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Abstract

Testosterone is essential for maintaining spermatogenesis and male fertility. However, the

molecular mechanisms by which testosterone acts have not begun to be revealed until recently.

With the advances obtained from the use of transgenic mice lacking or overexpressing the

androgen receptor, the cell specific targets of testosterone action as well as the genes and signaling

pathways that are regulated by testosterone are being identified. In this review, the critical steps of

spermatogenesis that are regulated by testosterone are discussed as well as the intracellular

signaling pathways by which testosterone acts. We also review the functional information that has

been obtained from the knock out of the androgen receptor from specific cell types in the testis

and the genes found to be regulated after altering testosterone levels or androgen receptor

expression.
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1.1 Introduction

1.1.1 Spermatogenesis

Male fertility is dependent upon the successful perpetuation of spermatogenesis, the multi-

step process of male germ cell expansion and development that occurs within the

seminiferous tubules of the testes. Although other hormones facilitate the process of

spermatogenesis, only the steroid hormone testosterone is essential to maintain

spermatogenesis. Testosterone actions in the testis in relation to the regulation of

spermatogenesis have been discussed in recent reviews [1–6]. Here, we summarize the
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spermatogenesis processes regulated by testosterone, cell specific actions of testosterone as

well as the intracellular pathways and genes that are controlled by testosterone signaling in

the testis.

Spermatogenesis occurs in the seminiferous tubules of the testis. The seminiferous tubules

are composed of three major cell types: peritubular myoid (PTM) cells, Sertoli cells and

germ cells. PTM cells surround the external wall of the tubule and contract to force sperm

down the tubule. Sertoli cells relay external signals and provide factors required for the

proliferation and differentiation of germ cells. PTM cells cooperate with Sertoli cells to

produce the basement membrane of the seminiferous tubule and provide the niche for

spermatogonial stem cells (SSCs) that produce the germ cells that will develop into sperm

[7, 8]. The cytoplasm of Sertoli cells extends from the basement membrane to the lumen of

the tubule surrounding the developing germ cells. Leydig cells are present in the interstitial

space between the tubules and produce testosterone, which diffuses into the seminiferous

tubules, as well as blood vessels in the interstitial space (Fig. 1).

The division of SSCs along the basement membrane of the seminiferous tubule initiates the

spermatogenesis process. The proliferation of SSCs results in either the production of two

new stem cells to retain the stem cell pool or undifferentiated spermatogonia that are

destined to develop into sperm. The undifferentiated spermatogonia undergo a series of

mitotic divisions with incomplete cytokinesis to form chains of spermatogonia. Once the

chains reach a length of 16 or 32 cells, they undergo differentiation en mass to become

differentiated spermatogonia that are committed to becoming sperm. The differentiated

spermatogonia undergo a series of divisions with a final mitosis resulting in the production

of preleptotene spermatocytes that initiate the process of meiosis. At the conclusion of

meiosis, haploid round spermatids are produced that undergo differentiation into elongated

spermatids and then finally spermatozoa (Fig. 1).

Spermatogenesis is supported by somatic Sertoli cells that surround and nurture the

developing germ cells. Sertoli cells contribute to the niche required to maintain the renewal

of spermatogonial stem cells so that developing germ cells can be produced continuously.

Sertoli cells also provide growth factors and nutrients for the developing germ cells.

Specialized adhesion junctions are formed between adjacent Sertoli cells that in total form

the blood testis barrier (BTB) near the basement membrane of the seminiferous tubules. The

BTB divides the seminiferous tubule into basal and adluminal compartments. During the

initial preleptotene stage of meiosis, spermatocytes “pass through” the BTB moving from

the basement membrane to adluminal compartment. Once through the BTB, the germ cells

continue to develop into spermatozoa in a defined, protected microenvironment. However,

because the BTB denies germ cells in the adluminal compartment access to factors supplied

by the circulatory system, the Sertoli cell must provide for the needs of the more mature

germ cells [9, 10]

1.1.2 Testosterone production and bioavailability

Testosterone is the major androgen in the testis that regulates spermatogenesis. Testosterone

is produced by the Leydig cell in response to stimulation with luteinizing hormone (LH) and

acts as a paracrine factor that diffuses into the seminiferous tubules. Androgen effects are
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mediated by the androgen receptor (AR, also denoted NR3C4), which is a 110 kD protein

localized to the nucleus and cytoplasm. There are no functional receptors for androgen in

germ cells [11–14]. Instead the testosterone that diffuses into Sertoli cells binds to the AR

present in the cytoplasm and nucleus to initiate the functional responses required to support

spermatogenesis. In the testis, testosterone also interacts with AR expressed in Leydig, PTM

cells, arteriole smooth muscle and vascular endothelial cells.

Because of the localized production of testosterone from Leydig cells, testosterone levels in

the testes of men and rodents are 25- to 125-fold higher than that present in serum [15–19].

The physiological importance of high testosterone levels in the testis is not fully understood.

However, it has been established that sperm production decreases exponentially once

testosterone levels in the testis fall below 70 mM [20]. The high levels of testosterone in the

testis cannot be explained by a sequestration mechanism to “deactivate” the hormone

because at least two thirds of testicular testosterone is free or weakly bound to albumen and

is bioavailable. Only one third of testosterone is tightly bound by sex hormone binding

globulin (SHBG) or androgen binding protein (ABP) [21, 22]. Thus, the bioavailable

testosterone in the testis greatly exceeds the Kd for AR binding of approximately 1 mM

[23].

2.1 AR expression

2.1.1. Developmental patterns of AR expression

In humans and rodents, AR is expressed in PTM cells at high levels from the fetal period

throughout adulthood [24–27]. Adult Leydig cells also express AR at a constant level [28].

Sertoli cells do not express AR in fetal life [29]. In humans, AR is first detectable in the

nuclei of a few Sertoli cells at the age of 5 months. Labeling is weak until 4 years of age and

increases thereafter [24–27]. In monkeys, androgen binding activity of Sertoli cells cultured

from infants is at least 4-fold lower than that for cells cultured at puberty [30]. The lack of

AR in the infant human and monkey likely explains the lack of Sertoli sensitivity to the

testosterone that is present during the first few months after birth. In mice and rats, AR in

the Sertoli cell is first expressed 3 to 5 days after birth after which AR levels increase up to

35 or 60 days of age [29, 31–33]. Because testosterone levels are elevated early during testis

development but spermatogenesis only initiates after AR is expressed in Sertoli cells, AR in

the Sertoli cells is believed to be the rheostat for testosterone signaling.

2.1.2. AR expression in adult Sertoli cells is cyclical

In the adult male, testosterone levels in the testis are maintained at relatively constant, high

levels in the testis and AR levels in Leydig and peritubular cells are constant suggesting that

testosterone signaling is constitutively activated in these cells (reviewed in [28]). In contrast,

AR expression in Sertoli cells changes dramatically in a cyclical fashion related to the stages

of the cycle of the seminiferous epithelium. In men, AR levels are highest in stage III of the

six stages, although AR was easily detected in all other stages [34]. In the adult rat, the

expression of AR in the Sertoli cell is similarly cyclical. AR mRNA and protein expression

progressively increases during stages II-VII and then decline sharply after stage VII to

become barely detectable in stages IX-XIII [32, 35, 36]. Because AR expression is greatest
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during stage VII, this stage is thought to be the most regulated and sensitive to testosterone

[37]. Various models of testosterone withdrawal from rats confirm that progressive germ

cell loss begins during stage VII in the absence of testosterone [38].

3.1. Testosterone regulation of essential spermatogenesis processes

Testosterone is required for at least four critical processes during spermatogenesis:

maintenance of the BTB, meiosis, Sertoli-spermatid adhesion and sperm release (indicated

by the numbers 1, 2, 3, and 4 in Fig. 1).

3.1.1. Maintenance of the BTB

During stages VI-VII of the cycle of the seminiferous epithelium, preleptotene

spermatocytes move off of the basement membrane and tight junctions making up the BTB

are formed on the basal side of the spermatocyte by adjacent Sertoli cells while the original

BTB is dissolved above the cell. It is this mechanism by which preleptotene spermatocytes

transit through the BTB [39]. The elevated levels of AR present during stages VI-VII may

facilitate testosterone-dependent transport of BTB proteins from the original apical side to

the basal side of transiting germ cells. The expression of at least three tight junction protein

components of the BTB (occludin, claudin 11 and claudin 3) are decreased in the absence of

AR [40], suggesting that testosterone signaling through AR is required for the remodeling of

the BTB. Testosterone signaling accelerates the kinetics of internalization of BTB proteins

from the cell surface and induces the expression of proteins such as caveolin-1 and Rab11

that regulate protein transcytosis and recycling, respectively as well as their association with

occludin and N-cadherin internalized from the cell surface [41, 42]. Thus, testosterone acts

to maintain the dynamic BTB by facilitating reassembly of BTB components on the basal

side of the transiting spermatocyte after the dismantling of old BTB structures.

3.1.2. Meiosis

In the absence of testosterone signaling, spermatogenesis is halted during meiosis such that

few germ cells develop to the haploid spermatid stage and elongated spermatids are not

formed [43]. Elimination of AR expression specifically in Sertoli cells causes

spermatogenesis to be halted at the pachytene or diplotene stage of meiosis [44, 45].

Information regarding direct testosterone effects on genes and proteins required for meiosis

has been lacking. However, proteomics analysis of rat models having various levels of

testosterone depletion and replenishment has identified proteins and processes that are

regulated in meiotic cells by testosterone [46]. Specifically, testosterone deprivation was

found to alter the expression and post-translational modification of almost 25 proteins

involved in oxidative metabolism, DNA repair, RNA processing, apoptosis and meiotic

division. In total, the protein expression survey indicated that upon the loss of testosterone

signaling from somatic cells, meiotic cells undergo cellular stresses including the unfolded

protein response and oxidative damage, DNA damage and apoptosis plus proteins with roles

in meiotic division are affected. In addition, proteins contributing to RNA splicing and

processing as well as posttranslational processing and DNA repair were identified. Further

studies are required to confirm the testosterone-mediated expression of the proteins

identified and their functional importance.
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3.1.3. Sertoli-spermatid adhesion

In testosterone suppressed rats, elongated spermatids are absent because round spermatids

are prematurely detached from Sertoli cells [47]. Studies of AR hypomorph mice having

reduced AR activity revealed that Sertoli cell attachments to elongated spermatids could not

be maintained and germ cells were released prematurely [48]. During stages VII-VIII,

adhesive connections between Sertoli cells and spermatids are remodeled as the spermatids

begin to elongate. At this stage of development, desmosome based connections between

Sertoli cells and the less mature germ cells are replaced by the stronger ectoplasmic

specialization (ES) adhesion complex that is specific for attachments to elongated

spermatids (reviewed in [49]. Two of the protein complexes that form the ES connections

between Sertoli cells and elongated spermatids (cadherin/cadherin and α6β1-integrin/

lamininγ3) are targets of androgen suppression [50, 51]. After testosterone suppression,

there are changes in the degree of protein phosphorylation of several ES-associated proteins

including focal adhesion kinase (FAK) and β-catenin that leads to detachment [50, 52].

Tyrosine phosphorylation of β-catenin is associated with increased dissociation of the

cadherin/cadherin complex. Increased association with the c-Src and FAK kinases after

testosterone depletion also decreases the integrity of the α6β1-integrin/lamininγ3 connection

[50]. The adhesion proteins associated with the ES are cyclically induced to form new

connections between Sertoli cells and elongating spermatids as they are formed but thus far,

the expression only one of eight genes encoding proteins associated with the ES is repressed

in the absence of AR [53].

3.1.4. Sperm release

In the absence of testosterone signaling, mature sperm that are normally released during

stage VIII are retained and phagocytized by Sertoli cells [48]. Src activation has been shown

to be required for the release of sperm. Src phosphorylation is transiently induced during

stages VII-VIII and Src is structurally associated with proteins at the ES. Also, Src

phosphorylates the β-catenin and N-cadherin proteins in Sertoli cells that contribute to the

formation of the ES adhesion sites with maturing elongated spermatids [52, 54, 55]. After

Src-mediated phosphorylation of β-catenin and N-cadherin, the two proteins diffuse away

from each other, the cell linkage is lost and mature sperm can be released [54–56]. Analysis

of gene expression after suppression of both testosterone and FSH in rats identified genes

expressed by Sertoli cells that are associated with adhesion. These genes included Sparc

(osteonectin) that modules focal adhesions, Ctgf that modulates adhesion and interacts with

integrins that form contacts with elongated spermatids, Lgals1 (galectin 1) that surrounds

spermatids during spermiation and can modulate integrin-mediated adhesion and signaling

[57]. Presently, it is not known to what extent testosterone versus FSH regulates these

adhesion-associated genes.

4.1. Testosterone signaling pathways

4.1.1. Classical testosterone signaling

AR is the only specific receptor for androgens that has been identified. However, AR is

capable of transmitting testosterone signals by at least 2 mechanisms, the classical and non-

classical pathways. In the classical signaling pathway, testosterone that diffuses through the
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cell membrane interacts with AR that is often sequestered in the cytoplasm by heat shock

proteins (Fig. 2, pathway 1). After binding androgen, a conformational change in AR allows

the receptor to disengage from the heat shock proteins, dimerize and translocate to the

nucleus. AR bound by androgen in the nucleus binds as a dimer to specific DNA sequences

called androgen response elements (AREs) in gene regulatory regions and recruits co-

activator or co-repressor proteins to regulate gene expression. The classical pathway is

distinguished by the time required to produce a functional response. At least 30 to 45

minutes is required for productive transcription after testosterone stimulation with additional

time required to alter protein levels in the cell [58].

The first AREs found to bind AR were inverted repeats separated by three base pairs with

the consensus sequence 5′-TGTTCT-3′. These “general” (also known as classical) AREs can

be occupied by AR as well as other steroid hormone receptors. A second class of AREs

(selective AREs) bind AR more selectively and have a direct rather than inverted repeat

consensus sequence 5′-TGTTCT-3′. Mice engineered to express an AR mutant that can bind

to general but not selective AREs (Specificity affecting AR knock in (SPARKI) mice) were

found to have a 35% decrease in the size of the testis and a 50% reduction in litter size.

Spermatogenesis was normal in SPARKI mice through the completion of meiosis but the

number of round and elongated spermatids are reduced by 53% and 56%, respectively. The

number of Sertoli cells was also decreased by 32% in SPARKI mice. These results suggest

that reduced spermatogenesis efficiency is due to reduced classical testosterone signaling

through selective AREs in Sertoli cells as well as the decrease in number of Sertoli cells

[59]. A subset of known testosterone-regulated genes in the testis including Rhox5, Tsx and

Drd4 were down-regulated in SPARKI mice indicating that some genes in the testis are

regulated via selective AREs and others via general AREs or another mechanism.

In studies of adult AR hypomorph mice and AR hypomorphs having Sertoli cell specific

ablation of AR, 46 and 57 testis-expressed genes were found to be regulated by testosterone.

About twice as many genes were down-regulated by testosterone than up-regulated. It was

found that 65% of AR regulated genes were associated with a conserved ARE within 6 kb of

their transcription start sites and 23% of the testosterone regulated genes were previously

shown to be regulated by validated AREs. These studies suggest that a substantial

percentage of testosterone-mediated gene expression is regulated via the classical pathway.

However, some gene expression is mediated by events downstream of AR-regulated gene

expression, via post-transcriptional processes or by other mechanisms such as non-classical

testosterone signaling.

4.1.2. Non-classical testosterone signaling

In contrast to classical signaling, non-classical testosterone signaling translates signals into

alterations in cellular function within second to minutes. Two non-classical pathways have

been defined in Sertoli cells. In the first pathway, stimulation of Sertoli cells with levels of

testosterone (10–250 nM) that are similar to or lower than that found in the testis causes a

population of AR to localize near the plasma membrane (Fig. 2 pathway 2). Binding of

testosterone to AR allows the receptor to interact with and activate Src tyrosine kinase.

Specifically, a proline rich region of AR (amino acids 352–359) associates with the SH3
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domain of Src. Once activated, Src causes the phosphorylation of the epidermal growth

factor receptor (EGFR) via an intracellular pathway. The stimulation of EGFR results in the

activation of the MAP kinase cascade including the kinases RAF, MEK and ERK followed

by the activation of the p90Rsk kinase, the subsequent phosphorylation of the CREB

transcription factor and activation of CREB-mediated transcription. Examples of the rapid

actions of the non-classical pathway include the increased phosphorylation of ERK and

CREB that occurs within 1 minute. The non-classical testosterone pathway also provides

sustained cellular signals as ERK and CREB phosphorylation can be maintained for at least

12 hours [60, 61].

The activation of Src and Erk kinase by non-classical signaling alters processes that are

critical for maintaining spermatogenesis. In cell culture studies, the number of germ cells

attached to Sertoli cells was increased after stimulation with testosterone. However, the

addition of Src or Erk kinase reduced the numbers of attached germ cells to basal levels

[62]. Using cultured AR-defective Sertoli cells, it was found that germ cell attachment could

be increased by testosterone stimulation after infection with adenoviruses expressing wild

type AR or an AR mutant that can activate only the non-classical pathway. Adenovirus

constructs expressing an AR mutant that could only activate the classical pathway had no

effect [62]. These results suggest that testosterone stimulation of Src and ERK kinases can

contribute to maintaining Sertoli-germ cell attachment. Also, it is possible that the increase

in AR expression levels during stages VI-VII of the cycle of the seminiferous epithelium in

rodents may facilitate the non-classical pathway-mediated remodeling of adhesion

complexes that results in the formation of the ES between Sertoli cells and elongated

spermatids.

The release of mature sperm from Sertoli cells is regulated by Src kinase family members

[52, 63, 64] that can be activated by non-classical signaling [62]. Culturing seminiferous

tubule fragments in the presence of a Src kinase inhibitor decreased the relative numbers of

sperm released. These results are consistent with earlier studies showing that during stages

VII-VIII when sperm are released, activated Src levels increase at the ES near the site of the

Sertoli-elongated spermatid adhesion complex [52, 63, 64]. Src also is known to

phosphorylate FAK, β-catenin and N-cadherin proteins that contribute to the formation of

the adhesion complexes between Sertoli cells and the mature elongated spermatids [54–56].

Redistribution of proteins required for the formation, dissolution and reformation of the

BTB may be dependent upon non-classical testosterone signaling as testosterone stimulation

of hpg mice caused the rapid redistribution of claudin 11 to the area of the forming BTB

prior to activating the transcription of genes encoding BTB components [65]. Also kinases

that are known to regulate the dynamics of tight and adherens junctions [66–68] are

regulated by non-classical testosterone signaling [61, 62].

It is possible that the activation of kinases by non-classical signaling in Sertoli cells may

result in the regulation of AR-mediated nuclear (classical) gene transcription. One such

mechanism has been described in androgen-sensitive prostate cells. Testosterone binding to

membrane localized AR results in the ERK-mediated activation of paxillin, which

previously had been considered to be a scaffold protein thought to regulate cytoskeletal

remodeling and focal adhesion function. After being phosphorylated, paxillin is localized to
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the nucleus and complexes with AR to retain the receptor in the nucleus and facilitate AR

regulation of transcription [69, 70]. Further studies are required to determine whether similar

pathways are initiated by testosterone signaling in Sertoli cells.

The second non-classical pathway causes the influx of [Ca2+] into Sertoli cells via L-type

[Ca2+] within 20 to 40 seconds (Fig. 2 pathway 3). The [Ca2+] influx occurs due to the

activation of an unidentified Gq type G protein coupled receptor and the subsequent

activation of phospholipase C that hydrolyzes PIP2 in the plasma membrane to produce IP3

and diacylglycerol (DAG). The closing of ATP-mediated K+
ATP channels is promoted by

decreased levels of PIP2, causing an increase in membrane resistance and depolarization of

the cell. As a result, voltage dependent L-type [Ca2+] channels open allowing the influx of

[Ca2+], which can alter many cellular processes. Thus far, the physiological functions in

Sertoli cells that are regulated by the testosterone-mediated influx of [Ca2+] have not been

identified [71].

It has been proposed that only classical testosterone signaling is required for

spermatogenesis because germ cell development is halted during meiosis in transgenic mice

in which exon 3 of the AR containing a portion of the DNA binding domain was removed

[72]. However, the non-classical activity of the exon 3-deleted AR mutation was not

reported in the study. Analysis of non-classical testosterone signaling in a Sertoli cell line

lacking endogenous AR expression but expressing a recreated AR mutant lacking exon 3

showed that ERK phosphorylation did not increase in response to testosterone stimulation

(WW, unpublished data). This result indicates that the removal of 39 amino acids of AR in

this model may alter the structure of AR to inhibit both non-classical and classical activity.

5.1. Mouse cell specific AR knock out and over expression models

To examine the functions of testosterone signaling in various cells in the testis, several

groups have developed mouse models in which AR expression is ablated in specific cell

types in the testis. Studies of the cell specific AR knock out mice plus gain of function

mouse models have been the subject of recent reviews [1, 4, 73] and are summarized below

as well as in Table 1.

5.1.1. Germ cell AR knock out mouse

Male germ cell specific AR knock out (GC-ARKO) mice have been generated using Cre

recombinase driven by the Sycp1 gene promoter that is active in leptotene and zygotene

spermatocytes. These mice display normal testes, spermatogenesis and fertility indicating

that AR expression in germ cells is not essential for spermatogenesis, at least after the

initiation of meiosis [14]. This conclusion is in agreement with the commonly accepted idea

that AR is not expressed in germ cells [74].

5.1.2. Peritubular myoid cell AR knock out mice

The loss of PTM cells results in abnormal spermatogenesis [75]. However, the function of

testosterone in PTM cells has only recently begun to be revealed. Two models of AR

ablation in PTM cells (PTM-ARKO mice) have been published but poor targeting of the AR

knockout to PTM cells [76] in one model has led to the acceptance of the second model, as a
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more robust characterization of AR ablation from PTM cells [77]. For mice lacking AR in

PTM cells, there are no detectable differences in the testes up to postnatal day 12, indicating

that AR signaling in PTM cells is dispensable for the initial development of the testis.

However, at day 15 and later there is a reduction in testis weight [77]. In adult male PTM-

ARKO mice, the number of germ cells decrease progressively through their developmental

program until there are nearly no elongated spermatids present and the mice are infertile. In

addition, there are changes in expression and localization of several PTM proteins such as

the intermediate filament desmin and basement membrane protein laminin. Seminiferous

tubule lumen diameter was reduced in PTM-ARKO mice reflecting an impact on the

secretion of fluid by Sertoli cells. In addition, there were significant changes in gene

expression of several key genes, including those previously identified as responsive to AR

signaling within Sertoli cells [76, 77].

Mice with a targeted disruption of AR in PTM cells experienced a progressive loss of

spermatogonia [77], suggesting that PTM cells require testosterone (T) action to produce

factors influencing SSC renewal in the niche. Recent studies indicate that PTM cells

produce GDNF (glial cell line-derived neurotrophic factor), which is required for the

maintenance of SSCs. Testosterone was found to induce GDNF expression at the mRNA

and protein levels in cultured PTM cells. Furthermore, spermatogonial stem cells co-

cultured with PTM cells in the presence of testosterone were more efficient at restoring

spermatogenesis after transplantation into germ cell deficient testes (Liang-Yu Chen and

Mitch Eddy, personal communication). These studies suggest that PTM cells provide

important support for SSCs in response to testosterone signaling.

The elimination of AR expression in PTM cells also causes adult Leydig cell development

to be incomplete. PTM-ARKO mice have normal numbers of adult Leydig cells but, there

are also significant numbers of precursor Leydig cells present in adult mice [77, 78].

Circulating testosterone concentrations in PTM-ARKO mice are within the normal range,

but only because of increased LH input. However, there is a four-fold increase in testicular

testosterone in these mice suggesting that testosterone secretion by Leydig cells or

testosterone escape from the testis via the vascular system may be altered after ablation of

AR in PTM cells [77, 78].

5.1.3. Leydig cell AR knock out mouse

Although testosterone produced by Leydig cells is essential for spermatogenesis,

testosterone actions on Leydig cells that might regulate spermatogenesis have been more

difficult to interpret. A Leydig cell-specific AR knock out (LC-ARKO) model has been

reported [14, 79]. The LC-ARKO mice were infertile with spermatogenesis arrested

predominately at the round spermatid stage. Spermatozoa were not found in the epididymis.

In LC-ARKO mice, the numbers of Leydig cells did not decrease, but expression of several

key steroidogenic enzymes required for the synthesis of testosterone was reduced [79].

Unfortunately, the use of the Anti-Mullerian Hormone receptor 2 AmhR2-Cre to eliminate

AR expression has made analysis of the resulting phenotype complex because the AmhR2-

Cre mouse has previously been utilized to target genes in both Sertoli cells and Leydig cells

[80, 81]. In agreement with this idea, AR was not eliminated in all Leydig cells and AR was
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lost in some Sertoli cells of the LC-ARKO mice. Thus, the functional role of testosterone

signaling within Leydig cells remains to be established.

5.1.4. Testis vasculature AR knock out mice

Studies of vascular endothelial (VE) AR knock out (VEARKO) mice did not cause any

altered phenotypes indicating that AR actions in VE cells are not required for

spermatogenesis [82]. Elimination of AR in vascular smooth muscle (VSM) cells

(SMARKO mice) also resulted in normal reproductive development but adult testis weight

is reduced [83]. SMARKO mice are fully fertile but, ablation of AR from VSM increases

interstitial fluid volume within the testis, due to impairment of testicular vasomotion [83],

which is the androgen-dependent rhythmical contraction/relaxation mechanism that

regulates fluid and nutrient exchange between the vascular system and peripheral tissues

[84, 85]. The disruption of testicular vasomotion is associated with diminished Leydig cell

function, possibly due to changes in testicular fluid exchange and microvascular blood flow

within the testis.

5.1.5. Sertoli cell AR knock out mice

In three initial Sertoli cell specific AR knock out mice (SCARKO) models [44, 45, 48], the

number of Sertoli cells was normal and the cells underwent appropriate maturation with the

correct timing during puberty. This finding demonstrates that the development and final

number of Sertoli cells is not determined by AR. However, testis weight was reduced and

the mice were infertile. The numbers of spermatogonia were not affected and spermatocytes

were slightly reduced, but post-meiotic spermatids were significantly reduced or absent.

These findings were similar to that found after suppression of testosterone production [86]

and are consistent with the loss of AR causing a block in spermatogenesis at the completion

of meiosis.

Analyses of various SCARKO models confirmed that testosterone signaling contributes to

maintaining the BTB. However, some studies argue that AR is essential for BTB formation

[53] and that the BTB is open in the absence of AR [40]; whereas, others provide evidence

that the formation of the BTB is delayed during testis development but is only partially

disrupted in the adult mouse [87]. Numerous genes encoding proteins contributing to the

integrity of the BTB have been found to be mis-regulated in SCARKO mice including

Claudin 3, Claudin-11, Occludin, Gelsolin, Cadherin 2, Espin and Jam 3 [40, 87],

One limitation of the cell specific AR ablation studies performed thus far is that AR

expression was eliminated early in development so that studies of the effect on ongoing

spermatogenesis in adults could not be performed. To address this situation, a ubiquitously

expressed tamoxifen-inducible Cre recombinase was used to knock out AR in all cells of

adult mice [88] In these inducible AR knock out (iARKO) mice, spermatogenesis was

arrested in adults after treatment with tamoxifen plus there was impaired Sertoli cell

function and decreased expression of AR regulated genes in Sertoli and Leydig cells.

Inducible knock out of AR has the potential to provide important information regarding the

mechanisms by which testosterone regulates spermatogenesis, especially if inducible cell

specific knockouts can be developed for Sertoli, Leydig and PTM cells. However, the use of
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tamoxifen to induce the knockout of AR has limitations. Specifically, in the iARKO mouse,

treatment with tamoxifen alone, a potent estrogen receptor (ER)-alpha agonist, was found to

alter expression of genes associated with steroid hormone synthesis, and reduce the levels of

FSH, LH, circulating testosterone as well as intra-testicular testosterone [88].

5.1.6. Sertoli cell AR gain of function mice

In contrast to the AR loss of function studies performed in SCARKO mice, a gain of

function AR mouse model was created in which additional AR is expressed in Sertoli cells

from an AR transgene driven by the promoter of the gene encoding androgen binding

protein (tgSCAR). In the tgSCAR model, testis size was reduced but formation of the

seminiferous tubule lumen occurred earlier and mRNA transcripts associated with Sertoli

cell maturation were induced prematurely. These results confirm previous findings that

testosterone signaling and AR regulate the formation of the BTB and fluid production

required to form the lumen. The increased AR expression caused Sertoli cells to accelerate

their maturation and halt their proliferation more rapidly with the result that fewer Sertoli

cells were present in the adult at every step of development [89]. The number of Sertoli cells

also was decreased in tfm and ARKO mice further implicating AR in regulation of Sertoli

cell numbers. However, AR expression in other cell types may be more important to

establish Sertoli cell numbers in normal mice because AR in Sertoli cells is dispensible for

final Sertoli cell number and maturation as shown by the normal numbers of Sertoli cells

that matured at the correct developmental time point in SCARKO mice [90]. Germ cell

development from the meiotic pachytene spermatocyte stage onward was accelerated in the

TgSCAR in agreement with the idea that the meiosis is regulated by testosterone signaling

in Sertoli cells. However, the absolute numbers of post meiotic germ cells were decreased,

which likely occurs in response to the decreased number of Sertoli cells. In addition, there

was a proportional decrease in Leydig cell proliferation and absolute numbers in response to

the fewer Sertoli cells in the tgSCAR mouse [91] that is consistent with Sertoli-Leydig cell

paracrine interactions that are dependent upon Sertoli AR activity for optimal Leydig cell

development [44, 48].

6.1. Testosterone regulation of gene expression in the testis

6.1.1 Animal models of testosterone depletion and enhancement

Until the employment of RiboTag mouse + RNA seq strategies (see section 6.2.1) studies of

AR regulated gene expression have provided some important but somewhat limited

information regarding testosterone-mediated gene expression that is required for

spermatogenesis. Mice in which testosterone levels were depleted or enhanced in all cells

were the first models used to assay gene expression in the testis. These models included

normal 8 day-old neonatal mice injected with testosterone propionate (TP) [92] and

hypogonadal (hpg) mice injected with TP [93] or DHT [65]. These models revealed that few

genes were regulated by more than two-fold, there was relatively little overlap between

models, a large percentage of the genes were down-regulated by testosterone and few

identified genes had known fertility phenotypes. Using the tfm (testicular feminized) mouse

model that is defective for AR function, half of the testosterone-regulated genes expressed in

somatic cells were associated with vitamin A metabolism, solute transport and tight junction

Smith and Walker Page 11

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



formation or cytoskeleton and endocytosis function were identified [94]. These results were

interpreted as evidence that testosterone regulates spermatogenesis in part by modulating the

tubular environment and controlling retinoic acid metabolism, which is required for

spermatogonia differentiation and the entry into meiosis. Unfortunately, most of the

transcripts identified in the tfm model were expressed in germ cells and were not directly

related to testosterone signaling due to the early arrest of germ cell development because

testes from tfm animals do not descend into the scrotum.

6.1.2. Testosterone regulation of genes identified with Sertoli AR knock out models

Although specific knock out of AR has been studied in every cell in the testis, nearly all

testosterone-mediated gene expression information related to spermatogenesis has been

limited to Sertoli cells. Until recently, all survey studies employing mouse models in which

AR is absent or inactive specifically in Sertoli cells assayed mRNA levels in extracts from

total testis, which may have limited the detection of differences in cell specific gene

expression. A comprehensive review of these transcription profiling studies performed using

SCARKO and global AR defective mouse models was published recently by Verhoeven and

colleagues [4]. Here we discuss four observations from the gene survey studies employing

SCARKO mice.

First, in these studies, large sets of genes were found to be regulated by testosterone, but

relatively few were found to be consistently regulated by more than 2-fold. For example,

only the four highly regulated genes Rhox5, Lrp4, Drd4 and Fhod3 are quantitatively

regulated in the same direction in studies employing the SCARKO, SCARKO-jsd and tfm

models [95]. In the SCARKO and tfm models, the additional Tsx, and three serine

endopeptidase inhibitors: Eppin, Serpina 3N and PCI are similarly regulated. Of the

differentially expressed genes, a large percentage appears to be down-regulated by

testosterone signaling. Down-regulation of gene expression after testosterone stimulation

may occur due to indirect actions such as the regulation of a second gene downstream of the

initial testosterone-mediated transcriptional regulatory event, post-transcriptional regulation,

induction of inhibitory factors including microRNAs, or in response to the activation of

kinases by non-classical testosterone signaling.

Second, some families of transcripts are regulated similarly by testosterone in various

models including proteases, protease inhibitors, cell adhesion and cytoskeletal proteins [76,

94, 96, 97]. These data support the idea that testosterone signaling targets cell-cell junctional

dynamics and restructuring of the seminiferous tubules required for germ cell adhesion and

migration [4]. Genes encoding solute carriers and transport proteins (transferrin, fatty acid

binding protein and ABP) as well as modifiers of metabolism are also common to some AR-

deficient models suggesting that testosterone contributes to creating a specific unique

environment needed for germ cell development [53, 94, 96].

The third observation is that the tfm and AR hypomorph model studies identified genes

involved in vitamin A metabolism including alcohol dehydrogenase I that is the rate limiting

step in the conversion of vitamin A to the potent signaling factor, retinoic acid, suggesting

that testosterone signaling contributes to retinoic acid-dependent actions in the testis [94,

96]. Because analysis of SCARKO models found less of a retinoic acid connection, it is
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possible that other cell types may be responsible for translating testosterone signals into

retinoic acid-mediated spermatogonia differentiation and entry into meiosis [4, 98–100].

A final observation from the gene survey studies analyzed thus far is that the deletion of AR

regulated genes expressed in Sertoli cells rarely results in the lack of sperm production

although there are examples of reduced fertility. For example, the testosterone regulated

Galgt1, PCI, Eppin and Lrp8 genes identified in SCARKO mice are required for fertility but

may not directly affect spermatogenesis or may not affect fertility due to AR actions in the

Sertoli cell [101–104]. Galgt1 (β1,4-N-acetylgalactosaminyltransferase) encodes an enzyme

required for the formation of complex gangliosides. Mice lacking Galgt1 in all cells cannot

complete spermatogenesis due to the inability of germ cells to produce a specific class of

fucoylated glycosphingolipids that may be required for the formation of the unique plasma

membrane of haploid germ cells [104, 105]. However, there is no evidence that AR-

regulated Galgt1 derived from Sertoli cells is required for germ cells to produce

glycosphingolipids. The transport of testosterone out of Leydig cells and into the

seminiferous tubules and the blood stream is also dependent on glycoshongolipids but, again

this process is not directly regulated by Galgt1 in Sertoli cells [103]. PCI encodes a serine

protease inhibitor and PCI knockout mice have spermatogenesis defects including detached

germ cells, disruption of the BTB and damage to Sertoli cells. However, sperm are produced

by the PCI deficient mice but, they are incapable of fertilization [102]. Eppin has not been

shown to be required for spermatogenesis but it is required for fertilization of the egg by

sperm and has been the target of contraceptive development [101]. Also, the lack of Lrp8

causes sperm defects that develop in the epididymis [106, 107].

Rhox5, is an example of a highly induced gene by testosterone (up to 50-fold) that supports

cellular metabolism and insulin signaling plus produces factors required by germ cells

including Ins2 [108]. Rhox5 encodes one of a family of 12 Rhox homeobox proteins.

Expression of Rhox5 mRNA is repressed in every AR defective model, but mice lacking the

Rhox5 gene are still capable of completing meiosis and retain some fertility. In total,

analysis of the findings from the SCARKO models reinforce the idea that in the absence of

testosterone signaling spermatogenesis is disrupted due to the combined effects of

testosterone on multiple genes. Furthermore, testosterone support of fertility can occur via

the regulation of protein expression in the testis that may not have effects until well

downstream.

6.2.1 RiboTag-SCARKO models

RiboTag mouse models are a promising strategy for the identification of cell-specific

mRNA transcripts within tissues consisting of multiple cell types. RiboTag mice express an

HA-epitope tagged Rpl22 ribosomal protein as a transgene. Conditional expression of the

transgene using a cell-specific Cre recombinase allows the purification of mRNAs

associated with ribosomes by immunoprecipitation of the tagged Rpl22 protein from extracts

of cells having activated Cre [109]. In microarray analysis of mRNAs in RiboTag mice

expressing a Sertoli cell specific CRE, the use of gonadotropin releasing hormone (GnRH)

antagonists to deplete testosterone and FSH followed by testosterone restoration for 4 h

resulted in the identification of only 11 testosterone regulated translated transcripts (7 up-
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regulated, all regulated 3.6-fold or less) in Sertoli cells in vivo [110]. Together, these data

agree with previous studies suggesting that testosterone may maintain spermatogenesis via

altering the expression of a broad spectrum of genes and that the sum of many small changes

may be required to support fertility [4].

The results of a new study using a more sensitive model system to detect AR regulated

genes in vivo challenges the previous conclusions that testosterone is not a dynamic

regulator of gene expression in Sertoli cells. In this model system, the RiboTag mouse was

used in conjunction with RNA seq analysis of mRNAs expressed specifically in Sertoli cells

of SCARKO versus control mice [97]. As found with most other models, the percentage of

AR regulated genes that were down regulated by AR was 50% or more. In contrast to earlier

survey studies of AR regulated genes, this strategy identified hundreds of AR regulated

Sertoli cell expressed transcripts that were not identified previously including at least 100

genes being regulated by more than 2-fold. It is likely that the enrichment of Sertoli cell

specific genes using the RiboTag strategy combined with the more sensitive and more

quantitative RNA-seq assay allowed for the unmasking of AR regulated genes. The long

term inhibition of testosterone signaling in the RiboTag-SCARKO mouse as opposed to

short term testosterone stimulation after testosterone deprivation also likely contributed to

the identification of more AR-regulated genes than the first RiboTag model.

The AR regulated genes identified by RiboTag-RNA-seq strategy included those encoding

cytoskeletal protein binding and actin binding proteins plus NTPase and GTPase regulators

that alter the actin and microtubular cytoskeleton. This result is consistent with the idea that

testosterone signaling regulates Sertoli cell cytoskeletal dynamics. There was also an over

representation of genes encoding proteins involved in cellular adhesion, including proteins

located at the cell-matrix, cell-cell and anchoring junctions plus cellular projections. These

findings support the idea that testosterone signaling regulates Sertoli cell interactions with

the basement membrane and at the BTB as well as Sertoli-germ cell interactions at the apical

ectoplasmic specialization. The RiboTag-RNA-seq strategy also permitted the identification

of genes expressed in other testicular cells that are responsive to the activity of AR in Sertoli

cells. Many of these genes encode proteins involved in binding to adenyl ribonucleotides,

nucleosides and ATP suggesting that testosterone signaling in Sertoli cells instructs other

cells to alter their nucleic acid and energy metabolism [97]. It is anticipated that additional

studies of gene expression using the RiboTag-RNA-seq strategy will reveal additional

testosterone regulated genes in Sertoli and other testis cells that are essential to maintain

spermatogenesis.

6.3.1. Testosterone induces the expression of microRNAs in Sertoli cells

Testosterone regulates the expression of several microRNAs (miRNAs) in Sertoli cells that

can decrease the half-life or translation of mRNAs that are highly expressed in Sertoli and

germ cells. Using a testosterone-deprivation model in which mice were treated with the anti-

androgen, flutamide, and the GnRH antagonist, acyline, the expression of 28 miRNAs were

found to be highly altered [111]. In the same study, many of the 28 miRNAs were similarly

regulated in hypoandrogenic mice lacking LHβ. At least 9 of the miRNAs were

developmentally expressed such that their expression peaked on postnatal day 13 or 21
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during the androgen dependent steps of spermatocyte progression though meiosis I or the

initiation of spermatid differentiation. Pathway analysis suggested that testosterone-

regulated miRNAs targeted genes are required for cell junction restructuring and cell

signaling, two androgen dependent processes required for germ cell development. Further

analysis showed that the miR-471 miRNA binds to the 3′UTRs and down-regulates the

Sertoli cell genes Foxd1, a forkhead/winged-helix transcription factor that is important in

Sertoli metabolism, and desmocollin 1 (Dsc1) a demosomal cadherin that is required for

Sertoli-germ cell adhesion [111]. The down-regulation of gene expression by testosterone-

regulated miRNAs may be one explanation for the relatively high percentage of genes that

are inhibited by testosterone signaling in Sertoli cells.

7.1 Summary and Conclusions

Testosterone is required for processes that are critical for spermatogenesis including

maintaining the BTB, supporting the completion of meiosis, the adhesion of elongated

spermatids to Sertoli cells and the release of sperm. Previously, studies of testosterone and

AR actions have be centered on the Sertoli cell but increasingly testosterone actions in other

cell types including PTM and vascular smooth muscle cells are being found to affect

processes that occur in the seminiferous tubules. The results from cell-specific AR knock

out mice have greatly advanced the understanding of testosterone effects in all cell types

within the testes. Gene expression analysis of SCARKO mice have identified a number

testosterone regulated genes but this model was somewhat mystifying in the inability to

detect large changes in gene expression that would be expected to result in response to a

hormone that is essential for spermatogenesis. However, taken in total the results from the

SCARKO mice do support the idea that testosterone regulates many genes and that it may be

the sum of all the alterations in transcription that supports the complex development of germ

cells. The use of the RiboTag-RNA-seq strategy has now allowed the detection of more

dramatic gene expression changes in response to the loss of AR and provides promise that

additional genes regulated by testosterone will be detected in other testis cells expressing

AR. The refinement of employing inducible cell specific knock out mice also would provide

added information regarding the ongoing functions of testosterone signaling in the adult

without the complexity of the animals lacking testosterone signals since prior to birth.

One consistent finding from the use of any model regulating testosterone activity is the high

percentage of genes in Sertoli cells that appear to be down-regulated in response to

testosterone signaling. It does not seem likely that AR would directly decrease the

expression of a large percentage of genes. Instead it is expected that increased AR-mediated

gene expression will result in the production of proteins that in turn down-regulate other

genes or that testosterone signaling may alter the metabolism of the Sertoli cell resulting in

decreased gene expression. Kinase pathways regulated by non-classical testosterone

signaling may also contribute to decreasing gene expression. It is also possible that

testosterone-induced miRNAs will be found to inhibit the transcription and translation of

numerous transcripts.

Although testosterone deprivation studies and AR knock out mice had provided lists of

testosterone regulated genes and collections of proteins contributing to various cellular
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processes, many of the molecular and cellular events that are regulated by testosterone

remain to be characterized. One question that requires further investigation is how meiosis is

supported by testosterone. Although new proteomics studies have identified proteins in

meiotic germ cells that are responsive to testosterone signaling in other cells, it is not yet

known how the testosterone signals are relayed to the meiotic germ cells. Further study is

also required to better characterize the germ cell proteins that are actually regulated by

testosterone-initiated signals derived from other cells versus those simply responding to the

germ cell failing to thrive. Another focus of needed investigation is the identification of the

critical testosterone regulated factors that are produced in Sertoli and other cells that support

the completion of meiosis.

The extent of the contribution of non-classical testosterone toward the support of

spermatogenesis also remains to be determined. There is evidence for testosterone-mediated

rapid changes in Sertoli cells such as phosphorylation events to alter the activity of

regulatory proteins, transcytosis of adhesion factors and exocytosis of signaling factors

destined for germ cells. Although some genes encoding proteins required for cellular

adhesion are regulated by testosterone, the formation and disruption of Sertoli-Sertoli and

Sertoli–germ adhesion junctions is associated with phosphorylation of critical proteins in the

adhesion complexes. Formation and disruption of cell adhesion processes are essential to

maintain the BTB and Sertoli-elongated spermatid connections as well as to permit

spermiation. Further investigation is required better characterize the relative contributions of

non-classical and classical testosterone signaling to the regulation of cellular adhesions

complexes that are needed to maintain spermatogenesis.

With the genetic models in hand and additional models that are likely to be created, a better

foundation will be available for the investigations of the molecular and cellular processes

regulated by testosterone. The results of these studies will hopefully be translatable to men

to address the challenges of treating infertility that is due to defects in testosterone signaling.
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Abbreviations

PTM peritubular myoid cell

SSC spermatogonia stem cell

DHT dihydrotestosterone

BTB blood testis barrier

AR androgen receptor

SHBG sex hormone binding globulin

ABP androgen binding protein

FAK focal adhesion kinase
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ES ectoplasmic specialization

ARE androgen response element

RGFR epidermal growth factor receptor

GDNF glial derived neurotrophic factor

jsd juvenile spermatogonial depletion mutant

TP testosterone propionate

tfm testicular feminization

GnRH gonadotropin releasing hormone
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1. Testosterone maintains BTB, meiosis, Sertoli-spermatid adhesion and

spermiation.

2. Testosterone acts via classical and non-classical pathways.

3. Testosterone regulates PTM, Leydig, and Sertoli cells via the androgen receptor.

4. The combined regulation of many genes by testosterone supports

spermatogenesis.
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Figure 1.
The anatomy of the testis and the process of spermatogenesis. Leydig cells and blood vessels

that are lined by vascular endothelial (VE) and vascular smooth muscle (VSM) cells are

localized to the interstitial space between seminiferous tubules. Peritubular myoid (PTM)

cells line the outside of the seminiferous tubule. Sertoli cells extend from the PTM cells to

the lumen and surround the developing germ cells. The process of spermatogenesis is

outlined at the top of the figure where germ cell development is shown progressing toward

the lumen from spermatogonia on the basement membrane to the production of

spermatozoa. Testosterone produced by the Leydig cells diffuses into the VE and VSM cells

as well as into the blood vessels. Testosterone also diffuses from the Leydig cells into PTM,

Sertoli cells and Leydig cells. The four critical processes regulated by testosterone (1–4 in
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the middle of the figure) are indicated: 1) the maintenance of the BTB (represented by 3

lines extending between 2 Sertoli cells), 2) completion of meiosis by spermatocytes, 3)

adherence of elongated spermatids to Sertoli cells and 4) the release of mature spermatozoa.

Smith and Walker Page 26

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Testosterone signaling pathways in Sertoli cells. Left (Pathway 1): The classical testosterone

signaling pathway: Testosterone diffuses through the plasma membrane and binds with the

AR that then undergoes an alteration in conformation allowing it to be released from heat

shock proteins (HSP70, HSP90) in the cytoplasm. AR then translocates to the nucleus where

it binds to specific DNA sequences called androgen response elements (AREs). AR binding

to an ARE allows the recruitment of co-regulators (co-activator or co-repressor proteins)

that alter the expression of genes and eventually cellular function. Middle (Pathway 2): The

non-classical kinase activation pathway: Testosterone interacts with AR that is then able to

bind with and activate Src, which is required for sperm release and germ cell attachment. Src

also causes the activation of the EGF receptor that then activates the MAP kinase cascade

most likely through Ras resulting in the sequential phosphorylation and activation of RAF

and MEK and then ERK, which regulates BTB integrity and germ cell attachment. ERK

may also regulate classical pathway-mediated gene expression through pathways that are not

yet known for Sertoli cells. ERK also can facilitate non-classical pathway mediated gene

expression. For example, ERK activates p90RSK kinase, which is known to phosphorylate

CREB on serine 133. As a result, CREB-regulated genes can be induced by testosterone.

Right (Pathway 3): The non-classical Ca2+ influx pathway: Testosterone interacts with a

receptor in the plasma membrane that has characteristics of a Gq coupled G-protein coupled

receptor (GPCR). Phospholipase C (PLC) is activated to cleave PIP2 into IP3 and DAG.
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Decreased PIP2 concentrations inhibit K+ATP channels causing membrane depolarization

and Ca2+ entry via L-type Ca2+ channels.
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Table 1

Phenotypes of mice having cell-specific alterations in AR expression.

Cell specific AR alteration Phenotype

Germ cell KO None

Peritubular cell KO Progressive germ cell loss in adults, incomplete Leydig cell development.

Leydig cell KO Decreased steroidogenic enzyme activity, effect on germ cells not conclusive.

Vascular endothelial KO None

Vascular smooth muscle KO Normal spermatogenesis, impaired testicular vasomotion, increased interstitial fluid.

Sertoli cell KO Spermatogenesis halted during meiosis, disruption of the BTB, fewer Leydig cells.

AR overexpression in Sertoli cells Accelerated Sertoli cell maturation, fewer Sertoli cells and post meiotic germ cells, decreased Leydig cell
proliferation.
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