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Summary

Androgen receptor function is required for male embryonic
sexual differentiation, pubertal development and the

regulation of spermatogenesis in mammals. During
spermatogenesis, this requirement is thought to be
mediated by Sertoli cells and its genetic and

pharmacological disruption is manifested in spermatocytes
as meiotic arrest. Through studies of a hypomorphic and
conditional allele of the androgen receptor Ar) gene, we

and their release from the seminiferous epithelium is AR
dependent and maximally sensitive to AR depletion within
the testis. Cell-specific disruption ofAr in Sertoli cells of
hypomorphic animals further shows that progression of
late-round spermatids to elongating steps is sensitive to loss
of Sertoli cell AR function, but that progression through
meiosis and early-round spermatid differentiation are
surprisingly unaffected.

have uncovered a dual post-meiotic requirement for
androgen receptor activity during male germ cell
differentiation. Observations in Ar hypomorphic animals
demonstrate that terminal differentiation of spermatids
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Introduction function from that resulting from the abdominal positioning

Androgen receptor (AR) function is essential in males foPf the testes. Mice homozygous for a mutation in the
proper sexual differentiation and for the maintenance of norm&enadotrophin releasing hormone gef@nit), which have
spermatogenesis. AR activity is regulated by the steroid ligaridfa@matically lowered serum testosterone levels (Singh et al.,
testosterone (T) and its derivative dihydrotestosterone (DHT%995), present a testicular phenotype similar to cAlS (Cattanach
the binding of which initiates nuclear translocation and th&t al., 1977). Spermatogenesis in these animals can be
transcriptional regulatory function of AR (Lindzey et al., ualitatively rescued by androgen replacement therapy (Singh
1994). Testosterone production is regulated by thét al., 1995). This occurs in the absence of appreciable levels of
gonadotrophin luteinizing hormone (LH), whose release froni€ gonadotrophins LH and follicle stimulating hormone (FSH).
the pituitary stimulates the steroidogenic Leydig cells in thdurther, FSH alone fails to significantly rescue spermatogenesis
testis (Mendis-Handagama, 1997). Not surprisingly, AR itselPeyond the meiotic stages (Haywood et al., 2003; Singh and
also plays an important role in the feedback regulation of Handelsman, 1996), suggesting that T and/or DHT is the major
levels. This regulation occurs through autocrine feedback oformonal regulator of spermatogenesis. _
the Leydig cells, via effects on hypothalamic gonadotrophin This observation is further supported by classic androgen
releasing hormone (GnRH) production, and through inhibitiovithdrawal experiments in rats. Removal of androgens from
of LH secretion by the pituitary (Amory and Bremner, 2001).2dult rats by hypophysectomy (Hx) leads to an acute, stage-
In both humans and mice, XY individuals carrying aspecific regression of the seminiferous epithelium (Ghosh et
hemizygous null mutation in the X chromosome-linkéd  al, 1991; Russell and Clermont, 1977). After long-term Hx
gene exhibit complete Androgen insensitivity syndromeand elimination of residual testosterone by flutamide,
(cAlS), which is characterized by pseudohermaphroditism angpermatogenesis rarely proceeds beyond meiosis, with very
sterility (Online Mendelian Inheritance in Man, http:// few round spermatids observed and elongated spermatids
www.ncbi.nlm.nih.gov: 80/entrez/dispomim.cgi?id=300068).nearly nonexistent (Franca et al., 1998). As v@thrh-null
Although the phenotype of these individuals clearlymice, androgen or LH replacement leads to qualitative
demonstrates the crucial requirement for AR in developmentgcovery of spermatogenesis in hypophysectomized rats while
the suitability of AIS as a model for studying the spermatogeniESH has little direct stimulatory effect on spermatogenesis (El
function of Ar is poor. Testicular descent fails in mice with Shennawy et al., 1998; Elkington and Blackshaw, 1974,
cAIS (Arff™) and the spermatogenic phenotype mimics thaRussell and Clermont, 1977). Similar results are seen in
of cryptorchidism in an otherwise normal male, namely earlyesponse to suppression@iirh activity (Szende et al., 1990),
meiotic arrest (Lyon and Hawkes, 1970). Thus, it is impossibland destruction of Leydig cells with the Leydig-specific
to distinguish the contribution to the phenotype of loss of ARcytotoxin EDS (Kerr et al., 1993; Sharpe et al., 1990).
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In the mouse testis, AR protein is expressed in the somatspecific B-galactosidase activity. Two independent lines expressing
Leydig, myoid and Sertoli cells (Zhou et al., 2002). AlthoughAmh-cre specifically in Sertoli cells were identified and one (line
expression in Leydig and myoid cells is continuous, Sertolp815) b_ackcro_ssed intc_J the _129/SvJaeSor_strain for at least three
cell expression of AR occurs in a stage-dependent fashiof€nerations prior to their use in these experiments.

Interestingly, the stages during which AR expression in Sertoli , ;ihern biots

cells is highest correspond directly with those most acutelyaemmiC DNA (5-10ug) was digested overnight with EcoRV and

affected by androgen withdrawal. Sertoli cells are also the onlé/eparated on 1% agarose gels by electrophoresis for approximately 19

somatic cell type in direct contact with differentiating germpoyrs at 40 volts (V). DNAs were transferred to Genescreen nylon

cells. They provide both physical and nutritional support foimembrane (New England Nuclear) by capillary transfer xS3.

spermatogenesis, which occurs in the intercellular spacesots were UV crosslinked and pre-hybridized 60 minutes at 65°C in

between Sertoli cells (McGuiness and Griswold, 1994). Take[2xSCP, 1% sarkosyl, 0.01% BSA]. A random prin#@-labelled

together, these observations have led to the general belief tHMA probe was generated from a 400 Aipexon 1 PCR fragment

Sertoli cells are the primary mediators of AR regulation ofand hybridized to the membrane overnight at 65°C #5{2P, 1%

spermatogenesis. Loss of AR activity from Sertoli cells WOUICFarkr(r)nSSIIDLNg\I]OlTWk?e %ﬁﬁ; \ﬂgfgCvezlarsdtgstgéu%?gﬁtgélat%%/@ﬁg%gOn

e e a8 Sl 20 mintes i 4 derecs 1 85C. 01563551 a2

P . . / ", minutes at room temperature in [8SISC, 0.1% SDS], followed by
To crucially examine this hypothesis, we have created g qrmigh ) s
. . ; . ght exposure to X-ray film.

conditional null allele of thér gene in mice which allows the

selective removal of AR function from Sertoli cells. This Phenotypic analysis of =~ Arflox(ex1-neo)lY gnd Arflox(exl-neo)/y .

conditional Ar allele also proved to be a general hypomorphAmh-cre males

because of an inhibitory effect of the inserBgk-neccassette  Eight-week-old males of the desired genotypes and wild-type

on Ar mRNA processing. littermate controls were euthanized by £&sphyxiation and body
weight measurements taken. Blood was collected by aortic puncture
with a 23-gauge needle coated with heparin to prevent clotting. Red

M rial nd meth blood cells were pelleted by centrifugation and the o_verlying serum
ate .a s and ej[ Oqs recovered for testosterone, LH, FSH and estradiol assays. All
Generation of transgenic animals hormone assays were performed by the University of Virginia Ligand

A genomic DNA fragment containing the first exorAofwas isolated Core Laboratory.
from a mouse genomic BAC library (Research Genetics). From this Testes, epididymides and seminal vesicle were collected from each
clone a 12.5 kiEcaRV fragment centered around the first exon wasanimal and testis and seminal vesicle weights recorded. A single testis
subcloned into pBluescript. A 34 base-pair (bp) loxP sequence wasd epididymis from each animal was fixed overnight at 4°C in either
inserted into &tu site 2.5 kb 50f exon 1, while a 2 kb neomycin Bouin’s fixative or neutral-buffered formalin (NBF), rinsed with 70%
resistance cassette was cloned inBaaH| site 150 bp 3of the same  ethanol, embedded in paraffin wax, cut intous sections, and
exon. The Pgk:neo cassette was flanked by frt sequences to allow Fhfunted on glass slides for histological and immunocytochemical
mediated excision of the cassette following selection of homologousxamination. The second epididymis was minced in 1 ml sperm
recombinants (Meyers et al., 1998). In addition, this cassette containsotility buffer (135 mM NaCl, 5 mM KCI, 1 mM MgS 2 mM
a loxP sequence at it$ 8nd, such that it would be retained in the CaCb, 30 mM HEPES pH 7.4, 10 mM sodium lactate, 1 mM sodium
genome following recombination by FLP. This loxP site was invertepyruvate, 20 mg/ml BSA, 25 mM NaHG@GPand sperm allowed to
in its sequence relative to the other loxP site in the construct. Finallgwim out overnight at room temperature. Numbers of epididymal
a 1.5 kb diphtheria toxin cassette was inserted on ‘tHeark of sperm were determined by hemacytometer counts. The remaining
the genomic fragment for negative selection of non-homologougestis was subdivided for protein, DNA and RNA isolation. For
recombinants. protein, one-half testis was homogenized in fDBuffer A [10 mM

The targeting construct was linearized at therel withNotl and HEPES (pH 7.6), 1.5 mM Mggl 10 mM KCI, 0.5 mM DTT plus
electroporated into the FWB2 mouse embryonic stem cell linePMSF, leupeptin, and pepstatin A as protease inhibitors] followed by
derived in our laboratory from the 129/SvJaeSor strain of mice. Twaddition of 50ul buffer B [0.3 M HEPES (pH 7.6), 1.4 M KCI, 30
correctly targeted clones were identified. One of these clones, Ar206§M MgClz]. Cellular debris was pelleted by centrifugation and
was then injected into C57BI/6J derived blastocysts to producsoluble protein extracts stored at —70°C. One-quarter testis was
chimeric offspring. Males were identified that transmitted the Ar20ehomogenized in 1 ml Trizol reagent (Invitrogen) and total RNA
Ar allele through the germline. The line of mice derived from thesésolated following the manufacturer’s instructions. Finally, one-
chimeras has been designatetniRed referred to throughout the text quarter testis was used for DNA purification using the Qiagen
asArflox(ex1-neo) DNEasy Tissue kit following the manufacturer’s protocol.

To allow Sertoli cell-specific ablation of AR activity, @re ) ) )
recombinase transgene driven by the anti-Mullerian hormang)(  Immunocytochemistry and  B-galactosidase detection
promoter was generated. A 1.5 anHI-Kpnl Amh genomic  Sections from testis and epididymisy(&) were deparaffinized and
fragment containing the entire promoter region (Beau et al., 2001) ashydrated [10 minutes Xylenes,¥5 minutes 100% ethanolx5%
well as the complete first exon and intron 1 was digestedN¥ith minutes 95% ethanol, x5 minutes 70% ethanolxb minutes 50%
to linearize the template downstream of tAenh translational ethanol, ¥5 minutes phosphate buffered saline (PBS)], followed by
initiation codon. TheAmh AUG and the remainder of exon 1 were quenching of endogenous peroxidase activitylBl minutes 0.5%
replaced with a Myc-tagge@ire cDNA by homologous recombination H202). AR immunostaining was performed on NBF fixed tissues
in yeast. Intron 1 of thAmhgene was left intact, fused to theeBd  as previously described (Zhou et al.,, 2002). MSY4 and PRM2
of Cre. ThisAmh-creconstruct was isolated from the vectorKnl- immunostaining was performed on Bouin’s fixed tissues as previously
Notl digestion and introduced into FVB/N zygotes by pronucleardescribed (Giorgini et al., 2002). Immunostained sections were
injection. Founder animals were identified by transgene specific PCéunterstained with Hematoxylin and mounted in GVA mounting
and functionally screened for CRE activity by mating to RBR  solution (Zymed).
tester strain (Soriano, 1999) and their progeny assayed for testisFor assessment éimh-crefunction, fetal gonads and mesonephroi
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were dissected from embryonic day 14.5 animals. The dissectadhnsfer in 28SSC. Random primeéfP-labelled probe DNA was
tissues, as well as the remainder of the fetus, were fixed 30 minutgenerated from cDNAs corresponding to Besm Prm1andf-actin

in 4% paraformaldehyde at room temperature. All tissues were thegenes. The RNA was UV crosslinked to the membrane followed by
rinsed %30 minutes inlacZ rinse buffer (200 mM Na1PQs7H20 hybridization overnight at 42°C in hybridization buffer (50%
pH 7.3, 2 mM MgC, 0.02% Nonidet P-40, 0.01% sodium formamide, ¥SSC, 50 mM NaP©pH 6.5, 25Qug/ml salmon sperm
desoxychoate). The rinsed tissues were incubated overnight at 378INA, 1xDenhardt’s solution, 0.5% SDS, 6.25% dextran sulfate). The
in lacZ stain JacZ rinse buffer containing 0.02 M3dke(CN), 0.02  membrane was washed 30 minutes at 65°C¥8EC, 1% SDS, 0.1%

M K4Fe(CN), and 1 mg/ml X-gal] to dete@tgalactosidase activity. sodium pyrophosphate] followed by 30 minutes at 65°C in<BET,

After staining, tissues were rinsed in PBS prior to imaging. 0.1% sodium pyrophosphate]. The membranes were then exposed
to a storage phosphor screen and imaged on a Storm 820
Western and northern blots phosphorimager (Amersham). Bands corresponding to the RNA of

interest were then quantified with ImageQuant software (Amersham).
NA levels forPemandPrmlwere normalized to th@-actin loading

é;ontrol to allow between sample comparisons. Membranes were

robed sequentially and stripped in boiling 1% SDS between probes.

To determine AR protein levels in testes of control and experiment
mice, 20ug total testis protein was separated on a 10% SDS-PAG
minigel (BioRad). Proteins were transferred to Protran nitrocellulos
membrane (Schleicher & Schuell) 30 minutes at 20 V on a Trans-BI&
SD apparatus (BioRad). Membranes were blocked 30 minutes in P ot

+ 5% dry milk prior to addition of primary antibody. The membr:;meES%atIStlCaI analyses . for all variabl f db i
was cut in half horizontally through the 84 kilodalton (kDa) molecularSEWeeN group comparisons for a’ variables were periormed by one
weight marker. Proteins greater than 84 kDa were probed with rab ay AN?\éA fkollow;ad Sby _Tlugeys pOSth%CS analy_'sls fg'gg the
anti-AR antibody N-20 (sc-816; Santa Cruz Biotechnology) dilutec®t@tistical Package for Social Sciences ( ) version 10.0.

1:500. As a loading control, proteins smaller than 84 kDa were

probed with mouse anti-tubulin monoclonal antibody (Zymed Results

Laboratories) diluted 1:3000. Primary antibody incubations were

overnight at 4°C in PBS + 5% dry milk. Membranes were washedonstruction and analysis of ~ Ar conditional allele

2x15 minutes in PBS + 0.1% Tween-20. Blots were then incubateto determine the requirement for Sertoli cell AR function

Rad), diluted 1:5000 in PBS + 5% dry milk, for 2-3 hours at roomyho5e expression can be specifically ablated in Sertoli cells
temperature. The membranes were washed as before followed

) . - . ig. 1A,B). After generation of chimeric animals from the
?Oefﬁg?,nﬁ?r;?emmdase activity by ECL kit (Amersham) and exposur r206 ES cell line, two males were identified who transmitted

Pemand Prm1 mRNA levels were determined by northern blot, ONly theArflox(@inedallele to their progeny. In litters sired by
Total testis RNA (10ug) was run 2.5 hours at 100 V on a 1.5% these males, all male offspring were wild-type #arwhile
formaldehyde-agarose gel. RNA was then transferred overnight @ll  females were heterozygousArfox(ex1-neo)y  further
GeneScreen nylon membrane (New England Nuclear) by capillargonfirming correct targeting to the X-linkéd locus (Fig. 1C).

A
<= EcoRV —
EcoRV  loxP probe frt \"1 loxP EcoRV Fig. 1. Construction and
PYARdt1 | | ™1  characterization oAr conditional
Exon 1 Pgk-neo Pgk-dta allele. (A) Schematic of targeting
construct (pyARdt1), wild-type and
. conditional hypomorphic
Ar genomic Eccim St|u ! ,—E"\arml Ecrm (Arf'ox(exme‘?y;leles ngr. Arrows
locus ‘E—I/ over loxP sites indicate orientation of
xon 1 . .
sites relative to one another. Probe
< L HEW'W‘ B used for Southern blots is indicated
Arflox(ex1-neo) E°°IFW '°‘|‘P \ E°|°FW above exon 1. (BfcaRV digest and
Boe Southern blot of ES cell DNAs. Probe
Exon 1 F9k-neo 2 kb detects presence of 12.5kb
fragment in wild-type FWB2 ES cells.
B g e g C Correctly targeted ES cell clones
- o Ar126 and Ar206 contain only the 9
E < < Males __Females kb fragment representative of the
1 : i correctly targeted allele. (C) Chimeric
- e el i sl - males transmit the X-linked
R E ¥ Arflox(exl-neopjlele exclusively to
10kb - @ e A _ female offspring. (D) PCR genotyping
“ - - detects thé\r inversion allele,

inv(ex1-neqg)specifically in the testes
of Arflox(ex1-neo)’¥ Amh-creanimals.
D AOXEXTNOWY | o foxtnea)y AMOHEXTNEONY | goyfeox .ol No product is observed in tails from

A e the same animals or in testes or tails
Te Ta Te Ta Te Ta Te Ta
from Arflox(ex1-neo)’¥nales. The non-

flox(ex1-neq)is detected in all
samples. Te, testis; Ta, tail.

foxfex -nea)
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Table 1. Reproductive organ weights and sperm counts are reducedAm mutant males

Genotype Body weight (g)* Testis weight (mg)* Seminal vesicle weight (mg)* Number of spa0Hepi.)*
Ar+lY 25.2+2.8 (=23) 107.0+12.8P(n=23) 157.0+26.%¢(n=23) 1493.9+637 4 (n=23)
Arflox(exi-neo)/Y 26.4+4.4 (=23) 87.7+8.9¢(n=23) 125.1+30.4.(n=19) 58.6+83.9(n=22)
Arflox(ex1-neo)’Y Amh-cre 26.6+3.6 (=8) 64.1+7.8.(n=8) 127.8+26.5(n=8) 12.8+21.6 (n=8)

*Values are meanz#s.d.
Values with the same superscript are significantly different (&b@001; d,P<0.005; e P<0.05; f,g,P<0.001).

To verify that CRE-mediated recombinationAsflox(exi-neo) Morphological and behavioral analysis of ~ Ar mutant
generates a null allel@flox(exl-neo)+females were mated to Phenotypes
bothSycpl-creandella-cremales, which have been previously Previous work has shown that inclusion of the neomycin
shown to express CRE in two- to four-cell and one-celphosphotransferase cassette used in our targeting construct is
embryos, respectively (Lakso et al., 1996; Vidal et al., 1998)ikely to create a hypomorphic allele of the gene into which it
Previous studies ohr mutant alleles have established the is inserted (Meyers et al., 1998). Therefore we decided to
null phenotype as XY pseudohermaphroditism (Lyon angxamine the phenotype @frflox(exl-neo)Ymales as potential
Hawkes, 1970; Yeh et al., 2002). Therefore, we genotypedypomorphs, along with the Sertoli cell mutamfox(exi-neo)y
female progeny of these matings by PCR for the Y-lifRed  Amh-creanimals. Unlike ai\rf™ null male, Arflox(ex1-neo)\gng
gene. We identified multiple phenotypic females which wererflox(ex1-neo)Y Amh-cre males were indistinguishable from
found to beSry*. These animals all proved to be hemizygouswild-type male litermates by external examination. In
for the CRE-induced inversion alleleArnv(ex-neo) py  gddition,Arflox(exl-neo)¥ngles produced copulatory plugs when
PCR (data not shown). Internal examination revealed thkoused with superovulated females, indicating male sexual
presence of small, abdominal testes (see Fig. S1A @&iehavior is properly imprinted. However, as shown in Table 1,
http://dev.biologists.org/supplemental) whose germ cells wertirther characterization uncovered significant differences not
arrested at the pachytene stage of meiosis, thus establishimgly between mutant animals and wild type, but also between
Arinv(exl-neo) a5 a null. RT-PCR demonstrated the absence ahe mutants themselves.
wild-type Ar transcripts from the undescended testes of these Animals of the three genotypes examined did not differ in
individuals (see Fig. S1B at http://dev.biologists.org/their overall body weights. However, testis weights were
supplemental). We were also able to confirm the presence mfduced 19% in the hypomorphiarflox(exl-neo)lY gnimals.
anAr exonl-neomycin fusion RNA within these same testesArflox(exl-neo)’¥ amh-cremales exhibited a further 27% drop in
Presumably, this fusion RNA is generated by transcription ofestis weight, down 40% relative £*/Y controls. Reductions
the inverted exon 1 from inverteAr promoter elements. in epididymal sperm numbers were even more pronounced.
Fusion of exon 1 to the neomycin transcript providesSperm counts were 3.9% and 0.9% Anflox(exl-neo)/Ygng
transcriptional termination and polyadenylation signals, thugrflox(exl-neo)’Y Amh-cre respectively, relative tér*/Y males.
producing a stable transcript. Sequencing of this fusion RNAhough not statistically significant, counts were reduced ~78%
has shown that thér and neomycin sequences are out ofin Arflox(exl-neo)’¥ Amh-cremales compared witArflox(ex1-neo)/y
frame, thus any peptide produced would truncate shortly aftetione. Finally, seminal vesicle (SV) weights were measured as
entering the neomycin coding sequence (data not shown). an androgen-sensitive endpoint. In baiHlox(exi-neo)Ygng

In order to specifically remove AR function from Sertoli Arflox(ex1-neo)’¥ Amh-cremales, SV weights were reduced 20%
cells, we created a transgene in whiie cDNA expression  when compared with wild type. There was no difference in SV
is regulated by the Sertoli cell specific anti-Mullerian hormoneweights between thArflox(exi-neo)Yand Arflox(exl-neo)’¥ Amh-
promoter Amh-cre,see Fig. S2 at http://dev.biologists.org/ cre animals.
supplemental). To confirm an interaction betwAerh-creand
Arflox(exi-neo)Y pCR was performed to detect the expectedystemic and molecular aspects of reduced  Ar
inversion allele generated by recombination between the loxfnction
sites (Fig. 1D). As anticipated, an inversion specific product i$o further characterize the phenotypes of the mutant animals,
observed in DNA from the testes Afflox(ex1-neo)’¥ Amh-cre  measurements were made of serum gonadotrophin (LH and
males, but not in the tails of these animals. No product iESH), testosterone (T) and estradiol levels. Although no
amplified from tail or testis DNA ofArflox(ex-neo)Ymales,  differences were observed between the two mutant classes,
though anArflox(exl-neolpecific PCR product is detected in all serum LH and T levels were drastically and significantly
samples, confirming the integrity of the DNA. increased in bottArflox(ex1-neo)/Yand Arflox(ex1-neo)Y Amh-cre

Table 2. Serum hormone levels are significantly elevated Ar mutant males

Genotype T (ng/dl)* LH (ng/ml)* FSH (ng/ml)* Estradiol (pg/ml)*
Artly 38.8+33.2b(n=21) 0.21+0.404(n=23) 22.1+6.81 (n=20) 25.5+14.01=17)
Avrflox(ex1-neo)’¥ 1542.5+975.8(n=22) 5.10+£3.70(n=22) 50.3+18.9(n=22) 33.6+24.81(=16)
Arflox(ex1-neo)’Y Amh-cre 1633.7+1075.1(n=8) 4.65+3.3% (n=8) 57.3+12.4(n=7) 37.3+9.8/(=6)

*Values are meants.d.
Values with the same superscript are significantly different (a,bes@f001; d,P<0.005).
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transcripts (Fig. 2C).

A by AR (Rao et al., 2003). Phosphorimaging and normalization
X ; X ; to B-actin levels show thaPrml MRNA is reduced 36%
) S 9 in Arflox(exl-neo)Yand 70% inArflox(ex1-neo)/Y Amh-cretestes,
£ 5 £ £ whereasPemmRNA is reduced 45% and 80%, respectively.
¥ 5o ¥ o Pairwise comparisons show that these reductions from
H ‘g: H “g: wild type are significant, as are the differences between
E “&_.;: E 3 ?i E Arflox(ex1-neo)/Yang Arflox(exl-neo)’¥ Amh-cre animals for both

Testicular and epididymal abnormalities associated
with Ar mutations

Histological analysis of testes and epididymides fram
mutant and wild-type males confirmed and extended our
previous findings. Overall size and organization of the
epididymis was similar between genotypes. However, numbers
of mature sperm were reduced in the epididymides of
i i Arflox(exl-neo)mgles whereas spermatozoa were histologically
< < undetectable inArflox(ex1-neo)’¥ Amh-cre epididymides (Fig.

prm_1_ 3A-C). Epididymal smooth muscle hyperplasia was also
apparent in males of both mutant genotypes. Additionally,

Arflox(ex1-neo)/Y,

Amh-cre

Arflox(ex1-neo)/Y.
Arflox(ex1-neo)’Y

Amh-cre

X
8
T
g
g
<

cellular debris was commonly observed in the epididymal
Pem _ lumen. In particular, large numbers of what appear to be highly
vacuolated round spermatids are observed in the epididymides
c Prm-1 Pem of Arflox(ex1-neo)’Y Amh-cremales.
Within the testes ofArflox(ex1-neo)Ymales, seminiferous
ArtY | 176 + 3.83.b [19.6 + 4.50: tubules of all spermatogenic stages are observed (Fig. 3E,H,K).

However, abnormal tubules are also seen, including those

lox(ex1-neo, . . - .
Arflox( M¥111.3 4152 (10.7 + 260 with apparent reductions in expected classes of spermatids.

Arflox(ex1-neo)/Y. b . In addition, elongated spermatids are frequently seen
Amh-cre 5.3 +240,C| 4.0 +2.28 degenerating between Sertoli cells (Fig. 3K, arrowhead), a
condition rarely observed in wild-type testes. Examination of
Fig. 2. Analysis of protein and RNA levels in adult testes. testes ermArﬂo_X(eXL”eo)/y Amh-cremales presented a more
(A) Western blot confirming that AR protein levels are reduced in ~ Severe histological phenotype. These testes are virtually devoid
testes ofArflox(exl-neo)gndArflox(exl-neo)/Y Amh-cremales. of elongated spermatids and normal tubules of stages I-VIII are
(B) Northern blot showing decreaseRmMm1andPemmRNA nonexistent (Fig. 3F,l,L). Occasionally, tubules at stages IX-
expression in testes afflox(exi-neo)\gndArflox(exi-neoll¥ Amh-cre XIl are observed with all cell types present, though these

males. (C) Quantification of mRNA levels from B. Values with the  y5yles appear to have greatly reduced numbers of elongating
same superscript are significantly different from one another (a’c'd'fspermatids that are lost entirely by stage I-1l (data not shown).
P<0.05; b,eP<0.001).n=4 for all groups. Protein marker analvsis by i tochemist ided
ysis by immunocytochemistry provide
further insight into the phenotypes @frflox(ex1-neo)/¥ gnd
Arflox(ex1-neo)’Y Amh-cre animals. MSY4, the expression of
males in comparison witAr*/Y animals (Table 2). LH levels which marks mid-stage pachytene spermatocytes through
were increased 23-fold with a concomitant 40-fold increase inound spermatids (Davies et al., 2000), is largely unaffected in
T levels in the serum. FSH levels were also significantithe Ar mutants (Fig. 4A-F). These images also demonstrate the
elevated in mutant animals, though only approx. twofoldreduction in numbers of elongating spermatids at stage X-XI
relative to wild type. Interestingly, estradiol levels werein our Ar mutant animals, with the loss being most severe in
unaffected inAr mutant males. Arflox(ex1-neo)’Y Amh-cremales. PRM2, which is expressed in
Western blot analysis of total testis protein confirmed thelongated spermatids (Stanker et al., 1987), is present in
expected reduction in AR protein levelsAnflox(ex1-neo)¥and  Arflox(exl-neo)/Y testes, although the numbers of positive
Arflox(ex1-neo)/Y Amh-cremice (Fig. 2A). Comparison to te  spermatids appears to be reduced (Fig. 4H). PRM2 positive
tubulin loading control shows that total testis AR is depletedpermatids are further reduced Auflox(exl-neo)’¥ Amh-cre
in mutant males relative to wild-type littermates. Testis ARtestes (Fig. 4l), consistent with previous observations from
levels inArflox(exi-neo)and Arflox(exl-neo)’Y Amh-cremales are  sperm counts and epididymal and testicular histology. As
approximately equal, suggesting that the majority of ARexpected, AR protein was detected in the myoid, Leydig and
protein detected iArflox(ex1-neo)estes is due to expression by Sertoli cells ofArflox(exl-neo)/festes, even in the most severely
peritubular myoid and Leydig cells. affected tubules (Fig. 4K). Within the testesAgfiox(ex1-neo)/¥
Northern blots of Prm1 and Pem mRNAs also show Amh-cremales, AR is clearly expressed in myoid and Leydig
significant differences attributable to loss of AR function (Fig.cells, while Sertoli cells are AR negative (Fig. 4L).
2B). Prm1 was used as a marker for round and elongatin@ccasionally, faint AR immunoreactivity is detected within
spermatid numbers (Mali et al., 1989), whHiemis a Sertoli  Sertoli cells (see Fig. S3A at http://dev.biologists.org/
cell specific transcript whose expression is directly regulatedupplemental); however, this signal is due to expression of a
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non-functional, N-terminal peptide generated from an invertedevelopment and spermatogenesis. Our results clearly
exon 1-neomycin fusion RNA, as described above. Nalemonstrate sensitivity to AR function during sexual
full-length AR protein is detected within the Sertoli cells differentiation distinct from the requirement for normal
of Arflox(exl-neo)Y Amh-cre males (see Fig. S3C at spermatogenesisArfox(ex1-neo)Y males are morphologically
http://dev.biologists.org/supplemental). normal in spite of reduced levels of AR protein, as evidenced
by western blot analysis of testis protein extracts. The
. . dysregulation of serum gonadotrophin levels also implies
Discussion decreased AR function in the hypothalamus and pituitary. In
We have created a conditional, hypomorphic allele ofAhe addition, AR activity appears to be reduced based on the
gene to study the role of AR function in the regulation ofdecrease in Sertoli cell transcript levels from the AR-regulated
spermatogenesis. As proof-of-principal, we demonstrated th&emgene. These results together indicate an overall depression
inversion ofAr exon 1 in early embryos by CRE recombinaseof AR activity in Arflox(exl-neo)Ygnimals. Not surprisingly,
phenocopies the previously establishAdnull phenotype evaluation of epididymal sperm numbers and testicular
observed in several laboratories (Lovell, 1979; Lyon andhistology reveals a severe disruption of spermatogenesis. Thus,
Hawkes, 1970; Tanaka et al., 1994; Yeh et al.,, 2002). Tit seems that quantitatively normal spermatogenesis requires
confirm that the phenotype @frflox(ex1-neo)Ymales is due to a higher level of AR function than does male sexual
hypomorphism at thé\r locus, heterozygougrflox(exi-neo)+  differentiation. This result mimics that found for the mildest
females were also matedR26X/ki males, which express FLP forms of androgen-insensitivity syndrome (AIS) in humans, but
recombinase under the direction of tROSA26promoter to our knowledge this is the first example of partial AIS (pAlS)
(Awatramani et al., 2001). We found that excisiorPgk-neo in an animal model (Giwercman et al., 2001; Hiort et al., 2000).
by FLP in male progeny of this cross restores epididymal is also worth noting that tharflox(exi-neo)\phenotype results
sperm numbers and serum hormone concentrations to wilcom a reduction in wild-type AR protein levels, rather than a
type levels (data not shown). Therefore we conclude thatduction in the activity of individual AR molecules as is nearly
the Arflox(exl-neo)gllele manifests a hypomorphic phenotypealways the case in human pAIS (Androgen Receptor Gene
because of insertion ¢fgk-neointo exon 1 of theAr gene. Mutations Database, http://ww2.mcgill.ca/androgendb/).
Characterization ofAr hypomorphic males has provided As mentioned aboveArflox(ex1-neo)Ymgles also exhibit
unexpected insight into the function of AR in prenataldysregulation of serum gonadotrophin and testosterone (T)

Arflox(ex1-neo)/Y -

ArY ,4 rﬂox(e T-neo)¥ Amh-cre_

Epididymis

Fig. 3. Histological examination
of epididymis and testis.

(A-C) Transverse section
through the epididymis.
Spermatazoa are infrequent in
Arflox(exl-neo)and absent from
Arflox(ex1-neo)/Y Amh-cremales.
Pyknotic and vacuolated round
spermatids populate the
Arflox(exl—neo)/?(Amh_Cre
epididymis. Smooth muscle
hyperplasia is apparent Ar
mutants. (D-F) Low
magnification view of testis Stage VI
transverse section. Elongated

spermatids are depleted from

Arflox(ex1-neo)’¥ Amh-cretestes.

(G-I) Stage VIl tubules show

decrease inAflox(exl-neo)ly or

complete absence of

( Arflox(exl—neo)/?( Amh-cre

elongated spermatids. G-l Inset
(J-L) Higher magnification of

G-l. Black arrowhead indicates

presence of degenerating sperm

in Arflox(exl-neo)mgles.
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levels. Interestingly, given their interrelated modulation byestradiol act to suppress serum FSH concentration in the
GnRH, LH concentration is more dramatically affected than isbsence of functional androgen receptor, implying estrogen
that of FSH. This differential effect on LH and T versus FSHeceptor mediated negative feedback on FSH levels (Schleicher
can be explained in the context of known mechanisms ddt al., 1989). These mechanisms of FSH regulation, which are
gonadotrophin regulation. In studies of human gonadotrophiaxpected to be wholly intact in our model, are thus likely to
production, decreased T levels have been shown to increase #teeount for the differential effect on LH and FSH levels in the
frequency and magnitude of LH and FSH secretion, whereasrflox(ex1-neo)/Y hypomorphic male. By contrast, our results
increases in T levels decrease the frequency of the GnRH pulgmvide strong evidence for a direct and primary role for AR
from the hypothalamus, thus suppressing release of LH and the feedback regulation of LH and T levels. This presumably
FSH from the pituitary (Matsumoto and Bremner, 1984). Inoccurs through direct effects on the hypothalamus and pituitary
addition, the frequency of the GnRH pulse has been shown &s well as through autocrine regulation of T production by the
differentially affect LH and FSH secretion, with high Leydig cells.
frequency pulses favoring secretion of LH while less frequent The role of AR function during spermatogenesis has been
pulses favor FSH (Wildt et al., 1981). Paradoxically, our modethe subject of intense interest for many years. It has been
is expected to mimic the effect of testosterone withdrawal imssumed, reasonably so, that the major cellular mediator of this
spite of the elevated levels of serum T. Owing to the decreasegulatory function of AR is the Sertoli cell, based on its
in functional AR, the system is effectively experiencingintimate contact with germ cells and stage-specific AR
androgen depletion. Thus, we would expect the frequency @&ixpression (McGuiness and Griswold, 1994; Zhou et al.,
the GnRH pulse to be increased, with the outcome being002). Abundant prior work on the role of testosterone and AR
preferential secretion of LH over FSH. in spermatogenesis has led to the expectation that Sertoli cell
FSH secretion is also regulated by factors that do not overla®R function is required for the completion of meiosis and the
with the regulation of LH. Inhibin B, which is produced by transition of spermatocytes to haploid round spermatids. As
Sertoli cells in response to FSH stimulation, feeds back directlgreviously cited, multiple studies of androgen withdrawal and
on the pituitary to limit FSH secretion (Anawalt et al., 1996).disruption of AR activity, either by surgical, chemical or
Experiments inAr-null mice have also shown that T and genetic means, have produced similar results: in the absence of

Arflox(ex1-neo)/Y
Amh-cre

%

ArtY Arflox(ex1-neo )Y
: 3 ¢ I ‘ff. v T 2

MSY4
_Stage X-XI

Fig. 4. Evaluation of somatic and
germ cell protein expression.
(A-F) MSY4 expression in
pachytene spermatocytes and
round spermatids is unaffected in
Ar mutant males. Elongated
spermatids are reduced in (B,E)
and absent from (C,F) the tubules
of Arflox(ex1-neo)gand
Arflox(exl—neo)/?/ Amh-cre
respectively. (G-I) PRM2-positive
elongated spermatids are
decreased iArflox(ex1-neo)\males
(H) and absent from
Arflox(exi-neo)’¥ Amh-cremales (1)

at time of spermiation. (J-L) AR
protein is expressed in somatic
cells of the testis. AR is present in
Sertoli cells ofArflox(exl-neo)/y
males (K, blue arrowheads).

PRM2
_ Stage VIII

AR
Stage VII-VIII



466 Development 131 (2) Research article

androgens and AR function, spermatogenesis rarely proceedsunction in men: implications for contraceptive developmdmel. Cell
beyond meiosis. In all of these model systems, very few roundEndocrinol.182, 175-179.
and even fewer elongated spermatids are observed. This pofigwalt. B. D., Bebb, R. A, Matsumoto, A. M., Groome, N. P,

- lingworth, P. J., McNeilly, A. S. and Bremner, W. J. (1996). Serum
was made Clearly In a recent StUdy (HayWOOd etal, 2003)' Ininhibin B levels reflect Sertoli cell function in normal men and men with

the presence of physiological levels of transgenic FSH, testicular dysfunctiond. Clin. Endocrinol. Metak81, 3341-3345.
significant stimulation of Sertoli cell and spermatogonialAwatramani, R., Soriano, P., Mai, J. J. and Dymecki, S(2001). An Flp
proIiferation was observed in the teste<Gofrh-null animals. indicator mouse expressing alkaline phosphatase from the ROSA26 locus.

o - : Nat. Genet29, 257-259.
However, Only limited numbers of hapI0|d spermatlds WereBeau, C., Vivian, N., Munsterberg, A., Dresser, D. W., Lovell-Badge, R.
detected whose development was arrested during elongationand Guerrier, D. (2001). In vivo analysis of the regulation of the anti-
Efficient completion of meiosis and development of mature Mullerian hormone, as a marker of Sertoli cell differentiation during
spermatozoa required the presence of androgensl tzeSGIichgal’ development, reveals a multi-step proddst. Reprod. Devs9,

; ; 56-264.

In the current study W.e. have prowdt_ad evidence for th%attanach, B. M., Iddon, C. A., Charlton, H. M., Chiappa, S. A. and Fink,
presence of two AR-sensitive steps during spermatogenesiSg (1977). Gonadotrophin-releasing hormone deficiency in a mutant mouse
The first, which is most acutely sensitive to a reduction in AR with hypogonadismNature269, 338-340.
function, occurs in the late stages of spermatid differentiatioPavies, H. G., Giorgini, F., Fajardo, M. A. and Braun, R. E.(2000). A
near the time of spermiation. Unexpectedly, the second Step’sequence—speuflc RNA binding complex expressed in murine germ cells

S " : W contains MSY2 and MSY#ev. Biol.221, 87-100.
which is sensitive to loss of Sertoli cell AR activity, occurs, Shennawy, A. Gates, R. J. and Russell, L. 01998). Hormonal

during'the transition from _the round to e|0ngatin9 stages Of regulation of spermatogenesis in the hypophysectomized rat: cell viability
spermiogenesis, and may involve a loss of adhesion of roundafter hormonal replacement in adults after intermediate periods of
spermatids to the seminiferous epithelium. Based on our hypophysectomyl. Androl.19, 320-334. o _ _
observations, it is possible that a primary role of AR functiodilklngton, J. S. and Blackshaw, A. W(1974). Studies in testicular function.

in S l s | | id adhesi h I. Quantitative effects of FSH, LH, testosterone and dihydrotestosterone on
in Sertoli cells I1s to regulate spermatid adhesion to the restoration and maintenance of spermatogenesis in the hypophysectomized

seminiferous epithelium. AR would thus be required for rat. Aus. J. Biol. Sci27, 47-57.

maintenance of adhesion of round spermatids during thefiranca, L. R., Parreira, G. G., Gates, R. J. and Russell, L. 01998).

differentiation to elongated spermatozoa. Conversely, AR Hormonal fe_gu'a“fon of Spﬁfmam?eﬂes's i tf*f‘e thPOFI’_WseC,tom'Z]?d
. . f . o rat: quantitation of germ-cell population and effect of elimination o

function is then required _for the execution of spermiation and residual testosterone after long-term hypophysectdmyndrol. 19, 335-

release of mature sperm into the tubule lumen. We are currentlyso.

testing this hypothesis through examination of the cell-to-celshosh, S., Sinha-Hikim, A. P. and Russell, L. D.(1991). Further

contacts between Sertoli and germ cells. observations of stage-specific effects seen after short-term hypophysectomy

Sertoli cellAr expression does not appear to be required fog, " the ratTissue Cells, 613-630.

h leti f L. he diff s f d orgini, F., Davies, H. G. and Braun, R. E(2002). Translational repression
the completion of meiosis or the differentiation of roun by MSY4 inhibits spermatid differentiation in micBevelopmentl29,

spermatids prior to elongation. However, androgens are clearly3ss9-3679.

required at some level for normal meiotic progression. It haSiwercman, Y. L., Nikoshkov, A., Bystrom, B., Pousette, A., Arver, S. and
been recently shown that progestins, which like the androgensV\;%dfgéAN(fggsl)-m » t”a‘ii‘gerl mutarion (2‘§d33bf%é?nthedgfn”;ﬁcg‘f’img;:c;‘r‘g“r;n
act throth a '_quear hormone recgptorz are_ capable of ex(:"rtmgsleceptor gene are associated with n%ale infertmtsl. Endocrinol.54, 827- ?

a non-genomic effect on cell proliferation in the absence of g34

functional progesterone receptor (Sager et al., 2003). Thus, waywood, M., Spaliviero, J., Jimemez, M., King, N. J., Handelsman, D. J.
suggest that androgens may still be required in Sertoli cells forand Allan, C. M. (2003). Sertoli and germ cell development in hypogonadal

execution of meiosis, but that these hormones are also capabl&!P9) mice expressing transgenic follicle-stimulating hormone alone or in
. . . . combination with testosteronEndocrinologyl44, 509-517.
of acting non-genomically, in the absence of AR function, tc?—liort, O., Holterhus, P. M., Horter, T., Schulze, W., Kremke, B., Bals-

promote spermatogenesis. Alternatively, our results indicate pratsch, M., Sinnecker, G. H. and Kruse, K.(2000). Significance of
that the search for localization of the meiotic AR requirement mutations in the androgen receptor gene in males with idiopathic infertility.
be refocused outside of the seminiferous tubules. One possibje Clin. Endocrinol. Metat8s, 2810-2815.

P . . . . rr, J. B., Millar, M., Maddocks, S. and Sharpe, R. M.(1993). Stage-
candidate is the pe”tmear my0|d cell, which expresses AR <Ji<tedependent changes in spermatogenesis and Sertoli cells in relation to the

all stages of spermatogenesis and is in close proximity to thegnset of spermatogenic failure following withdrawal of testosteranat.
spermatogonial stem cells. Rec.235, 547-559.
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