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Abstract

Human studies show that the number of teenagers abusing anabolic androgenic steroids (AAS) is
increasing. During adolescence, brain development is altered by androgen exposure, which suggests
that AAS may potentially alter central nervous system development. The goal of the present study
was to determine whether pubertal AAS exposure increased dendritic spine densities on neurons
within the medial amygdala and the dorsal hippocampus. Pubertal gonadally intact male rats received
the AAS testosterone propionate (5mg/kg) or vehicle for 5 days/week for four weeks. To determine
the long-term implications of pubertal AAS use, another set of males received the same AAS
treatment and were then withdrawn from AAS exposure for 4 weeks. Results showed that pubertal
AAS exposure significantly increased spine densities on neurons in the anterior medial amygdala,
posterodorsal medial amygdala, and the CAL1 region of the hippocampus compared to gonadally
intact control males. Spine densities returned to control levels within the anterior medial amygdala
and the posterodorsal medial amygdala 4 weeks after withdrawal. However, spine densities remained
significantly elevated after AAS withdrawal in the CA1 region of the hippocampus, suggesting that
pubertal AAS exposure may have a long-lasting impact on CA1 hippocampal neuroanatomy. Since
pubertal AAS exposure increased spine densities and most excitatory synapses in the central nervous
system occur on dendritic spines, AAS may increase neuronal excitation. It is proposed that this
increase in excitation may underlie the behavioral responses seen in pubertal AAS-treated male rats.
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Anabolic androgenic steroid (AAS) use by human adolescent males is on the rise (Burnett and
Kleiman, 1994, DuRant et al., 1995, Melia et al., 1996). This is of particular concern because
puberty is a time when increasing endogenous hormone levels influence brain maturation
(Primus and Kellogg, 1990, Sisk et al., 2003), which may be adversely affected by AAS
exposure.
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Two brain regions that have been found to be sensitive to pubertal hormones in both human
and animal studies are the hippocampus and amygdala (Meyer et al., 1978, Giedd et al.,
19964, Giedd et al., 1996b, Romeo and Sisk, 2001, Giedd et al., 2006, Zehr et al., 2006). The
volume of the amygdala and hippocampus has been shown to increase with age in human
adolescents (Giedd et al., 1996a, Giedd et al., 1996b). Additionally, after puberty rodent males
have an increased posterodorsal medial amygdala volume (Romeo and Sisk, 2001, Cooke et
al., 2002, Zehr et al., 2006). Furthermore, hippocampal CA1 spine density levels increase
throughout puberty, and castration before puberty can abolish this increase in male rodents
(Meyer et al., 1978). Therefore, these two brain regions are clearly sensitive to AAS exposure
during puberty.

Both androgens and estrogens have been shown to affect the density of dendritic spines in the
amygdala and the hippocampal formation (Woolley et al., 1990, Johansen et al., 2004, Cooke
and Woolley, 2005, Garza-Meilandt et al., 2006). For example, estradiol treatment has been
shown to increase neuronal spine density within the posterodorsal medial amygdala (Gomez
and Newman, 1991, Cooke and Woolley, 2005) and pyramidal neuronal spine density in the
CAL region of the dorsal hippocampus of adult ovariectomized female rats (Gould et al.,
1990, Woolley et al., 1990, Cooke and Woolley, 2005, Garza-Meilandt et al., 2006). Recently,
it has been found that exogenous testosterone treatment increased the number of spines on
neurons in the medial amygdala and the number of spine synapse densities, which can reflect
an increase in spine density, in the hippocampus of adult castrated male rats (Fowler et al.,
2003, Leranth et al., 2003).

It has been previously shown that many of the effects of testosterone are due to its conversion
to estrogen (Gorski, 1985). However, several studies suggest that testosterone is more salient
in male brain morphology than estrogen. For example, male rats typically have a higher density
of dendritic spines on neurons in the medial amygdala than female rats (McDonald, 1992).
Furthermore, castration of adult male rats or monkeys resulted in decreased CA1 pyramidal
spine synapse density, and testosterone or dihydrotestosterone (DHT) exposure restored spine
synapse density levels to control levels (Leranth et al., 2003), whereas estrogen administration
had no effect on restoring spine synapse density levels in male rats (Leranth et al., 2003).

The goal of this study was to determine the effects of pubertal exposure to chronic high doses
of the widely abused AAS testosterone (Pope and Katz, 1994, Mottram and George, 2000) on
dendritic spines on neurons in the medial amygdala and the CA1 region of the dorsal
hippocampus. Since, both human and animal studies have shown that pubertal AAS exposure
has varied effects on mood, such as increased irritability and aggression (Kopera, 1985,
Kindlundh et al., 2001, Thiblin and Parlklo, 2002, Farrell and McGinnis, 2003a, Wesson and
McGinnis, 2006), pubertal exposure to AAS may alter the central nervous system. Therefore,
we hypothesized that gonadally intact males exposed to chronic high doses of AAS during
puberty would show increased spine densities on neurons within the anterior medial amygdala,
posterodorsal medial amygdala, and the CA1 region of the dorsal hippocampus compared to
gonadally intact controls treated with vehicle. Additionally, we predicted that the proposed
increased in spine densities would remain following withdrawal from pubertal AAS exposure.

Experimental Procedures

Animals

Long Evans male rats were purchased from Charles River Laboratory (Wilmington, MA) and
received on postnatal day 38. Animals were housed in a temperature-controlled room (23°C)
in standard Plexiglas cages (25 x 20 x 18 cm) with ad libitum access to food and water. Lights
were maintained on a 12:12 hour reversed light/dark cycle, with lights off at 1200h. Body

weights were recorded weekly and found not to be significantly different from controls (AAS
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males, 348.9+ 13.8g Control males, 368.5+ 7.9g, AAS withdrawal males, 451.4+ 26.5g,
Control withdrawal males, 484.8+ 10.3g). Experimental procedures were performed in
accordance with National Institutes of Health’s guidelines for animal care and use.

Anabolic Androgenic Steroid Treatment

Males were randomly assigned to one of two treatment groups: 4 week pubertal exposure to
the AAS testosterone (n=9) or vehicle control (n=8) (polyethylene glycol 200). In addition, 3
rats from each treatment group were withdrawn from the experimental treatment for 4 weeks
to examine the long-term effects of pubertal AAS exposure. A four-week withdrawal period
from pubertal AAS exposure has previously been shown to be sufficient to allow the endocrine
system to return to a physiological state, as evidenced by similar wet testes and prostate weights
between AAS withdrawal males and vehicle control males (Feinberg et al., 1997).

AAS (Sigma, St. Louis, MO) exposure was initiated on postnatal day 40, which is the time of
preputial separation (Korenbrot et al., 1977). Testosterone propionate or vehicle control was
subcutaneously injected at a dosage of 5mg/kg body weight five days a week for four weeks
(Farrell and McGinnis, 2003a, Cunningham and McGinnis, 2006, Wesson and McGinnis,
2006), which is comparable to the AAS levels (10-100 times physiological testosterone levels)
abused by humans (Pope and Katz, 1988, Bahrke et al., 1990, Bahrke et al., 1998, Mottram
and George, 2000). In male rats this dosage of testosterone results in several endocrine changes,
such as ~30 fold increase in serum testosterone levels, decreased testes weights, and increased
seminal vesicles and prostate weights (Feinberg et al., 1997, Farrell and McGinnis, 2003b).

Brain Regions

The anterior medial amygdala, posterodorsal medial amygdala, and the CA1 region of the
dorsal hippocampus of the brain were selected for spine density analysis (Figure 1). The CAl
region of the hippocampus has been shown to be sensitive to testosterone, as determined by
the decrease in spine synapse density following castration in adult male rats (Leranth et al.,
2003). In addition, both sub-regions of the medial amygdala, anterior and posterodorsal,
undergo changes in volume throughout puberty, which is a critical period during which
testosterone levels increase (Romeo and Sisk, 2001).

Fixation of Brain Tissue

The animals were sacrificed by a lethal administration of pentobarbital at a dose of 50 mg/kg
i.p., flushed and perfused with lactated Ringers (Brawn Medical Inc, Irvine, CA) and 4%
paraformaldehyde in 0.1M phosphate buffered saline (PBS). Immediately following
decapitation, the brains were removed and immersed in ice-cold 4% paraformaldehyde in 0.1M
PBS for 1 hour, followed by 6 washes of 0.1M PBS every 5 minutes. After washing the brain,
the tissue was sectioned at 300 um on a Lancer vibratome (Lancer, St. Louis, MO). The
thickness of the tissue was chosen to minimize the number of severed dendrites within the brain
slices (Claiborne et al., 1990, Garza-Meilandt et al., 2006).

Dil Neuronal Labeling

The neurons and associated dendritic components in the perfused brains were labeled with
1,1,1’-dioctadecyl-3,3,3,3’ tetramethlindocarbocyanine percholate (Dil, Molecular Probes,
Eugene, OR), a lipophilic carbocyanine dye. In perfused tissue the Dil can travel 0.4mm/day
and is confined to the membrane that has absorbed it (Balthazart et al., 1994). Crushed crystals
of Dil were placed on the tip of a micropipette. The micropipette was placed on a manipulator
that was used to advance the micropipette into the tissue. Crystals were placed in three different
locations within each brain region. In CA1 region of the dorsal hippocampus, crystals were
placed along the transverse axis of the stratum lacunosum-moleculare. Also, in both the anterior
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and posterodorsal medial amygdala, crystals were place in the dorsal, middle, and ventral
regions.

Once the Dil crystals were placed in the appropriate regions, the sections were stored in a vial
containing a 2% paraformaldehyde and 0.1M phosphate buffer (7.4 pH) solution. The vial was
placed in the dark at room temperature for a three-day incubation period (Garza-Meilandt et
al., 2006).

Visualization and Analysis of Dendritic Spine Densities

Both the anterior and posterodorsal medial amygdala segments were sampled from the
secondary dendrites of bipolar or multipolar cells (Rasia-Filho et al., 1999). There are many
types of neurons in the medial amygdala, but the majority (~ 85%) of these neurons are
pyramidal neurons with long branches (Rasia-Filho et al., 1999, Muller et al., 2006). Since
these neurons can be easily visualized with Dil, they were selected for study. In the dorsal
hippocampus, spine densities were analyzed on secondary apical dendrites of the pyramidal
cells within the stratum radiatum of the CAL region (Galea et al., 1997, Danzer et al., 1998).
Segments were sampled bilaterally. Utilizing secondary segments for each brain region
allowed for uniformity across all dendritic segments.

The labeled neurons were randomly assigned numeric identifiers for analysis. This procedure
allowed the investigator to analyze the segments without bias. The dendrites were imaged by
utilizing a scanning confocal laser microscope (Bio-Rad, Hercules, CA) mounted on a Nikon
Labophot-2 microscope equipped with a fluorescence emission laser and a 60x oil immersion
objective (Zeiss). The fluorescent laser was set at 568-nm emission length, allowing
visualization of the Dil-labeled segments. Only intensely and discretely labeled segments of
secondary branches of pyramidal cells were selected for analysis. Additionally, another
criterion for analysis was that the chosen segment be at least 20 um in length and 100 um from
the cell body. Each segment was imaged by making scanning sequential scans at 0.3 um z-step
intervals.

Spine density was analyzed by an investigator, blind to the treatment groups, using an lgor-
based spine counting program (WaveMetric, Inc, Lake Oswego, OR). Examination of
individual segments was performed by the investigator scrolling through the individual
confocal scans and placing a mark by each visible spine. Spines were categorized as dendritic
protrusions that were at least 0.25 um in length (Desmond and Levy, 1985) and were observed
as separate protrusions in one or more scans. The number of spines was summed and the
dendritic length in three dimensions was quantified to determine the number of visible spines
per dendritic micrometer (Garza-Meilandt et al., 2006). No correction factor was applied for
hidden spines (Woolley and McEwen, 1993).

Spines within the medial amygdala are of three types: small bulb on a thin stalk, mushroom-
shaped, and thin stalk with two or more branched heads (Rall, 1974). Dendritic spines within
the stratum radiatum layer of the CA1 region of the dorsal hippocampus are thin, stubby, or
mushroom-shaped (Desmond and Levy, 1985, Harris et al., 1992). The dendritic spines of
neurons in both the medial amygdala and the CA1 region of the dorsal hippocampus observed
within this experiment were consistent with these structural characteristics. However, within
this study dendritic spines were not categorized based on shape (Rall, 1974, Desmond and
Levy, 1985, Harris et al., 1992)

A total of 6 dendritic segments from different neurons were quantified for each brain region
per rat. Therefore the dendritic segments for 6 animals totaled 36 segments per brain region.
Dendritic segments for 8 control animals totaled 48 segments per brain region. For three
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animals in the AAS withdrawal group, there were a total of 18 segments in each brain region.
Average segment length was approximately 30 um.

Statistical Analysis

Results

Spine densities from all segments in each brain region were averaged per animal. The spine
density was analyzed with either a Kruskal-Wallis or Kolmogorov-Smirnov non-parametric
tests to determine main effects, followed by Tukey/Kramer test for post hoc comparisons
(Statview 5.0). Data were displayed as mean + SEM. P values < 0.05 were designated as
significant.

Kolmogorov-Smirnov analysis of age on spine density levels between control males and 4
week withdrawal control males showed similar means between groups with no significant
differences, regardless of nuclei. Therefore, spine densities from these two control groups were
compiled into one overall control group for further analysis.

Anterior Medial Amygdala

There was a significant overall effect of pubertal AAS treatment on spine densities of neurons
within the anterior medial amygdala (Kruskal-Wallis, p<0.018). Post hoc analysis of spine
densities revealed that pubertal AAS treatment significantly increased spine densities from
1.48 spines/um to 2.33 spines/um (Tukey/Kramer, p<0.05) (Figure 2). Following withdrawal
from AAS, spine densities were not significantly different from controls. Figure 3 illustrates
representative dendritic segments from the anterior medial amygdala showing that spine
densities increased in AAS treated males compared to gonadally intact control males (Figure
3, Avs. B), and returned to control levels after four weeks of AAS withdrawal (Figure 3, C
vs. A).

Posterodorsal Medial Amygdala

The same pattern of AAS-induced spine density alterations was found in the posterodorsal
medial amygdala. There was a significant overall effect of AAS treatment on spine densities
on neurons in the posterodorsal medial amygdala (Kruskal-Wallis, p<0.005). Figure 2 shows
that pubertal AAS exposure significantly increased spine densities from 1.43 spines/um to 2.40
spines/um (Tukey/Kramer, p<0.05), but there were no significant differences between AAS
withdrawal and control spine densities. Figure 4 depicts representative dendritic segments from
the posterodorsal medial amygdala showing that pubertal AAS exposure increased spine
densities and that spine density levels returned to control levels after 4 weeks from withdrawal
from AAS.

CA1 Region of the Dorsal Hippocampus

There was a significant overall effect of AAS treatment on hippocampal spine densities
(Kruskal-Wallis, p<0.006). Post hoc analysis showed that pubertal AAS exposure significantly
increased spine density levels in the CA1 region of the dorsal hippocampus from 2.37 spines/
um to 2.98 spines/um (Tukey/Kramer, p<0.05), and spine densities continued to be
significantly elevated at 2.89 spines/um following four weeks of AAS withdrawal (p<0.05)
(Figure 2). Representative dendritic segments from the stratum radiatum of the CA1 region of
the dorsal hippocampus are seen in Figure 5. Spine densities were increased as a result of
pubertal AAS exposure (Figure 5, B vs. A), and remained elevated four weeks after AAS
withdrawal compared to controls (Figure 5, C vs. A).
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The micrographs in Figures 3-5 are composite images from a series of confocal scans. Although
it may appear at times that the dendrite diameter was altered, it was actually an artifact of
superimposing several confocal scans into one composite image. At a confocal microscopic
level, no structural differences in dendritic spine or dendritic diameter were observed in any
of the treatment groups.

Discussion

This study quantified dendritic spines on neurons to study the effects of pubertal exposure to
the AAS testosterone within the medial amygdala and the hippocampus. In the current study,
we demonstrated that pubertal AAS exposure increased spine density on neurons within the
anterior medial amygdala, posterodorsal medial amygdala, and the CA1 region of the dorsal
hippocampus in male rats compared to gonadally intact control males. Additionally, we found
that pubertal AAS exposure had long-term effects on spine density levels within the CAl region
of the dorsal hippocampus. Spine densities remained elevated four weeks following pubertal
AAS withdrawal.

Spine density levels for gonadally intact control males were consistent with spine density levels
reported in previous studies (Trommald et al., 1995, Rasia-Filho et al., 1999, Markham et al.,
2005). For example, spine densities on neurons for gonadally intact control males in this study
were 1.4 spines/um in the medial amygdala compared to 1.9 spines/um reported by Rasia-Filho
(Rasia-Filho et al., 1999). Also, a spine density of 2.37 spines/um in the CA1 region of the
dorsal hippocampus was similar to spine densities of 2.0 spines/um reported by Trommald
(Trommald et al., 1995) and 2.8 spines/um by Markham (Markham et al., 2005).

It has been postulated that spine densities can be a measure of excitatory potential (Nuriya et
al., 2006), since excitatory synapses are usually made on spines (Nimchinsky et al., 2002).
Moreover, testosterone has been shown to enhance excitation of neuronal parameters. For
example, testosterone application has been shown to decrease the absolute refractory period
of neurons in the medial amygdala, thus resulting in increased neuronal excitation (Kendrick
and Drewett, 1979, Kendrick and Drewett, 1980). Also, in vitro 20 minute bath application of
testosterone increased the frequency of excitatory post synaptic potentials (EPSPS) in
hippocampal CA1 pyramidal neurons from castrated adult males and ovariectomized adult
females (Smith et al., 2002). However, when male rats are castrated during puberty and given
replacement testosterone, suppressive effects on hippocampal CA1 long term potentiation
(LTP), another measure of excitation, have been noted (Harley et al., 2000, Hebbard et al.,
2003). These studies suggest that testosterone can influence neuronal activity by different
mechanisms, which may underlie the process whereby testosterone lowers the threshold to
respond to stimuli.

Interestingly, a temporal parallel linking spine density and aggressive behaviors can be noted.
During puberty, AAS exposure increased spine densities on neurons in the medial amygdala
and the hippocampus and also increased aggression displayed by intact male rats (Farrell and
McGinnis, 2004). This aggressive behavior has been linked to the medial amygdala (Masco
and Carrer, 1990, Wood and Coolen, 1997, Grimes et al., 2003, David et al., 2004, Giammanco
etal., 2005).

In further support of this premise, long-term behavioral effects have been found in male rats
pubertally exposed to AAS. For instance, aggression remained elevated several weeks after
withdrawal from pubertal AAS exposure in adult male rats, which may be a result of learned
behavior (Farrell and McGinnis, 2004). This behavior is consistent with the time frame that
pubertal AAS exposure increased hippocampal spine density, which has been associated with
learning and memory (Moser etal., 1994, Jarrard, 1995, Leuner and Shors, 2004). Interestingly,
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findings from an adult AAS exposure study showed that aggression declined to gonadally intact
control levels within three weeks after withdrawal from adult AAS exposure, in contrast to the
permanent effects of pubertal AAS exposure (McGinnis et al., 2002). Consequently, the
increased spine density on neurons in the medial amygdala and the hippocampus from AAS
exposure during the critical period of puberty may play an important role in AAS-induced
behaviors.

Itis possible that pubertal AAS exposure may have a more global impact on dendritic structure
than just spine density as was examined in the current study. In vitro studies using androgen
receptor transfected PC12 cells showed that androgens increased neurite length and branching
(Lustig, 1994, Lustig et al., 1994). Furthermore, an in vivo study in adult male rats showed
that testosterone increased dendritic surface area and dendritic branching of preoptic/anterior
hypothalamic area neurons (Cherry et al., 1992). Interestingly, this study used
supraphysiological levels of testosterone propionate (5mg/kg body weight) (Cherry et al.,
1992), which is actually the same dosage of testosterone propionate used in the current AAS
study. Results from these studies in conjunction with our results demonstrate that testosterone
can alter neuronal structure, and thus possibly affect neuronal function by increasing the
receptivity of neurons.

Notably, it has also been found that gonadal hormones, such as estrogen, can increase spine
synapse density by altering the amount of presynaptic inputs per CA1 hippocampal dendritic
spine (Yankova et al., 2001), thus further increasing neuronal receptivity to multiple
hippocampal pyramidal neurons. Furthermore, it is known that androgens can increase
hippocampal spine synapse density (Leranth et al., 2003), but it is not known if androgens also
alter the amount of presynaptic inputs per CA1 dendritic spine. Further studies will need to be
conducted to determine if pubertal AAS exposure affects other dendritic parameters, such as
dendritic length, dendritic branching, and afferent inputs of neurons within the amygdala and
hippocampus. Moreover, increased lengths of withdrawal from pubertal AAS exposure needs
to be examined to determine the saliency of pubertal AAS exposure on neuronal parameters.

This study is the first empirical demonstration of neuroanatomical changes resulting from
pubertal AAS exposure. Both the medial amygdala and the hippocampus showed increased
spine densities on neurons as a result of pubertal AAS exposure. Notably, spine densities within
the hippocampus did not return to gonadally intact control spine density levels after four weeks
of AAS withdrawal, suggesting that pubertal AAS exposure has long-term effects on
hippocampal morphology. Since pubertal AAS exposure increases dendritic spine density
during brain maturation, the effects of AAS abuse by human adolescents may result in enduring
changes in brain function.
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CAl Cornu Ammonis Region 1
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DHT
Dil
PBS

Dihydrotestosterone
1,1,1’-dioctadecyl-3,3,3,3’ tetramethlindocarbocyanine percholate
Phosphate Buffered Saline
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Posterodorsal Medial Amygdala

Figure 1.
Shaded regions indicate the placement of Dil crystals within the anterior medial amygdala (A),
posterodorsal medial amygdala (B), and CAL region of the dorsal hippocampus (B).

Neuroscience. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cunningham et al.

Page 13
35 4
[ ] Control
[ Testosterone -
34 [ AAS withdrawal
€ 25 - ¥ T
=
-‘“w.
th
L
£
& 2-
=
)
| =
S 15 A
L
o
a
7]
1 4
5
0
Anterior Medial Posterodorsal Hippocampus
Amygdala Medial Amygdala
Figure 2.

Spine density (mean + SEM) resulting from three treatment conditions: vehicle control (n =
8), AAS testosterone (n = 6), and AAS withdrawal (n = 3). Secondary dendritic segments
originating from three nuclei were analyzed: anterior medial amygdala, posterodorsal medial
amygdala, and the CA1 region of the dorsal hippocampus. Spine densities within the anterior
medial amygdala and the posterodorsal medial amygdala were significantly higher after AAS
testosterone treatment compared to control (Tukey/Kramer, * = p<0.05). Spine densities
returned to control levels within both regions of the medial amygdala following AAS
withdrawal. AAS testosterone significantly increased spine densities in the CA1 region
compared to control, and spine densities remained elevated after 4 weeks of AAS withdrawal
(* = p<0.05).
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Figure 3.

Representative photomicrographs of Dil-labeled dendrite segments of neurons in the anterior
medial amygdala in the 3 treatment conditions: vehicle control (A), AAS testosterone (B), and
AAS withdrawal (C). Example of a dendritic spine is indicated by arrow. Scale bar = 10 pm.
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Figure 4.

Representative photomicrographs of Dil-labeled dendrite segments of neurons in the
posterodorsal medial amygdala in the 3 treatment conditions: vehicle control (A), AAS
testosterone (B), and AAS withdrawal (C). Example of a dendritic spine is indicated by arrow.
Scale bar = 10 um
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Figure 5.

Representative photomicrographs of Dil-labeled dendrite segments of neurons in the CAl
region of the dorsal hippocampus in the 3 treatment conditions: vehicle control (A), AAS
testosterone (B), and AAS withdrawal (C). Example of a dendritic spine is indicated by arrow.
Scale bar = 10 um
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