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Early androgen treatment decreases cognitive function and
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Abstract

The spontaneously hypertensive rat (SHR) has been used as an animal model of attention deficit hyperactivity disorder
(ADHD). The present study was designed to determine whether exposure to elevated androgen levels early in development
demonstrated impairments in cognitive functioning, neuroendocrine control, and brain development parallel to those seen in
ADHD children. The animals (SHR and Wistar (WKY) controls) were implanted with testosterone on postnatal day 10 and tested
for behavior in a spatial cognition paradigm on postnatal day 45. Plasma samples were collected for determination of
adrenocorticotrophin hormone (ACTH) and corticosterone levels as indicators of the basal tone of the pituitary—adrenal
neuroendocrine axis. In addition, the density of tyrosine hydroxylase-immunoreactive fibers (an indicator of catecholamine
innervation) in the frontal cortex was compared between animals. The current data show that early testosterone treatment in SHR
animals resulted in additional deficits in spatial memory in the water maze, but was ineffective in altering the response of WKY
animals. Furthermore, SHR rats had high basal ACTH and low corticosterone levels that may indicate a dysfunctional stress axis
similar to other reports in humans with persistent ADHD. Finally, there was a further suppression of tyrosine hydroxylase-im-
munoreactivity in the frontal cortex of androgen-treated SHR rats. These results support the hypothesis that early androgen
treatment may support the neurobiology of animals with genetic predisposition to hyperactivity, impulsivity and inattention in a
manner consistent with the enhanced expression of ADHD-like behaviors. © 2000 Elsevier Science B.V. All rights reserved.
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testosterone levels. During the prenatal and early post-
natal period there are significantly higher levels of
testosterone in males in a number of species, including
man [6,8,10,11,20,24,27,35]. These elevated testosterone
levels are responsible for gender-specific organizational
effects on the developing nervous system [2,13,23]
through modulation of neurotransmitters like do-

1. Background

Attention deficit hyperactivity disorder (ADD/+ H
or ADHD) affects approximately 2-5% of grade-
school children [3,4,37]. The symptoms include hyper-
activity, impulsivity, and the inability to sustain
attention. The etiology of ADHD remains unclear, but

heredity apparently plays a major role [3]. Boys appear
more likely to be affected by ADHD; the sex ratio
ranges from 3:1 to 8:1, boys to girls [19,38]. The two
most obvious possibilities for the development of a
preponderance of ADHD in males are genetic patterns
of inheritance and hormonal conditions such as higher
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pamine [14,29,36], which has been suggested to play a
pivotal role in the neurobiology of ADHD [26]. In
particular, the dopamine system in the frontal cortex
has been implicated in the neurobiology of ADHD
[3,5,25,26]. Testosterone has been shown to affect do-
pamine activity in the mesolimbic system [14], to pro-
mote neurite outgrowth in the mesencephalic neurons
[29], and to influence development of dopamine neu-
rons in the frontal cortex [38]. But the role of testos-
terone in the development of cognitive functioning,
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neuroendocrine parameters, and dopamine innervation
in the frontal cortex of an animal model of ADHD
remains unknown. Several animal model of ADHD
have been proposed, including rats with neurotoxic
brain lesions [1], dopamine alteration [33] and sponta-
neous hypertension [9,22,30,32] and mice with gene
deletion [12]. Although each model has its own unique
limitations, the SHR (spontaneously hypertensive rat)
model has been proposed as an acceptable and most
frequently used animal model of ADHD [7,9,22,32], we
tested the hypothesis that testosterone may differen-
tially affect individuals predisposed to ADHD versus
those not predisposed. Consequently, we assessed cog-
nitive performance, neuroendocrine parameters, and
changes in tyrosine hydroxylase-containing fibers (an
indicator of dopamine and norepinephrine neurons) in
SHR animals which had received early testosterone
treatment. The results suggest that excess testosterone
early in development may predispose genetically vulner-
able male animals to ADHD-like behaviors and may
explain the gender differences observed in humans.

2. Methods

2.1. Animals

Pregnant rats (SHR and Wistar-Kyoto, WKY, n=
4 + 4) were obtained from Charles River Breeding Lab-
oratories (Wilmington, MA) during their first week of
gestation. The animals were housed singly under stimu-
lating photoperiod (12L, 12D; lights on at 20:00) and
received food and water ad libitum. All litters were
culled to eight after delivery. Only male rats were used
in the study. Pups were housed with dams and weaned
on gestation day 21. All animals were then group-
housed (four animals per cage) and tested on postnatal
day 45.

2.2. Hormone treatment

With the working hypothesis that high levels of
androgens in the frontal cortex maybe important to
ADHD expression, treatment with testosterone was
intracranially administered to bypass the negative feed-
back on the hypothalamic—pituitary—gonadal axis. On
postnatal day 10, all animals were stereotaxically im-
planted with testosterone (10 ng; SHR, n=6; WKY,
n = 6) or cholesterol pellets (10 ng; SHR, n = 6; WKY,
n = 6). The surgery was performed under ketamine (50
mg/kg; Sigma, St. Louis, MO) anesthesia. The
stereotaxic coordinates were: 4.8 mm anterior to
bregma, 2.3 mm lateral to the midsagittal suture, and
2.2 mm below dura. The incisor bar was held at 0 mm
with the interaural line.

2.3. Behavior

SHR animals were tested in a cue-based spatial cog-
nition paradigm that assessed the rat’s ability to use
visual cues outside the pool to find an escape platform
located beneath the surface of the water. Beginning on
postnatal day 45, animals were removed from their
home cage at 11:00 h each day for assessment of
behavior in the Morris water maze. Training and test-
ing in the Morris water maze consisted of a habituation
phase (performed on the first day), an acquisition phase
with testing trials (performed between the second and
fiftth days) and a final testing phase (performed on the
sixth day). The maze was set up with a swimming pool
diameter of 1.52 m. The pool was divided into four
quadrants (NE, SE, SW, NW) and visual cues were
placed at these quadrants both on the side of the pool
and on the curtain surrounding the water maze. A
video camera (Computar, Model FC62B) was affixed to
the ceiling exactly above the center of the pool. The
camera was connected to a monitor for viewing ongo-
ing experiments, a VCR for recording the sessions, and
a computer with tracker (HVS Image VP118) for scor-
ing of latencies and distances traveled. The software
package used for scoring data was HVS Water for
Windows, version 797 (HVS Image, Hampton, UK).
During the habituation phase (day 1), each rat was
placed in the water maze and allowed to swim without
the platform in place for 90 s. Rats were placed in a
holding tank for drying out (60 s) and then returned to
their home cages. Then, training (acquisition period/
testing trials, days 2, 3, 4,5) was performed with the
platform submerged 2 cm below water level. Each of
the three trials began with placing the rat into the pool
facing the walls at either the north, south, east or west
position. The starting quadrant in the pool was differ-
ent for each rat. On each of the three trials if the rats
did not find the platform within 120 s, the experimenter
guided them to it. The rat remained on platform for 45
s to allow orientation to visual cues. On the final day of
testing (day 6), the platform was submerged (2 cm) and
the starting position was alternated for each of five
trials. Latencies to reach the platform (s) was recorded
for each rat on days 2-6.

2.4. Hormone radioimmunoassays

Researchers have shown differences in basal neuroen-
docrine functioning in ADHD [16] which maybe similar
to those found in the SHR animal model. To test this
premise hormonal radioimmunoassays were performed.
Twenty-four hours after the behavioral tests, animals
(n =6 per group) were quickly sacrificed (by decapita-
tion) and trunk blood was collected. The blood samples
were placed on ice, centrifuged, and plasma removed.
The plasma was stored at — 80°C until the assays were
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performed. ACTH was measured in plasma samples with
a kit obtained from ICN Pharmaceutical (Costa Mesa,
CA). This antiserum to ACTH crossreacts less than 0.1%
with B-endorphin. Corticosterone was measured in
plasma samples with a kit obtained from ICN Pharma-
ceutical. The antiserum to corticosterone crossreacts less
than 0.01% with testosterone and androstenedione.

2.5. Immunocytochemistry

Since other researchers have implicated changes in
dopamine in the frontal cortex in the neurobiology of
ADHD [3,26], immunocytochemical methods were used
to assess changes in tyrosine hydroxylase immunoreactiv-
ity (a marker for dopamine and norepinephrine fibers).
The animals (n =4 per group) were perfused transcar-
dially, first with 0.9% saline containing 1% sodium nitrite
to dilate blood vessels, followed by 4% paraformalde-
hyde and 2.5% acrolein in 0.1 M potassium phosphate-
buffered saline (KPBS), and again with saline to
eliminate excess fixatives. The brains were then removed,
immersed in 20% sucrose in KPBS, and kept at 4°C
overnight. The perfusions were performed under sodium
pentobarbital anesthesia (Nembutal, 35 mg/kg, Abbott
Laboratories, North Chicago, IL), after an intracardiac
injection of heparin (5000 U in 1 ml saline). Later, the
brains were sectioned coronally at 50 pm on a freezing
microtome, and the sections saved in cryoprotectant [40]
at — 20°C until used for immunocytochemistry.

Immunocytochemistry was performed as follows. The
sections were washed in 0.05M Tris-buffered saline
(TBS, pH 7.6) before incubation in 1% sodium borohy-
drite to remove residual aldehydes. The sections were
washed again and incubated for 30 min in a solution
containing 20% goat serum, 1% hydrogen peroxide, and
0.3% Triton X-100 (respectively, to reduce non-specific
labeling, eliminate endogenous peroxidase, and perme-
abilize the tissue). The sections were then incubated for
1 h at 37°C in the primary antibody (mouse mono-
clonal anti-tyrosine hydroxylase, 1/10000, Sigma, St
Louis, MO) in the presence of 2% goat serum and 0.3%
Triton X-100. After washes, the sections were incubated
for 45 min in the secondary antibody (biotinylated goat
anti-mouse IgG, 7.5 pg/ml, Vector Laboratories,
Burlingame, CA). Then, the sections were washed again
and placed in the tertiary incubation (Vectastain ABC
Elite kit, Vector Labs) for another 45 min before being
washed and labeled with nickel-conjugated diaminoben-
zidine. This led to a blue/black precipitate labeling of
all known dopaminergic cell groups and projections.
All solutions were prepared with 0.05 M TBS. This
procedure is optimal for the labeling of fibers and
neurons, and results in a near absence of background
labeling. Omission of the primary antibody prevented
all immunostaining.

2.6. Fiber density

Tyrosine hydroxylase-immunoreactive (TH-ir) fibers
were observed in distinct areas within the brain. The
distributions of TH-ir fibers were compared between
the groups of animals. The density of TH-ir fibers
within selected areas was estimated in digitized images
using the IMAGE software (Version 1.56, NIH,
Bethesda, MD). The light and camera settings were
kept at a same level of darkness for all slides and
selected areas to minimize background variations. The
areas selected included the frontal cortex and the nu-
cleus accumbens. Fiber density was analyzed by gray-
level thresholding [34] in digitized images using the
IMAGE software (Version 1.56, NIH, Bethesda, MD)
and obtained from a video camera (TM-745, Pulnix
America, distributed by Motion Analysis, Eugene, OR)
mounted on a microscope. The images were imported
on a Maclntosh computer with a frame grabber (LG-3,
Scion, Walkersville, MD). A standard sample (square
of 0.04 mm?) was placed within the selected areas. The
selected areas were similar for all animals. Three to six
measurements were taken from several consecutive
slides for each area and each animal. The results were
expressed as areas containing immunolabeling within
the sample areca. These measures were averaged for
each area in each animal, and the averages were com-
pared between groups of animals. All data were ana-
lyzed by analysis of variance followed by Scheffe post
hoc tests. Significance was defined as P < 0.05. The
data analysis relied on our ecarlier studies showing an
interaction between androgen treatment and WKY and
SHR rats [17].

3. Results
3.1. Behavior

Spatial cognition in the Morris water maze was eval-
uated in WKY and SHR male rats who were exposed to
testosterone or cholesterol on postnatal day 10 (Fig. 1).
Comparisons were made between the time taken to find
the platform as an indicator of spatial memory on the
4 days of testing trials (acquisition period) and final test
day (no data was collected on the first day of habitua-
tion). The WKY cholesterol control animals exhibited a
stepwise decrease in their average time taken to find the
platform over the acquisition period and on the final test
day. The stepwise pattern in latency to find the platform
in WKY controls was similar to the testosterone-treated
animals response after the second acquisition day; how-
ever, the latter group took longer to attain the shorter
latencies. SHR rats administered cholesterol as vehicle
control were significantly deficient in finding the platform
compared
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to WKY cholesterol- or testosterone-treated animals
(P <0.01) on the first and last test days (days 2 and 6).
SHR testosterone-treated animals were significantly
deficient in finding the platform compared to WKY
cholesterol- or testosterone-treated animals (P < 0.001)
and SHR vehicle-treated animals (P < 0.05) on the final
two test days (days 5 and 6). In fact, while testosterone
treatment had no significant effect on WKY by final
test day (day 6), testosterone-treated SHR animals were
about 30% slower to find the platform than the choles-
terol treated controls (P < 0.05). Taken together, WKY
rats, regardless of treatment, were three to four times
faster at finding the platform on the final day than
SHR rats (Fig. 1).

3.2. Hormone levels

Basal levels of ACTH and corticosterone were com-
pared between groups (Figs. 2 and 3). Basal levels of
ACTH were similar between WKY and SHR control
animals. In addition, testosterone treatment had no
effect on the pituitary basal tone in WKY animals with
no resulting changes in ACTH plasma levels. However,
androgen treatment increased basal ACTH plasma lev-
els by about 50% in SHR rats (P < 0.05).

Changes were observed in corticosterone levels with
testosterone administration in WKY and SHR animals

(Fig. 3). Basal levels of corticosterone were elevated in
WKY administered vehicle control compared to their
SHR counterparts (P < 0.01). Similarly, basal levels of
corticosterone were elevated in testosterone-treated
WKY animals compared to their SHR counterparts
(P <0.01). However, no differences were observed
within animal strains.

3.3. Catecholamine immunoreactivity

The immunocytochemical procedure led to an opti-
mal labeling of TH-ir fibers throughout the brain. A
high density of TH-ir fibers and terminals were ob-
served in the striatum and to a lesser extend in the
nucleus accumbens. Fewer fibers were observed in the
cortex at the level of the frontal cortex (layers 6 and
1-2). On the peripheral layers, most fibers were ori-
ented parallel to the curvature of the brain. At the level
of the junction between the cingulate and the frontal
cortex, fibers were seen crossing the different layers,
perpendicular to the curvature of the brain (Fig. 4).

The density of TH- ir fibers was compared between
testosterone and vehicle administered WKY and SHR
animals. Testosterone treatment did not alter the den-
sity of TH-ir fibers in the frontal cortex in WKY
control animals (Fig. 5a). However, the SHR animals
(vehicle controls) showed a significantly lower density

Spatial Memory

140 -

120 -

(=N e o
(=} (=} (=)
L L L

Latency to Hidden Platform (sec)

o
o
|

20

WKY T

*k

H Day 2
B Day 3
EDay 4
EDay 5
ODay 6

Fig. 1. Spatial memory as measured by the time taken (s) to find the platform in the swim test for WKY and SHR animals treated with cholesterol
(C) and testosterone (T) during early postnatal development. Numbers represent average + S.E.M. WKY or SHR animals that took significantly
longer to find the platform as compared to WKY treated with cholesterol (*P < 0.05; **P < 0.01; ***P <0.001). WKY or SHR animals that
found the platform significantly faster than WKY animals treated with cholesterol (P < 0.05).
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Fig. 2. Baseline ACTH concentration (ng/ml) in adult WKY and SHR animals treated with cholesterol (vehicle) and testosterone during early
postnatal development. Numbers represent average + S.E.M. SHR animals treated with testosterone had significantly higher levels of ACTH than
WKY animals and SHR animals treated with cholesterol (*P < 0.05).
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Fig. 3. Baseline corticosterone concentration (ng/ml) in adult WKY and SHR animals treated with cholesterol (vehicle) and testosterone during
early postnatal development. Numbers represent average + S.E.M. SHR animals treated with testosterone and cholesterol had significantly lower
corticosterone levels than WKY animals treated with testosterone(* P < 0.01) or cholesterol (**P < 0.01).

of TH-ir fibers in this region compared to WKY con- terone-treated animals and those administered choles-
trols (P < 0.05). In addition, SHR animals treated with terol vehicle (P <0.01). In contrast, the density of
testosterone had even lower levels of TH-ir in the TH-ir in the nucleus accumbens did not differ within

frontal cortex (P <0.01) compared to WKY testos- strains or between treatments. The comparison of ty-
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rosine hydroxylase immunoreactivity lead to similar
results between all groups (Fig. 5b).

4. Discussion

The present data support the hypothesis that early in
development increased testosterone may lead to
changes in cognitive functioning, neuroendocrine
parameters, and dopamine innervation in the frontal
cortex, in ways that are consistent with ADHD in
males. The treatment was timed to reflect approxi-
mately the first year of life for humans, whereas the
testing was performed to reflect the fifth to seventh year
when diagnosis of ADHD generally occurs. The cogni-
tive studies point to inconsistency in the learning to find
the platform over time in the ADHD animal model,
suggesting deficits in learning (see Fig. 1) that may
reflect the inability to focus consistently on the cues
provided. These deficits in spatial learning may be
augmented in the male SHR rat, which has been shown
to exhibit more impulsive behavior than female SHR
rats [6]. In addition, treatment with testosterone may
further enhance these behaviors.

The characteristic ADHD-like cognitive impairments
are accompanied by significant changes in basal levels
of hormonal indices of the pituitary—adrenal axis, par-
ticularly ACTH and corticosterone. Abnormalities in
basal and activated functioning of the endocrine system
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v
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have been reported in both ADHD children [15,16] and
SHR rats [18,39,41]. Our data support the hypothesis
that testosterone differentially affects neuroendocrine
parameters in SHR animals as compared to controls
animals. This particular endocrine milieu (i.e. high
ACTH levels) may facilitate further androgen secretion,
since it has been shown that ACTH is the primary
androgenic stimulator [28]. Although the lower levels of
corticosterone seen in ADHD animals are surprising,
this may indicate a desensitization of the negative feed-
back system at the level of the pituitary gland. Dysfunc-
tion of this pituitary—adrenal axis has also been
reported in children with persistent ADHD, who also
have low basal cortisol levels [16]. Such hypothalamic—
pituitary—adrenal dysfunctions has been seen in other
mental health disorders, such as post-traumatic stress
disorder and depression [42], conditions that can be
co-morbid with ADHD.

SHR animals showed marked decreases in brain de-
velopment. These animals are genetically bred animals
with many features of ADHD in humans, including
overactivity, impaired ability to sustain attention, and
impulsivity [9,31]. The immunocytochemical studies
demonstrated a lower density of TH-ir in the frontal
cortex of the SHR animals compared to WKY controls.
This lower density was further suppressed by testos-
terone treatment (see Figs. 4 and 5), supporting the
observation the excess testosterone slows the develop-
ment of the catecholamine neurons in the frontal cortex
of rat pups [36]. In addressing the gender disparities

SHR

Fig. 4. TH immunoreactivity in the prefrontal cortex of Wistar (control) and SHR (ADHD) animals after testosterone implantation on postnatal
day 10. Animals were tested on postnatal day 45. TH immunoreactivity was shown in coronal sections photographed under lightfield. Fr, frontal
cortex; Cg, cingulum; fmi, forceps minor corpus callosum; scale bar = 100 pum. Chol, cholesterol (control); T, testosterone. Note the decrease in
staining associated with testosterone administration in male ADHD animals.
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Fig. 5. (A) Comparison of the density of tyrosine hydroxylase immunoreactive fibers, within a sample surface of the frontal cortex of Wistar and
SHR animals administered either cholesterol (vehicle) or testosterone during early development. The results are expressed as the area (um?)
covered by the immunoreactive signal. SHR animals had significantly fewer fibers in this region than Wistar treated with cholesterol (*P < 0.05)
or testosterone (**P < 0.01). SHR animals treated with testosterone had significantly lower tyrosine hydroxylase immunoreactive fiber density than
their cholesterol-treated counterparts (**P < 0.01). (B) Comparison of the density of tyrosine hydroxylase-immunoreactive fibers, within a sample
surface of the nucleus accumbens of WKY and SHR animals administered either cholesterol (vehicle) or testosterone during early development.
The results are expressed as the area (um?) covered by the immunoreactive signal. There was no significant difference between groups or treatment.

and underlying neurophysiological basis of ADHD, it plasma testosterone [39] strongly suggests that testos-
maybe likely that the sensitivity difference in adult terone may play a critical role in predisposing geneti-
SHR to testosterone [21] and the significantly higher cally vulnerable male animals to ADHD.
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