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CHAPTER I 

INTRODUCTION AND BACKGROUND 

 

1.1 STEROID HORMONES 

Steroid hormones are a class of hormones that act as signaling molecules to function in 

maintaining homeostasis in the body by regulating physiological systems. Steroid hormones are 

classified into two groups: corticosteroids and sex hormones. Corticosteroids are synthesized in 

the adrenal cortex, whereas sex hormones are synthesized in the gonads. These hormones are 

further classified by the type of receptor they bind. Corticosteroids bind to either the 

mineralocorticoid or glucocorticoid receptors. Androgen, estrogen and progesterone bind to sex 

hormone receptors [1]. These receptors belong to a superfamily of nuclear receptors, which act as 

transcription factors. There are 48 receptors categorized into six subfamilies and grouped by 

similarities of their conserved DNA and ligand binding regions. Steroid hormone receptors are 

classified as nuclear receptor, subfamily 3, group C (NR3C) [2]. 

Steroid hormones are derived from cholesterol, a lipophilic molecule that is insoluble in 

water. Cholesterol can be synthesized locally from acetate when it is then shuttled into the 

mitochondrial membrane by the steroidogenic acute regulatory (StAR) protein. A multistep 

process is initiated by desmolase, a P450 enzyme that cleaves the side chain of cholesterol to 

transform it into pregnenolone. Desmolase and the StAR protein are both rate limiting step 

enzymes [3, 4]. Pregnenolone is the precursor molecule of all steroid molecules and conversion 

into a specific hormone depends on the enzyme catalyzing the molecule. Upon synthesis, the 
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steroid hormones are not stored, rather they immediately diffuse out of the cell and act locally or 

enter the bloodstream. Steroid hormones traveling via the bloodstream require carrier molecules 

due to their hydrophobic nature [3]. 

 

1.2 ANDROGEN PHYSIOLOGY 

Androgens, such as testosterone and DHT, are the primary sex hormones that regulate an 

extensive range of physiological processes in males, such as sexual differentiation, 

spermatogenesis, and the maintenance of secondary sex characteristics. Testosterone and its 

metabolite 5a-dihydrotestosterone (DHT) play separate roles in the formation of the male sex 

organs. Testosterone initiates the development of the vas deferens, seminal vesicles, ejaculatory 

duct, and epididymis. Development of the penis, scrotum, urethra and prostate gland are controlled 

by DHT [5]. During embryogenesis, testes formation is initiated by the expression of the SRY 

gene on the Y chromosome [4, 6]. The testis is primarily composed of seminiferous tubules 

comprised of Sertoli cells. The interstitial space of the testis contains Leydig cells, which 

synthesize testosterone. Phenotypic sexual differentiation occurs when Sertoli cells release anti-

Müllerian hormone to prevent the development of female genitalia [4, 5, 7]. 

Puberty in males begins when hypothalamic neurons release gonadotropin-releasing 

hormone (GnRH) into the hypophyseal portal system in a pulsatile fashion to the anterior pituitary. 

GnRH stimulates the anterior pituitary to secrete luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) into the bloodstream [8]. LH and FSH stimulate the increase of cholesterol and its 

transport into the mitochondria where it will be converted to pregnenolone. LH binding to the 

Leydig cells signals testosterone production [3, 4]. Sertoli cells promote the synthesis of androgen-

binding protein (ABP) when stimulated by FSH. Testosterone bound to ABP acts locally on Sertoli 
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cells to initiate spermatogenesis [8, 9].  

Testicular androgens account for about 90-95% of all androgens, and the remaining 

androgens are produced by the adrenal glands in the zona reticularis [8]. Testosterone and its 

bioactive metabolites DHT and estrogen can be synthesized locally or secreted into the periphery 

to act on androgen-sensitive cells. The irreversible enzymatic conversion of testosterone to DHT 

is catalyzed by 5a-reductase. Also, testosterone can be converted by aromatase, which facilitates 

the metabolism of testosterone into estradiol [8].  

Circulating testosterone can either be bound or free. Due to its lipophilic nature, 

testosterone must be bound to a carrier protein such as albumin, sex hormone binding globulin 

(SHBG) or androgen binding protein (ABP). The binding of testosterone to a carrier protein 

renders it inactive because it is prevented from reaching its target cell and binding to its receptor. 

Free testosterone can enter the target cell freely because it is not bound to a carrier protein. Free 

testosterone is considered biologically active, and it represents only 2% of the total testosterone 

[3]. Total testosterone includes both free and bound hormone. In human males, the total 

testosterone level is between 270-1070 ng/dL [10]. 

Testosterone levels are maintained by metabolic inactivation and negative feedback. 

Testosterone is primarily inactivated in the liver by phase I and phase II metabolism. These 

inactivated metabolites are then excreted via the urinary or biliary system [3]. When testosterone 

levels are sufficient, production is regulated via a negative feedback loop. Testosterone inhibits 

the production of GnRH by binding to androgen receptors in the hypothalamic neurons. GnRH 

pulsing into the anterior pituitary is decreased which causes a decrease in LH. Inhibin, produced 

by the Sertoli cells, functions solely in down-regulating FSH production [3, 11]. Regulating 

testosterone levels is vital for the maintenance of the secondary sex characteristics [11]. 
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1.3 CLASSICAL ANDROGEN RECEPTOR 

Androgens mediate their effects via the androgen receptor (AR or NR3C4) 

[2].Testosterone and DHT are capable of binding to the same receptor. However, testosterone 

dissociates from the receptor at a faster rate compared to DHT. The binding affinity of DHT to a 

receptor is significantly stronger, and therefore, DHT is more potent as an agonist than testosterone 

[12-14]. The DHT-receptor complex stability allows the complex to persist longer in the cell [15]. 

In the late 1980’s, several research groups cloned the human AR [16-19]. Cloning of the 

human AR was made possible due to the conserved homology and groundbreaking cloning of the 

human glucocorticoid receptor. The AR gene is located on the X chromosome at Xq11.2-q12 and 

spans approximately 90kb of DNA [16, 20]. The AR is the only nuclear receptor located on the X 

chromosome. The AR gene contains eight exons which code for a protein with three major 

functional domains and a hinge region (Figure 1). Exon 1 is located at the 5’, N-terminal end. The 

N-terminal domain (NTD) is the least conserved region and contains multiple trinucleotide repeats. 

Tau-1 and Tau-5 (transcription activation unit) are regions in the NTD that are important for 

transcription activation [21]. Depending on the cell, corepressors and or coactivators bind to the 

NTD to influence transcription [22, 23]. The DNA binding domain (DBD) located in exons 2 and 

3 contains two zinc fingers. The zinc fingers and the hinge region are involved in high-affinity 

DNA binding at the androgen response element (ARE) in target promoters [23]. The ARE is a 15 

base pair palindromic sequence that is selective for the androgen receptor [24]. The DBD is the 

most conserved region and shares approximately 80 percent homology with the progesterone 

receptor [17, 19]. The hinge region located in exon 4 is poorly conserved yet contains a nuclear 

localization sequence similar to other nuclear receptors [23]. Lastly, exons five through eight code 
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for the ligand binding domain (LBD) followed by the C- terminal 3’ end [16, 20, 25-27].A cleft in 

the ligand binding domain (LBD) is known as the Activation Function 2 (AF2) region [23]. Ligand 

binding to the receptor activates the protein to initiate transcription [28]. An androgen receptor 

that does not have a functional LBD is rendered constitutively active and can lead to a diseased 

state [29]. 

The human AR protein is 919 amino acid residues. However, this number varies due to 

polymorphic polyglutamine and polyglycine residues in the N-terminal domain (NTD) [30-32]. 

Biologically active androgens quickly traverse the plasma membrane due to its lipophilic nature 

[3]. Upon entry into the cell, testosterone binding to the receptor occurs either immediately or after 

conversion to DHT [24]. In the cytoplasm, unbound AR is bound to chaperone molecules, such as 

heat shock proteins (HSP). Upon androgen binding, the AR undergoes a conformational change, 

and the heat shock proteins are released [24, 33]. This AR complex is then shuttled into the nucleus 

and dimerizes with another AR complex [24]. Binding of AR homodimer complex to the androgen 

response element promotes the recruitment of co-activators which facilitate transcription [24]. 

SRC1 and TIF 2 are coactivators that bind to the AF2 region to promote transcription [34].Histone 

acetyltransferase (HAT) initiates the unraveling of the nucleosome. The exposed DNA allows 

RNA polymerase II enhanced transcription initiation [21, 35]. When the AR no longer binds its 

ligand, it can either be shuttled back into the cytoplasm for reuse or degraded by proteasomes [36]. 

The AR structure, stability, and activity are achieved by post-translational modification. 

AR modification occurs via phosphorylation, acetylation, methylation, SUMOylation, and 

ubiquitination. Each AR domain is capable of being phosphorylated. Most phosphorylated sites 

function in transcription activity. However, phosphorylation can function to stabilize and localize 

the AR. Acetylation and methylation sites on the DBD, hinge, and LBD domains function in 
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transcription activity. SUMOylation of the N-terminal domain functions in transcriptional activity 

and stabilization of the AR. Ubiquitination of Lys845 and Lys 847 on the LBD promote the 

degradation of the AR by proteasomes. These post-translational modifications are important in the 

maintaining the life cycle of the AR [37].  

Androgen receptors are nearly ubiquitously expressed throughout mammalian tissues [38]. 

However, in the brain, there is region specific-expression. For example, hypothalamic neurons 

express substantial amounts of AR-positive cells, due to androgen regulation [39]. Other midbrain 

areas, such as the substantia nigra and ventral tegmentum, express few AR-positive cells when 

using an N-terminal directed antibody [40]. Studies in our lab show when a C-terminal antibody 

is used to detect AR expression in dopaminergic cells we see high AR expression [41]. It is likely 

these differences in expression may be due to a splice variant.  
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FIGURE 1. Androgen Receptor Gene, cDNA, And Protein. 

The human androgen receptor gene is mapped to the X chromosome (Xq 11-12). The AR contains 

4 domains encoded by 8 exons. The N-terminal domain (NTD) is derived from exon 1. The DNA-

binding region (DBD) including 2 zinc fingers is encoded from exons 2 and 3. Exons 4-8 encode 

the hinge region, and ligand-binding domain (LBD) at the C-terminal end. The classical AR is a 

110 kDa protein composed of 919 amino acids. Adapted from Galani et al.[42] and Quigley et al. 

[33] 
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1.4 ANDROGEN RECEPTOR VARIANTS 

In 2005, a novel, naturally occurring, transcript variant was identified in human placenta 

tissue [43]. Approximately 22.1kb downstream the canonical exon 1 is a previously unreported 

exon, exon 1b. Alternative splicing of exon 1b yielded a 45 kDa protein. Due to its molecular 

weight, the novel variant was dubbed AR45 [44]. Exon 1b produces a unique seven amino acid N-

terminus. The DNA binding domain, hinge region, steroid/ligand binding domain, and C-terminal 

region of AR45 are identical to the classical AR [43, 45]. AR45 mRNA has been identified in 

several human tissues such as placenta, prostate, breast, heart and lung tissues [46]. AR45 mRNA 

has also been observed in the macaque heart, skeletal muscle and lung [47]. The highest expression 

of AR45 mRNA was in the heart, with no expression in the brain [43, 47]. AR45 protein was not 

observed in those tissues but was observed in the LNCaP human prostate cancer cell line [43]. 

Ectopic expression of the AR45 protein was capable of binding to androgens, translocating to the 

nucleus and interacting with the FL-AR. Transcriptional activity of FL-AR was inhibited by AR45. 

Also, overexpression of AR45 in LNCaP cells inhibited cell proliferation. These data suggest 

AR45 is a negative regulator FL-AR signaling [29, 43].  

AR variants AR-V3, AR-V4, AR-V7 and AR V-12, have been observed in breast and 

prostate cancer cells [48]. Alternative splicing, exon skipping, or cryptic exon inclusion are 

mechanisms which these variants are generated [49] These variants contain a complete N-terminus 

and DBD but lack the LBD domain. An N-terminal antibody has been used to detect these proteins 

due to the lack of the LBD [48, 50]. The loss of the LBD renders these variants constitutively 

active and therefore are ligand-independent proteins [48, 50]. Due to its ligand independence, these 

variants do not behave like the FL-AR.  
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1.5 ANDROGEN RECEPTOR NONGENOMIC SIGNALING 

Many authors have hypothesized the existence of a putative membrane androgen receptor 

(mAR). Membrane mediated effects have been observed in multiple studies, yet the mAR has not 

been purified or cloned. One approach to examining nongenomic signaling is by using cells that 

lack the classical AR, such as Mouse IC-21 macrophages. However, in the presence of 

testosterone, a rapid increase in calcium from intracellular calcium stores were observed in these 

cells [51]. Another approach is the use of membrane-impermeable testosterone conjugated to BSA 

(T-BSA). The large BSA molecule restricts the steroid hormone from entering the cell [52]. 

Therefore, any effects seen in the presence of testosterone must be due to a receptor in the 

membrane. An additional approach is to use an antiandrogen such as flutamide which is known to 

block the classical intracellular androgen receptor [53]. Studies using T-BSA and flutamide have 

shown fast cellular effects, such as an increase in intracellular calcium [51, 54-59]. A nongenomic 

effect in the presence of androgen is the rapid modulation of intracellular calcium levels [51, 54, 

56, 59-69].  

Calcium functions as a second messenger and regulates gene expression and cell 

proliferation [70]. Previous studies in our lab show increased calcium levels in N27 dopaminergic 

cells when testosterone alone was added. In addition, this study was performed using calcium free 

buffer. Therefore, the calcium is attributed to intracellular calcium stores, possibly mobilized from 

the endoplasmic reticulum [52].  Interestingly, a rapid influx of intracellular calcium is implicated 

as mediating an increase in oxidative stress which can lead to neurodegeneration [71]. These fast 

effects on calcium signaling are indicative of signaling mediated by G-proteins [54, 64, 66, 67, 72-

75]. GPCR’s and G-proteins are commonly found in signaling domains such as lipid rafts [46]. 

The GPCR a subunits Gaq and Gao regulate intracellular calcium [54, 64, 66, 67, 72, 73, 75, 76]. 
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Androgen’s fast nongenomic effects on calcium signaling suggest that this could be mediated 

through a mAR or by some other mechanism such as a GPCR. 

Several theories proposing a possible candidate for the mAR are AR shuttling, AR 

associated with G-proteins, and an AR variant. The classical AR has been shown to shuttle to the 

plasma membrane via LBD mediated palmitoylation, the addition of fatty acids to cysteine 

residues [77]. Palmitoylation facilitates the association of caveolin-1 with AR, which is crucial for 

membrane localization and signaling [77]. It is possible once AR is shuttled to the membrane it 

may interact with its ligand. 

Lipid rafts are specialized membrane microdomains that regulate the trafficking of 

membrane proteins and direct the assembly of signaling proteins such as G proteins involved in 

calcium signaling [46, 78-81]. Studies have shown an increase in intracellular calcium in the 

presence of androgens [51, 54, 56, 59-61, 63, 65, 76]. Therefore, it is probable the mAR is present 

in lipid rafts and interacts with G proteins to promote calcium signaling. In the substantia nigra 

(SN), differences in AR expression when using site-specific antibodies suggests AR45 variant in 

this brain region [40, 41]. In addition, our lab has observed T-BSA induced calcium mobilization 

in dopaminergic neurons [52]. It is likely AR45 may be a membrane bound receptor associated 

with a G protein or possibly the FL-AR shuttled to the membrane. 

 

1.6 ANDROGENS AND DISEASE 

Sex differences have been observed in neurodegenerative diseases such as Parkinson’s 

disease (PD). PD is a progressive neurodegenerative disease classified as a loss of dopaminergic 

neurons in the substantia nigra pars compacta (SN). Substantia nigra translates to “black 

substance” due to melanin, a dark pigment produced during dopamine synthesis [82]. The SN is a 
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primary regulatory component of the basal ganglia, which is a collection of nuclei in the brain that 

allows movement. Normal movement is contingent on the neurotransmitter, dopamine. 

Neurodegeneration of SN leads to a significant loss of dopamine, which causes a loss of fine motor 

functions. Patients with PD can exhibit such symptoms as a resting tremor, bradykinesia, muscle 

rigidity and a shuffled gait [82]. PD is the second most common neurological disorder, affecting 

1.2% of people over the age of 65 [83].  

Aged men are two times more likely to be diagnosed with PD than women [84, 85]. Clinical 

studies have shown men with elevated testosterone and previously diagnosed with a 

neurodegenerative disorder have an increase in cognitive impairment [86]. In vivo studies show 

testosterone exacerbates neurodegeneration, motor asymmetry and oxidative stress generation in 

the presence of a neurotoxin [86]. Within seconds, impermeable testosterone can mediate an influx 

of intracellular calcium in dopaminergic neurons [52]. Furthermore, the influx of intracellular 

calcium activates oxidative stress generating enzymes culminating in increased oxidative stress 

[71, 87, 88]. Calcium signaling is tightly regulated in the cell because calcium dysregulation can 

lead to neurodegeneration. Interestingly, calcium dysregulation in the SN is one of the key features 

in Parkinson’s disease.  

In 2010, it was estimated that approximately 630,000 people in the United States were 

diagnosed with PD. As the baby boomer generation ages, the number of neurodegenerative 

diseases will also increase. The medical expenses incurred by patients with PD is approximate $14 

billion. The indirect cost of PD, such as loss of income is estimated at $6.3 billion [83]. Elucidating 

the pathology of the sex differences in PD may lead to potential therapeutic target to slow down 

the progression of PD. 
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1.7 SIGNIFICANCE AND SPECIFIC AIMS 

Numerous studies support the existence of a membrane androgen receptor, which is 

involved in fast nongenomic effects via calcium signaling. The goal of this study was to identify 

the membrane androgen receptor and its signaling mechanisms in dopaminergic neurons. We 

hypothesize that the mAR is the androgen receptor variant AR45, which is present in the membrane 

of dopaminergic neurons and associated with G proteins.  

The following specific aims were used to test our hypothesis: 

SPECIFIC AIM 1: Distinguish the location and presence of androgen receptors in 

dopaminergic cells. 

SPECIFIC AIM 2: Determine the association between membrane androgen receptors and 

G proteins Gαq, Gαs, Gαο and Gαi. 
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2.1 ABSTRACT 

Fast, non-genomic androgen actions have been described in various cell types, including neurons. 

However, the receptor mediating this cell membrane initiated rapid signaling remains unknown.  

This study found an androgen receptor splice variant in dopaminergic neurons from an 

immortalized female fetal N27 cell line and substantia nigral tissue from gonadally intact and 

gonadectomized (young and aged) male rats. This splice variant protein has a molecular weight of 

45 kDa and lacks an N-terminal domain, indicating it is the AR45 splice variant.  In dopaminergic 

neurons, AR45 is localized to plasma membrane lipid rafts, a microdomain involved in cellular 

signaling. Further, AR45 protein interacts with membrane associated G-proteins, Gaq, and Gao. 

Neither age nor hormone levels altered AR45 expression. Interestingly, full-length classical 

androgen receptors were not observed in the substantia nigra, unlike AR45 expression that was 

observed throughout this brain region. These results provide the first evidence of AR45 protein 

expression in the brain, specifically plasma membrane lipid rafts. AR45 presence in lipid rafts 

indicates that it may function as a membrane androgen receptor to mediate fast, non-genomic 

androgen actions 

 

2.2 SIGNIFICANCE STATEMENT 

Evidence has been building for the existence of a membrane androgen receptor, but this 

receptor remains elusive. We predicted that the membrane androgen receptor is a splice variant 

that is present in lipid raft microdomains within the neuronal plasma membrane. Indeed, an 

androgen receptor that is lacking an N-terminal domain and complexed to Gaq and Gao G-

proteins was highly expressed in lipid rafts in dopaminergic neurons. This splice variant provides 

a potential target for mediating androgen’s non-genomic actions. 
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. 

2.3 INTRODUCTION 

Previous studies indicate that androgens and androgen receptors (AR) may be involved in 

sex differences observed in neurodegenerative diseases, such as Parkinson’s disease (PD) [41, 52, 

86, 89-93]. It is unknown what mechanism(s) underlies this sex difference. Recent studies support 

the involvement of a putative membrane androgen receptor (mAR) [41, 52, 55, 57, 89].  

The classical AR is expressed in a wide variety of human tissues, including the substantia 

nigra (SN), the brain region associated with PD [40, 94-96]. Classical AR is involved in genomic 

transcription [35, 97-99]. This AR is composed of eight exons is 110 kDa molecular weight [23]. 

The classical AR has four distinct regions: regulatory NH2 terminal domain (NTD) [23, 30-32, 

100], DNA-binding domain (DBD), hinge domain, and the ligand binding domain (LBD) that is 

in the COOH terminal domain (CTD) [23].  

Evidence for a non-genomic mAR has been accumulating since the 1990’s. Investigators 

have found that androgens, even cell-impermeable androgens, can have fast cellular effects, such 

as rapid changes in intracellular calcium, that are unaffected by AR antagonists [51, 52, 54, 60, 

62, 65]. It is possible the mAR is unaffected by the AR antagonist due to its location in the 

membrane. Unlike the classical AR, the mAR has not been cloned or purified. Different theories 

have proposed that the mAR could be the classical AR anchored to the plasma membrane [77], an 

unknown AR [58], or even a splice variant of the classical AR [101].  

Numerous AR splice variants have been found outside the nervous system. These variants 

originate from alternative splicing at different promoters and thus increase AR complexity and 

biological functions [43, 102-106]. Most of these AR splice variants have a truncated LBD in the 

CTD, which can result in a constitutively active AR [105, 107, 108]. In contrast to the loss of LBD, 
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some of these AR splice variants exhibit partial to full loss of the NH2 regulatory domain. For 

example, both AR splice variants (AR8 and AR45) have truncated NTD [20, 43, 109, 110].  

The AR splice variant, AR45, is the least understood variant and has only been 

characterized in humans. This splice variant lacks the entire NTD. This deletion decreases the 

protein molecular weight of AR from 110 kDa to 45 kDa [43]. Functionally, in the periphery AR45 

binds androgens via LBD and translocates to the nucleus. It can homo-dimerize with other AR45 

receptors or hetero-dimerize with classical AR. AR45 can act as a negative modulator of AR 

activity via competitive inhibition of AREs by homodimers or by interfering with co-activator 

recruitment necessary for AR activity [20, 43, 110]. AR45 is expressed in multiple tissues, such 

as muscle, lung, heart, breast, uterus, and prostate [43, 47, 111]. Although AR45 protein expression 

was not observed in total brain homogenate [43], a recent study found low RNA expression of 

AR45 in human brain tissue that was commercially obtained from an aged population [48]. 

Neuronal function of AR45 is unknown. 

To determine whether the putative mAR could be AR45 in the SN brain region, we 

measured protein expression of AR using antibodies targeting the CTD and NTD of the AR. Since 

neuronal mAR has been associated with intracellular calcium signaling [51, 52, 54, 60, 62, 65], 

we examined if the mAR complexed with G-proteins. 

 

2.4 MATERIALS AND METHODS 

Reagents: Testosterone (A6950-000) was obtained from Steraloids. Goat anti-Rabbit (sc-

2004), androgen receptor C-19 (sc-815), androgen receptor N-20 (sc-816), Gaq (sc-393), Gas (sc-

823), Gao (sc-393874), Gai1 (sc-391), Gai2 (sc-13534), and Gai3 (sc-262) antibodies were 

obtained from Santa Cruz. Flotillin (3253) and Caveolin-1 (3267) antibodies were obtained from 
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Cell Signaling. Alexa Fluor 594 antibody was purchased from Jackson ImmunoResearch 

Laboratories. GAPDH (GT239) antibody was obtained from GeneTex. Biotinylated Anti-Rabbit 

IgG (BA-1000) was purchased from Vector Laboratories. DMSO was purchased from VWR. 

RPMI 1640, Penicillin-streptomycin (PS), and trichloroacetic acid (BDH9310) were purchased 

from VWR. Fetal Bovine Serum (FBS) and phosphate buffer solution (PBS) were obtained from 

Corning. Charcoal-stripped Fetal Bovine Serum (CS-FBS) was purchased from Atlanta 

Biologicals. The mounting medium was obtained from Vector Laboratories (H-1200). SuperSignal 

West Pico/Femto chemiluminescent substrates, dithiothreitol (DTT), and Clean-Blot IP Detection 

Reagent (PI21230) were obtained from Thermo Fisher Scientific. Deoxycholic acid (D-6750), 

Inactin (T133), horse serum (H1138), and Triton X were purchased from Sigma. Tris, Any KD 

polyacrylamide gel, Tris-glycine buffer, and PVDF membranes were purchased from BioRad. 

Total testosterone ELISA (RTC001R) was purchased from BioVendor.  Testosterone was made 

using an ethanol vehicle (final concentration of ethanol < 0.001%). 

Animals: Experiments were conducted on adult male Sprague-Dawley rats (Charles River) 

at either young adult (3 months) or retired breeders (9-12 months). These retired breeders are 

considered middle age, but will be referred to as old in comparison to the young rats. Animals 

were either gonadally intact or were gonadectomized to remove circulating gonadal hormones. 

Rats were individually housed in a temperature-controlled environment on a 12:12 hour light dark 

cycle. All rats had ad libitum access to food and water. Animals were weighed at the time of 

surgery and at sacrifice. All experimental procedures were approved by UNT Health Science 

Center’s IACUC in accordance with the guidelines of the Public Health Service, the American 

Physiological Society, and the Society for Neuroscience for animal care and use. 
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Gonadectomy: Under 2.5% isoflurane, a midline scrotal incision was made to expose the 

spermatic cord. The spermatic cord was tied off with sterile sutures, and the cord was cut distal to 

the thread to remove the testes. The incision was closed with sterile absorbable sutures [86]. 

Micropunch tissue dissection: One week following surgery, each rat was anesthetized with 

2.5% isoflurane and decapitated. The brain was removed from the skull, rinsed in ice-cold PBS, 

and then placed into a brain matrix (Braintree Scientific) on ice. Using razor blades, the brain was 

cut into 1 mm coronal sections. The razor blades were placed on dry ice to freeze the freshly cut 

brain sections. Punches were obtained from the SN pars compacta (-4.80 to -6.04 mm from 

Bregma) using 1 ml syringes with a 20-gauge blunt needle. Samples were placed into 

microcentrifuge tubes, snap-frozen on dry ice, and stored at -80℃. 

In vitro cell culture: The immortalized neuronal cell line 1RB3AN27 (N27) was derived 

from female fetal rat mesencephalic tissue. The N27 cell line is positive for tyrosine hydroxylase 

(TH+) expression, an enzyme marker for dopamine neurons [40, 112-114].  N27 cells were 

cultured and maintained at 37℃ in 5% CO2. Media used was RPMI 1640 medium supplemented 

with 10% FBS and 1% PS. N27 cells were only used within passages 13-19 to avoid changes in 

morphology. The testosterone concentration used in this study was 100 nM, representing the high 

end of the normal testosterone range in men [115-118]. Prior to hormone treatment for whole cell 

lysate experiments, the media was switched to RPMI 1640 with charcoal-stripped FBS to avoid 

confounders due to the presence of hormones in the serum. Cells were exposed to testosterone or 

vehicle control overnight and then were collected for protein.  

Whole cell lysates: For in vitro preparations, N27 cells were plated in 100x20 mm plates at 

a density of 8.0 x 104 cells per plate. Following treatments, cells were washed with PBS and lysed 

using NP40 and phosphatase inhibitors (1:100) cocktail on ice. For in vivo preparations, flash-
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frozen SN micropunches were incubated with RIPA homogenization buffer with DTT (1uM), 

EDTA (1mM) protease and phosphatase inhibitors (1:200) for 30 minutes on ice, and then 

sonicated (QSonica) at 20% amplitude and pulsed 3 times for 3 seconds. Next, lysates were 

centrifuged at 4℃ for 20 minutes at 12,000 x g. Protein concentrations were determined by using 

the BCA assay (Thermo Fisher Scientific), according to the manufacturer’s instructions. 

Detergent-free cellular fractionation and sucrose density analysis of membrane lipid rafts: 

N27 cells were plated in 100x20 mm plates at a density of 8.0 x 104 cells per plate. Following 

treatments, cells were washed with PBS and lysed with hypotonic homogenization buffer and 

phosphatase inhibitors (1:100) cocktail on ice. Each sample (n) consisted of two 100x20 mm 

plates.  For micropunches, a total of 0.025 g of SN tissue was homogenized in hypotonic 

homogenization using a sonicator to homogenize the tissue. Following homogenization, cellular 

fractionation followed by sucrose density analysis of membrane lipid rafts was performed [119, 

120]. Cell lysate from either N27 cells or micropunches was centrifuged at 1000 x g for 5 min at 

4℃ to separate the nuclei. The supernatant was centrifuged at 16,000 x g for 30 minutes 4℃ to 

separate the cytosolic proteins from the mitochondria, Golgi fragment, and the plasma membrane. 

The pellet was then re-suspended in homogenization buffer supplemented with 500 mM Na2CO3 

[121]. The re-suspended membrane pellet was placed into a sucrose flotation-gradient fraction 

using a 5% / 35% / 45% discontinuous gradient that was spun at 175,000 x g for 18 hours at 4℃ 

in Optima ultracentrifuge Model LE-80K (Beckman Coulter) using a swing bucket rotor (SW 50.1, 

Beckman Coulter). Following the high-speed centrifugation, equal volume fractions were taken 

from the top layer of the gradient, resulting in 9 fractions (low-density proteins at the top gradient 

layers to high-density proteins at the bottom gradient layers). Protein was precipitated using the 

trichloroacetic acid (TCA) method [122]. The pellet was incubated in 0.15% deoxycholic acid and 
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then 72% trichloroacetic acid, followed by 16,000 x g for 30 minutes at room temperature. The 

pellet was re-suspended in RIPA lysis buffer, Laemmli loading buffer, and 2M Tris. The sample 

was loaded into polyacrylamide gels for electrophoresis and Western blot protein analysis. 

Co-immunoprecipitation: Since C19+/N20- AR protein expression at 45 kDa was only 

observed in the membrane fraction (not the cytosol or nuclear fractions), whole cell lysates were 

used. Protein (25 ug) was incubated overnight at 4℃ in a cocktail containing RIPA lysis buffer 

and 1 ug of primary antibody (AR C-19 or Gaq). A sepharose bead slurry was coupled to each 

sample by incubating at 4℃ overnight. Samples were washed, eluted, and resuspended in 4X 

Laemmli buffer. To avoid IgG band interference, the blot was incubated with the Clean-Blot IP 

Detection Reagent HRP, per the manufacturer’s instructions. 

Western Blot: Equal amounts of (20ug protein) denatured whole cell lysates, micropunch 

tissues, cellular fractions, or lipid raft fractions were loaded into a Bio-Rad Any KD 

polyacrylamide gel, electrophoresed in a Tris-glycine buffer and then transferred onto a PVDF 

membrane. Membranes were blocked for 30 minutes with 5% nonfat milk in TBS-Tween at room 

temperature. Following blocking, the membranes were incubated with specific primary antibodies 

(AR C-19 1:1000, AR N-20 1:750, GAPDH 1: 10,000, Gaq 1:1000, Gas 1: 10,000, Gai1-3 1: 

10,000, Gao 1: 1,000, flotillin 1: 1,000, and caveolin-1 1: 10,000) in TBS-Tween with 1% nonfat 

milk for 2 hours or overnight in 4℃. Afterward, the membranes were washed every 10-minutes 

for 30 minutes and then incubated with secondary antibodies at 1:1,000 in TBS-Tween with 1% 

nonfat milk for 30 minutes at room temperature. Protein bands on the membrane were visualized 

using an enhanced chemiluminescence detection assay (Thermo Fisher Scientific). Protein band 

intensities were imaged using GeneSys software corresponding with the Syngene G-Box Chemi 

XRQ system. Protein band densities were quantified by NIH Image J densitometer software and 
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normalized to GAPDH for whole cell lysates, using the following equation (mean gray value for 

protein of interest / mean gray value of GAPDH) * 100. 

Immunohistochemistry: One week after gonadectomy or sham surgery, each rat was 

anesthetized with Inactin (100 mg/kg, i.p. Sigma), transcardially flushed with 0.1 M PBS (100-

200 mls), and then perfused with 4% paraformaldehyde in 0.1 M PBS (300-500 mls) [86, 123, 

124]. The brain was removed from the skull and post-fixed with 4% paraformaldehyde in 0.1 M 

PBS for 24 hours. Next, brains were stored in vials containing 30% sucrose in PBS at 4oC for 3-4 

days prior to sectioning. Brains were cut into 3 separate sets of 40 µm coronal sections using a 

cryostat (CryoStar NX70, Thermo Fisher Scientific). Coronal sections containing the SN (-4.80 to 

-6.04 mm from Bregma) were blocked with 3% PBS diluent (3% horse serum in PBS with 0.25% 

Triton X) for 2 hours at room temperature followed by overnight incubation at 4℃ with primary 

antibody (AR C-19 or AR N-20 at 1:500) in 3% PBS diluent. Afterward, the sections were washed 

with PBS. Serial sections incubated with AR C-19 or AR N-20 antibodies were then incubated 

with secondary antibodies (Alexa Fluor donkey anti-goat 1:1000) at room temperature for 5 hours 

[125]. Afterward, sections were washed with PBS. Fluorescent images were mounted on slides 

and sealed with mounting medium. After sealing the slides, the slides were stored at 4℃. Images 

were captured from each section using an epifluorescent inverted microscope (VWR, USA) 

equipped with a digital camera (Photometrics Cool Snap Myo, Nikon) and imaging software (NIS 

Elements, Br 4.50.00, Nikon). 

Bioassays: During the first two hours of the circadian light phase, each rat was anesthetized 

with 2.5% isoflurane and decapitated. Prostate and seminal vesicle wet tissue weights were 

measured. Trunk blood (5-7 mls) was obtained in EDTA coated tubes (13mm x 100mm, Covidien) 

on ice. The blood was centrifuged (Allegra X-30R, Beckman Coulter) at 2,000 x g for 10 min at 
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4℃, then separated plasma was placed in microcentrifuge tubes, and stored at -80℃ until ELISA 

analysis for total testosterone. Plasma testosterone levels were assayed, according to 

manufacturer’s instructions. The intra-assay coefficient of variation was 8.54%, and the inter-assay 

coefficient of variation was 9.97%. The sensitivity of this assay was 0.066 ng/ml testosterone. The 

specificity of this assay is: 69.6% dihydrotestosterone (DHT), 7.4% dihydroxyandrosterone, and 

less than 0.1% for androstenedione, androsterone, epiandrosterone, dihydroandrosterone, estron, 

estradiol, estriol, cortisol, 11-deoxycortisol, progesterone, and 17OH-progesterone. 

Statistical Analysis: Analysis was performed using IBM SPSS Statistics version 21 

software. Data were expressed as mean ± SEM. Significance (p ≤ 0.05) was determined by 

ANOVA.  
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2.5 RESULTS 

Bioassays: Body weights, prostate and seminal vesicles weights, and total testosterone 

levels were quantified (Table 1). Hormone treatment did not have a significant impact on body 

weight, regardless of age. However, old rats (9-12 months) were significantly heavier than young 

rats (3 months) (F1,45=233.284, p <0.05). One week following gonadectomy (GDX) plasma 

testosterone levels were significantly decreased compared to gonadally intact rats, regardless of 

age (F1,45=54.221, p < 0.05). No differences in testosterone levels between young and old 

gonadally intact rats were observed. Consistent with a decline in testosterone, GDX rats exhibited 

a significant decrease in weights for androgen sensitive accessory organs: prostate (F1,45=74.117, 

p < 0.05) and seminal vesicles (F1,45=33.088, p < 0.05). Old retired breeders, regardless of hormone 

condition, had significantly heavier prostate (F1,45=23.577, p < 0.05) and seminal vesicle 

(F1,45=42.929, p < 0.05) weights than young sexually naive rats. These results are consistent with 

prior studies showing sexual experience increases testosterone and androgen sensitive accessory 

organ weights [126-129] 

Age Hormone n Body Weight 
(g) 

Prostate 
(g) 

Seminal Vesicles 
(g) 

Total 
Testosterone 

(ng/ml) 
Young GDX 13 325.25 ± 7.75 0.16 ± 0.08 # 0.40 ± 0.18 # 0.36 ± 0.63 # 

Young Intact 13 325.35 ± 27.75 0.46 ± 0.13 0.83 ± 0.19 5.61 ± 2.90 

Old GDX 12 444.75 ± 26.48 * 0.30 ± 0.11 *# 0.89 ± 0.20 *# 0.21 ± 0.18 # 

Old Intact 11 456.68 ± 43.96 * 0.75 ± 0.25 * 1.27 ± 0.39 * 4.34 ± 3.42 

TABLE 1: Bioassays. Young rats are 3 months old, while old rats are 9-12 months old. 

Weights are expressed as mean grams + SEM. Plasma testosterone levels are expressed as mean 

ng/ml + SEM. GDX: Gonadectomy; Intact: Gonadally Intact. P < 0.05 * versus young, # versus 

Intact. 
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Androgen receptor expression in whole cell lysates: Androgen receptor expression was 

quantified in a dopaminergic N27 cell line and in substantia nigra (SN) tissue from young and old 

male rats that were either gonadally intact or GDX (Figure 1). Antibodies targeting either the N-

terminal domain (NTD) or the C-terminal domain (CTD) of the AR were used to examine AR 

protein expression. Protein from testes was used as a positive control for AR expression. Full 

length AR (110 kDa) protein expression was found in testes using both NTD (AR N20) and CTD 

(AR C-19) AR antibodies (Figure 1A). However, no full-length AR expression was found in N27 

cells or rat SN tissue, regardless of hormone treatment or age (Figure 1 A, C). Protein expression 

at 45 kDa was observed in N27 cells, SN tissue, and testes, which was unaffected by hormones 

and age (Figure 1 A-D). Interestingly, this 45 kDa band was only evident when using a CTD 

targeted antibody for the AR and not a NTD antibody, consistent with the AR splice variant AR45 

that lacks a NTD. Similarly, CTD AR positive cells (and not NTD AR positive cells) were 

observed throughout the SN in young and old rats, irrespective of hormone status (Figure 2). 

Expression profile of androgen receptors: N27 cells and SN brain tissue were split into 

membrane, cytosol, and nuclear fractions. The membrane portion of both N27 cells and SN brain 

tissue was further separated into 9 fractions using a sucrose gradient (Figures 3-5). Full length AR 

at 110 kDa was not observed in any membrane fraction. Although full length AR was not 

expressed, a 45 kDa protein corresponding to AR45 was observed in all samples. In N27 cells, 

regardless of testosterone exposure, AR45 expression was evident in fractions 3-6, which are lipid 

rafts as shown by caveolin-1 and flotillin immunoreactivity (Figure 3 A, B).  Similarly, AR45 

immunoreactivity was present in caveolin and flotillin enriched membrane lipid rafts in both young 

and old rats in all hormone groups (Figures 4-5). AR45 immunoreactivity was not found in any 

non-lipid raft portion of the membrane, nor was it observed in cytosolic or nuclear fractions. 
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Expression profile of GPCRs in membrane lipid rafts: Since neuronal mAR has been 

associated with intracellular calcium signaling [51, 52, 54, 60, 62, 65], we examined if G-proteins 

were present in lipid rafts. In both N27 cells and SN tissue the G-protein Gaq was expressed in 

the membrane fraction and in lipid rafts, but Gai1-3 and Gas was not expressed in any of the 

membrane fractions. Interestingly, the G-protein Gao was only expressed SN tissue and not in the 

N27 cell line. (Figures 3-5). 

Androgen receptor variant association with GPCR subunits: To determine if AR45 

interacts with G-proteins, co-immunoprecipitation was performed. Antibodies targeting the CTD 

of the AR or G-proteins were used to pull down proteins. After electrophoresis, membranes were 

probed for AR45 (C-19 antibody) or G-protein immunoreactivity. In N27 cells, AR45 interacted 

with Gaq, regardless of testosterone exposure (Figure 6A). Furthermore, in SN tissue AR45 was 

associated with Gaq and Gao in all hormone states and ages (Figure 6B). 

 

2.6 DISCUSSION  

This study found membrane AR protein expression at 45 kDa molecular weight in N27 

cells and SN brain tissue from young and old rats with and without sex hormones. The 45 kDa 

membrane protein was only evident using a CTD targeted antibody for AR, consistent with the 

AR45 splice variant. Little to no protein expression of full length classical AR was found in N27 

cells and SN tissue. Since classical ARs are not present, it is possible that AR45 is mediating 

androgen’s actions by acting as a mAR.  

Men have an increased risk for PD than women [130], suggesting that steroid hormones 

play a role. Steroid hormone receptors (e.g. classical estrogen receptors and estrogen receptor 

variants) have been found in membrane lipid rafts [77, 131-134]. However, the mAR has not been 
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found, even though numerous studies support its presence. Functionally, previous studies indicate 

mAR is involved in mediating cell viability and calcium signaling in dopaminergic cells [41, 52], 

which are processes affected in PD. 

Evidence is building that plasma membrane signaling via lipid rafts is involved in motor 

impairment and toxic protein accumulation in neurodegenerative disorders, such as PD [135-139]. 

Indeed, many proteins associated with PD, such as parkin and a-synuclein, have been found in 

lipid rafts [139-141]. Lipid rafts are low density microdomains, enriched with cholesterol and 

lipids, and insoluble in non-ionic detergents [142, 143]. Numerous signaling proteins, such as 

tyrosine kinase receptors, GPCRs, and G proteins, reside in lipid rafts [144-150]. Proteins within 

the lipid rafts can rapidly increase or even decrease cellular signaling, resulting in the lipid rafts 

playing a pivotal role in signal transduction [143, 151].  

The proteins, flotillin and caveolin, are integral components of lipid rafts. Neuronal lipid 

rafts generally are planar and composed of flotillin, unlike non-neuronal cells that contain rafts 

with invaginations composed of caveolin [152-154]. However, studies have shown that caveolin-

1 can be present in neurons under certain conditions, such as oxidative stress and aging [155-157]. 

One of the brain regions with the highest expression of caveolin-1 is the SN [158], which is 

composed mainly of dopaminergic neurons that have increased oxidative stress from dopamine 

metabolism [159, 160]. Interestingly, elevated oxidative stress is a key characteristic of PD [161-

163], and upregulated caveolin expression has been linked with PD [136].  

Our data showed that AR45 is present in membrane fractions from N27 cells and SN tissue. 

Specifically, AR45 was present only in caveolin and flotillin enriched lipid rafts, indicating 

localization to lipid rafts that contain invaginations. Prior studies have shown that Gaq mainly 

localizes in caveolae lipid rafts, unlike Gas and Gai proteins [64, 164, 165]. Indeed, the results 
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from this study show that Gaq and Gao proteins are present in lipid rafts, along with AR45. 

Furthermore, AR45 co-immunoprecipitates with Gaq and Gao proteins, indicating that AR45 

interacts with G-proteins in lipid rafts in dopaminergic cells.  

Gaq has been well established as an activator of intracellular calcium release from the 

endoplasmic reticulum [166, 167], which are dysregulated in PD [168]. Much less is known about 

the function of Gao proteins that is highly present in frontal cortex, cerebellum, hypothalamus, 

hippocampus, and SN [169]. Gao can couple to receptors that decrease intracellular calcium 

release [72, 170], and in the brain Gao is predominantly coupled to inhibitory D2 dopamine 

receptors [171]. Interestingly, this association with D2 receptors may explain the lack of Gao 

expression in the N27 cells, as D2 receptors are not expressed in this cell line [172]. Further 

supporting the role of Gao in SN dopaminergic neuronal involvement, Gao knockout mice exhibit 

poor motor coordination [73]. Although data about Gao is sparse and its involvement with PD is 

unknown, Gao is linked with motor function and calcium signaling.  

Interestingly, androgens can increase intracellular calcium release in cells via a non-

genomic mechanism [52, 59, 60, 63]. Many times androgens non-genomic actions are unaltered 

by antiandrogens [52, 55, 173]. Several studies have shown that androgen’s non-genomic actions 

on calcium signaling can be mediated by pertussis toxin-sensitive G-proteins [60, 63, 67, 174], 

further supporting that the mAR may be interacting with a G protein.  

This is the first study to show the presence of a putative AR splice variant protein in the 

brain. Specifically, our results show AR45 localizes in the membrane lipid rafts from N27 cells 

and SN dopaminergic neurons. Furthermore, AR45 interacts with Gaq and Gao G-proteins, which 

can impact calcium signaling. More research needs to be conducted to further determine the 

function and role of this AR splice variant in dopaminergic neuronal function and dysfunction.  
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FIGURE 2. Androgen Receptor Expression in Whole Cell Lysate. 

N27 cells were treated with vehicle control (n=8) or 100 nM testosterone (n=8) for 18 hours. 

Protein from testes was used as a positive control (A, B). Micropunches were obtained from young 

and old male rats that were either gonadectomized (n=3) or gonadally intact (n=3) (C, D).  Equal 

amounts of (20ug) protein were loaded into the gel. Full length androgen receptor expression was 

only observed in testes (A), using antibodies targeting the c-terminus domain (AR C-19) and n-

terminus domain (AR N-20). A CTD antibody revealed a 45 kDa molecular weight protein in all 

tissues probed, which is consistent with AR45 (A, C).  Testosterone did not affect AR45 expression 

in N27 cells (A, B). Neither did hormones nor age affect AR45 expression in substantia nigra 

tissue (C, D). Abbreviations. C: control, T: testosterone, Ts: testes, YI: young gonadally intact 

male rats, YG: young GDX male rats, OI: old gonadally intact male rats, OG: old GDX male rats. 

  



 30 

 

 

 

FIGURE 3. Widespread AR45 Distribution in the Substantia Nigra 

AR immunoreactivity using a CTD targeted antibody (AR C19) was observed throughout the 

substantia nigra in all age and hormone groups. No AR immunoreactivity was observed using a 

NTD targeted antibody (data not shown). Arrows indicate AR positive cells. Scale bar = 500µm. 
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FIGURE 4. N27 Cells Express AR45 Protein in Membrane Lipid Rafts. 

N27 cells were treated with either vehicle control (A) or 100 nM testosterone for 24 hours (B). 

The membrane portion of the cells were further separated into 9 fractions using a sucrose gradient 

and ultracentrifugation to examine lipid rafts. Equal amounts of (20ug) protein were loaded into 

the gel. Primary antibodies targeting AR45 (AR-C19 antibody), G-protein Gaq, and lipid raft 

markers (caveolin-1 and flotillin) were used. AR45 and Gaq expression was only observed in lipid 

raft fractions, as evidenced by caveolin-1 and flotillin expression. Hormone treatment did not alter 

AR45 and Gaq expression in lipid rafts. Full length 110 kDa AR, Gao, Gai1-3, and Gas G-proteins 

were not observed in the membranes of N27 cells (data not shown). N=3 per treatment group.  



 32 

 

FIGURE 5. Young Male Rats Express AR45 Protein in Membrane Lipid Rafts. 

Young rats (3 months old) were either gonadectomized (A) or gonadally intact (B). Micropunches 

of substantia nigra tissue was collected, and the membrane was isolated and then separated into 9 

fractions using a sucrose gradient to examine lipid rafts. Equal amounts of (20ug) protein were 

loaded into the gel. Primary antibodies targeting AR45 (AR-C19 antibody), G-proteins Gaq and 

Gao, and lipid raft markers (caveolin-1 and flotillin) were used. AR45 expression was only 

observed in lipid raft fractions, as evidenced by caveolin-1 and flotillin expression. Hormone status 

did not alter AR45 expression in lipid rafts. Gaq and Gao was observed throughout the membrane, 

regardless of hormone status.  No protein expression of Gai1-3 and Gas G-proteins or full length 

100 kDa AR were observed in the substantia nigral membranes of young male rats (data not 

shown). Abbreviations. GDX: Gonadectomy; Intact: Gonadally Intact. N=3 per treatment group. 
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FIGURE 6. Aged Male Rats Express AR45 Protein in Membrane Lipid Rafts. 

Aged rats (9-12-month-old retired breeders) were either gonadectomized (A) or gonadally intact 

(B). Membrane portion of the substantia nigra micropunch tissue was isolated, and then separated 

into 9 fractions using a sucrose gradient. Equal amounts of (20ug) protein were loaded into the 

gel. AR45 (AR-C19 antibody), Gaq and Gao, and lipid raft markers (caveolin-1 and flotillin) were 

examined. AR45 expression was only observed in lipid raft fractions, regardless of hormone status.  

Gaq and Gao was observed throughout the membrane in both gonadectomized and gonadally 

intact males.  Protein expression of Gai1-3, Gas, or full length 110 kDa AR were not observed in 

the substantia nigral membranes of aged male rats (data not shown). Abbreviations. GDX: 

Gonadectomy; Intact: Gonadally Intact. N=3 per treatment group. 
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FIGURE 7. Co-Immunoprecipitation (IP) of the AR45-G-Protein Complex. 

Whole cell lysates of N27 cells treated with either vehicle or 100 nM testosterone (A) and 

substantia nigral tissue from young and aged male rats that were either gonadectomized or 

gonadally (B) were used. Equal amounts of (25ug) AR CTD-containing AR45 proteins were 

immunoprecipitated and then immunoblotted (WB) for Gaq and Gao. In a reciprocal fashion, 

Gaq-containing proteins were immunoprecipitated and then immunoblotted for AR45. In N27 

cells, bands corresponding to AR45 (AR-C19) and Gaq were detectable. In substantia nigral 

tissue, bands corresponding to AR45 (AR-C19), Gaq, and Gao were observed. Abbreviations. C: 

control, T: testosterone, YI: young gonadally intact male rats, YG: young GDX male rats, OI: old 

gonadally intact male rats, OG: old GDX male rats. N=3 per treatment group. 
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CHAPTER III 

DISCUSSION 

 

3.1 DISCUSSION 

Men over the age of 65 are twice as likely to be diagnosed with PD [83]. The male sex 

hormone, testosterone, has been shown to mobilize calcium and under conditions of oxidative 

stress lead to neurodegeneration [52]. This study sought to characterize a putative membrane 

androgen receptor and its interaction with a calcium mobilizing protein which may be involved in 

the progression of PD. 

We characterized the expression of AR, G proteins, and AR/G protein-protein interactions 

in dopaminergic neurons. A high abundance of AR splice variant (AR45) was found isolated to 

the plasma membrane in caveolae. Based on our data, protein expression of AR45 was not affected 

by testosterone or age as evidenced by lack of effects in aged rats with and without testosterone. 

Furthermore, AR45 was found to complex with G-proteins Gaq and Gao, which are involved in 

calcium signaling (Table 2). 

One of the unique features of the SN is very low AR expression when using an N-terminal 

antibody [40]. Interestingly, immunocytochemistry studies of dopaminergic neurons show high 

AR expression with the use of a C-terminal antibody [41]. These differences in expression are 

possibly due to an AR variant lacking the N-terminal region. This characteristic allowed us to 

easily identify and characterize this unconventional AR. The immunoblot studies show high AR 

protein expression at 45 kDa in both the N27 and SN cells. This is assumed to be the AR variant 
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AR45 due to similarity in molecular weight with the known AR variant AR45 as identified in 

LNCaP a human prostate cancer cell line [43]. In addition, this protein was detected using a C-

terminal antibody and not an N-terminal antibody. In our immunohistochemistry study, we show 

high immunoreactivity with the C-terminal antibody and not the N-terminal antibody in the SN. 

This is the first study to identify the AR45 variant in brain tissue. 

Ahrens-Fath et al., analyzed AR45 mRNA in human brain and found no expression [43]. 

However, Hu et al. found AR45 mRNA expression in their human brain samples [48]. Possible 

explanations for the discrepancies between our data and those studies may be due to several 

possibilities: 1.) In the Ahrens-Fath and Hu studies they purchased their brain samples from 

vendors and did not state what region of the brain these samples were derived from, 2.)we used 

freshly processed samples directly isolated from the SN of rat brain [43, 48], and 3.) we analyzed 

whole cell lysate in addition to the membrane fraction, whereas the other studies analyzed whole 

cell lysates [43, 48]. Our studies analyzed a very specific region of the brain and a very specific 

portion of the cell. Low FL-AR expression was observed in the testes and N27 cells. However, no 

FL-AR was found in the SN tissue (see Limitations). In addition, AR45 protein expression was 

not affected by hormone or age. This ligand independent expression of FL-AR and AR variants is 

not uncommon and has been observed in other tissues [48, 105, 108, 175-177].  

Indeed, AR45 protein was present in the whole cell lysate of dopaminergic neurons. 

However, further characterization of AR45 was necessary to determine its localization to the 

membrane. Furthermore, expression of various G-protein subunits was analyzed to determine the 

signaling pathways that may be present in these dopaminergic neurons. The plasma membrane is 

made up of many proteins that function in support, signaling, transport and enzymatic activity 

[178]. Lipid rafts are signaling microdomains within the plasma membrane, rich in lipophilic 
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proteins and signaling proteins such as GPCR’s [179]. GPCRs signal via activation of G-protein 

subunits, such as Gaq, Gas, Gao and Gai. Gaq and Gas are stimulatory proteins that act on 

different pathways, whereas Gao and Gai are inhibitory proteins. Gaq is ubiquitously expressed 

and activates phospholipase C (PLC), which is involved in calcium release via endoplasmic 

reticulum (Figure 8) [74]. Gas and Gai are also ubiquitously expressed and function in regulating 

adenylyl cyclase activity [74, 180]. In the rodent striatum, G-protein subunits Gaq and Gas has 

been linked to excitatory D1-like receptors [181]. In the substantia nigra, Gao is localized to 

striatal terminals [169] and linked to inhibitory D2-like receptors [171]. Gao has been shown to 

mediate calcium mobilization in neurons [72, 73, 76]  

Our results show that AR45 is present in the same membrane region as caveolin and 

flotillin. Flotillin is a support protein located within the planar lipid rafts and caveolae [182]. 

Caveolae are flask shaped invaginations made up of caveolin and flotillin that function similar to 

lipid rafts by organizing signaling complexes [183]. Previous studies have shown increased 

caveolin expression in the SN and in PD brains [136, 158]. In addition, AR has been shown to 

associate with caveolin in lipid rafts [184]. Interestingly, caveolin is upregulated in neurons 

affected by oxidative stress and aging [155, 156].  

Androgens can induce intracellular calcium release in multiple cell types [51, 52, 54, 56, 

59, 60, 62, 65]. These actions are unaltered by antiandrogens such as flutamide [52, 55, 173]. 

Additionally, the nongenomic actions induced by androgens can be mediated by pertussis toxin 

sensitive G-proteins [60, 63, 67]. These studies suggest a nongenomic mechanism of action via a 

calcium regulating G-protein. One signaling cascade that is initiated by the plasma membrane is 

calcium release via Gaq. An increase in intracellular calcium has been associated with increased 
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oxidative stress and neurodegeneration [71, 185, 186]. Another G-protein that mediates calcium is 

Gao which has been shown to couple to receptors that decrease calcium.  

We analyzed multiple G-protein subunits to determine which pathway may be involved 

with the mAR. We show no expression of Gas or Gai. Therefore, the adenylyl cyclase pathway 

is most likely not mediated by the mAR. In the SN, Gao is present but in the N27 cell line Gao 

expression was non-existent. One possible reason for this discrepancy is that N27 cells do not 

express D2 receptors [171]. This lack of D2 receptors may underlie the differences in Gao 

expression between SN and N27 cells. Gao is associated with calcium signaling and motor 

function. Poor motor coordination has been observed in Gao knockout mice [72, 73, 76].  

 In the N27 cell line and the SN, our studies show Gaq protein expression. Furthermore, 

we show that Gaq and Gao proteins are associated with the AR45 protein in the plasma 

membrane. A previous study has observed an AR splice variant (AR8) acting via a nongenomic 

mechanism complexed to a transmembrane protein in the plasma membrane [109]. Since AR45 

interacts with Gaq, a subunit involved in calcium signaling, it is likely that AR45 can mediate 

intracellular calcium regulation (Figure 9). Interestingly, previous studies have shown that 

testosterone, via mAR, can increase calcium release in dopaminergic neurons, further supporting 

that the mAR may be AR45 complexing with Gαq [52]. Also, it is possible the loss of Gao 

following mAR/Gaq mediated apoptosis leads to poor motor function as seen in PD patients. 

 

3.2 CONCLUSION 

In conclusion, AR45 was found in dopaminergic neurons within the SN and N27 cells, 

specifically isolated to membrane caveolae. To our knowledge, this is the first study showing 
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AR45 protein expression in the brain. Furthermore, G-proteins linked with intracellular calcium 

signaling were found to interact with AR45. Once the AR45 sequence is known, drugs can be 

manufactured to target this protein, which may modulate calcium dysregulation and slow the 

progression of PD in men, thus decreasing the male sex-bias that is observed in PD.  
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TABLE 2. Protein Localization and Expression Profile. 

KEY: (+) positive expression; (↓) low expression; (—) negative expression. 

Positive expression was observed regardless of age and hormone treatment. 

  

Protein 

Testes N27 Cells Substantia Nigra tissue 

Lysate Lysate  Membrane Lysate Membrane 

FL-AR + ↓ — — — 

AR45 + + + + + 

Gaq N/A N/A + N/A + 

Gao N/A N/A — N/A + 
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FIGURE 8. GPCR Signaling via G-Protein Subunit Gaq. 

Lipid rafts are signaling microdomains within the plasma membrane, rich in lipophilic proteins 

and signaling proteins such as GPCR’s. Ligand binding to a GPCR stimulates a conformational 

change and release of G-protein subunit Gaq. Gaq activates phospholipase C (PLC). In turn, PLC 

cleaves PIP2 into IP3 and DAG. Activated IP3 binds to membrane receptors on the endoplasmic 

reticulum resulting in an intracellular release of calcium. Flotillin (blue) is a support protein located 

within the planar lipid rafts and caveolae. Adapted from Alberts et al. [187]. 
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FIGURE 9. Nongenomic Androgen Action 

Caveolae are flask shaped invaginations made up of caveolin (purple) and flotillin (blue) that 

function similar to lipid rafts by organizing signaling complexes Androgen receptor splice variant 

AR45 is localized to caveolae within the plasma membrane. Furthermore, Gaq and Gao is 

associated with AR45. Adapted from Alberts et al. [187] and Martinez-Outschoorn [188]. 
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3.3 LIMITATIONS 

Previous studies have suggested AR is a labile protein susceptible to extraction methods 

and sample storage. These studies have optimized AR stabilization and decreased proteolysis using 

the following techniques: 1.) DHT stabilization of AR: Cells were extracted in ice cold PBS on ice 

in RIPA buffer containing DHT. DHT added to the extraction media resulted in an increase of FL-

AR and a decrease in AR fragments. 2.) Protease inhibitors: Standard protease inhibitors were not 

sufficient in preventing AR proteolysis when stored and later analyzed. 3.) Storage temperature: 

Samples stored for 1 day at -20° resulted in an increase in AR fragments. Analysis of samples 

stored for three weeks during which they were thawed and frozen five times resulted in an increase 

in AR fragments and no FL-AR [189, 190].  

In this study, we did not add DHT to our samples upon extraction. Our samples were 

immediately stored in -80°C but were not processed until weeks later. In addition, the samples 

were thawed and frozen more than five times throughout the experimental process. These 

differences between our processing may be the confounding factor in our low FL-AR expression 

in the rat testes, a FL-AR positive tissue. The loss of protein due to freeze/thaw cycles have been 

seen in human samples. For example, post-mortem brain tissue needs to be processed quickly and 

immediately frozen at – 80°C to maintain the integrity of the proteins [191-194]. It is possible that 

examining AR45 expression in human brain tissue may be difficult due to temperature and time 

constraints. 

Another limitation of this study is the N27 cell line. N27 cells are derived from female rat 

mesencephalic tissues. Under in vivo conditions, cells interact through a network of various cell 

types. However, cell lines are isolated and deprived of afferent and efferent signals. Cell lines 
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devoid of neural networks may influence results. Therefore, cell lines are an imperfect model of 

biological functions.  

 

3.4 FUTURE STUDIES 

Our future studies include examining other brain regions for AR45. Based on prior studies 

that found cell impermeable testosterone induced fast non-genomic effects in primary cortical 

neurons and a glioma cell line [55, 57], it is probable that AR45 may also be present in these cell 

lines. Therefore, we would like to examine AR45 and FL-AR expression in those cell lines. 

In addition to examining protein, we plan to determine the rat AR45 sequence of the RNA 

transcript via rapid amplification of cDNA ends (RACE) and reverse transcription polymerase 

chain reaction (RT-PCR). The cDNA product will then be cloned and sequenced. Upon 

sequencing, we can determine function by transfection and knock-down of AR45 using siRNA. 

Sequencing will also allow us to create site specific RNA primers and antibodies for AR45.  

Postmenopausal women have higher oxidative stress levels and are at a greater risk for PD 

than premenopausal women [195-199]. Also, menopause results in a decline in estrogen, yet the 

ovaries continue to secrete androgens [200]. This leads to an androgenic state in which the estrogen 

to androgen ratio is weighted toward androgens. The androgenic state and increased oxidative 

stress in postmenopausal women may be contributing factors to the increased risk for PD. To 

determine whether the effects of androgens on neurodegenerative disease is due to the genetic sex 

or the hormones we will study young and old androgenic female rats.  
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