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In the brain, depending on the insult type, androgens have been shown to protect
from or exacerbate the levels of cell death. This discrepancy is partly due to the array of
receptors that androgens may activate during injury. For example, activation of
intracellular androgen receptors (AR) leads to the activation of pro-survival pathways and
protects from various toxins such as beta-amyloid. In contrast, previous studies have
demonstrated that testosterone causes an increase in lesion size following stroke. The
damaging effects of androgens in the brain may be mediated by a membrane-associated
AR (mAR), since activation of mAR in peripheral tissue results in a decrease in cell
growth and an increase in apoptotic cell death during serum deprivation.

Here, I hypothesize that activation of a mAR in cortical astrocytes, suppressess
the ERK and Akt signaling pathways and increases cell death in the presence of a
metabolic and oxidative stressor. In this study, we found that glia express both isoforms
of the AR (AR-B and AR-A) and that dihydrotestosterone (DHT) elicits ERK and Akt
phosphorylation in rat glioma (C6) cells. The effect of DHT on the activation of these
signaling pathways is AR dependent, since ﬂutémide blocked this effect. In contrast to
the intracellular receptor, we concluded that DHT-BSA (membrane impermeant form of
DHT) binds to DHT displaceable sites on the plasma membrane. Also, treatment with

DHT-BSA in the C6 cells resulted in a significant decrease in phospho-ERK and Akt






levels, suggesting the existence of two different pathways through which DHT can
influence the activity of these signaling pathways.

With respect to cell survival, the C6 cells and primary cortical astrocytes were
treated with the metabolic and oxidative insult, iodoacetic acid (IAA), in the presence or
absence of DHT, DHT-BSA, or estradiol. Following treatment, DHT and estradiol
protected the glia from IAA-induced toxicity, whereas DHT-BSA caused a significant
increase in cell death in the presence of a sublethal concentration of IAA. These results
indicate that activation of the intracellular pathway is protective and activation of a
membrane pathway is damage-inducing during injury, further supporting our results from
the ERK and Akt signaling studies. To further characterize this mAR in the brain, we
decided to look for indices of apoptosis such as caspase activation and TUNEL staining.
It was found that DHT-BSA treatment in the presence of IAA, resulted in an increase in
caspase-3/7 activation and increased TUNEL staining. In addition, PKC-delta mediated
DHT-BSA-induced cell death, since antagonism of PKC-delta with rottlerin afforded
protection.

In conclusion, we have partially characterized a novel mAR in astrocytes during
injury. Here, the damaging effects of androgens, at least in astrocytes, may in fact be
mediated by a mAR, which may be a therapeutic target during stroke or reperfusion

injury.
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CHAPTERI

INTRODUCTION

Androgens and Androgen Receptors

Androgens are classically associated with the regulation of muscle growth,
spermatogenesis, growth of bone, and the development of secondary sexual
characteristics in males and females (1). Androgens, specifically testosterone, are
produced in the testes by the Leydig cells. Production of testosterone in the testes is
strictly regulated by luteinizing hormone stimulation (2). From the hypothalamus,
gonadotrophin releasing hormone (GnRH) leads to the release of the LH from the
gonadotrophs of the pituitary. Once released testosterone can act on various target tissues
or feedback to negatively regulate the release of GnRH and LH from the hypothalamus
and pituitary, respectively (1). In females, testosterone can be made by the adrenal glands
as well as the ovaries (1).

Within the plasma, approximately, ninety-five percent of testosterone is bound to
serum proteins such as albumin and sex hormone binding globulin (SHBG) (1, 3). These
serum proteins assist in the delivery of testosterone to its target tissue (4). Once
testosterone has been delivered to its target tissue, it can then be converted to Sa-
dihydrotestosterone (DHT) by 5-o-reductase. DHT is the major metabolite of
testosterone and is more potent at the intracellular “classical” androgen receptor (AR)

than the parent compound, testosterone (1).






Testosterone can be synthesized from cholesterol by various enzymes and can be
converted to either estradiol or DHT. Within the central nervous system (CNS),
testosterone is converted to 17B-estradiol and DHT by aromatase and So-reductase,
respectively (1). Thus depending on the predominance of one enzyme over the other, the
effects of testosterone in the brain can be very different. In addition to the brain,
testosterone can also be aromatized to estrogen in Leydig cells, Sertoli cells, and adipose
tissue. DHT is further metabolized to 3o-17B-androstanediol, and the metabolites are
ultimately cleared from the plasma (1). Testosterone or DHT mediate their effects in
various tissue types by binding to its nuclear receptor and initiating multiple effects
within the cell (1, 5).

Steroid hormones acting through their nuclear “classical” receptors have been
shown to be important for many cellular functions (6). The receptors that are activated
by these steroid hormones belong to a super family of ligand inducible transcription
factors. Upon binding of testosterone to the ligand binding region of the AR, the AR goes
through a conformational change and chaperone proteins (including heat shock protein
[HSP] 90) are released from the AR. Following release of the HSPs, the steroid-receptor
complex translocates to the nucleus and modulates the transcription of various genes or
regulates the activity of transcription factors (6). Two forms of the AR, AR-B (110 kDa)
and AR-A (87 kDa), mediate the effects of androgens in the cell. The AR is transcribed
from a single gene and the AR-A isoform is a N-terminally trﬁncated form of the AR (7).
Whether these two isoforms have different actions within the cell is not vefy well
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understood, but, previously it was demonstrated that AR-A antagonizes the action of AR-
B, which may be relevant to the activation/inhibition of signaling pathways, regulation of
gene transcription, or cell death (8). In addition to the AR-B and AR-A isoforms of the
AR, putative membrane ARs have been characterized in a variety of tissue types and may
mediate the rapid signaling effects of testosterone or DHT in the cell. These receptor
types have been shown to be instrumental in mediating the effects of testosterone and/or
DHT through the genomic (classical) meghanism (6) and/or non-genomic mechanisms

(9-12) to regulate growth, survival, or differentiation.

The MAPK/ERK Pathway

The Ras/Raf/MEK/MAP kinase (MAPK) pathway is a signal transduction
pathway that is important for cell growth, differentiation, or survival (13, 14). Upon
activation of a small guanine nucleotide exchange protein (Ras), subsequent activation of
the MAP kinase kinase kinase (Raf) occurs. Following Raf activation, this
serine/threonine kinase then activates the MAP kinase kinase (MEK), which is an
upstream activator of a member of the MAP kinase family (ERK) (15). The pattern of
ERK activation by steroid hormones such as testosterone or DHT may predict cell death
or cell survival in the presence of various cytotoxins. A rapid (minutes) and sustained
(hours) activation of ERK is associated with cell survival, differentiation or growth. In
contrast, a delay in ERK activation, but protracted or prolonged pattern of activation, may

lead to cell death (13, 14, 16). Steroid hormones such as estrogen, progesterone, and
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testosterone or DHT have been shown to rapidly activate this signaling pathway, to

influence cell growth, differentiation, or survival (1 7-21).

The PI-3 kinase/Akt Pathway

Protein kinase B (Akt) is a signaling protein that is instrumental in blocking
progfammed cell death (apoptosis) (22). In addition, this signaling protein is important
for cell growth and the regulation of cellular metabolism (22). Activation of receptor
tyrosine kinase receptors by various growth factors leads to the activation of
phospoinositide-3 kinase (PI3K). Following activation of PI3K, this protein associates
with the plasma membrane and phosphorylates phosphoinositol. Upon phosphorylation,
two phosphates are generated, PIP, and PIP3;. PIP, and PIP; recruit Akt to the plasma
membrane and this kinase is activated by proteins such as 3’-phosphoinositide-dependent
kinase-1 (PDK1) (23-26). Akt is fully activated once phosphorylated at the Ser*” and
Thr'® residues. Phosphorylated Akt can then act on downstream proteins that play
important roles in apoptosis such as Bad and forkhead (27-30). Bad signaling results in
an increase in cytochrome C release from the mitochondria, resulting in an increase in
caspase-3 and 7 activation. Phosphorylation of Bad at Ser'® by Akt, decreases the
association of this protein with Bcl-2 and this protein is sequestered by protein 14-3-3
(22, 31). In addition to Bad, activated Akt can phosphorylate caspase-9 and block its
ability to activate other caspases that mediate the induction of apoptotic cell death (32).

Akt has also been shown to regulate the transcription of apoptotic genes by
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phosphorylating proteins such as forkhead (FH). FH regulates the transcription of genes
such as the Fas ligand, TNF-related apoptosis-inducing ligand (TRAIL), as well as
proteins that interact with Bcl-2 to induce apoptosis (29, 33). In addition to growth
factors such as insulin and epidermal growth factor (EGF), androgens can also rapidly

activate the PI3K/Akt pathway (9, 10, 18).

Androgen Signaling Through the Nuclear Receptor

ERK/MAPK Pathway:

Androgens have been shown to modulate the activity of the ERK/MAPK pathway
in many different tissue types (4, 20, 34-36). In a prostate cancer (LNCaP) and osteocytic
cell line, androgen treatment resulted in the rapid (~5 min) increase in phospho-ERK
levels. This increase in the levels of ERK phosphorylation by androgens was determined
to be mediated through the association of the AR and c-Src. This was supported by the
fact that inhibition of the AR or c-Src blocks the androgen-induced Raf-1 and ERK
activation (4). Androgen-induced proliferation of prostate cahcer cells has also been
shown to be mediated by the ERK pathway (35). In addition to the ERK pathway,
androgens have also been shown to modulate the activity of the PI3K/Akt pathway (9, 10,
18).

PI3K/Akt Pathway:

The PI3K/Akt pathway is another signaling pathway that can be activated by

androgens in a receptor dependent manner (9, 10, 18). For example, the classical AR was






shown to mediate androgen-induced activation of the Akt pathway by interacting with
various subunits of the upstream activators of Akt, PI-3 kinase and c-Src. In the HEK293
cells, the AR binds to PI3K at the inhibitory domain and increases the release of the
catalytic domain, resulting in downstream activation of Akt in the presence of
testosterone. The association of c-Src with the AR further activates PI3K (9, 10). This
increase in the activation of Akt, leads to an increase in androgen-induced proliferation

and cell survival through the classical receptor.

Membrane Androgen Receptors

Membrane steroid receptors have been described for estrogens, progestins, and
androgens (11, 12, 37-43). To date, only the membrane receptor for progesterone has
been cloned (41, 42, 44). This membrane progesterone receptor is a 7-transmembrane G-
protein-coupled receptor. In addition, functional studies suggest that this membrane
receptor is Gai/o linked, since pertussis toxin blocked the ability of progesterone to
decrease cAMP levels (41, 42). With respect to the membrane estrogen receptor, this
receptor has yet to be cloned, but many functional studies support the existence of one or
more membrane estrogen receptors (mER) through which estrogen mediates its effects on
various signaling pathways (37-39). Various studies also suggest that the membrane ER

may be a truncated form of ER-a, since ER-a can be detected at the level of the plasma

membrane (37-39).






In the CNS and periphery the existence of a membrane androgen receptor (mAR) has
been shown to mediate cellular growth, cell signaling, and survival (11, 12, 18).
Previously, detection of this membrane receptor was performed using radio-ligand
binding studies, confocal microscopy, and flow cytometry. These reports concluded the
mAR exists at the level of the plasma membrane (11, 45-47). Binding studies revealed
that testosterone had a K4 of 10 nM for this receptor in the ovary of the Atlantic Croaker
(11). This binding was competed away by testosterone, dihydrotestosterone,
progesterone, estrogen, and flutamide with varying affinities. Specific binding of
testosterone was also detected in the kidney, liver, and brain of the Atlantic Croaker,
indicating that this mAR may be biologically important in many different systems. In
contrast, very little binding was detected in muscle and heart tissue (11). Using confocal
microscopy and flow cytometry, Alexaki et al. showed that chromaffin cells (PC12) that
differentiate into neuronal-like cells actually had a decrease in expression of the mAR
(46). The binding of androgens to the mAR has also been shown in T cells, macrophages,
smooth muscle cells, rat cardiac myocytes, prostate cancer cells, skeletal muscle, and C6
cells 7(1 8, 45, 47-50). From these studies it was determined that activation of the mAR by
testosterone-BSA (plasma membrane impermeant form of testosterone used to target
membrane sites) in tissue such as heart, muscle, and the immune cells, led to a rapid
increase in calcium influx (< 5 sec). Additionally, it was determined that this influx of
calcium is mediated by the Gai/Go signaling pathway since pertussis toxin (PTX)

blocked the increase in intracellular calcium (18, 45, 47-50). In skeletal muscle,
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macrophages, and vascular smooth muscle, activation of a novel mAR with testosterone-
BSA, led to a rapid increase in ERK phosphorylation (48, 51, 52), indicating that
androgens can influence the activity of the ERK/MAPK through not only the nuclear
receptor, but also through a membrane-associated receptor. Though numerous studies
have sgpported the existence of a mAR in peripheral tissue, very little is known about the

existence or role of mARs in the CNS.

To date, only one study has demonstrated that a mAR is present in the brain (18). In
this study, the rat glioma (C6) cell line was used to show that the mAR exists in astroglia.
Using flow cytometry, it was determined that DHT binds to .membrane receptors and that
this binding is displaceable. Interestingly, activation of the mAR in the C6 cells
decreased the activity of the ERK/MAPK and PI3K/Akt pathways and blocked the ERK-
inducing effects of other steroid hormones (18), suggesting that androgens acting through
a mAR may block the beneficial effects of other steroids such as estrogen or progesterone

during injury.

In addition to binding and cell signaling, the mAR has also been shown to be
involved in cell survival in peripheral tissue. In LNCaP cells, testosterone-BSA treatment
led to the inhibition of LNCaP cell growth and also led to the induction of apoptosis
during serum deprivation. In addition, activation of the membrane AR also blocked the
migration and invasion of these cancer cells. The action of testosterone-BSA on the

LNCaP cells was independent of the classical AR, since flutamide and siRNA-mediated






knock down of the classical AR did not alter this effect (12). In another cancer cell line
(T47D breast cancer cells), it was found that these cells express binding sites for
testosterone-BSA on the membrane as indicated by radioligand binding studies and flow
cytometry. In addition, testosterone-BSA enhanced apoptosis during serum deprivation

and blocked the survival promoting effects of E;-BSA (49).

Protective Effects of Androgens in the Brain

Previously, androgens in the CNS have been shown to protect from a wide array
of insults such as B-amyloid, excitotoxicity, and serum deprivation. This protection
affon;ded by androgens was also shown to be AR dependent (20, 53, 54). To determine if
androgens may be useful in decreasing the pathology of Alzheimer’s: disease (AD),
primary hippocampal cultures generated from Sprague Dawley male rats were treated
with B-amyloid in the presence or absence of testosterone (55). It was concluded that
testosterone significantly decreased P-amyloid toxicity. In addition, this protection by
testosterone was not mediated by estrogen, since the estrogen receptor antagonist,
droloxifene did not block the survival promoting effects of testosterone (55). It was also
determined that the ability of testosterone to decrease the damaging effects of f-amyloid
is mediated by activation of the ERK/MAPK pathway (20). In neuroblastoma cells and
primary cortical neurons, it was also demonstrated that testosterone decreases the release

of B-amyloid from the cell (56), as seen previously in estrogen treated’cultures (57). In






addition to B-amyloid, androgens have also been instrumental in protecting from serum
deprivation, as supported by the ability of androgens to protect primary cultures derived
from human fetal brains from serum deprivation-induced cell death. Flutamide blocked
the survival promoting effects of testosterone, indicating that the “classical” AR mediates
the effects of testosterone in this model (54). Additionally in the CA2/3 region of the
hippocampus, testosterone was shown to decrease kainic acid-induced lesion size (58).
These studies demonstrate that testosterone protects the brain from various insults, and
that this protection is likely mediated by the classical AR. Thus, the expression of the

nuclear AR may be necessary for testosterone to protect from various insults.

Damaging Effects of Androgens in the Brain

In contrast to the protective effects of androgens, this hormone has also been
shown to cause an increase in cell death following insult to the brain. This discrepancy as
to whether androgens are protective or damage-inducing may be dependent on the tissue
type or location in the brain, receptor expression, androgen levels, or type of insult. For
example, increased levels of androgens in the brain have been shown to lead to a
dramatic increase in cell death. In one study, human neuroblastoma cells treated with
supraphysiological concentrations of testosterone led to a sustained increase in

intracellular calcium, which in turn resulted in the activation of apoptosis, as seen by an

increase in caspase activity, DNA damage, and annexin-V staining (59). In the presence
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of excitotoxic insults, testosterone also increased cell death in a rat hippocampal cell line
(HT-22) and primary oligodendrocyte cultures (60, 61). In addition, testosterone in the
brain was shown to cause an increase in lesion size following stroke. These results
suggest that an individual with high testosterone levels during brain injury may be more
susceptible to the damaging effects of oxidative stress, excitotoxicity, or stroke. Also,
since a mAR was implicated in the damaging effects of testosterone in peripheral tissue
(12, 49, 62), the negative effects of androgens in the brain may also be mediated by a

novel mAR.

Clinical Significance of the Current Research:
Stroke

Stroke in the brain is defined as a decrease in blood flow to various regions of the
brain, resulting in ischemic injury. Ischemia in the brain results in a decrease in cellular
ATP. This decrease in ATP, results in an inbalance of ion flow across the plasma
membrane, increase in oxidative stress, an increase in excitotoxic events, and an increase
in cell death. Additionally, dying cells (neurons and glia) in the brain, release more
excitoxins, which can heighten the damage induced by stroke leading to an increase in
brain inflammation. Also, there is an increase in brain lesions and scar tissue. As a result,

the damaging effects of stroke can lead to a loss in the normal motor and sensory function
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as well as speech, cognition, and memory (63, 64). There are two main types of stroke:
Ischemic (thrombotic and embolic) and hemorrhagic stroke.

Ischemic stroke occurs when a blood clot occludes the cerebral arteries and leads
to a decrease in blood flow throughout the brain. To relieve this blood clot, thrombolytics
are used. The use of anti-thrombotics is another treatment for ischemic stroke.
Hemorrhagic stroke occurs when a blood vessel ruptures, hemorrhages and leads to a
decrease of blood flow throughout the brain. Treatment of hemorrhagic stroke usually
requires surgery (65, 66).

In the United States, stroke is the third leading cause of death, with heart disease
and cancer being the number one and two leading causes, respectively. Additionally,
stroke in the united states is the leading cause of long-term disability, as well as dementia
(67, 68). Previous studies have shown that men have a higher risk for stroke than women,
which may correlate with higher testosterone levels in males vs. females. Previously,
steroid hormones such as estrogen and progesterone protected from the damaging effects
of stroke (18, 69) (70, 71). In contrast, testosterone has been shown to mediate an

increase in cell death, following reperfusion injury (61, 72).

v Role of Androgens During Ischemic Stroke

Following stroke, testosterone has been shown to play an important role in cell

survival. In a recent study, stroke was induced in gonadectomized Sprague Dawley rats
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by occluding the middle cerebral artery for one hour. Following a 24-hour reperfusion
period, the brains were collected and analyzed for lesion volumes. To determine if
testosterone excacerbates cell death following stroke, testosterone pellets were implanted
2 days prior to inducing stroke. At 1, 2, 4, and 6 hours prior to occluding the middle
cerebral artery the testosterone pellets were removed. It was determined that removal of
the testosterone pellet 6 hours prior to stroke and reperfusion injury resulted in a
significant decrease in the lesion volume (61). Previously, it was also shown that during
ischemia-induced stress (mild insult), testosterone levels are decreased and there is a
decrease in lesion size (73-75). These results indicate that normal or high testosterone
levels, following stroke, may result in a greater increase in brain cell death. Thus,
treatment with testosterone in androgen replacement therapies may make an individual

more susceptible to the damaging effects of androgens following brain injury.

Androgen Replacement Therapy

With age, there is a gradual decrease in the plasma levels of testosterone in both
males in females. In men, testosterone levels start to decrease around age 40. By the age
of 85, there is an approximately 50% reduction compared to the age 40 group (76).
Decreases in testosterone in men, results in a decrease in the number of Leydig cells,
muscle mass, physical function, bone density, and libido. Decreased testosterone, also

leads to an increase in body fat. Also, a change in cognition and mood has been
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associated with a decrease in testosterone (76-78). In these studies, treatment with
testosterone, resulted in a decrease in the amount of body fat, increase muscle mass and
strength, increase in libido, and improved cognition and memory (78-84). In contrast to
the beneficial effects of testosterone, there are several side effects that can arise from
androgen replacement therapy (78). Very little is known about the damaging effects of
androgen therapy, but several clinical trials have shown that there is a link between

androgen therapy and diseases such as cardiovascular disease and prostate cancer (78,

85).

In women, by the age of 50, there is a significant decrease in plasma testosterone
levels compared to the average 20 year old female. However, it should be noted that the
decline in testosterone is not precipitous (i.e., is not strongly associated with menopause),
since the decline begins by the second decade of life (86). Women that experience this
decrease in testosterone have decreased libido, as well as a decrease in motivation to
perform various tasks such as exercise. These women also have a decrease in personal
confidence (86, 87). Androgen therapy in women improved libido in pre and
postmenopausal women. In addition, treatment with testosterone dramatically improved
self confidence and motivation (86, 88-91). Side effects from androgen therapy in women

are very mild. The main side effects that were observed were weight gain, hirsutism, and

acne (86).
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To limit the severity of side effects seen with androgen therapy in both males and
females, a better understanding should be gained from the biology of testosterone. Also,
the type(s) of androgen receptors that are expressed should be analyzed, since the
expression of one receptor type over another may explain why androgens are protective
or damage inducing. Ultimately, these factors may influence the vulnerability of

individuals to diseases such as Alzheimer’s disease and stroke.

Goals of the Current Research

Currently, with respect to normal cell function and survival, androgens have been
shown to be biologically important in the periphery and in the brain. In all instances,
either the classical/nuclear or mAR has been shown to be required for androgens to
influence the activity of various signaling pathways. Interestingly, androgens have been
shown to be protective as well as damage-inducing in the brain, but the mechanism
underlying this duality is unclear. My hypothesis to explain whether testosterone is
protective or damaging-inducing is based on the type of receptor that is activated by
testosterone during injury. For example, during acute brain injury, activation of the AR
may protect from oxidative stress, excitotoxicity, and ischemia, whereas testosterone
acting through the mAR, most likely worsens the condition, as seen in peripheral tissue.
Thus, my hypothesis is that during acute brain injury, increased activation of the mAR

competitively decreases the survival-promoting effects of androgens through the
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intracellular AR, resulting in suppression of protective signaling and exacerbation of
stroke-induced toxicity.

In this dissertation, the binding affinity of DHT for the mAR was determined in
primary glia. To further characterize the mAR in the brain during injury, the effects of
DHT-BSA during metabolic inhibition in primary astroglia was also determined.
Additionally, the effect of DHT-BSA on intracellular signaling pathways such as the
ERK, PI3K/Akt, protein kinase C (PKC), and protein kinase A (PKA) was analyzed to
determine which pathways mediate the effects of DHT-BSA during metabolic inhibition.
In addition, the effects of DHT-BSA on estradiol and DHT-induced survival was also
tested. To determine the type of cell death that is initiated by DHT-BSA, markers of
apoptosis were also observed. Understanding the mechanism of action and identifying the
pathways through which androgens mediate negative effects during brain injury is the

main focus of this study.
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CHAPTER 11
DIHYDROTESTOSTERONE DIFFERENTIALLY MODULATES THE MAPK
AND THE PI-3 KINASE/AKT PATHWAYS THROUGH THE NUCLEAR AND

NOVEL MEMBRANE ANDROGEN RECEPTOR IN C6 CELLS

ABSTRACT

Androgens such as dihydrotestosterone (DHT) are known to exert their effects
through the activation of intracellular receptors that regulate the transcription of target
genes. Alternatively, “non-genomic” mechanisms, including the activation of such
signaling pathways as the mitogen-activated protein kinase (MAPK) pathways have been
described. It is unclear, however, whether this latter mechanism of action is mediated by
the classical androgen receptor (AR), or some alternative mechanism. Here, using a glial
cell model (C6 cells) that we found to express the AR, we identified that DHT increased
fhe phosphorylation of both ERK and Akt, key effectors of the neuroprotection-
associated MAPK and phosphoinositide-3 kinase (PI-3K) signaling pathways,
respectively, and ERK phosphorylation was blocked by the AR antagonist, flutamide. In
contrast, the membrane-impermeable, BSA-conjugated androgen (DHT-BSA), caused a
dose-dependent suppression of ERK and Akt phosphorylation, suggesting the existence
of a novel membrane-associated AR that mediates this opposite effect on neuroprotective
signaling. This is further supported by the observation of DHT-displaceable binding sites

on the cell surface of live C6 cells. Collectively, these data support the existence of a
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novel membrane-associated AR in glial cells, and argue for the existence of two,
potentially competing, pathways in a given cell or tissue. This mutual antagonism was
supported by the ability of DHT-BSA to attenuate DHT-induced ERK phosphorylation.
Thus, depending on the predominance of one receptor mechanism over another, the
outcome of androgen treatment may be very different, and as such, could help explain

existing discrepancies as to whether androgens are protective or damage-inducing.

INTRODUCTION

Androgens are classically associated with the regulation of muscle growth,
spermatogenesis, growth of bone, and the development of secondary sexual
characteristics in males and females (1, 2). Within the brain, testosterone can be
aromatized to estradiol or alternatively, reduced at the Sa position to dihydrotestosterone
(DHT) (1). DHT, however, is non-aromatizable and can elicit its effects via either
genomic (classical) (1, 2) or non-genomic mechanisms (1, 3, 4). With regards to the
latter, androgens have been shown to rapidly activate the phosphoinositide-3 (PI-3)
kinase/Akt and/or mitogen-activated protein kinase (MAPK) pathways in a variety of
peripheral tissues (3-5). However, whether these “non-genomic” effects are mediated by
the classical androgen receptor or by some alternative mechanism remains controversial
and unclear.

Two isoforms of the classical androgen receptor (AR) have been described, (AR-

B and its N-terminally truncated form, AR-A), and are expressed in many different cell

33






types (6-8). While the precise role of AR-A remains unclear, what has been described is
that AR-A can antagonize the action of AR-B, a modulatory mechanism that may be
relevant to the activation/inhibition of signaling pathways, regulation of gene
transcription, as well as the regulation of cell survival (9). Alternatively, the existence of
a plasmg membrane receptor for androgens has also been proposed (18), like that
described (or postulated) for estrogen and progesterone (11-17). This membrane AR has
been described primarily in non-central nervous system tissue, including vascular tissue,
macrophages, the ovary and in T cells (10, 19-24). Of interest is that this membrane-
associated AR is linked to the activation of signaling pathways that may be important in
regulating cell death, survival, or growth (18).

In order to clarify the role of the classical AR in the “non-genomic” effects of
androgens on glia, we evaluated the effects of DHT and the membrane impermeable,
BSA-conjugated androgen (DHT-BSA), on the phosphorylation of ERK and Akt, two
key effectors within the MAPK and PI-3K signaling pathways, respectively. We found
that while DHT induced the phosphorylation of ERK, DHT-BSA resulted in a dose-
dependent suppression of both ERK and Akt phosphorylation and even blocked the
effects of DHT. The suggestion that this effect of DHT-BSA was mediated by a novel
membrane-associated AR was further supported by the identification of DHT-
displaceable binding sites on the cell surface of live C6 cells. Collectively, these data

support the existence of a novel plasma membrane-associated androgen receptor and
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suggest the existence of two, potentially competing pathways, within a specific cell or

tissue type.

MATERIALS AND METHODS

‘Cell culture, Rat glioma cells (C6; American Type Culture Collection, Manassas,
VA) were propagated in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with 10% charcoal-stripped fetal bovine serum (FBS;
Hyclone, Logan, UT), and maintained at 37°C in a humidified environment containing
5% CO,.

Following treatment of the cells with the appropriate duration and dose of
hormone, the cells were harvested, homogenized, and centrifuged and the supernatapt
was subsequently collected and analyzed for total protein concentration using the Bioréd
DC protein assay kit. Pre-prepared cell lysates from the prostate cancer cell line, LNCaP,
(Santa Cruz Biotechnology, Santa Cruz, CA) were obtained and used as positive controls
for the detection of the androgen receptor.

Treatment of cultures. C6 cells were treated with either vehicle control (DMSO,
0.1%), dihydrotestosterone (DHT) (Steraloids Inc., Newport, RI), or Sa-androstan-17p-
ol-3-one-3-o-carboxymethyloxime:BSA  (DHT-BSA) (Steraloids Inc.) at the
concentrations indicated for 30 minutes, to assess the effects of these hormones on ERK
and Akt phosphorylation. Controls for the BSA-conjugated DHT (DHT-BSA) treatment

included treatment with equimolar concentrations of S5a-androstan-17pB-ol-3-one-3-o0-
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carboxymethyloxime (DHT:CMO) (Steraloids Inc.) or bovine serum albumin (BSA)
alone (Fisher Scientific, Fair Lawn, NJ) for a similar duration (30 min). Inhibition of the
classical androgen receptor was achieved using the androgen receptor antagonist,
Flutamide (3 uM; Sigma-Aldrich, St. Louis, MO), which was applied 30 minutes prior to
treatment with the hormone. Inhibition of MEK, the signaling protein upstream of ERK
was achieved using UO126 (10 uM; Cell Signaling, Beverly, MA), also pre-incubated for
a period of 30 minutes prior to hormone administration.

Western blot analysis. Following treatment with hormone and/or inhibitor, C6
cells were harvested into lysis buffer containing protease and phosphatase inhibitors as
described previously (25). Following homogenization, samples were centrifuged at
99,000 x g for 15 min at 4°C, and the resulting supernatants were evaluated for total
protein concentrations using the BioRad DC (Biorad Labs, Hercules, CA) protein assay
kit [based on the method of Lowry; (26)]. Sample lysates were loaded onto a sodium
dodecyl sulfate (SDS), 10% polyacrylamide gel (PAGE), subjected to electrophoresis,
and subsequently transferred onto a polyvinylidene difluoride membrane (PVDF; 0.22
pum pore size, BioRad). The membrane was blocked for 6 hrs with a 3% BSA in 0.2%
Tween-containing TBS (TBS-T) solution prior to application of the primary antibody.
The following primary antibodies were used: for the detection of the androgen receptor,
anti-AR  (C-19) (1:200; Santa Cruz Biotechnology); for the detection of the
phosphorylated form of Akt: rabbit anti-phospho-Akt (Ser473; 1:1000; Cell Signaling,
Beverly, MA), for the detection of total Akt, anti Akt (1:1000; Cell Signaling); for the
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detection of the phosphorylated form of ERK1/2, rabbit anti phospho-p44/42 Map Kinase
(Thr202/Tyr204, 1:1000; Cell Signaling); for the detection of total ERK1 and ERK2, goat
anti-ERK1 (C-16, 1:500)/goat anti-ERK2 (C-14, 1:500; Santa Cruz Biotechnology).
Antibody binding to the membrane was detected using a secondary antibody (either goat
anti-rabbit or rabbit anti-goat) conjugated to horseradish peroxidase (1:20,000; Pierce,
Rockford, IL.) and visualized using enzyme-linked chemiluminescence (ECL,
Amersham, Arlington Heights, IL) with the aid of the UVP imaging system. Phospho-
Akt and phosphoERK blots were re-probed with anti-Akt or anti ERK1/2 antibodies to
ensure equal loading across lanes.

Flow cytometry. C6 cells (10° cells) were pipetted into a 1.5 ml micro-centrifuge
tube, centrifuged at 250 x g for 5 minutes and washed twice with 1ml of PBS. After the
last wash, the cells were re-pelleted, and suspended in 100 pl of PBS and treated with
DHT-BSA-FITC (50 pM; Sigma Aldrich) in the presence or absence of
dihydrotestosterone (DHT; 1 mM), for 30 minutes at 4°C. In parallel, cells were re-
suspended in PBS treated with BSA-FITC (50 uM; Sigma Aldrich), serving as the
control for the detection of “non-specific binding”. Following this incubation period, the
cells were washed twice in PBS and resuspended in 500 pl of PBS. The labeled C6 cells
were injected into a EPICS XL-MCL flow cytometer (Beckman Coulter) and analyzed
with System 2 software (Beckman Coulter). Graphical representation of the data was

generated using the FloJo software (Tree Star, Inc., San Carlos, CA).
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Statistical Analysis. Densitometric analysis of the Western blots was conducted
using the LabWorks Image Acquisition and Analysis Software (UVP Inc., Upland, CA).
Densitometric data from at least three independent experiments was subjected to an
analysis of variance (ANOVA), followed by a Tukey’s post hoc analysis for the
assessment of group differences, and presented as a bar graph depicting the average +

S.E.M., using the GraphPad Software (San Diego, CA).

RESULTS
C6 cells express the androgen receptor (AR)

Genomic and non-genomic pathways activated by androgens may involve one or
both receptor isoforms of the androgen receptor (AR-B or AR-A). Using Western blot
analysis, we evaluated whether the C6 glial cells express either of these receptor
isoforms. Figure 1 confirms the presence of immunoreactive AR, and identifies two
distinct bands corresponding to molecular weights of 110 and 87 kDa, respectively.
These two bands are of the same size described in the literature for the full length, AR-B
and the truncated, AR-A. Interestingly, a doublet was observed in lysates from C6 cells.
Given that in protein bands may appear as doublets (such as for ERK1 and ERK?2),
reflecting the phosphorylated and unphosphorylated forms of the protein, we suggest that
this doublet may also reflect two dominant post-translational states of the AR.

Nevertheless, the bands identified in Figure 1 co-migrated with the AR-B and AR-A
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bands seen in the positive control, a cell lysate derived from the prostate cancer cell line,

LNCaP cells.

The nuclear AR mediates DHT-induced phosphorylation of ERK

Given that androgens have been shown to elicit activation of cell signaling
pathways in a variety of tissues, we evaluated whether DHT elicits the phosphorylation of
ERK, a key effector of the MAPK pathway, in glia. Treatment of C6 cells with 10 nM
DHT resulted in a robust (2.5-fold) increase in the phosphorylation of ERK. This effect
was inhibited by the classical androgen receptor antagonist, Flutamide (Fig. 2). The effect
of DHT on ERK phosphorylation was also blocked by the MEK1/2 inhibitor, UO126
(data not shown), suggesting that the effect of DHT on ERK required the activation of the
upstream signaling kinase, MEK. Interestingly, higher concentrations of DHT (0.1 and 1
puM) did not result in an increase in ERK phosphorylation (Fig. 2). DHT also induced an
increase in Akt phosphorylation, but required a slightly higher concentration than that
which was required to elicit ERK phosphorylation. Another distinction was that the
antagonist to the classical androgen receptor, flutamide, failed to inhibit the effect of

DHT on Akt phosphorylation (Fig. 3).

Activation of a membrane AR decreased the phosphorylation of ERK
In an attempt to assess if the effect of DHT was mediated by the classical

intracellular/intranuclear androgen receptor or alternatively, if a membrane androgen
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receptor may be involved, we determined whether the membrane-impermeable androgen,
DHT-BSA, would also elicit ERK phosphorylation. In contrast to the effect of DHT, the
membrane-impermeable androgen not only failed to elicit an increase in the ;
phosphorylation of ERK, but resulted in a substantial suppression of ERK
phosphorylation, particularly at the higher concentrations of 100 nM and 1 uM (Fig. 4).
This suppression of ERK phosphorylation by DHT-BSA was also insensitive to
Flutamide (Fig. 5). To ensure that the inhibition of ERK was not due to the chemical
modification of the parent DHT molecule, we evaluated the effect of DHT:CMO(5a.-
androstan-17f-ol-3-one-3-o-carboxymethyloxime). As expected, the
carboxymethyloxime (CMO) group alone did not alter the ability of the androgen to elicit
ERK phosphorylation (Fig. 6), and recapitulated the data seen with DHT alone (Fig. 2).
Further, the effect of DHT:CMO on ERK phosphorylation was also blocked by the
androgen receptor antagonist, flutamide (Fig. 6). As an added control, we determined
whether the inhibitory effect of DHT-BSA could have been attributed to the bulky
globulin (BSA) that was attached. Administration of BSA by itself failed to alter the

basal phosphorylation state of ERK, suggesting that the inhibition was not due to BSA

(Fig. 7).
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Activation of the membrane androgen receptor results in a dose-dependent decrease
in the phosphorylation of Akt

In order to assess if the activation of the putative membrane androgen receptor
influenced another growth and/or survival promoting signal transduction pathway in a
similar manner to what was observed with the MAPK pathway, we evaluated the effect
of DHT-BSA on the downstream effector of the PI-3 kinase pathway, Akt. DHT-BSA, at
concentrations of 0.01, 0.1 and 1 uM resulted in a dose-dependent suppression of Akt

phosphorylation (Fig. 8).

DHT-BSA blocks DHT-induced ERK phosphorylation in a dose-dependent manner
In view of the inhibitory effects of DHT-BSA on ERK and Akt phosphorylation,
and the stimulatory consequence of activating the intracellular androgen receptor (using
DHT), we evaluated if activating the putative membrane androgen receptor would inhibit
the classical AR-mediated induction of ERK phosphorylation. As such, we co-applied
DHT and DHT-BSA to the C6 cells for 30 min and found that DHT-BSA blocked the
effect of DHT (10 nM) on ERK phosphorylation at all concentrations tested (0.01, 0.1, 1
uM), and in a dose dependent fashion (Fig. 9). These findings support the idea that DHT

may modulate the MAPK through at least two, competing pathways.
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C6 glial cells express binding sites for DHT-BSA on the cell surface.

In order to determine if DHT-BSA binds to a specific site on the cell surface
(indicative of a membrane-associated androgen receptor), we evaluated the binding of the
fluorescently-labeled DHT-BSA (DHT-BSA-FITC) in C6 cells. Non-“fixed” and non-
permeabilized C6 cells were treated with DHT-BSA-FITC (50 pM) in the presence or
absence of 20-fold molar excess of DHT (1mM). Incubation of the cells with BSA-FITC
alone for 30 min at 4°C provided a measure of non-specific binding. The fluorescence-
intensity histograms (Fig. 10) obtained through flow cytometric analysis revealed the

presence of specific, DHT-displaceable binding sites on the cell surface of the C6 cells.

DISCUSSION

In this study, we show that androgens regulate the activity of two signal
transduction pathways, the MAPK and the PI-3K/Akt signaling pathways, in C6 glial
cells. The existence of immur;oreactive androgen receptors (AR-B and AR-A) in the C6
cells (Fig. 1), coupled with the fact that DHT-induced ERK phosphorylation was
inhibited by the pharmacological antagonist of the classical androgen receptor (Fig. 2)
supported the involvement of this “classical” receptor in regulating cell signaling.
However, the opposite effect of DHT-BSA on ERK (Fig. 4) and Akt (Fig. 8)
phosphorylation suggested that androgens may also regulate cell signaling via a distinct,
and potentially, competing receptor mechanism. Supporting this further was the ﬁnding

that the inhibitory effect of DHT-BSA on ERK phosphorylation was not blocked by the
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classical androgen receptor antagonist, flutamide (Fig. 5), unlike the effects of DHT (Fig.
2). In addition, analysis of the binding of fluorescently-labeled DHT-BSA to live C6 cells
revealed specific, DHT-displaceable binding sites on the cell surface (Fig. 10).

In order to exclude the possibility that chemical modification of the parent
compognd, DHT, was responsible for the observed effects of DHT-BSA, several
important controls were performed. First, we ensured that the carboxymethyloxime
(CMO) “linker” that enables the attachment of BSA to DHT, did not alter the ability of
DHT to regulate cell signaling. Figure 6 shows that DHT:CMO elicited the same dose-
dependent regulation of ERK phosphorylation as did the parent compound (Fig. 2). It is
also unlikely that the effect of DHT-BSA was due to the presence of “free” DHT present
in the DHT-BSA preparation, since the effect of DHT-BSA was opposite to that observed
with DHT. Nevertheless, we took steps to ensure that no free DHT was present in the
DHT-BSA solution. This was achieved by pre-filtering the DHT-BSA using a 30 kDa
nominal cut-off column. The retentate was then eluted and used in the experiments. All
data shown were derived from experiments in which the filtered DHT-BSA was used.
Further, no differences were observed between the effects of filtered DHT-BSA and
unfiltered DHT-BSA (data not shown). Finally, we ensured that BSA by itself was not
responsible for the effect of DHT-BSA. By testing increasing concentrations of BSA, we
found no differences in ERK phosphorylation relative to controls (Fig. 7).

Interestingly, while low concentrations of DHT élicited ERK and Akt

phosphorylation, higher concentrations failed to do so (Fig. 2 and 3). We suggest that at
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higher concentrations, DHT binds to the membrane androgen receptor, resulting in
activation of an antagonistic mechanism reducing and/or preventing the induction of
ERK phosphorylation via the classical receptor. This assertion is consistent with the dose
response data depicted in Figures 2 and 4. That is, the inhibitory effect of DHT-BSA on
either ERK or Akt phosphorylation becomes evident at the 0.1uM concentrations, and
only at this same concentration (or higher) does DHT not activate ERK phosphorylation.
Further, Figure 9 also demonstrates that DHT-BSA — induced activation of the putative
membrane androgen receptor inhibits the ERK-inducing effects of DHT. Altogether,
these data support the existence of two, competing mechanisms through which DHT
regulates cell signaling. In addition, there also appeared to be a slight difference in
potency by which DHT elicited ERK and Akt phosphorylation. The precise mechanism
underlying this difference is still unclear, but possible explanations may include the
existence of different androgen receptor subtypes or isoforms that mediate the effects of
androgens on ERK and Akt separately. Ongoing research is aimed at addressing this
difference further.

Membrane receptors have also been proposed for estrogen and progesterone, but
only the membrane progesterone receptor has been successfully cloned. Zhu and
colleagues (17) characterized a novel membrane-associated progesterone receptor that
appears not to exhibit the stereotypical modular structure seen with other members of the
steroid hormone receptor superfamily, but instead, contains a seven transmembrane

spanning domain. As such, this membrane progesterone receptor was reported to be
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coupled to the Gi/o class of G-proteins. Based upon this observation, we postulated that
the inhibitory effects of DHT-BSA on ERK and Akt phosphorylation could also be
regulated through Gi/o. To test this hypothesis, we evaluated whether pertussis toxin (a
Gi/o inhibitor) prevented the effect of DHT-BSA. Pertussis toxin (50 puM) failed to
prevent DHT-BSA — mediated suppression of either ERK or Akt phosphorylation (data
not shown), leading to our conclusion that this novel membrane androgen receptor was
not coupled to the Gi/o class of G-proteins, at least in the C6 glial cell model.

Activation of the ERK/MAPK pathway is associated with various cellular
responses, including the induction of cell differentiation, increased cell
growth/proliferation, as well as the regulation of cell viability. (27, 28). Similarly, the
activation of the PI-3K/Akt signaling pathway results in numerous effects on the cell,
including the regulation of cell growth, motility, and survival (29). Various studies have
shown that, depending on the cell type, androgens can either cause a decrease or an
increase in phospho-ERK levels, (5, 22-24, 30, 31), and as a consequence, may result in
varied cellular responses. In the brain, this variability in androgen function has also been
observed such that depending on the experimental model used or region of the brain
evaluated, androgens can exert either protective influences (32, 33), or be damage-
promoting (34). For example, in a kainic acid model of hippocampal injury, DHT was
found to reduce the amount of hippocarﬁpal neuron damage (33), whereas in a middle
cerebral artery occlusion (MCAO) model of stroke, elevated androgen levels were

associated with greater amounts of cortical cell death (34). This discrepancy may be
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related to the relative abundance of the classical intracellular/intranuclear androgen
receptor and the membrane androgen receptor identified here. Specifically, the protective
effects of androgens may be seen only under conditions where the classical androgen
receptor predominates, resulting in an increased activation of ERK and/or Akt, which in
turn, wpuld favor the promotion of cell survival. In contrast, if the membrane androgen
receptor predominates, one might predict that elevated androgens may result in increased
vulnerability to insult or injury due to the suppression of neuroprotective signaling
pathways.

Another critical aspect in understanding the neurobiology of androgens is the
possibility that glia may respond differently to androgens than do neurons. Of importance
is that the androgen receptor is present not only in neurons, but in glial cells as well. In
fact, brain astrocytes express high amounts of the AR (35). The functional significance of
this expression in glia may be inferred from the observation that following stroke, AR
levels are up-regulated in glial cells within the hippocampus and parietal cortex (36).
Thus, androgens and the androgen receptor may play an important role in regulating brain
vulnerability to injury, both by acting at androgen receptors on neurons as well as glia.

In summary, our data support the existence of a novel membrane-associated AR
in glial cells, in addition to the classical androgen receptor. Further, the data argue for the
existence of two, potentially competing, pathways in a given cell or tissue. Thus, the ratio
of one receptor type over another may be predictive of whether -androgens are beneficial

or detrimental, and as such, could help explain existing discrepancies as to whether
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androgens are protective or damage-inducing. Such information may also be instrumental
in helping design appropriate therapeutic regimens that employ androgens for the

treatment of various diseases of the brain.
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Figure 1. The classical androgen receptor is expressed in C6 cells. Total protein
from C6 cells was isolated and evaluated for the expression of the AR using Western blot
analysis. This analysis revealed two bands corresponding to the predicted molecular
weights of AR-B (110 kDa) and AR-A (87 kDa). These bands co-migrated with the AR

bands observed in the prostate cancer cell line, LNCaP, serving as the positive control.
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Figure 2. DHT-induced ERK phosphorylation is mediated by the classical AR. C6
cells were treated with DHT (0.01, 0.1, 1 uM) for 30 min in the presence/absence of the
AR antagonist Flutamide (Flut., 3 uM). The upper blot and lower blot depicts ERK
phosphorylation and total ERK protein, respectively, from a single independent
experiment. The bar graph (upper panel), however, represents the densitometric analysis
and statistical evaluation of data from three independent experiments, and is presented as
signal intensity relative ‘to that seen in the sham (vehicle-treated) control. Statistical
significance was determined using a one-way ANOVA, followed by Tukey’s post-hoc

analysis for group differences (* = p < 0.01). Data are expressed as the mean + S.E.M.
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Figure 3. DHT elicits an increase in phospho-Akt levels in C6 cells. Rat glioma cells
were treated with DHT (0.01, 0.1, 1 pM) for 30 min in the presence/absence of the AR
antagonist Flutamide (Flut., 3 uM). The results show that DHT elicited an increase in Akt
phosphorylation, but was not inhibited by the AR antagonist, flutamide. The upper blot
and low¢r blot depicts Akt phosphorylation and total Akt protein, respectively, from a
single independent experiment. The bar graph (upper panel), however, represents the
densitometric analysis from two independent experiments and is presented as signal

intensity relative to that seen in the sham (vehicle-treated) control.
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Figure 4. DHT-BSA treatment suppresses phospho-ERK levels in C6 cells. C6 cells
were treated with increasing concentrations of DHT-BSA (0.01, 0.1, and 1.0 pM) for 30
min. DHT-BSA resulted in a dose-dependent decrease in phospho-ERK levels. The data
revealed that DHT-BSA inhibited basal ERK phosphorylation levels in a dose-dependent
manner. ‘The upper blot and lower blot depict ERK phosphorylation and total ERK
protein, respectively, from a single independent experiment. The bar graph (upper panel),
however, represents the densitometric analysis and statistical evaluation of data from
three independent experiments, and is presented as signal intensity relative to that seen in
the sham (vehicle-treated) control. Statistical significance was determined using a one-
way ANOVA, followed by Tukey’s post-hoc analysis for group differences (* = p <

0.001; # =p <0.01). Data are expressed as the mean + S.E.M.
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Figure 5. DHT-BSA suppression of phospho-ERK levels in C6 cells is Flutamide
insensitive. C6 cells were treated with increasing concentrations of DHT-BSA (0.01, 0.1,
and 1.0 uM) for 30 min. in the presence/absence of the AR antagonist flutamide (Flut., 3
uM). The results demonstrated that the dose-dependent inhibition of ERK
phosphorylation by DHT-BSA was not prevented by the AR antagonist, flutamide.The
upper blot and lower blot depict ERK phosphorylation and total ERK protein,
respectively, from a single independent experiment. The bar graph (upper panel),
however, represents the densitometric analysis from two independent experiments, and is

presented as signal intensity relative to that seen in the sham (vehicle-treated) control.
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Figure 6. Carboxymethyloxime (CMO) conjugation to DHT does not alter DHT’s
ability to elicit ERK phosphorylation. C6 cells were treated with DHT:CMO (.01, .1, 1
uM) for 30 min in the presence/absence of the AR antagonist Flutamide (3 uM).
DHT:CMO was included in these studies as a control group for the BSA-conjugated
DHT (DHT-BSA). The upper blot and lower blot depicts ERK phosphorylation and total
ERK protein, respectively, from a single independent experiment. The bar graph (upper
panel), however, represents the densitometric analysis and statistical evaluation of data
from three independent experiments, and is presented as signal intensity relative to that
seen in the sham (vehicle-treated) control. Statistical significance was determined using a
one-way ANOVA, followed by Tukey’s post-hoc analysis for group differences (* = p <

0.01). Data are expressed as the mean + S.E.M.
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Figure 7. BSA does not elicit ERK phosphorylation. C6 cells were treated with
increasing concentrations of BSA alone for 30 min. The data reveal that BSA treatment
by itself failed to alter ERK phosphorylation levels. The upper blot and lower blot depicts
ERK phosphorylation and total ERK protein, respectively, from a single independent
experiment. The bar graph (upper panel), however, represents the densitometric analysis
from tw§ independent experiments, and is presented as signal intensity relative to that

seen in the sham (vehicle-treated) control.
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Figure 8. DHT-BSA treatment suppresses phospho-Akt levels in C6 cells. C6 cells
were treated with DHT/BSA (0.01, 0.10, and 1 pM) for 30 min. Treatment of C6 cells
with DHT-BSA resulted in a dose dependent decrease in phospho-Akt levels. The data
demonstrate that DHT-BSA inhibits basal Akt phosphorylation in a dose-dependent
manner. The upper blot and lower blot depict Akt phosphorylation and total Akt protein,
respectively, from a single independent experiment. The bar graph (upper panel),
however, represents the densitometric analysis and statistical evaluation of data from
three independent experiments, and is presented as signal intensity relative to that seen in
the sham (vehicle-treated) control. Statistical significance was determined using one-way
ANOVA, followed by Tukey’s post-hoc analysis for group differences (* = p < 0.001; #

=p <0.01). Data are expressed as the mean + S.E.M.
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Figure 9. DHT-BSA blocks DHT-induced ERK phosphorylation. To determine if
DHT/BSA competitively blocks DHT’s effect on the MAPK, C6 cells were treated with
DHT-BSA at various concentrations (0.01, 0.1, and 1.0 pM) for 30 min. in the
presence/absence of DHT (10 nM, a concentration that effectively and reproducibly
elicits ERK phosphorylation). As a control, BSA (1 uM) was included. The data revealed
that DHT-BSA effectively prevented the effect of DHT on ERK phosphorylation. The
upper blot and lower blot depict ERK phosphorylation and total ERK protein,
respectively, from a single independent experiment. The bar graph (upper panel),
however, represents the densitometric analysis from two independent experiments, and is

presented as signal intensity relative to that seen in the sham (vehicle-treated) control.
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Figure 10. DHT-BSA binds to specific sites on the cell surface of C6 cells. To
determine if DHT-BSA binds to surface (plasma membrane) receptors, C6 cells were
treated with DHT-BSA-FITC (50 uM) for 30 min. in the presence/absence of a 20-fold
molar excess of DHT (1 mM). Samples were washed and analyzed using flow cytometric
analysis. The fluorescence histogram, depicting increasing fluorescence intensity on the
x-axis, and cell number on the y-axis, describes significant labeling of cells with DHT-
BSA-FITC. This labeling appeared to be displaced by DHT. The peak on the extreme left
reflects the amount of fluorescence signal obtained when cells were incubated with BSA-
FITC alone, representing non-specific binding. The data are representative of three

independent experiments.
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CHAPTER 111
ACTIVATION OF A MEMBRANE-ASSOCIATED AR IN C6 CELLS

PROMOTES CELL DEATH

ABSTRACT

In the central nervous system androgens have been shown to protect as well cause
an increase in cell damage, depending on the insult type. Within the hippocampus and
cortex, testosterone was shown to protect from B-amyloid toxicity but increased lesion
size in various stroke models, respectively. Previously, we reported that a BSA-
conjugated androgen suppressed the activity of two important survival pathways, ERK
and Akt, in rat glioma cells. In contrast, DHT increased ERK and Akt phosphorylation.
Here, using C6 glial cells, we found that in the presence of a metabolic toxin and
oxidative stress inducer, iodoacetic acid (IAA), DHT protected from IAA-induced
toxicity. In contrast, DHT-BSA treatment led to an increase in cell death in the presence
of a sublethal concentration of IAA. In addition, DHT-BSA blocked DHT and estrogen-
induced protection. Collectively, these data support the existence of two, potentially
competing, pathways for androgens in the C6 cells. Thus, depending on the
predominance of one receptor mechanism over another, the outcome of androgen
treatment may be very different, and as such, could help explain existing discrepancies as

to whether androgens are protective or damage-inducing.
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INTRODUCTION

Dihydrotestosterone (DHT), a major metabolite of testosterone, mediates cellular
growth, differentiation, survival or death by the classical or non-genomic signaling
pathways (Mooradian et al., 1987; Mangelsdorf et al., 1995; Sun et al., 2003). Androgens
such as testosterone and DHT have been shown to protect neurons in the brain from
various insults in a receptor dependent manner (Nguyen et al., 2005). Also, in recent
studies, DHT has been shown to rapidly activate the ERK pathway and protect primary
hippocampal neurons from kainic acid and B-amyloid toxicity (Ramsden et al., 2003b;
Ramsden et al., 2003a; Nguyen et al., 2005). In addition, testosterone was shown to
protect from serum deprivation in primary neuronal cultures (Hammond et al., 2001). In
contrast, using the middle cerebral artery occlusion (Li et al., 2005) stroke model,
testosterone was shown to cause an increase in lesion size following stroke. This increase
in lesion size was due to an increase in glutamate toxicity in the presence of testosterone
(Yang et al., 2002; Yang et al., 2005). Also, testosterone treatment led to an increase in
cell death in primary oligodendrocytes in the presence of the excitoxin, kainic acid
(Caruso et al., 2004). Additionally, in T47D breast cancer cells and LNCap'cells, DHT-
BSA was shown to induce apoptosis by binding to a membrane androgen receptor during
serum deprivation (Hatzoglou et al., 2005; Kampa et al., 2005). These studies suggest

that in the presence of various insults, androgens can protect or be damage inducing.
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Recently, in C6 cells, we found that DHT-BSA bound to membrane sites and
treatment with this steroid led to a decrease in the activity of the ERK and PI-3
kinase/Akt signaling pathways, which are important survival promoting pathways
(Gatson et al., 2006). Thus, we hypothesize that activation of the membrane AR in the
presence of IAA will exacerbate the damaging effects of this metabolic and oxidative
insult.

To determine the role of DHT in the survival of glia, we treated the C6 cells with
IAA in the presence and absence of DHT and DHT-BSA. We found that DHT protected
from IAA-induced toxicity, while DHT-BSA treatment led to a significant increase in
cell death. Since androgens have been shown to mediate negative effects in the brain
during various disease states, we hypothesize that androgens acting through the
membrane receptor increases cell death in glia. We conclude that DHT may act thro.ugh

two competing pathways, resulting in cell survival or death.

MATERIALS AND METHODS
Cell culture. Rat glioma cells (C6; American Type Culture Collection, Manassas,
VA) were propagated in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with 10% charcoal-stripped fetal bovine serum (FBS;
Hyclone, Logan, UT), and maintained at 37°C in a humidified environment containing
5% CO; until 90% confluent. Following treatment of the cells with the appropriate

duration and dose of hormone, the cells were harvested, homogenized, and centrifuged
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and the supernatant was subsequently collected and analyzed for total protein
concentration using the Biorad DC protein assay kit.

Treatment of cultures. C6 cells were treated with either vehicle control (DMSO,
0.1%), dihydrotestosterone (DHT; Steraloids Inc., Newport, RI), Sa-androstan-17p-ol-3-
one-3-o-carboxymethyloxime:BSA (DHT-BSA; Steraloids Inc.), 17 B-estradiol (Sigma-
Aldrich, St. Louis, MO), Triton-X (10%; Sigma), or iodoacetic acid (IAA; Sigma) for 12
hours. Controls for DHT-BSA treatment included bovine serum albumin (BSA) alone
(Fisher Scientific, Fair Lawn, NJ). Inhibition of the classical androgen receptor was
achieved using the androgen receptor antagonist, Flutamide (Sigma), which was applied
30 minutes prior to treatment with the hormone and/or insult.

LDH Assay. The LDH assay was carried out according to the manufacturer
(Roche Molecular Biochemicals). This assay detects extracellular levels of LDH that is
released by the cell and is indicative of dying or dead cells. In brief, 100 pl from each
sample was pipetted into a 96-well plate. To each well, 100 pl of the assay reagent was
added for 10 min. at 27°C. Following the 10 min. incubation, 50 pl of stop solution was
added and the plates were analyzed using a Viktor3 ELISA plate reader (Perkin Elmer,
Boston, MA). The 560 nm excitation and 590 nm emission wavelengths were used to
measure extracellular LDH levels. Values were normalized and expressed as a percent of
maximal LDH release.

Statistical Analysis. Data points from at least three independent experiments was

subjected to an analysis of variance (ANOVA), followed by a Tukey’s post hoc analysis
78






for the assessment of group differences, and presented as a bar graph depicting the

average + S.E.M., using the GraphPad Software (San Diego, CA).

RESULTS
Activation of the membrane AR in C6 cells exacerbates IAA-induced toxicity.

Our- previous studies demonstrated that in C6 cells, DHT treatment increases ERK
and Akt phosphorylation, while DHT-BSA suppressed the activity of these two key
survival pathways (Gatson et al., 2006). To determine if the effect of androgens on cell
survival during metabolic and oxidative damage in glia, we treated the C6 cells with IAA
(10 uM) in the presence or absence of DHT (10 uM) or DHT-BSA (10 uM). Using the
LDH assay, to measure LDH levels in the media, we found that DHT protected the C6
cells from IAA, consistent with the increased ERK and Akt phosphorylation (Fig. 1A). In
contrast, after 12 hourrs, DHT-BSA caused an increase in cell death compared to the [AA
only group. Treatment with DHT-BSA alone did not result in an increase in LDH release
(Fig. 1B). The effect of DHT-BSA on survival in the C6 cells was flutamide insensitive,

indicating that these effects are not mediated by the intracellular AR (Fig. 2).

DHT-induced protection is blocked by DHT-BSA.

To assess whether DHT-BSA could block the survival-promoting effects of other
steroid hormones, we co-treated the C6 cells with DHT-BSA (10 uM) and DHT (10 uM)
in the presence of IAA (10 uM) for 12 hours. We found that in the presence of IAA,
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DHT protected against IAA-induced toxicity. In contrast, activation of the membrane-
associated receptor by DHT-BSA blocked DHT’s protective effects and even caused a

significant increase in LDH release compared to the JAA only group (Fig. 3).

DHT-BSA blocks estradiol-induced protection.

To assess whether DHT-BSA could block the survival-promoting effects of other
steroid hormones such as 17- estradiol, we co-treated the C6 cells with DHT-BSA (10
uM) and estrogen (10 uM) in the presence of IAA (10 uM) for 12 hours. Our results
showed that in the presence of IAA, estrogen protected against IAA-induced toxicity. In
contrast, activation of the membrane-associated receptor by DHT-BSA blocked
estrogen’s protective effects and caused a significant increase in LDH release compared

to the IAA only group (Fig. 4).

DISCUSSION

In plasma membrane fractions isolated from the ovary of the Atlantic Croaker,
and using the radioligand binding assay and Scatchard analysis, it was shown that
androgens bind to membrane receptors in the ovary. Androgen binding was also detected
in the kidney, liver, heart, and brain tissue of the Atlantic Croaker (Braun and Thomas,
2004), indicating that the membrane AR exists in many different tissue types and may
regulate the activity of many important pathways. Membrane androgen receptors have

been shown to mediate the effect of androgens on cell signaling, growth, and survival in
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T cells, smooth muscle, ovary, macrophage, prostate, breast cancer cells, and glial cells
(Benten et al., 1999; Benten et al., 2002; Braun and Thomas, 2004; Hatzoglou et al.,
2005; Kampa et al., 2005; Gatson et al., 2006). In T cells, testosterone-BSA (T-BSA)
treatment led to an increase in calcium influx from the extracellular space. This influx of
calcium by T-BSA was not blocked by the classical androgen receptor antagonist,
cyproterone (Benten et al., 1997). With respect to cell survival, the activation of the
membrane androgen receptor by T-BSA was shown to lead to an increase in apoptotic
cell death during serum deprivation in the LNCap and T47D cancer cell lines (Hatzoglou
et al., 2005; Kampa et al., 2005).

We show here that in C6 cells, DHT-BSA promotes cell death in the presence of
the metabolic toxin and oxidative stress-inducer, IAA, while DHT protects from IAA-
toxicity (Fig. 1). Previously, we showed that a 30 min treatment with DHT-BSA in C6
cells led to a suppression of the PI-3 kinase/Akt and ERK pathways (Gatson et al., 2006).
Thus, activation of this membrane receptor and consequent suppression of protective
signaling during various disease states may predispose a cell to the damaging effects of
testosterone. The effect of DHT-BSA on survival is flutamide insensitive (Fig. 2),
indicating that the binding properties of this novel membrane AR as well as the receptor
itself may be different than the “classical” intracellular AR.

Based on our data, we suggest that during stroke, the damaging effects of
androgens may be due to increased expression of the membrane AR relative to the

intracellular AR. In individuals with low membrane AR, but high intracellular AR,
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androgens may be protective in incidences of stroke or in diseases such as Alzheimer’s
disease. In the brain, estradiol has been shown to protect from oxidative stress and
excitotoxicity (Fitzpatrick et al., 2002; Fan et al., 2003; Simpkins et al., 2004). In this
study, co-treatment with DHT-BSA and estradiol, led to a significant decrease in the
protective effects of estradiol in C6 cells (Fig. 4). These results indicate that steroid
hormone t&pe, mAR expression levels, and androgen levels may predict the amount of
damage following insult. For instance, high androgen and mAR levels, may lead to a
decrease in estrogen-induced protection, as a result of a shift towards a death inducing
pathway. This shift would result in more glial cell death during acute brain injury such as
stroke.

Within the brain, glia outnumber neurons approximately 10:1. These cells are
important for the myelination of the neuronal axons, neurotransmission, buffering of
excito-toxins, and neuronal guidance. Since glia are an important entity in the brain, here
we show that the negative effects of androgens may occur in the glia, which ultimately
lead to the demise of the neuronal populations following stroke and reperfusion injury.

In conclusion, our data shows that androgens can regulate cell survival through
two competing pathways, intracellular AR and membrane AR. Activation of the
intracellular AR pathway leads to cell survival, while activation of a membrane AR by
DHT-BSA leads to cell death in the presence of insult. In addition, upon activation of the
membrane AR in the presence of a metabolic and oxidative insult, the survival promoting

effects of other hormones such as DHT and estradiol are blocked. These findings will
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further our understanding of how androgens mediate negative effects during injury in the

brain.
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Figure 1. Activation of a membrane AR in C6 cells exacerbates IAA-induced cell
death. C6 cells were treated with IAA (10 pM) for 12 hours in the presence of DHT (A;
10 uM) or DHT-BSA (B; 10 uM). Culture media was analyzed for the release of LDH as
an indicator of cell death. The values were normalized to percent of maximal LDH
release (elicited by treating cultures with 0.1% Triton X-100). The graph represents three
independent experiments. *p<0.01 vs. sham control, DHT-BSA only, or IAA only. Data

are expressed as the mean + S.E.M.
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Figure 2. The damaging effects of DHT-BSA in C6 cells is not mediated by the
intracellular AR. C6 cells were treated with IAA (10 uM) for 12 hours in the presence
of fluatmide (3 uM), and/or DHT-BSA (10 uM). Culture media was analyzed for the
release of LDH as an indicator of cell death. The values were normalized to percent of
maximal LDH release (elicited by treating cultures with 0.1% Triton X-100). The graph
represents three independent experiments. *p<0.001 vs. untreated control and IAA only

groups. Data are expressed as the mean + S.E.M.
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Figure 3. DHT-BSA blocks DHT-induced protection. C6 cells were treated with IAA
(10 pM) for 12 hours in the presence of DHT (10 pM) and/or DHT-BSA (10 puM).
Following the 12 hour incubation, the media was analyzed for the levels of LDH as an
indicator of cell death. The protective effects of DHT were blocked by DHT-BSA. The
values were normalized to percent of maximal LDH release. The graph represents three

independent experiments. *p<0.01 vs. untreated control. Data are expressed as the mean

+S.EM.

88






Figure 3.

asealay HA jewixep Jo

%

[ T T

,,

89






Figure 4. DHT-BSA blocks estradiol-induced protection. C6 cells were treated with
IAA (10 uM) for 12 hours in the presence of 17-estradiol (10 uM) and/or DHT-BSA
(10 pM). Following the 12 hour incubation, the media was analyzed for the levels of
LDH as an indicator of cell death. The protective effects of estradiol were blocked by
DHT-BSA. The values were normalized to percent of maximal LDH release. The graph
represents three independent experiments. *p<0.01 and ** p<0.001 vs. untreated control.

Data are expressed as the mean + S.E.M.
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CHAPTER 1V
ACTIVATION OF A MEMBRANE-ASSOCIATED AR PROMOTES CELL

DEATH IN PRIMARY CORTICAL ASTROCYTES

ABSTRACT

In the central nervous system, androgens can exert either protective or damage-
promoting effects. For example, testosterone protects neurons against $-amyloid toxicity
while in other studies, testosterone exacerbated stroke-induced lesion size. The
mechanism underlying this duality of androgens is still unclear. Recently, our laboratory
reported that androgens elicit opposite effects on the ERK/MAPK and Akt signaling
pathways depending on whether a membrane androgen receptor (AR) or intracellular AR
was activated. By extension, we hypothesized that androgens may affect cell viability
differently depending on which receptor was activated. Here, we found that
dihydrotestosterone (DHT) protected primary cortical astrocytes from the metabolic and
oxidative insult associated with iodoacetic acid (IAA)-induced toxicity, whereas DHT-
BSA, a cell impermeable analog of DHT that preferentially targets the membrane AR,
suppressed Akt signaling, increased caspase 3/7 activity and enhanced IAA-induced cell
death. Interestingly, DHT-BSA also blocked the protective effects of DHT and estradiol.
Collectively, these data support the existence of two, potentially competing, pathways for
androgens in a given cell or tissue that may provide insight into the controversy of

whether androgen therapy is beneficial or detrimental.
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INTRODUCTION

Dihydrotestosterone (DHT), a major metabolite of testosterone, can regulate
cellula; growth, differentiation, survival or death through both the classical “genomic”
mechanism of action, or through “non-genomic” signaling pathways (1). Androgens,
including testosterone and DHT, can protect neurons from various insults, including
kainlic acid toxicity (2), B-amyloid toxicity (3, 4) and serum deprivation (5), and have
been shown to rapidly activate the cytoprotection-associated ERK/MAPK pathway (2, 4).
In terms of the receptor(s) involved in these protective effects, the classical androgen
receptor has been implicated (4, 5). In contrast, supraphysiological levels of testosterone
were found to increase neuronal apoptosis (6). In fact, the damage-promoting effects of
testosterone have been observed in several experimental models. For example,
testosterone was shown to exacerbate middle cerebral artery occlusion (MCAO)-induced
lesion size in male rats (7, 8). Further, testosterone treatment increased kainic acid-
induced cell death of cultured oligodendrocytes (9). And at least in one study, albeit in
non-neuronal models (T47D breast cancer cells and LNCap cells), the cell death
promoting effects of androgens were attributed to a membrane androgen receptor as
supported by the death-promoting effects of the BSA-conjugated testosterone (T-BSA)
(10, 11). Thus, androgens can be protective or damage promoting, but the mechanism

underlying this duality is still unclear.
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Recently, our laboratory reported the presence of displaceable membrane binding
sites for androgens in C6 glial cells. Interestingly, activation of these putative membrane
androgen receptors resulted in a decrease in the phosphorylation of ERK and Akt (12),
two kgy effectors of the cytoprotection-associated MAPK and PI-3 kinase signaling
pathways, respectively. Here, we built on our previous observations and hypothesized
that activation of the membrane androgen receptor would result in enhanced cell death. In
fact: here we report that activation of the putative membrane androgen receptor with
BSA-conjugated DHT (DHT-BSA) resulted in a decrease in Akt phosphorylation and
expression, an increase in caspase 3/7 activity, increased TUNEL staining, and
ultimately? an increased vulnerability to a metabolic and oxidative insult resulting from
iodoacetic acid (IAA) treatment of primary astroglial cultures. Further our results suggest
that the cascade of events initiated by activation of the putative membrane androgen

receptor can antagonize the protective effects of other hormones.

MATERIALS AND METHODS
Primary cortical astrocytes. Primary cortical astrocytes were derived from the
cerebral cortex of postnatal day (P) 3 C57Bl/6 mice. Briefly, following removal of the
brain from the cranial cavity, the meninges were removed and the cerebral cortex was
dissected and placed into a sterile vacutainer tube containing 2 ml of the Dissociation
solution (1.9 ml PBS 1X pH 7.2 + 0.25% Trypsin [final concentration]). The tube was

incubated at 37°C for 10 min. Following this incubation, the tube was centrifuged at 400
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x g for 5 min. The resulting pellet was then re-suspended in 2 ml of plating. media
(DMEM with sodium pyruvate/10% FBS + 1% Penicillin/Streptomycin) and dissociated
further with the aid of a fire-polished Pasteur pipet. After this dissociation, the sample
was qentrifuged and re-suspended in 2ml of plating media. These re-
suspension/centrifugation steps were repeated twice and the cell suspension was filtered
through a 70um cell strainer into a 50ml conical tube. The filtrate was diluted by adding 5
ml of plating media. The cells were counted and plated at the desired density (~200,000
cells/well, 24-well plate; ~400,000 cells/well, 6-well plate). To establish pure astrocyte
cultures, the media was changed every 48 hrs such that just prior to the media change, the
tissue culture plate/flask was shaken at 350 rpm for 5 min. The cultures were treated with
hormone or drug on the 14 day in vitro (d.i.v.).

All procedures involving the use of animals was approved the UNT Health
Science Center’s Institutional Animal Care and Use Committee (IACUC).

Treatment of cultures. Primary astrocytes were ’treated with either vehicle
control (DMSO, 0.1%), dihydrotestosterone (DHT; Steraloids Inc., Newport, RI), Sa-
androstan-17p-ol-3-one-3-o-carboxymethyloxime:BSA (DHT-BSA; Steraloids Inc.), 17
B-estradiol (Sigma-Aldrich, St. Louis, MO), Triton-X (Sigma, 1% final concentration), or
iodoacetic acid (IAA; Sigma) for 12 hrs. IAA is an inhibitor of glycolysis (13) and also
has been shown to promote oxidative stress (14). Controls for DHT-BSA treatment
included equimolar concentrations of bovine serum albumin (BSA) alone (Fisher
Scientific, Fair Lawn, NJ). To avoid the potential confound of having “free” or
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unconjugated DHT in the DHT-BSA preparation, the DHT-BSA solution was pre-filtered
using a 30 kDa nominal cut-off column to remove any unconjugated steroid. The
retentate (consisting of conjugated DHT-BSA) was then reconstituted in the original
volume. Inhibition of the classical androgen receptor was achieved using the androgen
receptor antagonist, flutamide (Sigma), which was applied 30 min prior to treatment with
the hormone and/or insult.

Western blot analysis. Primary glial cultures were treated with hormone and/or
inhibitor, in the presence or absence of IAA. Following the appropriate duration of
treatment, the cultures were harvested into lysis buffer containing protease and
phosphatase inhibitors as described previously (15). Following homogenization, samples
were centrifuged at 99,000 x g for 15 min at 4°C, and the resulting supernatants were
evaluated for total protein concentrations using the BioRad DC (Biorad Labs, Hercules,
CA) protein assay kit [based on the method of Lowry; (16)]. Sample lysates were loaded
onto a sodium dodecyl sulfate (SDS), 10% polyacrylamide gel (PAGE), subjected to
electrophoresis, and subsequently transferred onto a polyvinylidene difluoride membrane
(PVDF; 0.22 pum pore size, BioRad). The membrane was blocked for 6 hrs with a 3%
BSA in 0.2% Tween-containing TBS (TBS-T) solution prior to application of the primary
antibody. The following primary antibodies were used: for the detection of rabbit anti-
phospho-Akt (Ser473; 1:1000; Cell Signaling, Beverly, MA); for the detection of total
Akt, rabbit anti Akt (1:1000; Cell Signaling); and for the detection of actin, goat anti-

actin (I-19; Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Antibody binding to the
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membrane was detected using a secondary antibody (either goat anti-rabbit or rabbit anti-
goat) conjugated to horseradish peroxidase (1:20,000; Pierce, Rockford, IL.) and
visualized using enzyme-linked chemiluminescence (SuperSignal West Pico, Pierce) with
the aid of the UVP imaging system.

Immunocytochemistry. Primary cortical astrocytes were fixed with 4%
formaldehyde in PBS (pH 7.4) for 10 min at room temperature. The coverslips were
washéd with PBS and blocked with 3% BSA in PBS for 15 min. Following the blocking
step, the coverslips were treated with the primary glial fibrillary acidic protein antibody
(GFAP; Chemicon, Temecula, CA) for 2 hrs at room temperature. To detect the binding
of the primary antibody, the Alexa Fluor 488-conjugated secondary antibody (1:500;
Molecular Probes, Eugene, OR) was applied to the coverslips and incubated for 1 hr. The
coverslips were subsequently washed three times with PBS for 10min. Coverslips were
then mounted onto microscope slides using the Aqua Poly/Mount solution (Polysciences,
Warrington, PA). The slides were viewed with the aid of a confocal laser scanning
microscope (Zeiss) and analyzed using the Zeiss LSM imaging software.

Caspase 3/7 Assay. The Apo-ONE Homogeneous Caspase-3/7 Assay was carried
out as recommended by the manufacturer (Promega). This assay is based on the ability of
caspase 3/7 present in the experimental sample to cleave the non-fluorescent caspase 3/7
substrate, Z-DEVD conjugated to Rhodamine 110 (Z-DEVD-R110). The greater the
activity of caspase3/7 in the sample, the more cleavage of the substrate, resulting in the

liberation of the intensely fluorescent Rhodamine 110. Briefly, primary cortical
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astrocytes were plated onto 48-well plates at a density of 50,000 cells/well and
maintained for 10 d.i.v. On the 10" d.i.v., the samples cells were treated for 12 hrs with
hormone or test compound. After this incubation period, 200 pl of the Apo-ONE
Caspase-3/7 reagent (containing Z-DEVD-R110) was added to each well. The plate was
then placed on a plate shaker (500 rpm) for 30 min and incubated for 1 hr. Following the
1 hr treatment, the active caspase-3/7 levels were determined by measuring the level of
fluorescence (wavelengths for excitation and emission were 485nm and 530nm,
respectively).

LDH Assay. A fluorometric assay (CytoTox-One Homogenous Membrane
Integrity Assay Kit, Promega) was used for the measurement of lactate dehydrogenase
(LDH) released from damaged or dying cells. Briefly, 100 uL of conditioned media was
aliquoted into a black 96-well plate. To each well, 100 pl of the CytoTox-One reagent
was added for 10 min. Following termination of the enzymatic reaction, resulting
fluorescence was measured [560 nm (excitation)/590 nm (emission)] using a Viktor3
ELISA plate reader (Perkin Elmer, Boston, MA). Relative fluorescent units (RFU) were
normalized to the amount of protein in the culture (assessed using BIORAD DC protein
assay kit) from which the conditioned media was derived. These values were
subsequently normalized and expressed as a percentage of total LDH release (assessed by
treating cultures with 1% Triton X-100)

TUNEL Staining. The DeadEnd Colorimetric Apoptosis Detection System was
used as recommended by the manufacturer (Promega). Briefly, hormone or test
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compound-treated primary astroglial cultures (on glass coverslips) were fixed with 4%
formaldehyde in PBS (pH 7.4) for 25 min at 4°C. After a series of washes in PBS, the
cells were permeabilized in 0.2% Triton-X-100 solution for 5 min, re-washed and
incubated in equilibration buffer (200mM potassium cacodylate, pH 6.6; 25mM Tris-
HCl, pH 6.6; 0.2mM DTT; 0.25mg/ml BSA; 2.5mM cobalt chloride) for 10 min at room
temperature. Then, cultures were incubated with 50 pl of the TdT reaction mix for 60 min
at 37°C. The reaction was terminated by immersing the cultures in 2X SSC for 15 min.
After a series of washes, 0.3% hydrogen peroxide (5 min) was used to block endogenous
peroxidase activity. Then, Streptavidin HRP was applied (30 min), after which DNA
strand breaks were visualized using the chromogen, diaminobenzidine (10 min
incubation), as a substrate for HRP. Cells undergoing apoptosis were defined as those
exhibiting condensed nuclei with dark brown staining. Cell viability was assessed by
counting the number of GFAP+ cells that did not exhibit such morphology and staining.
Such cell counts were obtained from three separate fields of view per coverslip and
averaged. This averaged value was deemed an “n” of 1. Such analysis was repeated for
each experimental group four times.

Statistical Analysis. Data obtained from no fewer than three independent
experiments were analyzed using an analysis of variance (ANOVA), followed by a single
degree of freedom F test to assess differences between experimental groups (SYSTAT
ver. 7, Systat Software Inc., San Jose, CA). The data are presented as a bar graph

depicting the mean + S.E.M., using the GraphPad Software (San Diego, CA).
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RESULTS
DHT-BSA enhances cell death in primary cortical astrocytes.

Previously, our laboratory has shown that DHT treatment increases ERK and Akt
phosphorylation, while DHT-BSA suppresses the phosphorylation of these two key
survival-related signaling proteins (12). In order to determine if DHT-BSA-induced
suppression of survival promoting signaling is correlated to an increase in cell death, we
extended our previous work in C6 cells and assessed the effects of DHT-BSA on the
viability of primary cortical astrocytes, in the presence or absence of a
metabolic/oxidative insult. To this end, we evaluated the effect of increasing
concentrations of DHT-BSA (0.01, 0.1, 1, 10 uM) on IAA-induced LDH release. The
concentration (10uM) and duration of IAA treatment (12hr) was chosen so that IAA
resulted in no more than a 25 — 30% increase in LDH release. Thus, while IAA alone
resulted in an approximately 25% increase in LDH release, DHT-BSA (10 uM) greatly
sensitized the cells to [AA-induced cell death, such that the combined treatment with
DHT-BSA and IAA resulted in a nearly maximal increase in LDH levels (Fig. 1). Lower
concentrations of DHT-BSA were without effect. Interestingly, DHT-BSA by itself, did
not result in an increase in LDH release at any concentration tested. BSA alone (10uM)
was without effect when administered by itself and did not enhance IAA-induced
toxicity, suggesting that the death-enhancing effects of DHT-BSA were not due to non-

specific effects of BSA.
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DHT protects primary cortical astrocytes from IAA-induced toxicity in an AR-
dependent manner.

In order to distinguish the effects of activating a putative membrane androgen
receptor from the effects of activating the intracellular AR, we compared the effects of
DHT with DHT-BSA on cell viability. We explored the role of the two receptor
mechanisms further using the pharmacological antagonist to the classical AR, flutamide.
Our data show that unlike DHT-BSA (Fig. 1 and 2), DHT protected primary cortical
astrocytes from IAA-induced toxicity (Fig. 2). Further, the protective effect of DHT was
blocked by the classical AR antagonist, flutamide (Fig. 3A), while the death-enhancing
effects of DHT-BSA was not (Fig. 3B). Neither DHT, DHT-BSA nor Flutamide when

administered alone elicited an increase LDH release.

DHT-BSA treatment results in suppression of Akt signaling and an increase in
active caspase-3/7.

Our recent data showed that DHT-BSA suppresses Akt phosphorylation in C6
cells whereas DHT elicited its phosphorylation (12). Given the well documented
importance of the PI-3 kinase/Akt pathway with regard to its ability to prevent or reduce
apoptosis (17-19), we wanted to determine if the enhanced cell death seen with DHT-
BSA was associated with alterations in the expression or activation (phosphorylation) of
Akt. We determined that IAA (10 uM) resulted in a modest, but statistically significant (p

= (0.046) decrease in Akt phosphorylation. However, in the presence of IAA, DHT-BSA
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(10 uM) greatly exacerbated the decline in levels of phosphorylated Akt and resulted in a
decrease in total Akt expression as well (Fig. 4). To determine if such reduced Akt
phosphorylation and expression was associated with indices of apoptotic cell death, we
assessed- the levels of active caspase 3/7 in cultures treated with IAA, in the presence or
absence of DHT-BSA. We found that DHT-BSA greatly enhanced the levels of active
caspase-3/7 in cells that had been treated with JAA (Fig. 5). While IAA alone resulted in
a small (but statistically significant) increase in caspase 3/7 activity (p = 0.017), the effect

of DHT-BSA alone was not different relative to control (p = 0.059) (Fig. 5).

DHT-BSA treatment increases apoptotic cell death in IAA-treated primary cortical
astrocytes.

To determine if the effect of DHT-BSA on caspase-3/7 activity was indeed
reflecting an increase in apoptosis, we assessed TUNEL staining in primary cortical
astrocytes treated with DHT-BSA in the presence or absence of IAA. Simultaneous
immunostaining for GFAP was also performed and confirmed the identity of astrocytes in
our glial cultures. Visually, neither DHT-BSA or IAA alone resulted in an appreciable
increase in TUNEL positive cells. However, DHT-BSA in the presence of IAA resulted
in a significant appearance of TUNEL-positive cells, whose morphology was also
consistent with dead or dying cells (Fig. 6A). Figure 6B provides quantitation of the
amount of cell death by assessing the number of GFAP-positive cells. While IAA

treatment alone resulted in an approximately 25% reduction in the number of GFAP-
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positive astrocytes, cultures treated with DHT-BSA (10 uM) in the presence of IAA

resulted in a significantly greater decrease in cell viability.

DHT-BSA blocks the survival promoting effects of DHT and estradiol.

In order to assess if the cell death promoting mechanisms activated through the
putative membrane androgen receptor alter the protective effects of DHT or other known
neuroérotective steroid hormones, we assessed the effect of DHT-BSA on DHT- or
estradiol-induced cytoprotection. Using a concentration and duration of IAA treatment
that resulted in an approximately 75% increase in LDH release, we found that, as
expected and consistent with prior reports, both DHT (10 pM) and 17- estradiol (10 pM)
were protective. However, co-application of DHT-BSA with DHT, or estradiol,
significantly attenuated the ability of either DHT or estradiol to reduce the IAA-induced

LDH release (Fig. 7 and 8, respectively).

DISCUSSION
The presence of functional membrane androgen receptors have been suggested for
a variety of cell types, including T cells (20), ovary (21), macrophages (22), prostate cells
(11), breast cancer cells (10), and most recently, glial cells (12). Though the precise
identity of this membrane receptor is still unknown, the pharmacology of putative
membrane receptors has been addressed to some degree. For example, testosterone has

been shown to exhibit specific binding to purified plasma membrane preparations derived
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from the teleost ovary (21). In addition, using flow cytometry it was determined that C6
glial cells express DHT-displaceable DHT-BSA binding sites on the cell surface (12).
Further, while testosterone-BSA (T-BSA), acting via the putative membrane AR of T-
cells led to an increase in calcium influx, a classical androgen receptor antagonist,
cyproterone, failed to block this effect (20). Similarly, data from our laboratory showed
that the stimulatory effects of DHT on intracellular signaling and cell survival were
blockéd by the AR antagonist, flutamide, while the DHT-BSA-induced suppression of
ERK and Akt phosphorylation (12), or the DHT-BSA — induced increase in cell death,
was insensitive to flutamide (Fig. 3B). Together, these data suggest that the
pharmacological profile of the membrane androgen receptor is distinct from the classical
androgen receptor.

With respect to cell survival, the role of this putative membrane AR has only been
assessed in non-CNS tissue where the activation of the membrane androgen receptor by
BSA-conjugated testosterone promoted apoptotic cell death in both the LNCaP prostate
cell line and in T47D breast cancer cells (10, 11). Based on our recent work that
described the ability of DHT-BSA to suppress the phosphorylation of two key effectors
of the cell survival-promoting MAPK and PI-3K/Akt pathways (12), and by extension,
enhance cell death in rat C6 glioma cells (data not shown). Here, we sought to determine
if these effects on cell signaling were relevant to the regulation of c;ell viability in primary
cortical astrocytes. It was determined that activation of the membrane AR by DHT-BSA

enhances cell death of primary cortical astrocytes (Fig. 1, 2, 3B, 6 - 8), as we have
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observed in C6 cells (data not shown). Interestingly, DHT-BSA when administered alone
did not promote cell death, but rather, exacerbated IAA-induced toxicity, suggesting that
activation of the putative membrane androgen receptor sensitizes cells to toxic insult.
Moreovgr, the death promoting effects of DHT-BSA were in sharp contrast to the
survival promoting effects of DHT (Fig. 3A).

As a possible mechanism underlying this enhanced vulnerability to IAA, we
deterrhined if activation of the membrane AR with DHT-BSA altered the
phosphorylation (and activation) or expression of Akt. In fact, DHT-BSA treatment,
when co-administered with a sub-lethal concentration of IAA, resulted in an apparent
reduction in not only the phosphorylation, but also the expression, of total Akt. Given
that total Akt expression also decreased with DHT-BSA treatment, it is difficult to
ascertain if the decrease in Akt phosphorylation is a true reflection of decreased kinase
activity of Akt, or is merely the consequence of reduced expression of the protein. The
reduced phosphorylation and/or expression of Akt as a mechanism underlying the
increased vulnerability of cells is consistent with previous reports showing that over-
expression of a dominant negative form of Akt interferes with growth factor-induced
neuronal survival (17).

In order to explore the nature of cell death elicited by activation of the putative
membrane androgen receptor, we determined if biochemical hallmarks of apoptqsis,
specifically, activation of caspases were evident following treatment with DHT-BSA. In

fact, DHT-BSA, when co-applied with [AA, resulted in a significant increase in caspase
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3/7 activity. This effect of DHT-BSA on caspase-3/7 activity was correlated with an
increase in TUNEL staining, strengthening our conclusion that DHT-BSA promoted
apoptotic cell death. And like we observed in earlier experiments, treatment with DHT-
BSA or .IAA alone were insufficient to increase caspase 3/7 activity, further supporting
the fact that activation of the membrane androgen receptor does not itself lead to cell
death, but instead, increases the vulnerability of the cell to insult.

It is worth mentioning that the cell death-promoting effects of DHT-BSA were
not observed at nanomolar concentrations, but instead were seen at micromolar
concentrations. The negative consequences of androgens at higher concentrations are not
without precedent. In fact, Estrada and colleagues (6) found that in contrast to nanomolar
concentrations of testosterone (up to 100 nM), low micromolar concentrations of
testosterone (1 — 10 uM) resulted in apoptotic cell death, as evidenced by an increase in
Annexin V staining, caspase activation and DNA fragmentation. This effect did not
appear to be non-specific, as it could be prevented with both caspase inhibitors and either
inhibition or knock-down of intracellular calcium channels (IP3 receptors) (6). Another
important point to consider is that the effective concentration of steroids in vifro cannot
be readily translated to the in vivo situation, since exogenously applied androgens may
bind to several sites other than its biologically relevant target, i.e., the classical AR or the
putative membrane androgen receptor discussed here. Further, the use of BSA-conjugated
steroids in estimating an “EC50” value is problematic given the reported lower binding

efficiency of these conjugated steroids (23), the interpretation of which is that higher
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concentrations of DHT-BSA are likely required to maximally occupy the membrane
androgen receptor. Therefore, even though the cell death-promoting effects were
observed at micromolar concentrations of DHT-BSA in vitro, we cannot rule out the
possibility that its target, the putative membrane androgen receptor, is a physiologically
relevant target of androgens.

Interestingly, our data also suggest that activation of the putative membrane
androéen receptor not only promotes cell death, but reduces the beneficial effects of
another protective hormone, estradiol as well. Estradiol, at a wide range of
concentrations, has been shown by numerous groups to exert protective effects against a
wide variety of insults, including IAA-induced toxicity (24), B-amyloid toxicity (25-29),
excitotoxicity (27, 30-32) and serum deprivation (33), to name a few. Here, we found that
DHT-BSA prevented both DHT and estradiol-induced protection against IAA-mediated
toxicity. Since androgens do not decline precipitously following the menopause, as do
estradiol and progesterone levels (34), the persistence of androgen, coupled with the
possibility of having a relative abundance of this putative membrane receptor expressed,
may influence the response of postmenopausal women to estrogen therapy. Such a
mechanism may be relevant when interpreting the results of the Women’s Health
Initiative (35-38).

Collectively, the data presented here argue for the presence of two competing
pathways for androgens, one that is associated with brain protection and the other which

is associated with the promotion of cell death. Though our data are derived from glial
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cells, we believe that this may be equally important as data derived from neuronal
cultures in that glia play an important role in helping to maintain neuronal function. In
addition to being the dominant population of cells in the brain, glia are an important
source Qf trophic factors (39), can buffer “excitotoxins” (such as glutamate, which at
higher concentrations can lead to excitotoxicity) ((39, 40) for review), and can reduce
amyloid burden (41, 42). As such, a mechanism that compromises glial viability (such as
thouéh activation of the putative membrane androgen receptor) may also contribute to an
increase vulnerability of neurons. Given the existing controversy surrounding the use of
androgen therapy, rooted in part to equivocal reports on whether androgens are protective
or damage-promoting, our data may offer novel insight into the inconsistent
consequences of androgen treatment. That is, depending on the relative ratio of the
putative membrane androgen receptor and the classical intracellular receptor, androgens
may result in different effects, and may even alter the efficacy of other neuroprotective

steroid hormones.
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Figure 1. DHT-BSA enhances cell death in primary cortical astrocytes. Primary
cortical astrocytes were treated with IAA (10 uM) for 12 hrs in the presence/absence of
DHT-BSA (0 to 10 pM). Culture media was analyzed for the release of LDH as an
indicator of cell death. The data are presented as a percentage of maximal LDH release,
as defined by treatment of the cultures with Triton X-100 (Tr-X). The data are
representative of four independent experiments and expressed as the mean + S.E.M.
Follm;ving an Analysis of Variance (ANOVA), individual comparisons were made using
a single degree of freedom F-test within the main effect of the ANOVA (F(11,34) =
89.086, p < 0.001). Symbols denoting individual group differences: * p<0.001 vs. BSA-

treated control; # p<0.001 vs. IAA alone.
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Figure 2. DHT protects astrocytes from IAA-induced cell death. In the presence of a
minimally toxic concentration of IAA (10 uM), primary cortical astrocytes were treated
with DHT (10 uM) or DHT-BSA (10 uM) for 12 hours. The data are presented as a
percentage of maximal LDH release. The data are representative of four independent
experiments and expressed as the mean + S.E.M. Following an Analysis of Variance
(ANOVA), individual comparisons were made using a single degree of freedom F-test
withir; the main effect of the ANOVA (F(5,12) = 283.564, p < 0.001). Symbols denoting

individual group differences: * p<0.001 vs. control; * p<0.001 vs. IAA alone.
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Figure 3. The effect of DHT-BSA on cell survival is flutamide insensitive. Primary
cortical astrocytes were treated with IAA (10 uM), Flut. (3 uM), DHT (A; 10 uM), and
DHT-BSA (B; 10 uM) for 12 hours. Following treatment, the media was analyzed for
LDH levels as an indicator of cell death. The ability of DHT to protect against IAA-
induced toxicity was blocked by the AR antagonist, flutamide. In contrast, flutamide did
not prevent the ability of DHT-BSA to promote cell death. The data are presented as a
percex‘nage of maximal LDH release. The data are representative of three independent
experiments and expressed as the mean + S.E.M. Following an Analysis of Variance
(ANOVA), individual comparisons were made using a single degree of freedom F-test
within the main effect of the ANOVA (For Figure 3A: F(5,12) = 86.306, p < 0.001; For
Figure 3B: F(5,12) = 39.175, p<0.001). Symbols denoting individual group differences: *

p<0.001 vs. control; # p<0.001 vs. IAA alone; @ p<0.001 vs. DHT + IAA.
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Figure 4. In the presence of IAA, DHT-BSA suppresses Akt phosphorylation and
expression. Primary cortical astrocytes were treated with IAA (10 uM) in the presence or
absence of DHT-BSA (10 puM) for 8 hours. Following treatment, sample lysates
(60pg/lane) were then subjected to SDS-PAGE and Western blot analysis for the
evaluation of Akt phosphorylation. The upper, middle, and lower blots of panel A, depict
Akt phosphorylation, total Akt, and actin protein, respectively, from the same samples
(i.e., a single independent experiment). The bar graphs, however, represents the
densitometric analysis from four independent experiments. The densitometry from the
phospho-Akt (B) and total Akt blots (C) were normalized and presented as signal
intensity relative to that seen in the BSA-treated control. Data are expressed as the mean
+ S.E.M. Following an Analysis of Variance (ANOVA), individual comparisons were
made using a single degree of freedom F-test within the main effect of the ANOVA
(F(3,12) = 31.182, p < 0.001). Symbols denoting individual group differences: * p<0.05

vs. BSA-treated control; * p<0.001 vs. IAA alone.
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Figure 5. DHT-BSA increases caspase 3/7 activation in primary astrocytes during
metabolic inhibition. The primary glia were treated with IAA (10 uM) in the presence of
estrogen (10 pM) and DHT-BSA (10 puM) for 8 hours. Values represent caspase 3/7
activity and are presented as a percent of the vehicle control. The data are representative
of three independent experiments and expressed as the mean + S.E.M. Following an
Analysis of Variance (ANOVA), individual comparisons were made using a single
degreé of freedom F-test within the main effect of the ANOVA (F(3,8) = 114.364, p <
0.001). Symbols denoting individual group differences: * p<0.05 vs. control; * p<0.001

vs. IAA alone.
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Figure 6. DHT-BSA treatment results in an increase in TUNEL staining and
reduces the number of GFAP-positive astrocytes. Primary cortical astrocytes were
treated with DHT-BSA (10 uM) for 8 hours in the presence or absence of IAA (10 uM).
Following treatment, the cells were stained for glial fibrillary acidic protein (GFAP) and
fragmented DNA using immunocytochemistry and the TUNEL assay, respectively. Panel
(A) depicts individual optical slices taken with a confocal microscope. Bar, 20 um. Panel
(B) shows the graphical representation of the number of GFAP-positive astrocytes in
each treatment group. The data in Panel (B) are representative of four independent
experiments and expressed as the mean + S.E.M. Following an Analysis of Variance
(ANOVA), individual comparisons were made using a single degree of freedom F-test
within the main effect of the ANOVA (F(4,15) = 49.053, p < 0.001). Symbols denoting
individual group differences: * p<0.001 vs. BSA-treated control; # p<0.001 vs. IAA

alone.
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Figure 7. DHT-BSA blocks DHT-induced protection from IAA-mediated toxicity.
Primary astrocytes were treated with IAA (10 uM) for 24 hours in the presence of DHT
(10 uM) and/or DHT-BSA (10 uM). Following the 24 hour incubation, the media was
analyzed for the levels of LDH as an indicator of cell death. DHT-BSA completely
prevented the ability of DHT to protect against IAA-induced toxicity. The data are
presented as a percentage of maximal LDH release. The data are representative of three
indep;andent experiments and expressed as the mean + S.E.M. Following an Analysis of
Variance (ANOVA), individual comparisons were made using a single degree of freedom
F-test within the main effect of the ANOVA (F(6,21) = 116.772, p < 0.001). Symbols
denoting individual group differences: * p<0.001 vs. control; * p<0.001 vs. IAA alone;

@ 1<0.05 vs. IAA alone; * p<0.001 vs. DHT + IAA.
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Figure 8. DHT-BSA inhibits estradiol-induced protection. Primary glial cultures were
treated with IAA (10 uM) for 24 hours in the presence of 17- estradiol (10 uM) and/or
DHT-BSA (10 uM). Following the 24 hour incubation, the media was analyzed for the
levels of LDH as an indicator of cell death. The protective effects of estrogen were
blocked by DHT-BSA. The data are presented as a percentage of maximal LDH release.
The data are representative of three independent experiments and expressed as the mean
+ S.EJ.M. Following an Analysis of Variance (ANOVA), individual comparisons were
made using a single degree of freedom F-test within the main effect of the ANOVA
(F(6,21) = 302.778, p < 0.001). Symbols denoting individual group differences: *

p<0.001 vs. control; * p<0.001 vs. IAA alone; * p<0.001 vs. E2+IAA.
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