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expressed in mouse spermatogonia and somatic Sertoli
cells but not in post meiotic germ cells (Kwon et al.,
2004a). By contrast, UCH-L3 is detected mainly in
spermatocytes and round spermatids (Kwon et al,
2004a). These two isozymes are considered to play
important roles in the labeling/targeting of abnormal
proteins for degradation via the ubiquitin-proteasome
system (Wilkinson, 2000).

The gracile axonal dystrophy (gad) mouse is an
autosomal recessive spontaneous mutant carrying an
intragenic deletion of the gene encoding UCH-L1
(Uchll). gad mice do not express UCH-L1 and thus are
comparable to a Uchkll null mutant (Yamazaki et al.,
1988; Saigoh et al., 1999). We recently showed that gad
mice are resistant to the germ cell apoptosis during the
first round of spermatogenesis (Kwon et al., 2005) and
are alsoresistant to cryptorchid-induced testicular germ
cell apoptosis (Kwon et al., 2004b). The expression of the
apoptotic proteins p53, Bax, and caspases-3 was signi-
ficantly lower in the immature testes, and the expres-
sion of both antiapoptotic and prosurvival proteins such
as Bel-2, Bel-xL, XIAP, pCREB, and BDNF was signi-
ficantly higher in gad mice following experimental crypto-
rchidism (Kwon et al., 2004b). These data prompted our
hypothesis that UCH-L1 may be an important regulator
of apoptosis during spermatogenesis. Experiments
toward this end may provide additional evidence that
UCH-L1 regulates spermatogenesis.

QOur present report presents the characterization of
the male sterility phenotype and the quantitation of
apoptotic spermatocytes in Uchll transgenic (Tg) mice.
Constitutive expression of UCH-L1 in the testis results
in a blockade of spermatogenesis at the pachytene stage
of spermatocytes due to an increase in the number of
apoptotic spermatocytes. These results indicate that
excess UCH-L1 affects spermatogenesis during meiosis
and, in particular, induces apoptosis in primary sper-
matocytes.

MATERIALS AND METHODS
Animals

We have previously described the Tg Uchll mice
carrying a 0.7-kb FLAG-tagged mouse Uchll cDNA with
the human translation elongation factor-lo (EF-Io)
promoter (Osaka et al., 2003). Tg mice were identified
by PCR analysis of tail DNA using specific primers
(forward: ex6F, 5'-ATCCAGGCGGCCCATGACCTC-3;
reverse: ex9R, 5-AGCTGCTTTGCAGAGAGCCA-3").
The gad mouse is an autosomal recessive mutant that
was obtained by crossing CBA and RFM mice (Saigoh
et al.,, 1999). All strains were maintained at our
institute. To corroborate fertility disturbances in UCH-
L1 Tg mice, a subset of the mice was continuously mated
with wild-type C57BL/6J mice. The mating of two
heterozygous Tg males with non-Tg females did not
yield offspring until the age of 6 months despite grossly
normal appearance. This was also the case for the
mating of four heterozygous Tg females with non-Tg
males. Their non-Tg littermates sired offspring normally.

Finally, all six Tg mice were infertile, but they did not
exhibit any apparent neurological phenotype during
adulthood. Controls included nontransgenic (non-Tg)
littermates and UCH-L1-deficient gad mice (Saigoh
et al., 1999). Mice were sacrificed by cervical dislocation
before tissue collection. Animal care and handling were
in accordance with institutional regulations for animal
care and were approved by the Animal Investigation
Committee of the National Institute of Neuroscience,
National Center of Neurology and Psychiatry of Japan.

mRNA Isolation, and Exogenous Uchll
Expression Measured by Quantitative
Real-Time RT-PCR

Total RNA from testes was isolated using the Trizol
reagent (Gibco BRL Life Technologies, Bethesda, MD)
and purified following the manufacturer’s instructions.
Real-time quantitative RT-PCR primer pairs flanking
introns were used to specifically amplify transgene
products, and their sequences were: forward, 5'-ATTT-
CAGGTGTCGTGAGGAA-3'; and reverse, 5'-CCCAC-
GTGGGAGACCTGATA-3'. Real-time quantitative PCR
products, from 0.25—2.5 ng of reverse-transcribed cDNA
samples, were detected using an ABI Prism, 7700
system (Applied Biosystems) as described previously
(Aoki et al., 2002). B-Actin and GAPDH were used as
endogenous controls. Results are expressed as the ratio
of the mRNA level of the transgene to that of -actin or
GAPDH. As an external standard for quantitative
analysis, the cDNA of the 3'-noncoding region of mouse
Uchll ¢DNA (covering the RT-PCR primers) was cloned
and inserted into a pcDNA3 vector, purified, precisely
quantified, and serially diluted 10-fold to 10 copies/pl.
Standard curves were determined using linear regres-
sion analysis of the Ct values relative to plasmid copy
numbers. In each real-time quantitative PCR assay, a
10-fold serially diluted cDNA template series was added
to construct a standard curve for copy number. Each
sample was analyzed in triplicate, and copy numbers
were determined from each corresponding standard
curve by the ratio of Tg UCH-L1 to mouse Uchll.

Histological Observations,
Immunohistochemistry, and
Immunofluorescence

Morphological studies were performed on six male
controls and two male Tg mice (Tg2l and Tg22, both
6 months old). The two control groups consisted of three
non-Tg wild-type C57BL/6J mice, 6 months old, litter-
mates, and three gad mice, age 4 months. Testes were
fixed in 4% paraformaldehyde for 24 hr and embedded in
paraffin. Serial 5-pm sections were used for histology
after hematoxylin—eosin staining as well as for immu-
nohistochemistry and the TUNEL assay. Primary
monoclonal or polyclonal antibodies against the follow-
ing proteins were used at the final dilutions indicated:
UCH-L1 (RA95101, Ultraclone, Lucigen, Middleton,
WI, 1:2,000), FLAG (FM2, Sigma, St. Louis, MO,
1:500), PCNA (PC10, Santa Cruz Biotechnology, Santa
Cruz, CA, 1:200), PCNA (Clone 24, BD Transduction
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Laboratory, Lexington, KY, 1:2,000), vimentin (Zymed,
1:100), and ubiquitin (Dako, Carpenteria, CA, 1:400).
For controls, the primary antibody was replaced with
normal rabbit serum or was omitted (these controls
always yielded negative staining). For immunofluores-
cence studies, secondary antibodies were anti-mouse-
Cy3 or -FITC or anti-rabbit-conjugated-Cy3 or -FITC
(Jackson ImmunoResearch, West Grove, PA, 1:500).

TUNEL Assay

TUNEL staining was performed according to the
original protocol, with modifications (Harada et al.,
2004). The number of apoptotic cells was determined by
counting positively stained nuclei in 30 tubule cross-
sections per testis section in each testis (Kwon et al.,
2004b). For clarity and brevity, we also counted all the
TUNEL-stained cells within the entire cell population of
testicular tubules in each section. In addition, we also
counted the apoptosis-positive tubules (i.e., tubules
containing at least one apoptotic cell) in each testis.

Western Blotting

Protein lysates were prepared from mouse testes as
described (Kwon et al., 2004b). Approximately 20 pg of
total protein was loaded per lane on 15% SDS—-PAGE
gels. Primary antibodies (diluted as indicated) were
used to detect the following proteins: UCH-L1
(RA95101, 1:5,000), FLAG (FM2, Sigma, 1:2,000), Bel-
2 (Cell Signaling, Beverly, MA, 1:1,000), caspase-3 (Cell
Signaling, 1:400), polyubiquitin (FK2 clone, Medical &
Biological Laboratory, Nagoya, Japan, 1:1,000), and
monoubiquitin (U5379, Sigma, 1:1,000). Blots were
further incubated with peroxidase-conjugated goat
anti-mouse IgG or goat anti-rabbit IgG (1:5,000; Pierce,
Rockford, IL) for 1 hr at room temperature. Immunor-
eactions were visualized using the SuperSignal West
Dura extended duration substrate (Pierce) and analyzed
with a Chemilmager (Alpha Innotech, San Leandro,
CA). Chemilmager data were analyzed using AlphaEase
software (Alpha Innotech) to yield the relative level of
each protein.

RESULTS
Sterile Phenotype of Uchll Tg Mice

We initially attempted to overexpress Uchll in
neurons using a Tg construct containing the EF-Iu
promoter (Mizushima and Nagata, 1990). The trans-
gene was also strongly expressed in gonads as well as
other Tg mice via the same promoter (Furuchi et al,,
1996). We obtained six Tg mice having high transgene
.copy number, each of which most likely carried the
transgenein a unique genomic location (see below). Four
of these mice were females (Tgl1, Tg12, Tg43, Tg81) and
two were males (Tg2l and Tg22). Unexpectedly, all of
these Tgs were sterile. Thus, it was not possible to
maintain Tg lines during the course of these experi-
ments. However, in addition to the sterile phenotype,
the six independent Tg mice showed a similar pattern of
Uchll transgene expression and common pathological
defects, the latter being limited to the testes or ovaries.

The Tg loci were generated by random integration
rather than by site-specific recombination, and thus the
animals produced by our Tg procedure usually had more
than one transgene integrated at each chromosomal
site (Kroll and Amaya, 1996). Therefore, in each of the
six Tg mice, the transgene most likely integrated into a
different genomic site, raising the possibility of different
position-dependent effects. Our data showed that we
obtained multiple animals with similar patterns or
levels of Uchll transgene expression and with common
pathological defects, suggesting the phenotypes reflect
position-independent expression (i.e., independent of
the position of transgene insertion). Thus, these Tg mice
had similar infertile phenotypes that may be attributed
to the overproduction of UCH-L1. Numerous gene
inactivation studies have identified gene products
involved in male fertility, but in most cases female
reproduction was unaffected or weak damaged (Yuan
et al., 2000). However, both male and female Uchll Tg
mice were infertile, although there were clear differ-
ences in germinal cell maturation, suggesting that
UCH-L1 is required for both spermatogenesis and
oogenesis. Therefore, six independent Tg founders,
notably two males (Tg21 and Tg22), were analyzed in
our present study.

The mating of two heterozygous Tg males with non-Tg
females did not yield offspring until the age of 6 months,
despite grossly normal appearance. This was also the
case for the mating of four heterozygous Tg females with
non-Tg males. Their non-Tg littermates sired offspring
normally. At autopsy, the testes of both Tg21 and Tg22
appeared grossly smaller than those of non-Tg mice. The
testes weight of Tg21 (77 mg) and Tg22 (70 mg) was only
42% and 38%, respectively, relative to non-Tg males .
(183 + 16 mg), demonstrating that mice overexpressing
UCH-L1 display profoundly defective testis development.

Expression Levels of the Uchll Transgene

We used RT-PCR and primers specific for the Uchll
transgene to compare transgene expression levels in
the testes or ovaries of the six Tg mice. There was
some variation between animals (Fig. 1A). All the Tgs
expressed a similar level of endogenous Uchll mRNA
(Fig. 1A); quantitation of absolute Tg Uchll copy
numbers using real-time quantitative RT-PCR showed
that all six Tgs expressed 2.9-6.8-fold more Uchll
transgene mRNA compared with endogenous mRNA
(4.5,3.6,6.2,3.7,2.9, and 6.8 for Tg21, Tg22, Tgll, Tgl2,
Tg43, and Tg81, respectively). Relative UCH-L1 protein
expression was similar among four of the Tgs (76.1 £ 5.2,
Fig. 1B) but was somewhat higher in Tg 21 (100) and
Tg81 (106.2). The average level of endogenous UCH-L1
expression in Tg mice was ~91% relative to non-Tg mice
(Fig. 1B).

Immunohistochemistry of testicular sections using an
antibody against FLAG revealed that exogenous UCH-
1.1 localized mainly in spermatogonia and Sertoli cells
(Fig. 2E), similar to the localization of endogenous UCH-
L1 (Fig. 2A). Endogenous UCH-L1 localized to both the
cytoplasm and nucleus of spermatogonia and Sertoli
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Fig. 1. Expression of transgenic ubiquitin carboxyl-terminal hydro-
lase 1 (UCH-L1)inthe testes of Tg21 and Tg22 male mice. A: Transgenic
Uchll mRNA levels in the testes. RT-PCR showed high levels of Uchll
transgene mRNA in both Tg21 and Tg22 as well as in all ovaries from
four female Tg mice. All Tg mice had a normal level of endogenous
Uchll mRNA. The relative expression level isindicated below each lane

shows high levels of UCH-L1 in testicular tubules. UCH-L1 immunos-
taining is clearly present in spermatogonia (5g) and Sertoli cells (Se) of a
non-Tg mouse (A) but not in a gad mouse (B). In contrast, in the testes of
two Tg males, the most intense UCH-L1 immunoreactivity occurs
predominantly in spermatogonia (Sg, arrowheads) and Sertoli cells
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(as a percentage, scaled to B-actin in each lane). B: Western blot
analysis of testicular or ovarian lysates. Both endogenous and
exogenous UCH-L1 were detected with anti-UCH-L1, whereas exo-
genous UCH-L1 was specifically detected by anti-FLAG. Exogenous
UCH-L1 (arrow) is slightly larger than endogenous UCH-L1 (arrow-
head). WT, non-Tg wild-type.

(Se, arrows) but not in the primary spermatocytes (Sc, white arrowheads;
C,Tg21; D, Tg22). E: Immunostaining of FLAG confirmed the transgene-
derived UCH-L1 proteins in spermatogonia (Sg, arrowheads) and Sertoli
cells (Se, arrows) but not in the primary spermatocytes (Se, white
arrowheads; Tg22). Magnification: x400. Scale bar, 50 um.
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cellsin the testes of non-Tg males; however, localization
was not apparent around pachytene spermatocytes or
round, elongated spermatids (Fig. 2A). This distribution
of UCH-LL1 is in good agreement with previous reports
(Kon et al., 1999; Kwon et al., 2004a). Compared with
non-Tg males, overexpression of UCH-L1 in seminifer-
ous tubules of Tg males (Tg21 and Tg22) occurred
predominantly in spermatogonia and Sertoli cells,
and was weakly positive or negative in spermatocytes
(Fig. 2C,D). These data coincided with strong induction
ofthe Uchll transgene. Tg mice expressed a higher level
of total UCH-L1 (both endogenous and exogenous),
suggesting a correlation between excess UCH-L1 and
sterility.

Morphological Examination

Histopathological analysis of testes from 6-month-old
Tg21 and Tg22 revealed terminal loss of differentiated
germ cells and a large number of pachytene spermato-
cytes that had degenerated (with condensed nuclei and
giant cells) and been sloughed off, forcing an altered
structure of the seminiferous tubules such that they
appeared almost empty (Fig. 3A). The deformed semi-
niferous tubules also contained numerous arrested
spermatocytes (Fig. 3A, arrowheads) and multinu-
cleated giant cells (arrows). In contrast, the seminifer-
ous tubules of gad mice were nearly intact, as in non-Tg
males (data not shown). In non-Tg males, seminiferous
tubules containing elongated spermatids in the inner
layer were readily detected (data not shown), whereas
these tubules were scarcely detectable in Tg21 (Fig. 3A)
and Tg22. On the other hand, the four female Tg
mice displayed a variety of phenotypes, including an
increased number of apoptotic cocytes and granulosa
cells relative to non-Tg females, leading to infertility
(data not shown).

In non-Tg (Fig. 3B) and gad mice (Fig. 3C), only a few
TUNEL-positive cells were identified, located at the
periphery of the tubule. However, many fewer TUNEL-
positive cells were detected in the Tg males (Fig. 3D,E),
and cell morphology indicated that most of these positive
cells were primary spermatocytes. However, neither
the TUNEL assay nor microscopy revealed evidence of
apoptosis in spermatogonia or Sertoli cells. We quanti-
tatively assessed germ cell apoptosis in Tg, non-Tg, and
gad mice by calculating the number of apoptotic cells per
tubules in each testis. This value was 25 times higher
in Tg testes compared with non-Tg or gad testes (the
averages + SD were as follows: 5563+72, n=2 in Tg
testes; 22+4.2, n=3 in non-Tg; and 21 +£5.3, n=3 in
gad). The percentage of apoptosis-positive tubules in Tg
testes was also significantly higher than in non-Tg or
gad mice (the averages & SD were as follows: 95.3 + 2.7,
n=2in Tg testes; 7.4+ 2.2, n=3 in non-Tg; and 7.1 & 1.8,
n=3in gad).

A control section of caput epididymis, an androgen-
dependent organ, from same Tg mice was investigated.
No UCH-L1 overexpressing was detected, and no patho-
logical symptoms could be observed in the epididymis
(data not shown).

Fig. 3. Histopathology and TUNEL assay in situ. A: Hematoxylin—
eosin staining of testis sections from the Tg21 male mouse shows
defective spermatogenesis. Arrowheads indicate arrested spermato-
cytes and arrows indicate giant cells. Round spermatocytes and
spermatids were rarely observed. B-E: Examples of TUNEL-positive
cells characterized by the robust deposition of the reddish brown
reaction product in sections of testis from non-Tg (B), gad (C), and Tg
mice (D, Tg21; E, Tg22). Sections were counterstained with hematox-
ylin. A large number of TUNEL-positive cells were clearly observed at
the periphery of the seminiferous tubule (arrowheads) in Tg21 (D) and
Tg22 (E), whereas a lesser number of positives were apparent in non-Tg
(B) or gad mice (C). Most of these positive cells appeared to be primary
spermatocytes. Magnification: (A) x100; (B-E) x400. Scale bar in
(A) 200 pm; (E) 50 pm.

UCH-1.1 Relates to the Expression of PCNA

PCNA expression is associated with cell proliferation
and DNA synthesis during S phase of the cell cycle and
DNA repair in non-dividing cells (Kelman, 1997; Toschi
and Bravo, 1988). Unlike UCH-L1, which is abundant in
brain, PCNA is not detectable in the central nervous
system (Saigoh et al., 1999; Williams et al., 2002). In the
testis, PCNA is expressed in germ cells and Sertoli cells,
and the nuclear localization of PCNA overlaps with that
of UCH-L1 in monkey testis (Tokunaga et al., 1999). Our
recent study showed that mice lacking UCH-L1 have
significantly decreased numbers of PCNA-positive cells
in seminiferous tubules (Kwon et al.,, 2003). These
results led us to hypothesize that UCH-L1 may be
closely associated with spermatogonial proliferation
activity, possibly to maintain the primordial nature of
these cells. We thus immunostained testes for PCNA



EXCESS UCH-L1 ARRESTS SPERMATOGENESIS 45

and UCH-L1. In non-Tg and gad testes, PCNA-positive
staining was confined to spermatogonia and primary
spermatocytes and was not evident in Sertoli cells
(Fig. 4A,D,B,E) Similarly, the percentage of PCNA-
positive spermatogonia and spermatocytes in the semi-
niferous tubules of gad mice was significantly lower
than that of non-Tg mice (Fig. 4A,D,B,E) as we
previously observed (Kwon et al., 2003). In contrast,
Tg mouse testes showed greater PCNA staining in these
cells; surprisingly however, staining was observed in
nearly all arrested primary spermatocytes but not in
spermatogonia (Fig. 4F). These findings suggest that
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Fig. 4. PCNA immunostaining in the testes of a gad mouse (A, D), a
non-Tg mouse (B, E), a Tg mouse (C, F; Tg21), and in the transient
transfection assay with UCH-L1 using GC-1 cells (G—J). In gad and
non-Tg testes, positive immunostaining was confined to spermatogonia
(D, E; black arrows) and primary spermatocytes (DD, E; red arrowheads),
and staining was not seen in Sertoli cells (D, E; black arrowheads). In
contrast, cell staining was more intense in the testis of Tg mice;
however, this intensity was observed in almost all arrested primary
spermatocytes (FF; red arrowheads) but not in spermatogonia (F; black
arrows). The staining of non-Tg and gad mice was essentially identical.
However, nearly all the primary spermatocytes from Tg mice had
relatively strong reactivity compared with spermatogonia that had

UCH-L1 plays a specific role in mitotic proliferation. To
further clarify the effect of UCH-L1 on PCNA levels,
FLAG-tagged Uchll was transfected into GC-1, a germ
cell line derived from type B spermatogonia (Hofmann
et al., 1992). UCH-L1 (anti-FLAG, Fig. 4G,1, green) and
PCNA (Fig. 4H,I, red) were then visualized using
immunofluorescence microscopy. Cells transfected
with Uchll showed lower PCNA immunoreactivity
compared with mock-transfected cells (Fig. 4G), consis-
tent with the assertion that PCNA is downregulated by
UCH-L1 in vivo. However, no change of PCNA level was
observed in Uchl3 transfected cells (data not shown),

very faint PCNA reactivity (black arrows). Plasmid pClneo-Uchll
(G~I) or vector alone (J, mock) was transfected into GC-1 cells and
expressed. Antibodies against FLAG (Sigma, monoclonal) and PCNA
(BD Transduction Laboratory, polyclonal) were used to detect
exogenously expressed UCH-L1 (G, I, green) and endogenous PCNA
(H, J, I, red), respectively. Cells expressing a high level of UCH-L1 (G,
white arrows) had a relative low level of PCNA (H, white arrows),
whereas cells expressing a low level of UCH-L1 (H, white arrowheads)
had high PCNA levels (H, white arrowheads). Magnification: (A-C)
x100; (D-J) x400. Scale bar: Upper panels (see panel C), 200 pm;
middle panels (see panel F), 50 pm; lower panels (see panel J),
50 pm.
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Fig. 5. Vimentin immunostaining in the testes of a gad mouse (A), a non-Tg mouse (B), and Tg mice
(C, Tg21; D, Tg22). No difference was observed in the pattern and density of vimentin staining in Sertoli
cells between gad (A) and non-Tg testes (B). In contrast, Sertoli cell staining was more intense in the Tg
mice (C, D). Magnification: x400. Scale bar, 200 pm.

suggesting the specificity of UCH-L1 effect on PCNA
levels.

Sertoli Cells Exhibit High-Level Vimentin
Expression in Tg Mice

We examined the immunoreactivity to vimentin,
which is a marker of Sertoli cells (Oke and Suarez-
Quian, 1993; Mori et al., 1997). Vimentin immunostain-
ing was observed in Sertoli cells, and there is no
difference between gad and non-Tg mice (Fig. 5A,B).
In contrast, very strong expression of vimentin was
observed in almost all Sertoli cells throughout the
cytoplasm in Tg mice (Fig. 5C,D).

Bcl-2 Downregulation and Caspase-3
Upregulation in Tg Mice

The two key proteins, Bcl-2 and caspases-3 that
involved in testicular germ cell apoptosis are especially
altered during spermatogenesis or stress-induced germ
cell apoptosis in gadmice (Harada et al., 2004; Kwon
et al., 2004b, 2005). We thus examined the expression of
these proteins in Tg and non-Tg testes to determine
whether they are actually involved in countering
increased apoptosis. Bcl-2 expression was downregu-
lated in the testes of Tg mice compared with non-Tg mice
(Fig. 6). In contrast to non-Tg mice, Tg mice had an
elevated level of the activated caspase-3 subunit, p17
(Fig. 6), controversial to that observed in the retina of
gad mice after ischemic injury (Harada et al., 2004).
These results are consistent with the profound differ-
ence in UCH-L1 expression in these two mouse lines.

Upregulations of both Mono- and
Poly-Ubiquitin in Tg Mice
Our recent studies suggested novel functions for
UCH-L.1, namely that it effectively upregulates ubiqui-
tin levels at the post-transcriptional level (Osaka et al.,
2003) and that ubiquitin induction plays a critical role
in regulating cell death during cryptorchid injury-
mediated germ cell apoptosis (Kwon et al., 2004b).
Moreover, the testes of mice expressing K48R

mutant ubiquitin are protected from cryptorchid injury
(Rasoulpour et al.,, 2003). Given this information,
we examined ubiquitin levels in Uchll Tg mice. As
expected, ubiquitin expression was strong in testicular
cells of Tg mice (Fig. 7C,D), particularly in the arrested
spermatocytes, but its expression was low in gad mice
(Fig. 7B) compared with non-Tg mice (Fig. 7A). These
data provide additional evidence that ubiquitin expres-
sion is induced upon UCH-L1 overexpression. To
determine whether the increased ubiquitin staining
represented monoubiquitin or polyubiquitin, we next
examined the levels of both ubiquitin forms via immuno-
blotting (Fig. 7E). Asexpected, mono- and poly-ubiquitin
levels in Tg mice were substantially higher than in non-
Tg mice. A gad mouse control had relatively low levels

non-Tg gad Tg21 Tg22

PCNA

caspase-3

Fig. 6. Western blot analysis of Tg mouse testicular lysates.
Consistent with the immunohistochemistry results, PCNA and
caspase-3 substantially accumulated in Tg mice. However, the
expression of antiapoptotic Bel-2 decreased compared with non-Tg or
gad mice.
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Fig. 7. The levels of mono- and poly-ubiquitin in the testes of non-Tg and Tg males. Double
immunostaining for UCH-L1 and ubiquitin in the testis (A, non-Tg; B, gad; C, Tg21; D, Tg22). All
strongly UCH-L1-positive cells (green) were also strongly positive for ubiquitin (red) in the two male Tg
mice. Scale bar, 50 pm. E. An immunoblot showing that both mono- and poly-ubiquitin expression were
significantly increased in the two Tg mice compared with non-Tg and gad mice (ub, ubiquitin).

of both mono- and poly-ubiquitin (Fig. 7E). These
findings are consistent with previous studies and
support the hypothesis that UCH-L1-mediated sperma-
tocyte apoptosis involves the induction of ubiquitin
expression.

DISCUSSION

Apoptosis in testicular germ cells is regulated by a
complicated signal transduction pathway; however,
the molecular mechanisms regulating this process are
uncertain. We recently showed that gad mice, lacking
UCH-L1 function, are resistant to apoptotic stress
(Harada et al., 2004; Kwon et al.,, 2004b). These
observations conclusively indicate that UCH-L1 plays
a role in germ cell death during experimental stress-
induced apoptosis. We thus hypothesized that germ cell
apoptosis is directly induced by excess UCH-L1. To test
this hypothesis, we utilized three mouse lines, wild-type
(non-Tg), gad and Uchll Tgs, which differ with respect
to UCH-L1 expression. In Tg mice, germ cell apoptosis
was barely detectable in spermatogonia or Sertoli cells,
both of which strongly expressed UCH-L1. Apoptosis
was observed mainly in primary spermatocytes, which
had weak or negative UCH-L1 expression although they
are derived from spermatogonia. These data suggest
that excess UCH-L1 in fact does not directly induce
apoptosis in spermatogonia or somatic Sertoli cells.
These data further provoke the question of why apopto-
sis occurs during spermatocyte meiosis.

In our Uchll Tg mice, there was no evidence of
spermatogonia or Sertoli cell apoptosis despite the
fact that these cells had stronger UCH-L1 expression
compared with non-Tg mice. Accordingly, it could be
concluded that overexpression of UCH-L1 in spermato-
. gonia does not directly induce apoptosis in these cells
(nor in Sertoli cells). Because spermatocytes are geneti-

cally distinct from the original mother cell (spermato-
gonia), we speculate that the Tg mice are highly
susceptible to spermatocyte apoptosis in vivo, with the
inference that spermatocytes seem to be particularly
sensitive to UCH-L1 overexpression in spermatogonia
even though spermatocytes themselves express a much
lower level of UCH-L1. In contrast, gad mice are
resistant to cryptorchid-induced germ cell apoptosis,
and many germ cells undergo apoptosis in older animals
although their testes develop nearly normally and
produce mature sperm (Kwon et al., 2004b). These data
suggest that the lack of UCH-L1 causes mice to have
lower sensitivity to stress compared with wild-type
males, although UCH-L1 is probably not essential
for spermatogenesis under normal conditions. On one
hand, UCH-L1 seems to be necessary for the stabiliza-
tion of germ cells to protect against aging-associated
apoptosis; however, the stabilization of germ cells
appears to be limited by the concentration of UCH-L1,
and consequently they may be damaged during sperma-
tocyte meiosis when UCH-L1 is overexpressed. Despite
the fact that excess UCH-L1 does not induce spermato-
gonial apoptosis, abnormalities in intracellular regula-
tory factors may potentially influence mitosis directly
(i.e., as the cell divides into two daughter cells—
spermatocytes). Some of these factors may accumulate
or be reduced in the presence of excess UCH-L1, thereby
causing disruptions such as arrested meiosis or the
onset of apoptosis in spermatocytes rather than sper-
matogonia (Fig. 8).

Many of the factors involved in cellular apoptosis,
including the Bel-2 family and caspases, are targets for
ubiquitynation. Previously, we have shown that Bel-2 is
upregulated (Kwon et al.,, 2004b) and caspases-3 is
downregulated (Kwon et al., 2005) in gad mice. The
decreased level of Bel-2 and increased level of caspases-3
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Fig. 8. TUNEL activity, and UCH-L1 and PCNA immunoreactiv-
ities in seminiferous tubules of non-Tg, gad and Tg mice. TUNEL
activity or immunoreactivity: +++, strong; ++, moderate; + to +, low
to weak; —, not detectable.

observed in Tg mice in this study suggest that UCH-L1
can regulates the apoptosis during spermatogenesis
by influencing the balance between apoptotic and anti-
apoptotic proteins.

PCNA is ubiquitylated at lysine 48 (K48) and degra-
ded by the ubiquitin-proteasome system (Yamamoto
et al., 2004). In addition, PCNA is also monoubiquity-
lated at K164, thereby priming K63-linked polyubiqui-
tin chains, which unlike K48-linked chains, do not
promote proteasomal degradation (Hoege et al., 2002).
In our present study, excess UCH-L1 relocalized PCNA
from spermatogonia to spermatocytes and Sertoli cells
in vivo and reduced PCNA expression to a low level
in vitro. Based on these data, we hypothesize that UCH-
L1, at least in part, may influence germ cell meiosis by
affecting PCNA ubiquitynation, thereby disrupting its
localization. In fact, PCNA significantly accumulated in
primary spermatocytes of Tg mice (Fig. 4F). Since we did
not obtain data regarding PCNA ubiquitylation in Tg
mice, it is not clear whether the accumulated PCNA we
observed was monoubiquitylated or polyubiquitylated.
In any case, the accumulation of PCNA in primary
spermatocytes may alter, damage or interrupt physical
functions during meiosis (Fig. 8).

Germ cells and Sertoli cells are the only cell types
expressed inside seminiferous tubules (McLaren, 1998).
Germ cells constitute the male meiotic contribution to
the reproductive cycle, whereas Sertoli cells support the

growth and differentiation of germ cells. Direct interac-
tion between germ cells and Sertoli cells may constitute
an important part of the regulation of spermatogenesis
(Russell et al., 1993). Indeed, mice exposed to Sertoli cell
toxicants exhibit increased germ cell apoptosis (Lee
et al., 1999). Therefore, Sertoli cells play a special rolein
nurturing and controlling spermatogenesis. Until post-
natal day 16, UCH-L1 localizes only to spermatogonia,
whereas after day 30 it also appears in Sertoli cells (Kon
et al., 1999). Therefore, although UCH-L1 is highly
expressed in both spermatogonia and somatic Sertoli
cells, its function may be cell type-dependent. Under
normal conditions UCH-L1 is a marker for activated
Sertoli cells, in which it plays an important role in the
degradation of abnormal proteins via the ubiquitin-
proteasome system (Kon et al., 1999). Thus, we suspect
that germ cell apoptosis in Tg mice might be related to
the abnormal physical conditions in these cells. OQur
present work demonstrates that Tg mouse Sertoli cells
are intensely immunoreactivity for UCH-L1, as expe-
cted. Furthermore, with vimentin, which is a marker
present only in Sertoli cells (Oke and Suarez-Quian,
1993; Mori et al., 1997), we showed in this study that Tg
mice had more vimentin immunoreactivity than non-Tg
or gad mice (Fig. 5). Thus, forced expression of UCH-L1
in Sertoli cells perhaps may lead to gain of UCH
function, thereby interrupting Sertoli cell-germ cell
interactions that in turn promote germ cell apoptosis
(Fig. 8).

In conclusion, we have demonstrated that UCH-L1 is
an important spermatogenic factor related to PCNA and
ubiquitin function. We used Tg mice overexpressing
UCH-L1 to identify a new role for this protein. Over-
expression of the Uchll transgene inhibited spermato-
genesis and induced germ cell death via an apoptotic
mechanism, leading to male sterility. To our knowledge,
the present data constitute the first description of a
proapoptotic role for UCH-L1 in Uchll Tg mice, as
clearly revealed by the morphological and TUNEL
results. Although UCH-L1 is constitutively expressed
during spermatogenesis, and spermatogenic cell apop-
tosis is a normal aspect of mammalian spermatogenesis
(Allan et al., 1992; Furuchi et al., 1996), the frequent cell
death found in our Uchll Tg mice could reflect an
exaggeration of naturally occurring apoptosis. However,
at present we do not understand whether the Uchll
transgene acts solely by inducing apoptosis or by
interfering with differentiation so as to cause germ cell
loss. This issue must be addressed to more fully define
the role of UCH-L1 in the regulation and fate of
spermatogonia during spermatogenesis.
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ABSTRACT

Ubiquitination is required throughout all developmental stag-
es of mammalian spermatogenesis. Ubiquitin C-terminal hydro-
lase (UCH) L1 is thought to associate with monoubiquitin to
control ubiquitin levels. Previously, we found that UCHL1-de-
ficient testes of gad mice have reduced ubiquitin levels and are
resistant to cryptorchid stress-related injury. Here, we analyzed
the function of UCHL1 during the first round of spermatogenesis
and during sperm maturation, both of which are known to re-
guire ubiquitin-mediated proteolysis. Testicular germ cells in the
immature testes of gad mice were resistant to the early apop-
totic wave that occurs during the first round of spermatogenesis.
TUNEL staining and cell quantitation demonstrated decreased
germ cell apoptosis and increased numbers of premeiotic germ
cells in gad mice between Postnatal Days 7 and 14. Expression
of the apoptotic proteins TRP53, Bax, and caspase-3 was also
significantly lower in the immature testes of gad mice. In adult
gad mice, cauda epididymidis weight, sperm number in the ep-
ididymis, and sperm motility were reduced. Moreover, the num-
ber of defective spermatozoa was significantly increased; how-
ever, complete infertility was not detected. These data indicate
that UCHL1 is required for normal spermatogenesis and sperm
quality control and demonstrate the importance of UCHL1-de-
pendent apoptosis in spermatogonial cell and sperm maturation.

apoptosis, early apoptotic wave, epididymis, gad mouse, sperm,
spermatogenesis, sperm quality, testis, UCHL1

INTRODUCTION

Ubiquitin and ubiquitin-dependent proteolysis are in-
volved in a variety of cellular processes, such as cell cycle
progression, degradation of intracellular proteins, pro-
grammed cell death, and membrane receptor endocytosis
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[1-5]. In spermatogenesis, the ubiquitin-proteasome system
is required for the degradation of numerous proteins
throughout the mitotic, meiotic, and postmeiotic develop-
mental phases [4, 6, 7]. Ubiquitin C-terminal hydrolases
(UCHs) control the cellular ubiquitin balance by releasing
ubiquitin from tandemly conjugated ubiquitin monomers
(Ubb, Ubc) and small adducts or unfolded polypeptides [4,
8-10]. UCHLI is expressed at high levels in both testis and
epididymis and may play an important role in the regulation
of spermatogenesis [11-14]. In addition to its hydrolase
activity [15], UCHLI1 has a variety of functions, including
dimerization-dependent ubiquityl ligase activity, and asso-
ciation with and stabilization of monoubiquitin in neuronal
cells [16-18]. Furthermore, it has been suggested that
UCHLI also functions as a regulator of apoptosis [19]. The
gracile axonal dystrophy (gad) mouse is an autosomal re-
cessive spontaneous mutant carrying an intragenic deletion
of the gene encoding Uchll {21]. We recently found that
testes of gad mice, which lack UCHLI1 expression [18, 20,
21], have reduced ubiquitin levels and are resistant to crypt-
orchid injury-mediated germ cell apoptosis [22].

During prepubertal development, an early and massive
wave of germinal cell apoptosis occurs in mouse testis [23,
24]. This early germ cell apoptotic wave affects mainly
spermatogonia and spermatocytes and appears to be essen-
tial for functional spermatogenesis in adulthood. Decreased
apoptosis has been reported in the early phase of sper-
matogenesis in transgenic mice overexpressing the antia-
poptotic proteins Bcl2 or Bcel-xL [23, 25] and in mice de-
ficient in the apoptotic protein Bax [26]. This reduction in
apoptosis is associated with the disruption of normal sper-
matogenesis and infertility. Our previous work demonstrat-
ed that gad mice exhibit pathological changes such as pro-
gressively decreasing spermatogonial stem cell proliferation
[13] and increased expression of the antiapoptotic proteins
Bcl2 and Bcel-xL in response to apoptotic stress [19, 22].
Furthermore, we showed that UCHL1 functions during pre-
pubertal development to effect normal spermatogenesis and
to modulates germ cell apoptosis [22]. However, the mech-
anism by which UCHLI1 regulates apoptosis during pre-
pubertal development remains unclear. To further investi-
gate the role of UCHL! in immature testes, we evaluated
the function of UCHL1 during early spermatogenesis. Here,
we show that immature testes of gad mice accumulate pre-
meiotic germ cells and are resistant to the massive wave of
germinal cell apoptosis during the first round of spermato-
genesis, eventually leading to alterations in sperm produc-
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tion, motility, and morphology in adult mice. Our data sug-
gest that UCHL1-dependent apoptosis is essential for nor-
mal spermatogenesis.

MATERIALS AND METHODS

Animals

We used male gad (CBA/RFM) mice [21] at 7, 14, 21, 28, and 35
days and 10 wk of age. The gad mouse is an autosomal-recessive mutant
that was produced by crossing CBA and RFM mice. The gad line was
maintained by intercrossing for more than 20 generations. This strain was
maintained at our institute. Animal care and handling were in accordance
with institutional regulations and were approved by the Animal Investi-
gation Committee of the National Institute of Neuroscience, National Cen-
ter of Neurology and Psychiatry.

Histological and Immunohistochemical Assessment
of Testes

Testes were embedded in paraffin wax after fixation in 4% parafor-
maldehyde, sectioned at 4-pum thickness, and stained with hematoxylin for
counting [13]. Light microscopy was used for routine observations. For
immunohistochemical staining, the sections were incubated with 10% goat
serum for | h at room temperature followed by incubation overnight at
4°C with a rabbit polyclonal antibody against UCHL! (1:1000 dilution;
peptide antibody) [20] in PBS containing 1% BSA. Sections were then
incubated for | h with biotin-conjugated anti-rabbit 1gG diluted 1:200 in
PBS, followed by Vectorstain ABC-PO (Vector Laboratories, Burlingame,
CA) for 30 min at room temperature. Sections were developed using 3,3'-
diaminobenzidine and counterstained with hematoxylin.

Apoptotic cells in testicular tissues were identified by terminal deox-
ynucleotidyl transferase (TdT)-mediated nick end labeling (TUNEL) using
the DeadEnd Fluorometric TUNEL system (Promega, Madison, WI) ac-
cording to the manufacturer’s instructions.

Quantitative Analysis of Testicular Cell Number

The total number of cells was determined by counting the testicular
cells including Sertoli cells of seminiferous tubules. Quantitative deter-
minations were made using four each of wild-type and gad mice at 7 and
14 days of age. Five sections from each mouse were processed in parallel
for counterstaining with hematoxylin. Twenty circular seminiferous tu-
bules in each section were then selected by randomly from those tubules,
and 400 circular seminiferous tubules were measured using the 400X lens
of a Zeiss Axioplan microscope. The total cell number was not determined
by dividing cell types such as testicular germ cells and Sertoli cells be-
cause it was difficuit to determine the difference of cell types [26]. There
were no significant differences in nuclear size in either of the group stud-
ies. Thus, the total number of cells reflected all cell types of seminiferous
tubules.

Quantitative Analysis of Apoptotic Germ Cells

Quantification was performed using four each of wild-type and gad
mice at 7, 14, 21, 28, and 35 days of age. The total number of apoptotic
cells was determined by counting the positively stained nuclei in 20 cir-
cular seminiferous tubules in each section [22]. Five sections from each
mouse and a total 400 circular seminiferous tubules per each group were
processed.

Germ Cell Isolation, Culture, and Viability Measurement

Germ cells from wild-type and gad mice were prepared using a mod-
ification of the procedure described by Kwon et al. [20]. Briefly, testes
from three 2-wk-old mice were incubated twice for 30 min at 25°C in
Dulbecco Modified Eagle medium (DMEM)-F12 medium containing 0.5
mg/mi collagenase IV-S (Sigma-Aldrich, St. Louis, MO) and then digested
for 60 min at 25°C in DMEM-F[2 medium containing 1 mg/ml trypsin
(Sigma-Aldrich). The cell suspension was digested and washed several
times to eliminate testicular somatic cells. The cells were then counted
and cultured at 2.0 X 107 cells/m! in DMEM-F12 medium containing 10%
fetal bovine serum (FBS). The cells were harvested at each day for 5 days,
and viability was assessed using the Vi-Cell XR cell viability analyzer
(Beckman Coulter, Fullerton, CA).

Quantitative mRNA Analysis of Uchl1 and Uchl3 Genes
by Real-Time PCR

SYBR Green-based real-time quantitative reverse transcription-poly-
merase chain reaction (RT-PCR; PRISM 7700 Sequence detection system,
ABI, Columbia, MD) was performed [20] in SYBR Green Master mix
using the following primers: Uchll, 5'-TTCTGTTCAACAACGTGGAC
G-3' and 5'-TCACTGGAAAGGGCATTCG-3"; Uchi3, 5'-TGAAGGTC
AGACTGAGGCACC-3' and 5'-AATTGGAAATGGTTTCCGTCC-3'; B-
actin, 5'-CGTGCGTGACATCAAAGAGAA-3" and 5'-CAATAGTGAT-
GACCTGGCCGT-3' To compare Uchll and Uchi3 gene expression in the
first round of spermatogenesis, the formula 2-44Ct was used to calculate
relative expression compared with testes of 7-day-old mice.

Western Blotting

Western blots were performed as previously reported [19, 22]. Total
protein (5 pg/lane) was subjected to SDS-polyacrylamide gel electropho-
resis using 15% gels (Perfect NT Gel, DRC, Japan). Proteins were elec-
trophoretically transferred to polyvinylidene difluoride membranes (Bio-
Rad, Hercules, CA) and blocked with 5% nonfat milk in TBS-T (50 mM
Tris base, pH 7.5, 150 mM NaCl, 0.1% [w/v] Tween-20). The membranes
were incubated individually with one or more primary antibodies to
UCHL! and UCHL3 (1:1000 dilution; peptide antibodies) [20], Bci-xL,
Bax, TRP53, and inactive caspase-3 (1:1000 dilution; all from Celi Sig-
naling Technology, Beverly, MA). Blots were further incubated with per-
oxidase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG (1:5000
dilution; Pierce, Rockford, IL) for | h at room temperature. Immunore-
actions were visualized using the SuperSignal West Dura Extended Du-
ration Substrate (Pierce) and analyzed using a Chemilmager (Alpha In-
notech, San Leandro, CA).

Sperm Motility, Morphology, and Immunohistochemical
Assessments

Sperm were collected from the right cauda epididymidis [27] of 10-
wk-old wild-type and gad mice in 400 p] human tubal fluid medium con-
taining 0.5% bovine serum albumin and then incubated at 37°C under 5%
CO, in air for 1-2 h. Using a computer-assisted semen analysis system
(TOX IVOS, Hamilton Throne Research, Beverly, MA) [28], sperm were
analyzed for the following motion parameters: percentage of motile sperm
(MSP), percentage of progressively motile sperm (PMP), average path
velocity (VAP), straight-line velocity (VSL), curvilinear velocity (VCL),
lateral head displacement (ALH), linearity (VSL/VCL X 100), and
straightness (VSL/VAP X 100). All procedures were performed at 37°C.
To study the spermatozoa morphology, sperm were smeared and then eval-
uated for defects in the head, midpiece, and principal piece and for head
detachment. For immunocytochemical staining, the sections were incubat-
ed with antibodies against UCHLI (1:1000 dilution; peptide antibody) [20]
and ubiquitin (1:500 dilution; DakoCytomation, Glostrup, Denmark) over-
night at 4°C in PBS containing 1% BSA.

Statistical Analysis

The mean and standard deviation were calculated for all data (pre-
sented as mean * SD). One-way analysis of variance (ANOVA) was used
for all statistical analyses.

RESULTS

Expression of UCHLT During the First Round
of Spermatogenesis

We used Western blotting to characterize the level of
UCHLI1 and UCHL3 expression in testes from immature
wild-type and gad mice (Fig. I, B and C). In agreement
with previous data {20], UCHLI1 expression was signifi-
cantly elevated on Day 14 in testicular lysates obtained
from 7-, 14-, 21-, 28-, and 35-day-old wild-type mice. The
level of UCHL3 expression increased with age and did not
differ between gad and wild-type mice (Fig. 1B), suggest-
ing that UCHL3 expression is regulated independently of
UCH-L! during the first round of spermatogenesis [20]. We
also assessed the expression pattern of Uchl/ and Uchi3
genes during juvenile spermatogenesis using SYBR Green-
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FIG. 1. Expression of UCHL1 and UCHL3during the first round of sper-

matogenesis. A) Comparison of Uchll and Uchl3 gene expression levels
(2~ by SYBR Green-based real-time quantitative reverse transcription-
polymerase chain reaction (RT-PCR). The value for gene expression from
the testes of 7-day-old mice was set to 1.0. B) Comparison of UCHL1 and
UCHL3 expression by Western blotting of testicular lysates from wild-
type or gad mice. Blots were reprobed for a-tubulin, which was used to
normalize the protein load. Representative images from four independent
experiments are shown. C) Quantitative analysis of changes in UCHL1
and UCHL3 levels by Western blotting. Relative protein expression (op-
tical density) of the bands in panel B, normalized to a-tubulin. Each data
point represents the mean * SD (n = 4; * P < 0.05).

based real-time quantitative RT-PCR (Fig. 1A). Despite the
fact that the percentage of spermatogonia and Sertoli cells
may be diluted by meiotic and postmeiotic germ cells after
Day 14 [20], Uchll expression was high in 14-day-old
mice, in agreement with our previous findings.

Immunohistochemistry of UCHLT and Quantitative
Morphometric Assessment

Immunohistochemical analysis revealed UCHL1 expres-
sion in spermatogonia from wild-type mice but not gad
mice (Fig. 2A). Preliminary examination of tubules from
immature testes revealed an overproduction of germ cells
in gad mice. At 7 and 14 days of age, the number of sper-
matogonia and preleptotene spermatocytes was significant-
ly increased in gad mice compared with wild-type mice
(Fig. 2A). The increase in the number of these cell types
was further confirmed by quantitative analysis, which
showed that the total number of testicular cells, including
Sertoli cells, was significantly higher in 7- and 14-day-old
gad mice (Fig. 2B).

TUNEL Staining of Apoptotic Germ Cells During the First
Round of Spermatogenesis

To further investigate the mechanism underlying the ob-
served differences in testicular cell numbers between wild-
type and gad mice during the first round of spermatogen-

wild-type
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FIG. 2. A) Immunohistochemistry of UCHL1 and testicular morphology
during the first round of spermatogenesis. UCHL1-positive germ cells in
wild-type mice are indicated by open arrows. Spermatogonia and prelep-
totene spermatocytes (closed arrows) were more abundant and found fur-
ther from the basement membrane in Postnatal Day (PD) 7 and 14 gad
mice. Magnification X200. Bar = 20 wm. B) The total number of germ
cells in seminiferous tubules was significantly increased in and 7- and
14-day-old gad mice compared with wild-type mice (n = 4; * P < 0.05).
Data represent mean * SD.

esis, we examined germ cell apoptosis in tissue sections
from mice at 7, 14, 21, 28, and 35 days of age by TUNEL
assay. During the first round of spermatogenesis, the total
number of apoptotic cells in 20 circular seminiferous tu-
bules decreased significantly (n = 4; P < 0.05) in gad
mouse testes as compared with wild-type mice (Fig. 3A).
Although germ cell apoptosis significantly increased at Day
14 in the testes of both wild-type and gad mice, gad mice
had significantly fewer apoptotic germ cells (n = 4; P <
0.05) in seminiferous tubules (Fig. 3B).

Testicular Germ Cells of gad Mice Are Resistant
to Apoptosis-Inducing Conditions In Vitro

Sertoli cells, which support germ cells, express UCHL1
[12]. To explore the viability of germ cells independently
of the effect of Sertoli cells, testicular germ cells from 2-
wk-old wild-type and gad mice were cultured in suspension
for 5 days in the presence of 10% FBS. We then examined
the resistance of these in vitro cell culture to apoptosis-
inducing conditions. Although both wild-type and gad
mouse cells were sensitive to apoptosis-inducing condi-
tions, the gad mouse cells had comparatively greater via-
bility (Fig. 4). Overall results clearly show that the absence
of UCHLI increase germ cell survival.
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FIG. 3. A) The total TUNEL-positive germinal cells per 20 circular sem-

iniferous tubules in wild-type and gad mice on various postnatal days. In
each group, the data represent the mean * SD (n = 4; * P < 0.05). B)
The extent of apoptosis in 2-wk-old mice. i, wild-type mice; ii, gad mice.
Green fluorescence, TUNEL-positive cells; red fluorescence, nuclei
stained with propidium iodide. Magnification X100. Bar = 30 um.

Levels of Apoptotic Proteins During the First Round
of Spermatogenesis

Germ cell apoptosis involves genes encoding various
factors, such as Trp53, the Bcl2 family, and caspase, which
are targets for ubiguitination [29-31]. Our previous work
demonstrated that the expression of antiapoptotic proteins
(Bcl2 family and XIAP) is significantly elevated following
cryptorchid stress in gad mice [22]. To explore whether the
germ cell apoptotic wave is associated with changes in the
levels of proteins known to be associated with cell death
or survival, Western blot analysis was performed on testic-
ular lysates obtained from 7-, 14-, 21-, 28-, and 35-day-old
wild-type and gad mice (Fig. 5). Levels of TRP53 and Bax
proteins were strikingly elevated in 7-day-old mice but
barely detectable on Day 35. Caspase-3 was also strikingly
elevated in 7-day-old mice. Since TRP33 modulates Bax
expression [22, 32], the observed up-regulation of Bax is
consistent with elevated TRP53 levels during the early ap-
optotic wave. Expression of the antiapoptotic protein Bcl-
xL was weaker in immature compared with mature testes.
Levels of TRP53, Bax, and caspase-3 proteins were signif-
icantly decreased in 7- and 14-day-old gad mice relative to
the levels observed in wild-type testes (Fig. 5B). By con-
trast, the level of Bcl-xL protein appeared to be up-regu-
lated earlier in gad mice (at 28 days) than in wild-type mice
(at 35 days) (Fig. 5B).

Assessment of Cauda Epididymidis and Spermatozoa
Morphology in gad Mice

The cauda epididymidis from wild-type and gad mice
were weighed, and the sperm were collected and analyzed.
The cauda epididymidis from gad mice weighed signifi-
cantly less, likely resulting from the lower sperm concen-
tration measured in gad mice (19.5 X 10%/ml) compared
with wild-type mice (23.6 X 105/ml) (Table 1). Further-
more, abnormal sperm morphology, including head and
midpiece defects or a detached head, occurred significantly
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FIG. 4. In vitro survival of testicular germ cells. Testicular germ cells
were isolated from wild-type and gad mice at 14 days of age. After cul-
ture, viability was determined using a Vi-Cell XR cell viability analyzer
(Beckman Coulter). Viability at each time point was normalized to that at
Day 0. Each data point represents the mean = SD (n = 4; * P < 0.05).

more often in gad mice (Table 1 and Fig. 6A). Immuno-
cytochemical analysis showed that UCHL1 and ubiquitin
were expressed in defective spermatozoa but not in normal
spermatozoa (Fig. 6B). Ubiquitin, a marker for sperm ab-
normalities [33], was detected mainly in defective sper-
matozoa. However, despite a significantly elevated number
of defective spermatozoa, ubiquitin expression in gad
mouse spermatozoa was similar to that in wild-type mice
(data not shown).
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FIG. 5.  A) Western blot analyses showing TRP53, Bax, caspase-3, and
Bel-xL levels in wild-type and gad mice during the first round of sper-
matogenesis. Protein (5 wg/lane) was prepared from whole testes at 7, 14,
21, 28, and 35 days of age. Blots were reprobed for a-tubulin to nor-
malize for differences in the amount of protein loaded. Representative
images of four independent experiments are shown. B) Quantitative West-
ern blot analysis of changes in TRP53, Bax, caspase-3, and Bcl-xL levels.
Relative protein expression (optical density) of the bands in panel A, nor-
malized to a-tubulin. Each data point represents the mean = SD (n = 4;
* P < 0.05).
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TABLE 1. Analysis of epididymal tail weight and sperm morphology (mean * SD) in 10-week-old wild-type and gad mice.

. Defect (%)
Sperm concentration
Tail weight (mg) (10%/mb) Head Midpiece Principal piece Detached head
wild-type 30.0 £ 0.8 23.6 * 3.7 72 %15 24*+13 1.1 £0.2 20%1.0
gad/gad 247 £ 1.1* 19.5 * 3.3* 14.1 £ 2.8% 4.7 £ 1.5* 1.7 £ 0.6 3.7 = 1.2%

* Significantly different from wild-type mice (n = 7; P < 0.05).

Spermatozoa Motility in gad Mice

We measured sperm motility parameters in wild-type and
gad mice. Of the parameters assessed, MSP, PMP, VAP
(um/sec), VSL (um/sec), and VCL (jin/sec) were signifi-
cantly lower in gad mice. ALH (um), linearity (%), and
straightness (%) did not differ significantly between gad
and wild-type mice (Fig. 7). Of the parameters we mea-
sured, the number of PMP differed most significantly be-
tween gad mice (24.4%) and wild-type mice (34.3%) (Fig.
TA).

DISCUSSION

Spermatogenesis is a highly complex process involving
male germ cell proliferation and maturation from sper-
matogonia to spermatozoa [34]. Apoptosis is common dur-
ing this process and is believed to play an important role
in controlling germ cell numbers and eliminating defective
germ cells that carry DNA mutations, thus ensuring the
production of intact, functional spermatozoa [35-37]. Nor-
mally, germ cells are extremely sensitive to DNA damage,
as such lesions are incompatible with the ultimate function
of these cells [23, 24, 37]. The early apoptotic wave may
result in early elimination of defective germ cells in which
DNA alterations have occurred through chromosomal
crossing over during the first meiotic division [23, 24, 37].

Several lines of evidence indicate that UCHL1 associates
with monoubiquitin and that the monoubiquitin pool is re-
duced in gad mice relative to wild-type mice [18, 19, 22].
Furthermore, testes from UCHL!-deficient gad mice [22]
and mice carrying the K48R mutation in ubiquitin [38]
show resistance to cryptorchid-induced apoptosis, suggest-
ing that ubiquitin is critical for modulating testicular germ
cell death. Normally, damaged proteins are polyubiquitin-
ated and degraded via the ubiquitin-proteasome system;
however, if damaged proteins are not degraded as easily
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FIG. 6. A) Abnormal morphology of spermatozoa from gad mice. Sper-
matozoa were collected from the cauda epididymidis of 10-wk-old gad
mice. Head defects (open arrows) and midpiece defects (closed arrows)
are indicated. Magnification X400. B) Immunocytochemistry of UCH-L1
and ubiquitin in wild-type and gad mice. UCHL1- and ubiquitin-positive
spermatozoa (closed arrows) and normal spermatozoa (both negative, ar-
rowheads) in wild-type mice are indicated. The inset shows an the image
of spermatozoa from gad mice. Magnification % 1000.

when monoubiquitin is either mutated or reduced [22, 38],
then germinal cells may become resistant to programmed
death. Our results with the gad mouse suggest that ubiquitin
induction is important for regulating programmed germinal
cell death that is normally observed during the first round
of spermatogenesis. We have now shown that immature tes-
tes from gad mice are resistant to the massive wave of
germinal cell apoptosis during the first round of spermato-
genesis. The increased resistance of UCHL1-deficient germ
cells to apoptosis-inducing conditions in vivo and in vitro
suggests that UCHLL is involved in spermatogenesis (Figs.
3 and 4). The activity of the ubiquitin-proteasome system
may be required for specific transitions between multiple
developmental cellular processes and sequential apoptosis
during spermatogenesis [6, 7, 39]. In addition, the ubiqui-
tin-proteasome system is required for the degradation or
modification of numerous germ cell-specific proteins during
different phases of spermatogenesis [39-41].

Early apoptosis in testicular germ cells is regulated by a
complicated signal transduction pathway. The testes contain
high levels of TRP53, Bcl2 family, and caspase-3 proteins,
which are targets for ubiquitination [29-31, 42-45]. How-
ever, the involvement of the ubiquitin system in the regu-
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FIG. 7. Kinematic analysis of spermatozoa from the cauda epididymidis
of 10-week-old wild-type and gad mice. A) Sperm motility. MSP, Per-
centage of motile sperm; PMP, Percentage of progressively motile sperm
(n=7;,* P<0.05). Data represent the mean * SD. B) Movement char-
acterization. VAP, Average path velocity (um/sec); VSL, Straight-line ve-
locity (umy/sec); VCL, Curvilinear velocity (um/sec); ALH, Lateral head
displacement (um); LIN, Linearity (VSL/VCL % 100); STR, Straightness
(VSL/VAP X 100). Data are expressed as a percentage of the values ob-
tained for each parameter in wild-type mice (n = 7; * P < 0.05).
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latory mechanisms of germ cell apoptosis has not been
identified. A previous study showed that UCHL 1-deficient
gad mice express high levels of antiapoptotic proteins (Bcl2
family and XIAP) in the testis following cryptorchid-in-
duced stress [22]. Alterations in the carefully maintained
balance between the expression of apoptosis-inducing and
apoptosis-protecting proteins may constitute one mecha-
nism underlying the suppression of germ cell apoptosis ob-
served in gad mice [46]. The decreased levels of TRP53,
Bax, and caspase-3 observed in gad mice in this study are
consistent with the suppression of germ cell apoptosis. In
addition, the expression of the antiapoptotic protein Bel-xL
increased earlier in gad mice compared with wild-type
mice. Therefore, the control of the apoptotic wave probably
depends on variations in the balance between Bax and Bcl-
xL [23, 47]. Analysis of the first round of spermatogenesis
over time demonstrated a striking and massive wave of ap-
optotic germinal cells in 14-day-old mice (Fig. 3). High
levels of UCHLI1 protein were also observed at this age
(Fig. 1) [20]. This early apoptotic wave was suppressed in
the testes of gad mice, which had an abundance of germ
cells compared with wild-type mice (Fig. 2). Moreover, the
suppression of germ cell death is consistent with our pre-
vious report on cryptorchid stress injury in gad mice [22].
The testes of gad mice showed a phenotype similar to that
of Bax-deficient mice or those overexpressing Bcl2 or Bcl-
xL [23, 25, 26]. Also, the testes of Trp53~~ mice exhibited
a similar phenotype involving decreased germ cell apopto-
sis and an increased number of germ cells [48].

In the present study, we also characterized spermatozoa
in gad mice with regard to the following reproductive end-
points: 1) the weight of reproductive organs, 2) the con-
centration of sperm cells, and 3) the motility and morphol-
ogy of spermatozoa-collected from the cauda epididymidis.
The weight of cauda epididymidis from gad mice was sig-
nificantly lower compared with that from wild-type mice.
The concentration of sperm cells was also significantly low-
er, and most motility parameters of spermatozoa collected
from the cauda epididymidis were affected in gad mice
(Fig. 7). The significant decline in progressive forward mo-
tility, VAP, VSL, and VCL indicates that UCHL] deficien-
cy affects not only the ability of spermatozoa to move in
the forward direction but also their vigor. In addition, the
percentage of morphologically abnormal spermatozoa was
significantly higher in gad mice (Table 1 and Fig. 6A).

Sperm production in the testis is a regulated balance be-
tween germ cell division and germ cell loss [26, 49], and
there is emerging evidence that the ubiquitin-proteasome
system may be central to the coordination of this process.
For example, during spermatogenesis, the general activity
of the ubiquitin-proteasome system is high, probably re-
flecting the requirement for massive degradation of cyto-
plasmic and nuclear proteins [6, 7, 50, 51]. Additionally,
mutation of the ubiquitin-conjugating enzyme HR6B results
in impaired spermatogenesis during nuclear condensation
in spermatids [39, 41]. We found the fact that UCH-LI
associates with monoubiquitin in several lines of gad mice
[18, 19, 22]. Furthermore, both proteins are expressed
abundantly and at comparable levels in testis and the epi-
didymis [11, 13, 14], suggesting that the functions of two
proteins are important during spermatogenesis. Ubiquitin is
present in defective spermatozoa, and proteins in these cells
become ubiquitinated during epididymal passage (Fig. 6B)
{11, 14, 33, 52, 53]. Furthermore, ubiquitination in the ep-
ididymis may trigger apoptotic mechanisms that recognize
and eliminate abnormal spermatozoa [49, 54, 55].

Further study is required to elucidate the functional sig-
nificance of the association between UCHLI and ubiquitin
during spermatozoa maturation in the epididymis. However,
our observations suggest that UCHL1 may function to reg-
ulate sperm production and to ubiquitinate proteins in de-
fective spermatozoa. Our present study demonstrates that
UCHL1-deficient gad mice are resistant to the wave of ger-
minal cell apoptosis that occurs during the first round of
spermatogenesis and that these mice have defects in sperm
production, motility, and morphology. These results suggest
that UCHL1 functions in the early apoptotic wave during
the first round of spermatogenesis and in the control of
sperm quality during sperm maturation.
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