0.001, η2 = 0.69. A second repeated measures analysis
including experimental condition and day of treatment (D15 vs.
D32) also yielded a significant 2-way interaction, F(1,17) = 11.56,
P = 0.003, η2 = 0.40. Inspection of means indicated that testos-
terone had not increased in the control condition at D32, M =
12.11 ± 1.07 ng/mL, P = 0.98, η2 = 0.00. In contrast, the increase
in testosterone in the treatment condition at D32 was signifi-
cant, M = 5.64 ± 0.80 ng/mL, versus M = 12.11 ± 1.02 ng/mL, P <
0.001, η2 = 0.59.

Cortical Volume

Total Cortical Volume
A pair of repeated measures analyses including experimental
condition (control vs. treatment) and day of treatment was con-
ducted on TCV (Fig. 1). A first repeated measures analysis
including experimental condition and day of treatment (D1 vs.
D15) yielded a significant interaction, P(1,17) = 4.84, P = 0.042, η2

= 0.22. Inspection of means indicated that TCV did not change
in the control condition between D1 and D15, M = 430.51 ± 5.57
versus M = 432.38 ± 6.82, P = 0.63, η2 = 0.01, while there was a
significant reduction in the females treated with testosterone,
M = 428.99 ± 5.28 versus M = 419.24 ± 6.47, P = 0.016, η2 = 0.30
(Fig. 2). A second repeated measures analysis including experi-
mental condition and day of treatment did not show a signifi-
cant interaction effect between D15 and D32, P = 0.40, P = 0.40.

A hierarchical regression analysis controlling for the TCV in
the experimental group on D1, and including the increase in
testosterone between D1 and D15, and between D15 and D32 as
predictors of the cortical volume on D32 showed that the
increase in testosterone between D1 and D15 had a significant
effect on the reduction of cortical volume (b = 0.65, t = 2.39, P =
0.05), and the increase in testosterone between D15 and D32
also had a significant effect on the reduction of cortical volume
(b = 1.27, t = 3.19, P = 0.019). The effect of the cortical volume at
D1 on D32 cortical volume was not significant, P = 0.17, which
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confirms that changes in the cortical volume of the experimen-
tal group are due exclusively to testosterone treatment. The
same regression analyses in the control group did not find sig-
nificant effects of testosterone levels on the D32 cortical vol-
ume, Ps > 0.13. The effect of the cortical volume at D1 on the
cortical volume at D32 was significant for the control group, b =
0.71, t = 3.36, P = 0.02, indicating that the final cortical volume
only depends on the initial cortical volume in that group.

Right and Left Hemisphere Volumes
A similar series of analyses were run separately for the 2 hemi-
spheres. They did not reveal any significant effect, indicating
that the reduction in volume was general through the entire
cortex.

White Matter Microstructure

Differences in FA between experimental and control groups
only reached significance in the region of the olfactory bulb

and the pole of the frontal cortex (Fig. 1). A repeated measure
analysis including experimental condition (control vs. treat-
ment) on FA on D1 versus D32 showed a significant interaction:
F(1,17) = 5.75, P = 0.028, η2 = 0.25. Inspection of means indicated
that FA in the olfactory bulb and the frontal pole did not change
in the experimental condition between D1 and D32, M = 0.29, ±
0.02 versus M = 0.31 ± 0.02, P = 0.45, η2 = 0.03, while there was a
significant reduction in the control group, M = 0.31, ± 0.02 ver-
sus M = 0.24 ± 0.02, P = 0.02, η2 = 0.28 (Fig. 2). When the analy-
ses were conducted separately for D1 versus D15 and D15
versus D32 the change was not significant.

A hierarchical regression analysis of the effect of the incre-
ment in testosterone between D1 and D32 on FA values on D32,
controlling for FA values on D1, showed a significant effect of
the increment in testosterone on FA values in the olfactory
bulb and pole of the frontal cortex on D32, b = 0.46, t(16) = 2.03,
P = 0.05, indicating that testosterone treatment prevented the
decrease in FA values observed in the control group.
Summarizing, testosterone treatment between D1 and D32
maintained FA levels in androgenized females.

Ex Vivo Metabolic Profiles

In the fronto-parietal cortex, univariate analyses indicated that
the level of Gln, mI and mI + Gly were lower in the treatment
than in the control condition, F(1,17) = 5.05, P = 0.038, η2 = 0.23F
(1,17) = 6.69, and F(1,17) = 7.29, respectively, P = 0.015, η2 = 0.30
(Fig. 1 and Table 1).

A series of additional linear regression analyses including
the effect of the increase in testosterone between D1 and D15,
and between D15 and D32 on mI, mI + Gly, and Gln indicated
that in the 3 cases, the increase in testosterone between D1
and D15 was responsible for the decreases in mI, mI + Gly, and
Gln (Table 2).

In order to investigate the regulation of volume in the
fronto-parietal cortex an ANOVA analysis was run between
experimental and control groups with respect to the NAA/mI
ratio, indicating higher levels in the experimental group (F[1,17]
= 6.609, P = 0.020 [control: 1.389 ± 0.081; treated: 1.677 ±
0.0877]). A linear regression analyses including the effect of the
increase in testosterone between D1 and D15, and between D15
and D32 on the NAA/mI ratio showed that the increase in tes-
tosterone between D1 and D15 was responsible for the increase
of the ratio, b = 0.53, t(16) = 2.53, P = 0.022.

We conducted a series of ANOVAs comparing the control
and the treatment condition in so far as the glutamate/gluta-
mine, aspartate/glutamine and GABA/glutamine ratios. None of
the effects was significant, Ps > 0.21, with the exception of the
aspartate/glutamine ratio in the hippocampus, where the dif-
ference was marginal (F[1,15] = 3.64, P = 0.076, η2 = 0.195). In
addition, the hippocampus of androgenized females showed an
almost significant decrease in the GABA/aspartate ratio (F[1,15]
= 4.058, P < 0.06; η2 = 0.213).

Discussion
We monitored brain volume changes, white matter microstruc-
ture and ex vivo metabolic profiles in androgenized adult
female rats to investigate the mechanisms underlying TM cere-
bral androgenization (Hulshoff Pol et al. 2006; Rametti et al.
2012; Zubiaurre-Elorza et al. 2014). In adult female rats we
observed that testosterone: (1) produced a generalized decrease
in cortical volume while changes seen in the female controls
were due to other causes; (2) prevented the age-related

Figure 2. Total cortical volume (mm3) and fractional anisotropy (FA) values in

control (dark) and androgenized (grey) females. Results are shown as mean ±

standard deviation of each animal group. *P < 0.02, **P < 0.01.

Table 1 Metabolite concentrationsa

Control Androgenized

Mean SEM Mean SEM

mI 0.82* 0.04 0.68 0.04
mI + Gly 0.80* 0.04 0.65 0.04
Gln 0.74* 0.02 0.67 0.02

mI, myo-Inositol; Gly, glycine; Gln, glutamine; *P < 0.05.
aRelative concentration to PCh + Cr.
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decrease in FA values seen in the female control group in the
olfactory bulb-frontal pole region; (3) decreased the relative
concentrations of Gln, mI, and mI + Gly and the changes in
these metabolites were produced in the first 15 days; and (4)
produced an increase in the NAA/mI ratio.

Cortical Volume

During brain maturation in rats, the largest cortical volume is
achieved at 2 months of age, declining thereafter (Mengler et al.
2014). Thus, our subjects can be considered adult females at
the beginning of the experimental period. Notably, an acceler-
ated decrease was detected due to testosterone treatment in
comparison to the control females whose cortical volume
decreases may be due to ageing only. Under physiological and
pathological conditions, testosterone is known to decrease cor-
tical volume and thickness and the volume of subcortical struc-
tures in humans (Merke et al. 2003; Raznahan et al. 2010;
Bramen et al. 2011; Peper et al. 2011). Long-term AAS consu-
mers show a decrement in cortical and subcortical structure
volumes (Bjørnebekk et al. 2016) although a larger right amyg-
dale and reduced connectivity have also been reported
(Kaufman et al. 2015). These results contrast with those of
Hulshoff Pol et al. (2006) reporting an increase in cortical and
subcortical volumes, and those by Zubiaurre-Elorza et al. (2014)
showing increased subcortical volumes and cortical thickness
after short-medium term TM androgenization. It seems that
exposure time to AAS is an important variable. In the present
study, we show that the decrease in cortical volume of the
adult female rat brain, is due to testosterone administration.

Fractional Anisotropy

We observed a step-by-step decrease in FA in the control group
over the course of the experiment, most probably due to the
ageing effect, as seen in humans (Bennet et al. 2010; Salami
et al. 2012). However, we found no changes in FA values in
androgenized females over the same experimental period, sug-
gesting that the testosterone treatment prevented age-
dependent FA decreases. This supports our previous interpreta-
tion that the anabolic effect of testosterone would explain FA
increases in TM (Zubiaurre-Elorza et al. 2014).

Metabolite Profile

The cerebral metabolic profiles of androgenized females
showed a decrease in the relative concentrations of mI and Gln
in the fronto-parietal region. These decreases were negatively
correlated with the increases in testosterone levels observed
between D1 and D32. Since mI and Gln behave as major osmo-
lytes, these changes suggest that testosterone levels may alter
volume regulation processes, and this may underlie the
changes in cortical volume observed above.

A major organic osmolyte, mI regulates cell volume in
response to osmotic stress (Yancey et al. 1982). It is also an
astrocyte marker and the precursor of the phosphatidylinositol
second messenger system (Brand et al. 1993). The mI decreases
we observed were negatively correlated with testosterone
levels associated with a decrease in cortical volume. Ionic and
osmolyte extrusion drive intracellular water efflux, which is
what produces the decreased cortical volume associated with
testosterone. The anabolic effects of testosterone increased
molecular synthesis in astrocytes, imposing increased water
uptake with the concomitant osmotic volume increase. To
maintain constant cerebral volume and prevent astrocytes
from swelling during testosterone treatment, we propose that
mI and Gln would be extruded from the astrocytes to the extra-
cellular space and subsequently eliminated through the cere-
brospinal fluid, thus osmotically decreasing water content
associated to the anabolic testosterone effects. This proposal
coincides with the observation that mI and Gln contents are
depleted in androgenized female rats. This mechanism could
also explain the quick decrease observed in cortical volume in
androgenized compared with control females. Astrocytes are
the only type of brain cells capable of Gln synthesis (Martínez-
Hernández et al. 1977). Gln is the precursor of excitatory (gluta-
mate, aspartate) and inhibitory (γ-amino butyric acid) amino
acids. Gln decreases could be related to its function as an
osmolyte as discussed above. In addition we found signals that
the equilibrium of the excitatory system was distorted in
androgenized adult female rats because the GABA/aspartate
and aspartate/glutamine ratios were decreased.

General Comment

Our results are much better understood from the vantage point
of neuron–astrocyte relationships (Magistretti and Pellerin
1996) (Fig. 3). Gln and mI, 2 astrocyte markers, are concurrently
affected by androgenization in adult female rats. Astrocytes
have the ability to change their volume to maintain their osmo-
larity (Zwingman and Butterword 2005). Androgenized female
rats showed depletion of Gln and mI in the olfactory bulbs and
the frontal pole. These concentration changes suggest a
response to the anabolic effects of testosterone as revealed by
the maintenance of the FA values in androgenized females in
spite of ageing. In addition, Gln depletion suggests that

Table 2 Linear regression of changes in testosterone between Day 1
→ Day 15 and Day 15 → Day 32 on mI, mI + Gly, and Gln

Period β t P

mI D1–D15 −0.547 −2.657 0.017
D15–D32 −0.123 −0.595 0.560

mIGly D1–D15 −0.502 −2.368 0.031
D15–D32 −0.150 −0.708 0.489

Gln D1–D15 −0.608 −3.112 0.007
D15–D32 −0.112 −0.574 0.547

mI, myo-Inositol; Gly, glycine; Gln, glutamine.

Figure 3. Effects of adult female androgenization on cerebral neuroglial interac-

tions. Adult female androgenization results in decreases in glutamine (Gln) and

myo-inositol (mI), 2 osmolytes and astrocyte biomarkers. Testosterone triggers

increased protein synthesis, cortical volume reductions and relative FA

increases, paralleled by osmotically driven reductions in levels of Gln and mI

levels, which are extruded to the extracellular space and capillaries, thus

decreasing astrocytic volume. Gln extrusion may decrease intra-astrocytic Gln

concentrations, altering flux through the glutamate–glutamine cycle.
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neuronal–astrocyte interactions might also be affected in the
glutamine–glutamate cycle essential for excitatory neurotrans-
mission, as supported by a decrease in the GABA/aspartate and
aspartate/glutamine ratios. Testosterone can exert either pro-
tective or damage-promoting effects in primary cortical astro-
cytes (Gatson and Singh 2007), and we did not find changes in
the relative NAA concentration, considered to be a neuronal
marker (Block et al. 2002). However, our results suggest that the
observed changes represent an essential aspect that merits
routine screening in TM and women receiving AAS.

The hormone we measured was testosterone and we have
proved that all changes found were due to this hormone.
However, we do not know how steroidogenesis in neurons and
astrocytes is affected by high doses of AAS. Almost all testos-
terone metabolites show a positive correlation between plasma
and cerebral cortex (Caruso et al. 2013) and it was demon-
strated that the cortex adapts its local levels of neurosteroids
in response to changes of gonadal hormones in a region-
specific manner (Caruso et al. 2010).

Comparison with Humans

Long-term use of AAS by weightlifters decreases the volume
and thickness of the cerebral cortex (Bjørnebekk et al. 2016)
while medium term administration of AAS to masculinize TM
increases FA values (Rametti et al. 2012) as well as cortical vol-
ume (Hulshoff Pol et al. 2006) and thickness (Zubiaurre-Elorza
et al. 2014). Overall, our model seems to fit more with long-
term administration of AAS.

It could be argued that in rodents the estradiol obtained
from the aromatization of testosterone is the hormone that
plays the main role in the metabolic effects of testosterone
while in humans the hormone may be testosterone and its
reduced metabolites the main actors. It should be remembered
that the brain of humans has the molecular machinery for tes-
tosterone aromatization and reduction and that reduced DHT
metabolites bind the ERs. This informs our female rat model.

Strengths and Limitations

To the best of our knowledge, this is the first experimental
study on the effects of supraphysiological doses of testosterone
in female rats. The main strength of our study is its longitudi-
nal design, which makes it possible to causally relate changes
in cortical volume, white matter microstructure and brain
metabolites to serum testosterone levels. However, we envision
some limitations. The first is experiment duration. Perhaps a
longer exposure to testosterone would allow us to discern if
chronic testosterone administration would be able to perturb
neuron–astrocyte interactions in an irreversible manner.
Second, it could be argued that we did not test a possible dose
effect. However, we only intended to characterize the possible
effects of a supraphysiological dose of testosterone, in a rat
female model, to explain previous findings in TM and women
consuming AAS.

Funding
Grants (MICINN-PSI2014-58004-P to A.G.), and grant (SAF-2014-
53739-R to S.C.). Funding sources were not involved in the
design of the study, in the collection, analysis and interpreta-
tion of data, in the writing of the report nor in the decision to
submit the article for publication.

Notes
Thanks are due to Luis Carrillo, Alberto Marcos, María Nuñez,
Carmen García-Malo, Rosa Sanchez, and Alexis Moreno from
UNED for their technical assistance and to CF Warren for edito-
rial help. The support of Javier Perez from CSIC in the prepara-
tion of the figures is gratefully acknowledged. Conflict of Interest:
None declared.

References
Aversa A, Isidori AM, Greco EA, Giannetta E, Gianfrilli D, Spera

E, Fabri A. 2004. Hormonal supplementation and erectile
dysfunction. Eur Urol. 45:535–538.

Baulieu EE. 1998. Neurosteroids: a novel function of the brain.
Psychoneuroendocrinology. 23:963–987.

Bennet IJ, Madden DJ, Vaidya CJ, Howard JH, Howard DV. 2010.
Age-related differences in multiple measures of white mat-
ter integrity: a diffusion tensor imaging study of healthy
aging. Hum Brain Mapp. 31:378–390.

Block W, Träber F, Flacke S, Hebsseb F, Pohl C, Schild H. 2002. In
vivo proton MR-spectroscopy of the human brain: asses-
ment of N-acetylaspartate (NAA) reduction as a marker for
degeneration. Amino Acids. 23:317–323.

Bjørnebekk A, Walhovd KB, Jorstad ML, Due-Tennessen P,
Hullstein IR, Fjell AM. 2017. Structural brain imaging of long-
term anabolic-androgenic steroid users and nonusing
weightlifters. Biol Psychiatry. doi:10.1016/j.biopsych.2016.06.
017. (in press).

Borst SE, Yarrow JF. 2015. Injection of testosterone may be safer
and more effective than transdermal administration for
combating loss of muscle and bone in older men. Am J
Physiol Endocrinol Metab. 308:E1035–E1042.

Bramen JE, Hranilovich JA, Dahl RE, Forbes EE, Chen J, Toga AW,
Dinov ID, Worthman CM, Sowell ER. 2011. Puberty influ-
ences medial temporal lobe and cortical gray matter matu-
ration differentially in boys than in girls matched for sexual
maturity. Cereb Cortex. 21:636–646.

Brand A, Richter-Landsberg C, Leibfritz D. 1993. Multinuclear
NMR studies on the energy metabolism of glial and neuro-
nal cells. Dev Neurosci. 15:289–298.

Callies F, Kollenkirchen U, von zur Mühlen C, Tomaszewski M,
Beer S, Allolio B. 2003. Testosterone undecanoate: a useful
tool for testosterone administration in rats. Exp Clin
Endocrinol Diabetes. 111:203–208.

Caruso D, D’Intino G, Giatti S, Maschi O, Pesaresi M, Calabrese
D, Garcia-Segura LM, Calza L, Melcangi RC. 2010. Sex-
dimorphic changes in neuroactive steroid levels after
chronic experimental autoimmune encephalomyelitis.
J Neurochem. 114:921–932.

Caruso D, Pesaresi M, Abbiati F, Calabrese D, Giatti S, Garcia-
Segura LM, Melcangi RC. 2013. Comparison of plasma and
cerebrospinal fluid levels of neuroactive steroids with their
brain, spinal cord and peripheral nerve levels in male and
female rats. Psychoneuroendocrinology. 38:2278–2290.

Finley SK, Kritzer MF. 1999. Immunoreactivity of intracellular
androgen receptors in identified subpopulations of neurons,
astrocytes and oligodendrocytes in primate prefrontal cor-
tex. J Neurol. 40:446–457.

Gannon JR, Walsh TJ. 2016. Testosterone and sexual function.
Urol Clin North Am. 43:217–222.

Gatson JW, Singh M. 2007. Activation of a membrane-
associated androgen receptor promotes cell death in pri-
mary cortical astrocytes. Endocrinolgy. 148:2458–2464.

2852 | Cerebral Cortex, 2018, Vol. 28, No. 8

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/28/8/2846/3926141 by guest on 05 Septem

ber 2022

http://dx.doi.org/10.1016/j.biopsych.2016.06.017.
http://dx.doi.org/10.1016/j.biopsych.2016.06.017.


Gooren LJ. 2011. Care of transsexual persons. N Engl J Med. 364:
1251–1257.

Gooren LJ, Giltay EJ, Bunck MC. 2008. Long-term treatment of
transsexuals with cross-sex hormones: extensive personal
experience. J Clin Endocrinol Metab. 93:19–25.

Gruber AJ, Pope HG. 2000. Psychiatric and medical effects of
anabolic androgenic steroid use in women. Psychother
Psychosom. 69:19–26.

Hulshoff Pol HE, Cohen-Kettenis PT, Van Haren NEM, Peper JS,
Brans RGH, Cahn W, Schnack HG, Gooren LJG, Kahn RS.
2006. Changing your sex changes your brain: influences of
testosterone and estrogen on adult human brain structure.
J Endocrinol. 155:107–114.

Ip EJ, Barnett MJ, Tenerowicz MJ, Kim JA, Wei H, Perry PJ. 2010.
Women and anabolic steroids: an analysis of a dozen users.
Clin J Sport Med. 20:475–481.

Kanayama G, Kean J, Hudson JI, Pope HG Jr. 2013. Cognitive
deficits in long-term anabolic-androgenic steroid users.
Drug Alcohol Depend. 130(1-3):208–214.

Kaufman MJ, Janes AC, Hudson JI, Brennan BP, Kanayama G,
Kerrigan AR, Jensen E, Pope HGJr. 2015. Brain and cognition
abnormalities in long-term anabolic-androgenic steroid
users. Drug Alcohol Depend. 152:47–56.

Liu CH. 2015. Anatomical, functional and molecular biomarker
applications of magnetic resonance neuroimaging. Future
Neurol. 10:39–65.

Lorenz B, García-Segura LN, DonCarlos LL. 2005. Cellular phe-
notype of androgen receptor-immunoreactive nuclei in the
developing and adult rat brain. J Comp Neurol. 492:46–468.

Magistretti PJ, Pellerin L. 1996. Cellular bases of brain energy meta-
bolism and their relevance to functional brain imaging: evi-
dence for a prominent role of astrocytes. Cereb Cortex. 6:50–61.

Martínez-Hernández A, Bell KP, Norenberg MD. 1977. Glutamine
synthesis: glial localization in the brain. Science. 195:
1356–1358.

Melcangi RC, Giatti S, García-Segura LM. 2016. Levels and
actions of neuroactive steroids in the nervous system under
physiological and pathological conditions: sex-specific fea-
tures. Neurosci Biobehav Rev. 67:25–40.

Mengler L, Khmelinskii A, Diedenhofen M, Po C, Staring M,
Lelieveldt PF, Hoehn M. 2014. Brain maturation of the ado-
lescent rat cortex and striatum: changes in volume and
myelination. Neuroimage. 84:35–44.

Merke DP, Gieds JD, Neil MF, Vaituzis AC, Chrousos GP, Gield JN.
2003. Children with classic congenital adrenal hyperplasia
have decreased amygdala volume: potential prenatal and
postnatal hormonal effects. J Clin Endocrinol Metab. 88:
1760–1765.

Moore E, Wisniewski A, Dobss A. 2003. Endocrine treatment of
transsexual people. A review of treatment regimes and
adverse effects. J Clin Endocrinol Metab. 88:3467–3473.

Osterlund MK, Gustafsson JA, Kdller E, Hurd YL. 2000. Estrogen
receptor beta (ERbeta) messenger ribonucleic acid (mRNA)
expression within the human forebrain: distinct distribution
pattern to ERalpha mRNA. J Clin Endocrinol Metab. 85:340–3846.

Paxinos G, Watson C. 1996. The rat brain in stereotaxic coordi-
nates. 3rd ed. San Diego, CA: Academic Press.

Perry PJ, Yates WR, Andersen KH. 1990. Psychiatric symptoms
associates with anabolic steroids: a controlled, retrospective
study. Ann Clin Psychiatry. 2:11–17.

Peper JS, van den Heuvel MP, Mandi RC, Hulshoff Pol HE, van Honk
J. 2011. Sex steroids and connectivity in the human brain: a
review of neuroimaging studies. Psychoneuroendocrinology. 36:
1101–1113.

Pomara C, Neri M, Bello S, Fiore C, Riezzo I, Turillazi E. 2015.
Neurotoxicity by synthetic androgen steroids: oxidative
stress, apoptosis and neuropathology: a review. Curr
Neuropharmacol. 13:132–145.

Pope HG, Katz DL. 1988. Affective and psychotic symptoms
associated with anabolic steroid use. Am J Psychiatry. 145:
487–490.

Rametti G, Carrillo B, Gómez-Gil E, Junqué C, Zubiaurre-Elorza
L, Segovia S, Gómez A, Karadi K, Guillamón A. 2012. Effects
of androgenization on the white matter microstructure of
female-to-male transsexuals. A diffusion tensor imaging
study. Psychoneuroendocrinology. 37:1261–1269.

Raznahan A, Lee Y, Stidd R, Long R, Greenstein L, Addington A,
Gotgay N, Rapoport JL, Giedd JN. 2010. Longitudinal mapping
of the influence of sex and androgen signaling on the
dynamics of human cortical maturation in adolescence.
Proc Natl Acad Sci USA. 107:16988–16993.

Salami A, Erikson J, Nilson LG, Nyberg L. 2012. Age-related
white matter microstructural differences partly mediate
age-related decline in processing speed but not cognition.
Biochim Biophys Acta. 1822:408–415.

Simerly RB, Chang C, Muramatsu M, Swanson LW. 1990.
Distribution of androgen and estrogen receptor mRNA-
containing cells in the rat brain: an in situ hybridization
study. J Comp Neurol. 294:76–95.

Steckelbroeck S, Heidrich DD, Stoffel-Wagner B, Hans VH,
Schramm J, Bidlingmaier F, Klingmuller D. 1999.
Characterization of aromatase cytochrome P450 activity in
the human temporal lobe. J Clin Endocrinol Metab. 84:
2795–2801.

Stoffel-Wagner B, Watzka M, Stecckelbroeck S, Schaab R,
Schramm J, Bidlingmaier F, Klingmüller D. 1998. Expression
of CYP (aromatase) mRNA in the human temporal lobe.
Biochem Biophys Res Commun. 244:768–771.

Tabatadze N, Sato SM, Woolley CS. 2014. Quantitative analysis
of long-form aromatase mRNA in male and female rat brain.
PLoS One. 9:e100628.

Tsujimura A. 2013. The relationship between testosterone defi-
ciency and Men’s Health. World J Mens Health. 31:126–135.

Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN. 1982.
Living with water stress: evolution of osmolyte systems.
Science. 217:1214–1222.

Westlye LT, Kaufman T, Alnaes D, Hullstein IR, Bjørnebekk A.
2016. Brain connectivity aberrations in anabolic-androgenic
steroid users. Neuroimage Clin. 13:62–69.

Wierckx K, Mueller S, Weyers S, Van Caenegem E, Roef G,
Heylens G, T’Sjoen G. 2012. Long-term evaluation of cross-
sex hormone treatment in transsexual persons. J Sex Med.
9:2641–2651.

Zubiaurre-Elorza L, Junqué C, Gómez-Gil E, Guillamón A. 2014.
Effects of cross-sex hormones treatment on cortical thick-
ness in transexual individuals. J Sex Med. 11:1248–1261.

Zwingman C, Butterword R. 2005. Glutamine synthesis and its
relation to cell-specific energy metabolism in the hyperam-
monemic brain: further studies using NMR spectroscopy.
Neurochem Int. 47:19–30.

Morphology and Metabolomics of Adult Female Androgenization Perez-Laso et al. | 2853
D

ow
nloaded from

 https://academ
ic.oup.com

/cercor/article/28/8/2846/3926141 by guest on 05 Septem
ber 2022


	Effects of Adult Female Rat Androgenization on Brain Morphology and Metabolomic Profile
	Introduction
	Materials and Methods
	Subjects
	General Description of the Design
	Blood Sampling and Hormonal Assay
	Magnetic Resonance Imaging
	Sacrifice and Dissection
	Ex Vivo 1H HRMAS
	Estimation of Neocortex Volume
	Statistical Analyses with SPSS

	Results
	Testosterone
	Cortical Volume
	Total Cortical Volume
	Right and Left Hemisphere Volumes

	White Matter Microstructure
	Ex Vivo Metabolic Profiles

	Discussion
	Cortical Volume
	Fractional Anisotropy
	Metabolite Profile
	General Comment
	Comparison with Humans
	Strengths and Limitations

	Funding
	Notes
	References


