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An unresolved question in the study of the polyglu-
tamine neurodegenerative disorders is the extent to
which partial loss of normal function of the mutant
protein contributes to the disease phenotype. To
address this , we studied Kennedy disease , a degen-
erative disorder of lower motor neurons caused by
a CAG/glutamine expansion in the androgen recep-
tor (Ar) gene. Signs of partial androgen insensitiv-
ity , including testicular atrophy and decreased fer-
tility , are common in affected males , although the
underlying mechanisms are not well understood.
Here , we describe a knock-in mouse model that
reproduces the testicular atrophy, diminished fer-
tility , and systemic signs of partial androgen insen-
sitivity that occur in Kennedy disease patients. Us-
ing this model , we demonstrate that the testicular
pathology in this disorder is distinct from that me-
diated by loss of AR function. Testes pathology in
113 CAG knock-in mice was characterized by mor-
phological abnormalities of germ cell maturation,
decreased solubility of the mutant AR protein, and
alterations of the Sertoli cell cytoskeleton, changes
that are distinct from those produced by AR loss-of-
function mutation in testicular feminization mu-
tant mice. Our data demonstrate that toxic effects of
the mutant protein mediate aspects of the Kennedy
disease phenotype previously attributed to a loss
of AR function. (Am J Pathol 2006, 168:195–204; DOI:

10.2353/ajpath.2006.050619)

Kennedy disease is one of nine neurodegenerative dis-
orders caused by expansions of CAG/glutamine (Q)
tracts in the coding regions of otherwise unrelated
genes.1 The mutation in Kennedy disease occurs in the
first exon of the androgen receptor (Ar) gene2 and causes
hormone-dependent dysfunction and degeneration of
lower motor neurons in males.3–5 The mutant AR protein
misfolds and aggregates and, like other proteins with
expanded glutamine tracts, may exert toxic effects by
disrupting the ubiquitin-proteasome pathway and induc-
ing a stress response, by altering the activity of transcrip-
tional co-regulators, or by impairing synaptic function
and axonal transport.6–10 These shared features likely
reflect common mechanisms underlying the toxicity of
these mutant proteins.

It has been suggested that a partial loss of the normal
function of the protein may also contribute to the patho-
genesis of several CAG repeat disorders, including
Kennedy and Huntington diseases.11,12 In Kennedy dis-
ease, in which the normal function of the disease-causing
protein is well understood, patients may exhibit signs of
partial androgen insensitivity, including testicular atrophy
and decreased fertility.13 These clinical signs correlate
with cell culture models demonstrating a partial loss of
AR function that is mediated by the expanded glutamine
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tract and is made manifest by decreased expression of
androgen-responsive genes or reporter constructs.14–17

However, it has not been established whether the fea-
tures of partial androgen insensitivity in Kennedy disease
are in fact due to loss of AR function in vivo or whether
other mechanisms are responsible for these clinical
manifestations.

To explore the pathogenesis of Kennedy disease, we
developed a knock-in mouse model in which 113 CAG
repeats are targeted to the first exon of the mouse Ar
gene (AR113Q mice). Mutant male mice develop hor-
mone-dependent neuromuscular pathology, which will
be described elsewhere. Here, we demonstrate that
these mice also model the testicular atrophy and de-
creased fertility that commonly occur in Kennedy disease
patients. Surprisingly, we found that the testicular pathol-
ogy in AR113Q mice is distinct from that which occurs in
testicular feminization mutant (tfm) mice, with a loss-of-
function mutation in the Ar gene, and is characterized by
marked morphological abnormalities of germ cell matu-
ration and alterations in the Sertoli cell cytoskeleton.
These observations indicate that features of Kennedy
disease previously attributed to a partial loss of AR func-
tion are in actuality mediated by toxicity of the mutant
protein.

Materials and Methods

Generation of Ar Knock-In Mice

A targeting vector containing 6 kb of the mouse Ar
locus was constructed using the backbone targeting
vector pLP118 and genomic sequence isolated from a
J1 mouse embryonic stem cell library constructed in
phage EMBL3. Ar exon 1 was immediately followed by
the phosphoglycerol kinase promoter driving expres-
sion of the neomycin resistance gene. This cassette,
flanked by loxP sites, was in the opposite orientation of
the Ar gene. A portion of the coding region of mouse
exon 1 from the SmaI to BstEII sites (Pro37 to Gly423)
was exchanged for the same region in human Ar exon
1. During this exchange, CAG repeats of 21, 41, or 113
were introduced. The obtained targeting plasmids
were checked by sequencing across the CAG repeat
and cloning sites and were electroporated into CJ7 ES
cells derived from 129S1/SvlmJ mice.19 Homologous
recombination was confirmed by Southern blot using 5�
and 3� probes that fell outside the targeting construct
and that detected an SphI restriction polymorphism
introduced during targeted insertion of the neomycin
resistance cassette. Cre recombinase was then tran-
siently expressed in correctly targeted ES cell clones
using pMC-Cre,20 and subclones were identified in
which the neomycin cassette was successfully re-
moved. Chimeric male mice derived from injection of
these clones were crossed with C57Bl/6J females. F1

females with the targeted allele were identified by poly-
merase chain reaction (PCR) analysis using primers
that span the CAG repeat. F1 heterozygous females
were crossed with C57Bl/6J males to derive the F2

animals used in these studies. All procedures involving
mice were approved by the University of Michigan
Committee on Use and Care of Animals, in accordance
with the NIH Guidelines for the Care and Use of Exper-
imental Animals.

Immunohistochemistry and
Immunofluorescence

Tissue was fixed in formalin, embedded in paraffin, sec-
tioned at 5 �m, and stained with hematoxylin and eosin.
For immunohistochemistry, antigen retrieval was
achieved by boiling in glycine buffer (pH 3.5) for 10
minutes. Tissue sections were stained with polyclonal
antibodies against AR or �-tubulin (Santa Cruz Biotech-
nology, Santa Cruz, CA). Proteins were visualized using
the Vectastain ABC kit (Vector Laboratories, Burlingame,
CA) or with an Alexa Fluor 594 secondary antibody (Mo-
lecular Probes, Eugene, OR). Light images were cap-
tured using an Olympus BX41 microscope, 40� lens,
and Insight digital camera. Confocal images were cap-
tured using a Zeiss LSM 510 microscope and a 63�
water immersion lens.

Protein Expression Analysis

Tissue homogenates were prepared in radioimmunopre-
cipitation assay buffer containing Complete Protease In-
hibitor (Roche, Indianapolis, IN) using a PowerGen 125
(Fisher, Pittsburgh, PA). After homogenization, samples
were spun at 15,000 � g for 15 minutes, and both super-
natants and pellets were analyzed by 7% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis. Proteins
were transferred to Immunobilon-P membranes using a
semidry transfer apparatus and detected by chemilumi-
nescence. Blots were probed with polyclonal anti-AR
antibody N-20 (Santa Cruz) or monoclonal anti-polyglu-
tamine antibody 1C2 (Chemicon, Temecula, CA). Major
urinary proteins (MUPs) in urine were detected by elec-
trophoresis of 1 �l of urine on 10% SDS-PAGE followed
by Coomassie blue staining.

Gene Expression Analysis

Total RNA was isolated from tissues with Trizol (Invitro-
gen, Carlsbad, CA) and served as a template for cDNA
synthesis using the High Capacity cDNA Archive kit from
Applied Biosystems (Foster City, CA). Gene-specific
primers and probes labeled with the fluorescent reporter
dye 6-carboxyfluorescein and the quencher 6-car-
boxytetramethyl-rhodamine were purchased from Ap-
plied Biosystems. TaqMan assays were performed using
5-ng aliquots of cDNA. Replicate tubes were analyzed for
the expression of 18S rRNA using a VIC-labeled probe.
Threshold cycle values were determined by an ABI Prism
7900HT sequence detection system, and relative expres-
sion levels were calculated using the standard curve
method of analysis.
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Measurement of Serum Hormone Levels

Serum testosterone levels were determined by radioim-
munoassay (Diagnostic Systems, Webster, TX). The ref-
erence preparation of testosterone, obtained from Ster-
aloids, Inc., was purified by high-performance liquid
chromatography and verified by thin layer chromatogra-
phy and immunoassay. The testosterone radioimmuno-
assay had a sensitivity of 0.05 ng/ml. Luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) levels were
determined by sandwich assay and radioimmunoassay,
respectively, performed by the University of Virginia Cen-
ter for Research in Reproduction Ligand Assay and Anal-
ysis Core Facility. The mouse LH and FSH reference
preparations were provided by Dr. A.F. Parlow and the
National Hormone and Peptide Program. The LH assay
had a sensitivity of 0.07 ng/ml, and the FSH assay had a
sensitivity of 2.0 ng/ml.

Sperm Count

The epididymides were removed, minced in 4 ml of phos-
phate buffered saline (pH 7.4), and gently rocked at room
temperature for 10 minutes. After centrifugation at 500 �
g for 1 minute, sperm count was determined using a
hemacytometer.

Terminal Deoxynucleotide Transferase End
Labeling (TUNEL) Assay

The presence of TUNEL-positive cells was determined
using formalin-fixed, paraffin-embedded sections of tes-
tes and the ApopTag Peroxidase In Situ Apoptosis De-
tection kit (Chemicon). The number of labeled cells in five
randomly selected 200� high-power fields was deter-
mined for each slide.

Results

Generation of Ar 113 CAG Knock-In Mice

AR113Q knock-in mice were created by recombining a
SmaI to BstEII fragment of human Ar exon 1 containing
113 CAG repeats with the mouse Ar gene (Figure 1, A–D).
Chimeric mice generated by injection of correctly tar-
geted ES cells into C57BL/6J blastocysts were mated to
C57BL/6J females. Germline transmission of the targeted
allele to female agouti pups was confirmed by PCR (Fig-
ure 1E). These mice were crossed with C57BL/6J males
and yielded the expected proportion of male and female
mice with the anticipated transmission of the targeted Ar
allele (data not shown). Because the Ar gene is on the X
chromosome, male mice hemizygous for either the wild-
type or mutant allele were generated from these matings.
The phenotype reported here is based on the character-
ization of F2 male mice derived from two indistinguish-
able, independent lines of 113 CAG repeat Ar knock-in
mice.

AR113Q Males Display Partial Androgen
Insensitivity

In our initial effort to assess the effectiveness of the
expanded glutamine AR to masculinize AR113Q males,
we examined the appearance of the external genitalia.
No mice with ambiguous genitalia were identified, and a
strict genotype-phenotype correlation was observed
when sex was confirmed by PCR detection of the Sry
gene (data not shown). Similarly, gross and microscopic
inspection revealed an absence of mammary tissue in
mutant males, an expected outcome because this tissue
is known to undergo perinatal, androgen-dependent re-
gression in male mice. These data confirmed that the

Figure 1. Generation of an expanded CAG allele at the androgen receptor locus. A: Schematic representation of targeting construct. Arrow indicates initiation
methionine. The insertion of a SmaI to BstEII fragment of human exon 1 is indicated by stripes. B: Endogenous androgen receptor (Ar) allele. C: Predicted
structure of the mutant CAG expansion allele generated by homologous recombination. S, SphI sites. Location of probes used for Southern blot analysis is
indicated. D: Representation of targeted mouse allele after a Cre-mediated excision event. E: Detection of targeted and non-targeted Ar alleles in F1 female mice.
PCR primers that span the CAG repeat were used to amplify sequences from a wild-type C57BL/6 male (lane 2), three F1 agouti females (lanes 3 to 5), and the
ES cell clone used to generate the chimeric male that sired the F1 females (lane 6). Lane 1 � 100-bp ladder.
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expanded glutamine AR functioned sufficiently well to
direct appropriate development of certain male second-
ary sex characteristics.

Despite these findings, our attempts to breed mutant
males were largely unsuccessful. Multiple attempted
matings yielded only two litters, sired by two AR113Q
males younger than 10 weeks of age mated with wild-
type females. Additional attempted breeding of these two
males and of five other AR113Q males with either wild-
type (for up to 2 months) or AR113Q females (for 2 to 6
months) failed to yield any litters. Because Kennedy dis-
ease patients often exhibit decreased fertility and testic-
ular atrophy, we sought to further explore these systemic
effects of the mutant allele. As an additional control, we
used knock-in mice generated with the identical targeting
construct except for the inclusion of only 21 or 41 CAG
repeats (AR21Q or AR41Q, respectively). A CAG repeat
of 21 in the Ar gene is in the normal range in humans,
whereas a repeat of 41 is at the lower end of the patho-
genic range for Kennedy disease. We found that a glu-
tamine tract of either 21 or 41 amino acids in the AR
protein had no detectable pathogenic effects in mice.
Male AR21Q and AR41Q mice bred as vigorously as
wild-type males, had normal weight testes (Figure 2A;
data not shown), and had normal levels of circulating
testosterone (Figure 2B). These mice also confirmed that
recombination of 1050 nucleotides of human Ar exon 1
into the mouse gene, encoding a region of approximately
85% amino acid identity, resulted in no detectable phys-
iological effects. In contrast, testes of AR113Q mice were
markedly atrophic, weighing only about one-half that of
wild-type testes (Figure 2A). Despite this testicular atro-
phy, AR113Q males had a similar range of serum testos-
terone values compared with wild-type males, although
the mean value was slightly elevated (Figure 2B). Simi-
larly elevated serum testosterone levels have been ob-
served in some patients with Kennedy disease.21

We next sought to determine whether AR113Q males
exhibited systemic effects that modeled the partial loss of
AR function that is manifest in Kennedy disease patients.
To accomplish this, we examined several parameters that
reflect androgen function. AR113Q males had signifi-
cantly higher levels of serum LH than did wild-type mice
(Figure 2C). LH binds receptors on Leydig cells to stim-
ulate testosterone synthesis and secretion, and elevated
LH levels in AR113Q mice are consistent with a partial
loss of AR function. In support of this interpretation, 3�-
hydroxysteroid dehydrogenase type 1 (3�HSD type 1), a
Leydig cell transcript encoding a regulator of steroido-
genesis,22 was expressed at higher levels in AR113Q
males with morphologically abnormal testes and in tfm
males compared with wild-type controls (Figure 2E). Al-
though this increase in 3�HSD type 1 mRNA expression
may reflect partial loss of AR function, it is also possible
that differences in the relative cellular contribution of
wild-type and mutant testes account for some of this
apparent increase. In contrast to LH, serum FSH levels
were significantly lower in AR113Q males than in wild-
type mice (Figure 2D), a factor that may contribute to a
failure in spermatogenesis. Along with lower levels of
circulating hormone, FSH receptor mRNA levels were

twofold higher in testes of AR113Q males than in wild-
type controls (Figure 2F). Expression of other androgen-
responsive targets was also altered in AR113Q males,
including the levels of MUPs. MUPs are pheromone-
binding proteins that contribute to normal mating behav-
ior and whose production in the liver is indirectly regu-
lated by circulating androgens23 (Figure 2G, left panel).
Testosterone produced by the testes acts on the hypo-
thalamic-pituitary axis to induce pulsatile release of
growth hormone. This pattern of growth hormone release
in males leads to elevated production of MUPs by the
liver. MUPs excreted in the urine are readily detected by
SDS-PAGE. Analysis revealed markedly lower levels of
urinary MUPs in AR113Q compared with wild-type males
(Figure 2G, right panel), consistent with the notion that

Figure 2. Partial androgen insensitivity in AR113Q knock-in mice. A: Testes
of AR113Q knock-in males (n � 7) were significantly smaller than those of
wild-type littermates (n � 10) (P � 0.0001 by unpaired Student’s t-test) or
AR41Q knock-in males (n � 4) (P � 0.0002). There was no significant
difference in testes weight between AR41Q knock-in and wild-type males
(P � 0.4). B: Circulating testosterone levels in AR113Q males (n � 7) and
wild-type littermates (n � 12) fell in a similar range, although the mean value
for AR113Q males was slightly elevated (P � 0.035). No significant difference
in testosterone levels was observed among AR21Q (n � 11), AR41Q males
(n � 12), and wild-type littermates (n � 15) (P � 0.2). In C, serum LH levels
were significantly higher in AR113Q males (n � 6) than in wild-type controls
(n � 7) (P � 0.0005), whereas in D, serum FSH levels were significantly
lower in AR113Q males (n � 6) than in wild-type controls (n � 8) (P �
0.005). E and F: Relative mRNA expression levels of 3�HSD type 1 (E) and
FSH receptor (F) in testes of wild-type (n � 5), AR113Q (n � 3 for E; n �
7 for F), and tfm males (n � 4) at 3 to 4 months of age. Data shown are
means � SD relative to the expression in wild-type mice. G: Diagram of
testosterone’s indirect regulation of MUPs production in the liver mediated
through action on the hypothalamic-pituitary axis (modified from 23) (left
panel). Lower levels of urinary MUPs were detected in AR113Q knock-in
males (lanes 1 to 5) than in wild-type littermates (lanes 6 to 9) (right
panel).
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these mutant mice exhibited signs of partial androgen
insensitivity. It is noteworthy that not all androgen-respon-
sive genes were differentially expressed in mutant and
wild-type males. Similar levels of expression of the Leydig
cell transcript 17�-hydroxysteroid dehydrogenase type
III and the renal transcripts ornithine decarboxylase 1
and the cytochrome P450 Cyp2d9 were found in wild-
type and AR113Q mice (data not shown). Taken together,
these data confirm that AR113Q males exhibited signs of
partial androgen insensitivity that modeled those of
Kennedy disease patients.

Testes Pathology Reveals Toxic Effects of the
Expanded Glutamine AR

The observation that AR113Q males exhibited decreased
fertility and systemic manifestations of partial androgen
insensitivity prompted us to further explore the basis of
this phenotype. Because both testicular atrophy and de-
creased fertility were present in this mouse model, we
examined the testes of wild-type and AR113Q mice. His-

tological analysis revealed striking age-dependent testic-
ular pathology in AR113Q knock-ins. Testes of AR113Q
young adults (10 weeks or less) were morphologically
similar to those of wild-type males and showed appar-
ently normal germ cell maturation (Figure 3, A and D).
With age, testes of AR113Q mice exhibited the frequent
appearance of large multinucleated cells in virtually all
tubules (Figure 3E), an approximate sevenfold decrease
of epididymal sperm (5.99 � 106� 4.7 � 105 per ml in
wild-type versus 8.47 � 105� 2.29 � 105 per ml in
AR113Q, P � 0.001), and an approximate sixfold in-
crease of TUNEL-positive cells (Figure 3I). This testicular
pathology tended to progress with increasing age, result-
ing in extremely abnormal germ cell maturation in a sub-
set of 20-week-old mice (Figure 3F). That this testicular
pathology was progressive was supported by the fact
that it was observed in none of seven mice aged 8 to 11
weeks but in all seven males aged 12 to 20 weeks.
Furthermore, of the two mutant males that sired litters at
less than 10 weeks, one had severely abnormal testes at
20 weeks, pictured in Figure 3F. Most strikingly, this

Figure 3. Age-dependent testicular pathology in AR113Q knock-in males. Testes from 14-week-old wild-type (A), 18-month-old AR21Q (B), and AR41Q
knock-ins (C); 10-, 13-, and 20-week-old AR113Q knock-ins (D–F); and 12-week-old tfm (G) and 100-week-old Hdh150/Hdh150 knock-in males (H) were
evaluated by hematoxylin and eosin staining. Arrows in E point to some of the multinucleated cells. Original magnification, �400. I: The number of
TUNEL-positive cells was determined in testes of wild-type (n � 4) and AR113Q males (n � 4) at 3 to 4 months of age. Data shown are mean number of labeled
cells per 200� high-power field � SD (P � 0.03 by Student’s t-test).
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testicular pathology was distinct from that which occurs
in mice that lack a functional AR. Genetic males with the
tfm mutation24 have a nonfunctional AR, are infertile, and
have atrophic testes. Tfm testes exhibit a complete block
of germ cell maturation yet showed none of the abnormal
cytology that is so prominent in AR113Q testes (Figure
3G). We conclude that the testicular pathology in
AR113Q mice is not solely mediated by a partial loss of
AR function, as previously thought, but rather reflects
toxic effects of the mutant protein conferred by the ex-
panded glutamine tract. That this testicular pathology
occurred in a glutamine length-dependent manner was
confirmed by examination of testes from AR21Q and
AR41Q mice, both of which were morphologically indis-
tinguishable from those of wild-type mice (Figure 3, B and
C). Although this testes pathology was glutamine length
dependent, it was also AR specific. Male mice homozy-
gous for a mutant Huntington disease gene homolog with
the targeted insertion of 150 CAG repeats (Huntington
disease homolog (Hdh) 150/Hdh150)25 exhibited morpho-

logically normal testes (Figure 3H) that were of normal
weight (data not shown).

The predominant expression of AR protein by Sertoli
cells led us to examine whether this cell type contributes
to the testicular pathology in AR113Q mice. Sertoli cells
are large supporting cells of the seminiferous tubules.
Although their nuclei reside at the base of the tubule, their
cytoplasm extends to its lumen. Along the way, microtu-
bule-rich cell processes extend around syncytia of de-
veloping germ cells, pinching their cytoplasm so that they
appear as individual germ cells by light microscopy. We
hypothesized that abnormalities of the Sertoli cell cy-
toskeleton in AR113Q mice might lead to the appearance
of multinucleated cells arising from these syncytia and to
abnormal germ cell maturation. To test this hypothesis,
we visualized the Sertoli cell cytoskeleton by �-tubulin
immunofluorescence. We observed decreased staining
for �-tubulin and diminished branching of the cytoskele-
ton in Sertoli cells of AR113Q mice compared with con-
trols, including wild-type, AR21Q, AR41Q, and tfm mice
(Figure 4A). These abnormalities in �-tubulin staining
coincided with or preceded the development of testicular
pathology in all of the AR113Q mice examined. No ab-
normalities of the Sertoli cell cytoskeleton were observed
in Hdh150/Hdh150 mice, indicating that these cytoskel-
etal changes were reflective of toxicity specific to the
mutant AR. Interestingly, expression of mRNA encoding
the homeobox protein Pem, also known as reproductive
homeobox on X, was similar in AR113Q and wild-type
males (Figure 4B). Because Pem is an androgen-regu-
lated gene expressed by Sertoli cells, these data sug-
gested that Sertoli cell number was similar in AR113Q
and wild-type testes. These data also suggested that
changes in the cytoskeleton rather than Sertoli cell num-
ber were important contributors to the testicular pathol-
ogy of AR113Q mice. However, the possibility that cy-
toskeletal abnormalities occurred predominantly as a
consequence of disrupted germ cell maturation could not
be excluded.

The striking morphological abnormalities in testes of
AR113Q males prompted us to examine the expression

Figure 4. Abnormalities of the Sertoli cell cytoskeleton in AR113Q knock-in
males. �: �-tubulin immunofluorescence highlights the Sertoli cell cytoskel-
eton in adult AR113Q, wild-type, AR21Q, AR41Q, tfm, and Hdh150/Hdh150
mice. Original magnification, �630. B: Relative Pem mRNA expression levels
in testes of wild-type (n � 5), AR113Q (n � 7), and tfm males (n � 4) at 3
to 4 months of age. Data shown are means � SD relative to the expression
in wild-type mice.

Figure 5. Altered expression of markers of spermatogenesis in AR113Q
males. Relative mRNA expression levels of markers of spermatogenesis were
determined in testes of wild-type (n � 5, black bars), AR113Q (n � 7,
white bars), and tfm males (n � 4, striped bars) at 3 to 4 months of age.
Data shown are means � SD relative to the expression in wild-type mice.
Pa-BP, pro-acrosin binding protein; TP1, transition protein 1; TP2, transition
protein 2; P1, protamine 1; P2, protamine 2. Expression of TP1, P1, and P2
were significantly less in AR113Q compared with wild-type males (P � 0.05
by analysis of variance with Newman-Keuls post test).
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of several genes that are markers of normal spermato-
genesis and to compare their expression in wild-type and
tfm mutant males. Quantitative real-time RT-PCR re-
vealed that the expression of transition protein 1 and
protamines 1 and 2 was significantly lower in AR113Q
males than in wild-type controls (Figure 5). The basic
proteins encoded by these genes replace histones in
mature spermatids and are required for proper chromatin
condensation.26 When the AR113Q males were sepa-
rated into those with morphologically normal and abnor-
mal testes, no statistically significant differences were
detected between these subsets (data not shown), sug-
gesting that changes in gene expression preceded the
appearance of histological alterations. In contrast to the
expression of the transition proteins and protamines,
the expression of A-myb, a transcriptional regulator ac-
tive in early meiotic prophase,27 and pro-acrosin binding
protein, a gene expressed in primary spermatocytes,28

was not significantly different in AR113Q and wild-type
males. Tfm mutant males expressed markedly lower lev-
els of all genes examined, a reflection of the arrest of
spermatogenesis that is evident in these mice.

The testicular pathology in AR113Q mice occurred in
the absence of detectable intranuclear inclusions of AR

protein (Figure 6A, left panel). Using a polyclonal anti-
body against the AR amino terminus, we detected strong
diffuse nuclear staining in Sertoli cells, whose large nuclei
reside at the base of the seminiferous tubules. The pres-
ence of diffuse staining of Sertoli cell nuclei and the
absence of intranuclear inclusions were consistent in all
animals examined, including those with the most disor-
dered germ cell maturation. In contrast, intranuclear in-
clusions were detected elsewhere in the genitourinary
tract of these same animals, including the lining of the
seminal vesicle (Figure 6A, right panel). Despite the ab-
sence of morphologically detectable AR aggregates in
testes, biochemical analysis revealed decreased solubil-
ity of the mutant AR. Separation of protein lysates into
soluble and pelleted fractions after high-speed centrifu-
gation revealed a tendency of the expanded glutamine
AR to reside in the pellet while the wild-type receptor
remained in the soluble fraction (Figure 6B). This analysis
confirmed similar overall expression of the wild-type and
expanded glutamine AR and demonstrated that the mu-
tant protein formed protein complexes in testes that were
not detected by conventional morphological methods.
Because AR protein was detected only in the nucleus by
immunohistochemistry, our data suggest that complexes

Figure 6. Androgen receptor protein expression in AR113Q and wild-type
testes. A: Androgen receptor immunohistochemistry revealed diffuse nu-
clear staining in Sertoli cells of the testes of AR113Q knock-in male at 20
weeks (left panel) and intranuclear inclusions elsewhere in the genito-
urinary tract, including the lining of the seminal vesicle (right panel).
Original magnification, �400. B: Protein lysates from testes of one wild-
type (WT) and three AR113Q knock-in adult male mice were separated
into soluble and pellet fractions by centrifugation at 15,000 � g for 15
minutes and then resolved by 7% SDS-PAGE. AR protein was visualized by
Western blot using an antibody against the amino terminus of the receptor
(top) or against the expanded glutamine tract (1C2, bottom).
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formed by the expanded glutamine AR were predomi-
nantly localized to this subcellular compartment.

Discussion

We have generated a knock-in mouse model of Kennedy
disease and used it to explore the pathogenesis of the
systemic manifestations of this disorder. Mutant male
mice have decreased fertility, signs of partial androgen
insensitivity, and testicular atrophy, all of which are also
seen in Kennedy disease patients. Our analyses demon-
strate that AR113Q mice exhibit striking, age-dependent
testicular pathology characterized by progressive abnor-
malities of germ cell maturation and the Sertoli cell cy-
toskeleton. This pathology is novel and contrasts with the
complete block of spermatogenesis that is detected by
morphological and genetic analyses of testes from tfm
mutant mice (Figures 3 and 5) and from humans with
testicular feminization syndrome. Ar conditional null mu-
tant mice, which lack a functional receptor only in Sertoli
cells, similarly exhibit an arrest of spermatogenesis and
fail to develop the abnormalities of germ cell maturation
or Sertoli cell cytoskeleton seen in AR113Q mice.29–31

We conclude that toxic effects of the expanded glutamine
protein mediate aspects of the Kennedy disease pheno-
type previously attributed to a loss of AR function.

In support of this conclusion is the fact that similar
testicular pathology has been reported in a yeast artificial
chromosome transgenic model of Huntington disease.32

The observation that the expanded glutamine huntingtin
protein expressed as a transgene also causes abnormal-
ities of germ cell maturation and the Sertoli cell cytoskel-
eton suggests that common mechanisms mediate toxicity
in both of these models. In contrast, we detected no
testicular pathology in a knock-in mouse model of Hun-
tington’s disease. Although the basis of this discrepancy
is currently unclear, it is possible that either genetic back-
ground or huntingtin expression levels vary between the
homozygous knock-in mice evaluated here and the YAC
transgenic mice that were previously described. This
latter possibility is in line with the observation that expres-
sion levels of expanded glutamine proteins significantly
influence the onset and severity of phenotype in several
transgenic mouse models of polyglutamine disease.

The toxic mechanisms that mediate testicular pathol-
ogy in AR113Q mice do not exclude possible contribu-
tions by other factors, including a partial loss of normal
AR function. It is well established that an expanded glu-
tamine tract results in a partial loss of function in cell
culture models of Kennedy disease.14–17 Elevated levels
of serum LH and lower levels of urinary MUPs indicate
that the expanded glutamine AR has also undergone a
partial loss of function in AR113Q mice. Diminished ac-
tivity of the mutant receptor as a regulator of gene ex-
pression may impact the development of testicular pa-
thology through pathways that are not activated in the
complete absence of a functional receptor, such as ex-
ists in tfm and Sertoli cell-specific Ar null mutants. Addi-
tionally, the detection of decreased levels of serum FSH,
a hormone that binds to receptors on Sertoli cells to

stimulate spermatogenesis, suggests that hypothalamic
dysfunction or altered levels of other hormones, such as
estrogens or inhibin, may also contribute to the pheno-
type in AR113Q mice.

The cytoskeletal abnormalities identified in Sertoli cells
of AR113Q mice have implications beyond mechanisms
leading to infertility. Among neurons, the extremely long
axonal processes of motor neurons appear to make them
particularly vulnerable to disruptions of the cytoskeleton
and the transport machinery that uses this scaffold. This
vulnerability is reflected by the set of recently identified
mutations in mice and humans that affect components
of this pathway and result in neuron dysfunction or
death.33–38 Disruption of axonal transport has been ob-
served in several models of polyglutamine disease, in-
cluding Kennedy disease.8,9,39–41 Our data raise the
possibility that disruption of axonal transport may be
mediated by alterations in the cytoskeleton itself. Aggre-
some-forming proteins, including those that contain long
glutamine tracts, cause a similar collapse of the cytoskel-
eton in cell culture.42–44 Here, we have observed such
cytoskeletal alterations in vivo in the absence of morpho-
logically detectable aggregates but in tissues where
soluble, biochemically detectable protein complexes
predominate.

The observed formation of androgen receptor protein
complexes in vivo and the likelihood that they predomi-
nate in the cell nucleus suggest that a similar mechanism
may lead to both loss of AR function and toxicity of the
expanded glutamine receptor. Prior studies have shown
that transcriptional co-regulators, including cyclic AMP
response element-binding protein, SRC-1, and GRIP1,
which interact with the wild-type AR, are sequestered into
intranuclear inclusions of the expanded glutamine recep-
tor.45,46 We propose that similar interactions occur be-
tween transcriptional co-regulators and the soluble mi-
croaggregates of the expanded glutamine AR identified
here. The resulting misassortment of transcriptional co-
regulators may lead to decreased activation of AR target
genes, accounting for a partial loss of function, while
simultaneously exerting broad effects on gene expres-
sion that mediate some aspects of AR113Q toxicity.
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