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from two 8-wk-old adult mice. The purity of each isolated
population was <84.5% (Fig. 1A and Table 1). Using
phase-contrast microscopy, we determined that these cells
were 14-16 um in diameter. Following elimination of the
remaining spermatogonia using magnetic microbeads, the
remaining cells were separated into two principal visible
bands by centrifugation through a discontinuous Percoll
gradient. Phase-contrast microscopy revealed that these two
bands consisted primarily of pachytene spermatocytes and
round spermatids (Fig. 1, B and C). We isolated an average
of 3 X 103 spermatocytes and 200 X 105 spermatids from
two 8-wk-old adult mice. We also isolated an average
20 X 103 Sertoli cells from ten 2-wk-old juvenile mice (Fig.
ID). Peritubular myoid cells were identified by alkaline
phosphatase staining. Although >95% of these cells were
unstained, ~5% of the Sertoli cells showed considerable
alkaline phosphatase activity (Fig. 1E).

RT-PCR Analysis of Isolated Cells Expressing Specific
Marker Genes

RT-PCR using extracts of isolated cells confirmed the
expression of mRNAs from c-kir, Histone H1t, SP-10, and
SCF. Each gene was expressed in only one cell type, as
follows: c-kit in spermatogoenia, the Histone Hlt gene in
spermatocytes, SP-10 in spermatids, and SCF in Sertoli
cells (Fig. 2).

Characterization of Isolated Cells by FACS

To determine the purity of isolated germ cells, we used
FACS analysis to follow the differentiation-dependent ac-
quisition of stage-specific patterns during spermatogenesis
and monitored the percentage of cells with differing DNA
content. The histogram in Figure 3 presents the number of

TABLE 1. The percentage of 1n, 2n, and 4n cells in isolated germ cells
from a testicular cell suspension from 8-wk-old mice, as determined by
FACS.2

Isolated germ cells (%)

Total cells
Ploidy® (%) Spermatogonia Spermatocytes  Spermatids
n 562+ 42 9.4 %12 53138 85333
n 252 36 845 = 2.7 93 +1.3 6.2 = 0.9
4n 18.6 * 3.1 127 £ 0.9 796 £ 2.5 7.7x22

2 Calculated after eliminating cell debris (FL2-A < 50 in Fig. 2).

® 1n, haploid cells (one copy of genome); 2n, diploid cells {two copies of
genome); 4n, tetraploid cells {four copies of genome).

© Each percentage represents the mean = SD of 4-6 measurements.

FIG. 1. Phase-contrast micrographs
showing isolated germ cells and Sertoli
cells from a testicular cell suspension, A}
Type A spermatogonia. B) Spermatocytes.
C) Spermatids. D) Sertoli cells. E) Alkaline
phosphatase activity of Sertali cell cul-
tures, Cerm cells in A-C were from testes
of 8-wk-cld mice. Sertoli cells in D and E
were from testes of 2-wk-old mice. Scale
bar = 30 pm.

cells at each fluorescence level (FL2-A), Diploid (2n DNA)
cells were observed in 84.5% of the isolated spermatogo-
nia, tetraploid (4n DNA) cells were observed in 79.6% of
the isolated spermatocytes, and haploid (In DNA) cells
were observed in 85.3% of the isolated spermatids (Table
1). These results demonstrate that the majority of cells in
each population exhibited the expected ploidy.

Expression of UCH Isozymes During Spermatogenesis

We characterized the expression pattern of each UCH
gene in isolated testicular cell populations during sper-
matogenesis using SYBR Green-based real-time quantita-
tive RT-PCR (Fig. 4). The 2-49Ct values indicate the relative
mRNA expression levels compared with spermatogonia
from 2-wk-old mice (Sg2). The genes encoding UCH-L1
and UCH-L4 were expressed mainly in spermatogonia (Fig.
4, A and C). UCH-L1 was also expressed significantly in
the Sertoli population, and UCH-L4 was expressed to a
lesser degree in spermatocytes and spermatids. UCH-L3
and UCH-LS5 genes were expressed primarily in the sper-
matid population and to a much lesser extent in spermato-
cytes (Fig. 4, B and D). We further examined the expression
of UCH mRNAs during testicular maturation (Fig. 5A) in
whole testes from 5-, 7-, 15-, 19-, 21-, 23-, 26-, and 33-

5g2 Sg8 Sc St Se
C-kit
H1t
SP-10 . R :
SCF ke

FIG. 2. Expression of c-kit, Histone H1t, SP-10, and SCF mRNAs deter-
mined by RT-PCR of extracts of isolated germ cells and Sertoli cells from
a testicular cell suspension. g2, Spermatogonia of 2-wk-old mice; Sg8,
spermatogonia from 8-wk-old mice; Sc, spermatocytes from 8-wk-old
mice; St, spermatids from 8-wk-ald mice; Se, Sertali cells from 2-wk-old
mice.
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FIG. 3. FACS analysis of isolated germ cells from a testicular cell sus-
pension obtained from 8-wk-old mice. Each window is a histogram rep-
resenting the number of cells at each fluorescence level (FL2-A). A) Un-
isolated cells. B) Type A spermatogonia. C) Spermatocytes. D) Spermatids,

day-old mice. The UCH-L1 and UCH-L4 mRNAs were
expressed similarly during development and likewise for
the UCH-L3 and UCH-L5 genes. The expression of UCH-
L1 mRNA appears relatively high on Postnatal Day 13.
However, the percentage of spermatogonia and Sertoli cells
would have become diluted by meiotic and postmeiotic
germ cells after Day 15, thereby accounting for the rela-
tively lower levels of UCH-L1 at subsequent time points.
RT-PCR data suggest that UCH-L1 mRNA expression in
spermatogonia and Sertoli cells increased continuously
even after Postnatal Day 15 (Fig. 5B). We also analyzed
the protein expression patterns of UCH-LI apd UCH-L3 in

FIG. 4. Comparison of the relative UCH

Az

the mouse testis using peptide-specific antibodies that rec-
ognize regions in mouse UCH-L1 or UCH-L3. Western blot
analysis detected UCH-L1 in spermatogonia and Sertoli
cells, and UCH-L3 was detected primarily in spermatocytes
and spermatids, as expected, although it was also found to
a lesser extent in spermatogonia (Fig. 6A). Also, UCH-L3
expression increased in a differentiation-dependent manner
during juvenile spermatogenesis (Fig. 5C). Immunohisto-
chemistry detected homogeneous UCH-L1 expression in
both spermatogonia and Sertoli cells from wild-type (Balb/
c) and Uchl3 knockout mice, whereas UCH-L3 was de-
tected mainly in spermatocytes and round spermatids of
wild-type (Balb/c) and gad mice (Fig. 6, B and C).

DISCUSSION

The ubiquitin pathway plays critical roles in the pro-
gression of spermatogenesis through the mitotic, meiotic,
and postmeiotic phases [2, 3, 18, 36]. Because numerous
proteins are regulated by ubiquitination, mutations that af-
fect the ubiquitin pathway result in the dysregulation of
multiple cellular processes and induce apoptosis during
spermatogenesis {3, 37-39]. For example, mutation of
HR6B, a ubiquitin-conjugating enzyme, affects both mei-
osis and postmeiotic germ cell development [40-43].

Ubiquitin C-terminal hydrolases catalyze the hydrolysis
of C-terminal esters and amides of ubiquitin. These en-
zymes are believed to play a key role in processing polyu-
biquitin and ubiquitylated proteolytic peptides [8]. The
genes for at least four UCHs, UCH-L1 and UCH-L3-5,
have been identified in the mouse. Although the specificity
and function of these isozymes in spermatogenesis remains
elusive, each of these enzymes contains conserved residues
that are critical for enzymatic activity [8-10, 44, 45]. The
predominant mouse isozymes, UCH-L1 and UCH-L3, share
52% amino acid sequence identity [10, 13, 45]. However,
UCH-L1 mRNA is selectively expressed in the mouse testis
and nervous systems [11], whereas UCH-L3 mRNA is ex-
pressed in nearly every tissue tested, with high levels in
the testis [13]. Intracellular localization of UCH-L1 was
reported to be closely associated with the proliferative ac-
tivity of spermatogonia and Sertoli cells [15-18]. In con-
trast, the expression of UCH-L3 has not been examined in
the testis. To address this question, we first generated poly-

isozyme gene expression [evels (279 in

isolated germ cells and Sertoli cells using 1.0
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A Postnatal Day FIG. 5. Expression of UCH isozymes dur-
ing testicular maturation. A) Timetable for
juvenile spermatogenesis. PL, Preleptotene
spermatocyte; L, leptotene spermatocyte;

Pachitene

T T A R P I e - Z, zygotene spermatocyte. B) Comparison
: Spermatocyvtes s tids of the relative UCH isozyme gene expres-
B Spermatogonia . P 4 permatt sion levels (2-9%) by SYBR Green-based
real-time quantitative RT-PCR. The value
30 [ Ze~Uch-L1 for gene expression from the testes of 5-
~a—Uch-L3 day-old mice was set to 1.0. €) Compari-
25 —+—Uch-L4 son of UCH-L1 and UCH-L3 expression
—+—Uch-LS P
46 20 by Western blotting. Each lane represents
the testes of 5-, 7-, 15-, 19-, 21+, 23-, 26-,
T / or 33-day-old Balb/c mice, gad mice, and
T 15 / Uchi3 knockout mice (L3-) (B, C).
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< o FIG. 6. Analysis of UCH-LTand UCH-L3
A Sg2 Sg8 Sc &t Se Q,'& %&\ \.—PN expression by western blotting and immu-

nostaining, A) UCH-L1 and UCH-L3 ex-
pression in isolated germ cells and Sertoli
UCH-LL1 —— — —_ ——— — cells. Sg2, Spermatogonia from 2-wk-old
mice; Sg8, spermatogonia from 8-wk-old
mice; Sc, spermatocytes from 8-wk-old
mice; St, spermatids from 8-wk-old mice;
UCH-L3 — e—— — —— en— Se, Sertoli cells from 2-wk-old mice. Balb/
¢, testis from a Balb/c mouse; gad/gad,
testis from a gad mouse {Uch! knockout
mouse); L3-/-, testis from a Uchf3 knock-
out mouse. Immunchistochemistry of
UCH-L1 (B) and UCH-L3 (C} in the testis
of wild type, gad, and Uch!3 knockout
mouse. Stages V-VIII of seminiferous epi-
thelium predominate in each panel as vi-
sualized by PAS staining of serial sections.
Green fluorescence represents UCH-L1 (B)
and UCH-L3 (C}; red fluorescence repre-
sents staining of cell nuclei by propidium
iodide (Pl). Magnification, X200. Scale bar
= 30 pm.
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clonal antibodies that specifically react with mouse UCH-
L3. Using RT-PCR and western blotting, we detected high
levels of UCH-L3 mRNA and protein in meiotic pachytene
spermatocytes and postmeiotic spermatids during spermato-
genesis (Figs. 4B and 6A). These results suggest that UCH-
L1 and UCH-L3 may play distinct roles in spermatogenesis,
in that UCH-L1 may function in mitotic proliferation,
whereas UCH-L3 may function in the meiotic differentia-
tion of spermatocytes into spermatids.

Around Postnatal Day 15, the higher expression of
UCH-L1 mRNA suggests that UCH-L1 might have certain
functions during testicular maturation. Furthermore, the in-
creased expression of UCH-L1 after Postnatal Day 15 sug-
gests that it might play an active role in mitotic prolifera-
tion. In addition to the Uchll genes, we also analyzed tran-
scription from two other UCH isozyme genes, Uchi3 and
Uchl5, in isolated testicular cells, UCH-L3 and UCH-LS
mRNAs were found in meiotic pachytene spermatocytes
and postmeiotic spermatids (Fig. 4, B and D) and showed
similar expression patterns during the course of testicular
maturation (Fig. 5B). These results suggest that the Uchl3
and Uchl5 genes may have overlapping functions during
spermatogenesis. The ubiquitin pathway is very active dur-
ing the postmitotic phase of spermatogenesis [3, 36]. Thus,
UCH-L3 may function to regulate the cell cycle and chro-
matin structure during the meiotic phase but may facilitate
the en masse degradation of cytoplasmic proteins as well
as organelle/nuclear remolding during the postmeiotic
phase. The present study demonstrates for the first time that
UCH-L3 is expressed mainly in meiotic spermatocytes and
postmeiotic spermatids during spermatogenesis. Although
UCH-L3 shares considerable sequence homology with
UCH-L1, the hydrolytic activity of UCH-L3 in vitro differs
substantially from that of UCH-L1. The rate of UCH-L3-
mediated catalysis (K.,) is more than 200 times greater
than UCH-L1 using ubiquitin amide as a substrate [46].
This relatively high activity of UCH-L3 is consistent with
its expression during the postmitotic phase of spermatogen-
esis, in that maturation from spermatocytes to spermatids
may be critically dependent on the ubiquitin pathway de-
spite the fact that Uchl3 knockout mice exhibit normal fer-
tility [13].

In conclusion, our results demonstrate that the expres-
sion of UCH isozymes is differentially and developmentally
regulated during spermatogenesis and that UCH-L1 and
UCH-L3 likely have distinct functions during different de-
velopmental phases. These results enhance our understand-
ing of how the ubiquitin pathway is regulated by UCH
isozymes during spermatogenesis. Moreover, isolation of
mouse germ cells and Sertoli cells from testes may afford
the opportunity to assess UCH isozyme function during
spermatogenesis in vitro. UCH-L1 has been suggested to
associate with monoubiquitin and thereby increase the half-
life of ubiquitin in neurons [47]. In addition, a UCH-L1
ubiquity] ligase-like activity has also been proposed [46].
Further biochemical and genetic analyses of UCH family
members will help elucidate the role of UCHs in the com-
plex molecular mechanisms involved in spermatogenesis.
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Abstract

The synuclein family includes three isoforms, termed «, B and +y. a-Synuclein accumulates in various pathological lesions resulting from
neurodegenerative disorders including Parkinson’s disease (PD), dementia with Lewy bodies {DLB) and multiple system atrophy. However,
neither B- nor y-synuclein has been detected in Lewy bodies, and thus it is unclear whether these isoforms contribute to neurological
pathology. In the present study, we used immunohistochemistry to demonstrate accelerated accumulation of B- and y-synucleins in axonal
spheroids in gracile axonal dystrophy (gad) mice, which do not express ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1). ¥-Synuclein
immunoreactivity in the spheroids appeared in the gracile nucleus at 3 weeks of age and was maintained until 32 weeks. B-Synuclein
immunoreactivity appeared in spheroids around 12 weeks of age. In confrast, a-synuclein immunoreactivity was barely detectable in
spheroids. Immunoreactivity for synaptophysin and ubiquitin were either faint or undetectable in spheroids. Given that UCH-L1 deficiency
results in axonal degeneration and spheroid formation, our findings suggest that B- and y-synuclein participate in the pathegenesis of axonal
swelling in gad mice. ‘
© 2004 Elsevier B.V. All rights reserved.

Theme: Disorders of the nervous system
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1. Introduction

The synucleins are a family of small cytosolic proteins
that are expressed abundantly in the nervous system. Their
contribution to neurophysiological function, however, is
poorly understood. The mouse synuclein family consists
of three members, ot-synuclein {(a-syn), B-synuclein (p-sym)
and y-synuclein (y-syn), which range from 123 to 140
residues in length, exhibit 48-58% amino acid sequence

* Comresponding author, Tel: +81-42-346-1715; fax; +81-42-346-
1745.
E-mail address: wada@ncnp.go.jp (K. Wada).

0006-8993/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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identity and share similar domain organization (Fig. 1).
Immunohistochemistry in the normal brain shows that a-
and B-syn are concentrated at merve terminals with little
staining of somata and dendrites. Ultrastructural studies
show that these isoforms localize to nerve terminals in close
proximity to synaptic vesicles [18]. In contrast, y-syn is
present throughout nerve cells and is most abundant in the
peripheral nervous system [5,18].

The synuclein family has been implicated in neurode-
generative diseases. Two point mutations (A53T, A30P) in
the gene encoding a-synuclein (SNCA) have been detected
in two distinct Parkinson’s disease (PD) sibships with
autosomal dominant inheritance [17,26], and a heritable
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Fig. 1. Comparison of amino acid sequences from mouse a-, B- and vy-synuclein. The N-termiral region contains six imperfect repeats of the consensus
EKTKEGV and the C-terminal region is negatively charged. A part of the hydrophobic NAC (nor-amyloid component of amyloid plaque) domain is deleted in
B-syn. Basic and acidic residues are shown in blue and red, respectively. Sequence accession numbers: mouse o-syn, NP-033247; mouse B-syn, NP-291088;

mouse ~y-syn, NP-035560.

genomic triplication of SNCA has been described within two
distinct families [6,33]. Also, a-synuclein protein is a
primary component of Lewy bodies (intracellular inclu-
sions) and accumulates in abnormal neurites that contain
ubiquitin, synaptophysin and neurofilaments [9,36,37]. B-
Syn and -vy-syn, which is also known as breast cancer-
specific gene 1 (BCSGI), are overexpressed in neurodegen-
erative diseases such as PD and dementia with Lewy bodies
(DLB) [5,7]. Unlike o- and B-syn, y-syn is distributed
throughout the cytoplasm of neurons where it influences
the integration of neurofilament networks [4].

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) has
been found throughout the brain and testis/ovary and has
been considered as plays an important role in the labeling of
abnormal proteins in the ubiquitin-proteasome system
[15,38]. The gracile axonal dystrophy (gad) mouse is an
autosomal recessive spontaneous mutant that was identified
in 1984 [42]. It is the first mammalian neurological model
with a defect in the ubiquitin-proteasome system [28]. These
mice carry an intragenic deletion of the UCH-L1 gene
(Uchil) and do not express UCH-L1I, making them compa-
rable to a Uchll null mutant [24,28]. The gad mouse
exhibits severe sensory ataxia at an early stage, followed
by motor paresis at a later stage [14,42). In the central
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nervous system of gad mice, axonal degeneration begins
from the distal ends of primary ascending axons in the
dorsal root ganglia (DRG) [21,22]. Spheroid formation with
the dying-back type of axonal degeneration is first observed
in the gracile and dorsal spinocerebellar tracts [14,21,42]. In
the most rostral portion of the gracile fascicles, spheroids are
observed around 12 weeks of age and their formation
progresses gradually to the terminal stage after 20 weeks
of age [22]). At a later stage, axonal degeneration and
spheroid formation are observed in the upper tracts of
DRG neurons as well as in motor neurons [22]. Although
the gad mutation is known to be caused by a deficiency in
UCH-L1, the mechanism of spheroid formation is not well
understood, Dystrophic axons or axonal spheroids have
been observed in the brains of patients with infantile neuro-
axcnal dystrophy [1], in the globus pallidus in Hallervor-
den-Spatz disease [10], and in the gracile and cuneate nuclei
in human vitamin-E deficiency [29]. Furthermore, spheroids
are often observed in the medulla and spinal cords of aged
mammals. In normal mite, the number of spheroids
increases with age in the gracile nucleus [43].
Components of the spheroids of gad mice include
amyloid-B protein, mitochondria, neurofilaments and syn-
aptic complexes [12,22]. Ubiquitin and amyloid-p protein
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also accumulate outside sphercids along the sensory and
motor nervous systems [12,40]. We previously observed
dot-like deposits of ubiquitin immunoreactivity throughout
the gracile nucleus [40]. These data led us to suggest that
the absence of functional UCH-L1 may affect the hydroly-
sis of unknown substrates, which could result in the
formation of protein aggregates. o-Syn accumulation has
been detected in spheroids resulting from type 1 iron
accumulation in the brain (NBIA 1), a rare neurodegener-
ative disorder characterized by axonal spheroids and Lewy
body-like intraneuronal inclusions [8]. Moreover, B-syn and
~v-syn immunoreactivity were detected in spheroids but not
in Lewy body-like inclusions [8). In PD and DLB, axonal
spheroid-like lesions were identified in the molecular layer
of the dentate gyrus along with the accumulation of y-syn,
but not of a- or R-syn {7].

In the present study, we investigated the accumulation of
o-syn, B-syn and y-syn in the gad mouse using isoform-
specific antibodies. Unexpectedly, we did not detect a-syn
in spheroids, although B-syn and ~v-syn accumulated in
these structures beginning at an early stage of pathology.
These results demonstrate that the gad mouse constitutes a
useful model for investigating the role of synucleins in
neurodegeneration.

2. Materials and methods
2.1. Animals

All mice were maintained and propagated at our insti-
tute. Adult homozygous gad/gad and wild-type (+/+) mice
were obtained by mating heterozygous males with hetero-
zygous females. All mouse experiments were performed in
accordance with our institution’s regulations for animal
care and with the approval of the Animal Investigation
Committee of the National Institute of Neuroscience,
National Center of Neurology and Psychiatry. Each exper-
imental group consisted of three male mice of the same
phenotype, and experiments were conducted at 3 weeks
(initial stage), 12 weeks (progressive stage), 17 and 20
weeks (critical stage), and 32 weeks (terminal stage) after
birth [44].

2.2. Histochemistry

Mice were anesthetized and perfused with 0.9% NaCl
followed by ice-cold 4% paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4). Brains and spinal cords were
then collected and postfixed in 4% paraformaldehyde over-
night at 4 °C. The medulla oblongata and the upper cervical
cord were examined. To ensure near complete concordance
in the anatomical level of each sample, we followed the
Atlas of the Mouse Brain and Spinal Cord [32]. Coronal
sections were made at the level of the gracile nucleus (fevel
535) and of the cervical (C3) spinal cord segments. The

samples were embedded in paraffin and sectioned (4 pm) for
immunostaining and light microscopy. All sections from
mice of the same age group were processed in paralle] for
each marker. Some sections were stained with hematoxy-
lin-eosin (HE) and Kliiver-Barrera for examination by
conventional pathological methods. Quantification using
stereological techniques was performed by counting eosin-
ophilic spheroids at the medulla and upper cervical levels in
at least three sections per sample by two blind observers, We
then calculated the average number of spheroids per section.
Spheroids were counted using the 200 X lens of a Zeiss
Axioplan microscope. Under this magnification, eosinophil-
ic spheroids are clearly viewed.

For immunohistochemistry, serial sections were depar-
affinized in xylene and graded ethanol, washed in distilled
water, and then treated with 0.3% H»05 in methanol for 30
min to quench endogenous peroxidase activity. For the
enhancement of a-syn immunostaining, sections were pre-
treated with 99% formic acid for 5 min or autoclaved at
121 °C for 10 min [35,36]. The sections were washed three
times for 5 min in PBS, and then nonspecific binding sites
were blocked by incubation in 10% normal serum obtained
from the species in which the secondary antibody was
generated. After a brief rinse with PBS, sections were
incubated overnight at 4 °C with primary antibodies.
Primary and secondary antibodies were diluted in DAKO
Antibody Diluent (Dako, CA). The following antibodies
were used at the final dilutions indicated: monoclonal «-
syn antibody (1:100; BD Transduction Laboratories, CA),
polyclonal B-syn antibody (1:200; Affinity Research Prod-
ucts), monoclonal synaptophysin antibody (1:50; Dako)
and polyclonal ubiquitin antibody (1:400; Chemicon,
Temecula). Polyclonal v-syn antibody (see below) was
diluted 1:100.

Subsequent antibody detection was carried out using
anti-rabbit or anti-mouge IgG from the VECTASTAIN Elite
ABC kit (Vector Labs, Burlingame, CA). Briefly, after
washing, sections were sequentially incubated with biotiny-
lated secondary antibodies for 1 h followed by avidin—
biotin complex (diluted 1:200) for 1 h. Bound antibody
complexes were visualized using 3,3’ -diaminobenzidine
tetrachloride as a peroxidase substrate. Sections were then
lightly counterstained with hematoxylin. For the blocking
experiments, anti~y-syn was initially incubated with recom-
binant y-syn for 4 h at 4 °C and the staining procedure was
then performed as described above. The sections from
different groups were immunostained and treated at the
same time, For controls, the primary antibody was replaced
with normal rabbit serum or was omitted (these controls
always yielded negative staining).

2.3. Preparation of y-syn antibady and antibody
purification

~-Syn ¢cDNA was cloned from mouse brain mRNA using
PCR with a primer set designed using the y-syn nucleotide
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sequence in GenBank (AF017255; sense primer, 5“ACATG-
CATGCGACGTCTTCAAGAAAGGCTTC-3, antisense
primer, S~CCCAAGCTTGTCTTCTCCACTCTTGGC-3).
The y-syn ¢DNA was cloned into the expression vector
pEQ-30 {(Qiagen, Germany), yielding a recombinant plasmid
used to express histidine-tagged y-syn (6-His~y-syn) in E.
coli. Recombinant 6-His-y-syn was prepared as previously
described [23] and used to generate a polyclonal antiserum in
rabbits (Takara, Japan). The polyclonal antibodies were
purified by affinity chromatography according to the manu-
facturer’s instructions.

2.4. Specificities of synuclein antibodies

Purified recombinant a-syn (BD Transduction Labora-
tories), p-syn (Alpha Diagnostic International, TX) and -
syn were diluted and subjected to electrophoresis through
SDS-polyacrylamide gels {15% acrylamide} at 200, 100,
50, 25 and 12.5 ng per lane for each protein. The
proteins were electrophoretically transferred to PVDF
membranes (Bio-Rad, CA) as previously reported [23].
For immunochemical detection of the proteins, the mem-
branes were first blocked in Tris-buffered saline contain-
ing 0.1% (w/v) Tween 20 (TTBS) and 3% BSA overnight
at 4 °C and then incubated for 12 h with anti-o-syn
(1:1000) or with anti-B- or anti-y-syn (1:500). Antibodies
were diluted in DAKO Antibody Diluent. The membranes
were washed with TTBS and then incubated with horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit or
anti-mouse [gG (1:10,000; Pierce, IL} for 1 h. Proteins
were detected using the SuperSignal chemiluminescence
system (Pierce).

3. Results

3.1. Histopathological analysis of the gracile nucleus by HE
staining

Oval or round spheroids were visualized by HE staining
of axonal sections from wild-type mice at 20 weeks of age.
However, fewer than five spheroids per section were
detected. In contrast, gracile nuclei of gad mice exhibited
both axonal dystrophy and spheroids as early as 3 weeks of
age (Fig. 2A), in agreement with a previous report [44]. The
number of spheroids increased with age, and the HE
staining intensity of sphercids was relatively high until 20
weeks of age (Fig. 2B,C) but was very faint at 32 weeks
(Fig. 2D). The size and appearance of the spheroids detected
in gad mice varied with age. Irregularly shaped spheroids
were observed from 12 to 20 weeks, whereas other sphe-
roids stained diffusely or granularly as observed in wild-
type mice (Fig. 2E). Some spheroids displayed an intense
eosinophilic core, vacuoles or thin clefts (Fig. 2B).

We manually counted the total number of spheroids in
the dorsal columns and dorsal nuclei of the medulla and
upper cervical spinal cord using stereological techniques.
Spheroids were detected in gad mice at all ages examined
(Fig. 2F). The number of spheroids increased with age until
20 weeks (mean + S.D.; n=8~13): 3 weeks, 3.2 £0.8; 12
weeks, 12.1 +3.4; 20 weeks, 16.3 £3.9. At 32 weeks,
however, the number of spheroids decreased (7.8 2.2),
as did their size (data not shown). These observations most
likely reflect the severity of degeneration following the
progression of the dying-back type of axonal dystrophy
[14,44] to the lower spinal cord. In comparison, only a very
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Fig. 2. Hematoxylin—eosin staining of eosinophilic spheroids {arrows) in (A-D) gad sections of the gracile nucleus of the medulia oblongata at 3, 12, 20 and
32 weeks of age, respectively, and in {E) a wild-type section at 32 weeks. An arrowhead indicates a vacuolar spheroid body, and a white arrow indicates a
spheroid with an intense eosinophilic core (inset in B), (F) A quantitative study of spheroid number over time in gad and WT mice. Values are the mean & 8.D.
{r=8~13). Bar=50 pm,
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small number of spheroids were found in wild-type mice
(1.8+0.6 at 20 weeks, 2.5 £ 0.8 at 32 weeks; n=9; Fig. 2F).

3.2. Spheroids of gad mice accumulate f3-syn and y-syn but
lack a-syn

We tested the specificity of the synuclein antibodies
using purified recombinant synuclein isoforms. Polyclonal
anti-y-syn recognized purified recombinant y-syn but did
not cross-react with recombinant o-syn or B-syn in western
blots (Fig. 3C). This antibody was also useful for immuno-
histochemical detection of y-syn in spheroids in the gracile
nucleus (Fig. 4A-D). No staining was observed when
polyclonal anti-y-syn was pre-absorbed with recombinant
~-syn (1:20 antibody/protein molar ratio; data not shown),
thereby demonstrating the specificity of the staining. Under
the same conditions, controls without anti~y-syn showed no
immunoreactivity (data not shown). An assay of specificity
was also performed using the commercial antibodies against
a-syn and B-syn, and similar results were obtained for both
antibodies (Fig. 3A,B).

We then utilized all three isoform-specific antibodies to
characterize the pathology of axonal degeneration in the gad
mouse. Immunoreactivity to y-syn was robust during post-
natal weeks 3 ~ 20 but was weak at week 32 (Table 1), At3
weeks of age, the spheroids detected by anti-y-syn were
more clearly recognized than those detected by HE staining.
v-Syn-immunoreactive spheroids varied in appearance as
shown by HE staining (Fig. 2A-D), and oval or round
spheroids were often diffusely or granularly immunostained

a-syn 200~12.5ng  B-syn 200~12.5ng  y-syn 200~12.5ng

Fig. 3. Specificity of synuclein antibodics, Westem blots show the
specificity and reactivity of anti-a-syn, anti-B-syn and anti~y-syn with
varying amounts (12.5 ~ 200 ng) of all three recombinant synucleins. Three
identical SDS$-polyacrylamide gels were fransferred to membranes under
identical conditions, and each membrane was then probed scparately with
one of the synuclein antibodies. (A) a-syn antibody. (B} B-syn antibody.
(C) y-syn antibody. None of the antibodies exhibited significant cross-
reactivity. A dimer formation (~ 50 kDa) was seen it the B-syn blot (B).
Molecular weight markers (in kDa) are shown to the right.

by anti-y-syn (Fig. 4A-C). Numerous dystrophic axons
also displayed y-syn immunoreactivity, y-Syn immunore-
activity was absent both in spheroids and dystrophic axons
when anti-y-syn was pre-incubated with excess purified -
syn (data not shown). In contrast to y-syn immunoreactivity,
spheroids started to exhibit faint and sporadic p-syn immu-
nostaining from 12 weeks of age, with the intensity increas-
ing through 32 weeks (Fig. 4E,F and Table 1). At 32 weeks,
relatively intense B-syn staining was observed in spheroids
and dystrophic axons (Fig. 4G); however, there were fewer
immunopositive spheroids than were seen by y-syn staining
(at 20 weeks; Fig. 4C). Coarse granules around neurons
were also immunostained by anti-B-syn (Fig. 4G). Very
little a-syn immunoreactivity was observed in spheroids
even after enhancement with formic acid or by autoclaving
(Fig. 41). These pretreatments also failed to show a-syn
immunoreactivity in axons (Fig. 41).

In wild-type mice, spheroids were immunopositive for y-
syn {Fig. 4D) and p-syn (a relatively weak punctate pattern
in the center of spheroids; Fig. 4H). However, no a-syn
immunoreactivity was detected (Fig. 4J, arrows). Also,
ubiquitin-positive immunostaining, which did not appear
until 20 weeks, was seen in spheroids and as dots that did
not correspond to spheroids (data not shown). In gad mice,
ubiguitin-immunoreactive dots appeared from 12 weeks of
age as previously demonstrated [40] and spheroids were not
immunoreactive for ubiquitin (Fig. 4K). Ubiquitin staining
in general was more intense in the wild-type tissue (Fig. 4L)
than in gad tissue (Fig. 4K). For synaptophysin, the limited
number of spheroids were immunopositive in both wild-
type and gad mice at 20 weeks of age, with a diffuse or
spotty staining in the center of the spheroids (Fig. 4M,0).
The gad mouse appears to show higher synaptophysin
expression than wild-type mice (Fig. 4M,0). At 32 wecks,
gad mice displayed a punctate distribution pattern of syn-
aptophysin along synapses or surrounding cell bodies with a
few densely stained spheroids (Fig. 4N, arrow). In contrast,
wild-type mice displayed an expression pattern that was
enriched in the spheroids at 32 weeks of age (Fig. 4P,
arrow). Furthermore, gad mice exhibited dot-like immunos-
taining for ubiquitin (Fig. 4L, arrowheads), B-syn (Fig. 4G)
and v-syn (Fig. 4C).

4, Discussion

Previous studies of gad mice showed axonal degenera-
tion and spheroid-formation (axonal dystrophy) in the
gracile tract during the initial stage of neuropathology
[14,22,44]. During the critical stage from 17 to 20 weeks
of age, the pathological changes extend to the spinocere-
bellar tract and spinal trigeminal nucleus. During the termi-
nal stage (beyond 32 weeks), these changes extend to the
corticospinal tract, cuneate tract, spinal trigeminal tract and
thalamus [44]. Although synucleins have been implicated in
the pathology of various neurodegenerative disorders, the
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a-syn / ubiquitin

synaptophysin

Fig. 4. Synucleins, synaptophysin and ubiquitin immunoreactivities of the gracile nucleus. Almost all spheroids showed strong immunostaining for (A-C)
y-syn and (E—G) B-syn in the gracile nucleus of gad mice from 3 to 32 weeks of age (A, 3 weeks; B and E, 12 weeks; C and F, 20 weeks; G, 32 weeks).
Numerous y-syn-positive spheroids (B, arowheads) and occasional neurites (B, arrow) are demonstrated. Spheroids from wild-type mice at 20 weeks were also
immunopositive for (D) y-syn {arrowheads) and (H) B-syn (amowhead). (I) Very little a-syn immunoreactivity was observed in gad mouse spheroids (12
weeks, arrowheads). (J) Also, as a positive control, there are any synaptic regions that could be indicated as being positive of a-syn in wild-type mouse
(arrows) as well as in gad mouse (I, arrows), but a-syn was not detected in wild-type mouse spheroids (20 weeks, arowheads). (K} Ubiquitin immunoreactivity
in the gad mouse gracile nucleus (20 weeks) appeared in dots (arrows) but was not apparent in spheroids (arrowheads). (L) Ubiquitin-positive
imraunoreactivity was seen in both spheroids (arrowheads) and dots (arrows) in wild-type mice (20 weeks). For synaptophysin, except for the similar
immunostaining pattern of synapses, the limited number of spheroids that were immunopositive exhibited diffuse or spotty staining (artowheads) that was seen
onty in the center of spheroids at 20 weeks in both (M) gad and (0) wild-type mice. Indeed, gad mice had more synaptophysin immunoreactivity than did wild-
type mice. (N) At 32 weeks, gad mice displayed a punctate distribution pattern of synaptophysin along synapses {arrowhead) or surrounding cell bodies, with a
few densely stained spheroids (arrow). (P) In contrast, wild-type mice displayed an in situ expression pattern that was enriched in the spheroids at 32 weeks of
age (arrowheads). Bar=50 um.

possible temporal relationships between spheroid formation
and a-, B- and y-synucleins in the gad mouse brain has not
yet been proven. Because the gad mouse constitutes a
neurodegenerative model for the study of spheroid prolifer-
ation in axonal termini, we therefore examined spheroid
pathology using antibodies directed against a-, B- and -
syn. Given that dystrophic swollen axons—the primary gad
lesion observed in the gracile nucleus—result from spheroid
proliferation, we quantitated spheroid formation and immu-
noreactivity in the medulla and upper cervical spinal cord
regions over the lifetime of gad mice (Fig. 2F and Table 1).

We initially found that y-syn-positive spheroids were more
conspicuous than HE-stained spheroids during the early
stage of age, suggesting that y-syn is mote sensitive and
specific than HE for detecting spheroid formation in gad
mice. B-syn was first detected in spheroids 8 weeks later
than +y-syn. This result raises the possibility that the mech-
anism by which @-syn accurmilates in spheroids differs from
that of y-syn and that y-syn may play a more important role
in the pathogenesis of the gad mutation. A recent study
suggested that synucleins may help to regulate proteasome
function by modulating 20S proteasome activity in the case
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Table 1

Chronologica! change in the degree of immunoreactivity for spheroids
stained for o-, B- and y-synuclein and ubiquitin in the medulla and upper
cervical cord of gad mice

god3  gad 12 gad20 gad 32  Wild-type Wild-type
weeks  weeks weeks weeks 20 weeks 32 weeks
a-syn =" + + * - -
B-syn — + ++ +++ + +
y-syn  ++ ++ ++4 + + +
ub-s® - - - - + +
ub-d° - ++ +4+ + + +

® [mmunoreactivity: +++, strong; ++, moderate; + to +, weaker to
weak; -, not detectable.

® Ubiquitin immuncreactivity in the spheroids.

© Ubiquitin immunoreactivity in the dot-like structures.

of y-syn and by affecting the 26S proteasome in the case of
B-syn [34]. Thus, the fact that each of these two synucleins
exhibits a distinct time course of spheroid accumulation
may reflect differences in their metabolic regulation. Fur-
thermore, y-syn has a very different pattern of localization
in neurons as compared with o-syn and B-syn [27].

Antibodies to ubiquitin recognize most spheroids, al-
though it is unclear whether this recognition reflects se-
questered free ubiquitin or ubiquitinated proteins [25,39].
Furthermore, the ubiquitinated substrates in spheroids have
not been identified. We show here in gad mice that ubiquitin
is absent from spheroids but is present in dot-like structures,
which is consistent with a previous study [40]. Recently, we
demonstrated that the loss of functional UCH-L1 leads to a
decrease in free ubiquitin in gad mice [24]. In contrast,
overexpression of UCH-L1 causes an increase in ubiquitin
in both cuttured cells and mice [24]. Therefore, we suggest
that UCH-L1 ensurzs ubiquitin stability via prolonging the
ubiquitin half-life within neurons as an important carrier
protein, and loss of functional UCH-L1 may thus lead to
inadequate ubiquitination via a decrease in free ubiquitin.
Thus, the reduction in ubiquitin might be responsible for the
absence of ubiguitin in gad mouse spheroids. Ubiquitin is,
however, often detected in spheroid bodies during neurode-
generative diseases [2,41]. In addition, an increase in
ubiquitin expression was reported in spheroid bodies in
the brains of aged monkeys [31]. Despite the presence of
ubiquitin in spheroid bodies in these systems, our data
indicate that ubiquitination may not be required for the
formation of spheroid bodies.

We found that spheroids were positive for both B- and -
syn but were slight for a-syn in gad mice. Lewy bodies in

PD and DLB brains are positive for both a-syn [36] and '

UCH-L1 [20], whereas we did not detect Lewy bodies or
Lewy neurites in gad mouse brain. These observations
suggest that the molecular mechanism of p- and y-syn
accumulation in gad spheroids is different from that in
Lewy bodies. p-syn inhibits fibril accumulation of a-syn
[11]. Thus, early accumulation of B-syn in the spheroids of
gad mice may inhibit the accumulation of a-syn in sphe-
roids or axon terminals. It remains unclear whether vy-syn

has a similar effect on the accumulation of a-syn. Alterna-
tively, fibril formation of a-syn might be affected by the
existence of UCH-L1, and lack of UCH-L1 in the gad
mouse might result in the suppression of a-syn aggregation
in vivo. UCH-L1 was reported to have ubiquitin ligase
activity that increased the amount of polyubiquitinated «-
syn via K63-linked ubiquitination {19]. Other recent studies
have shown that UCH-L1 can deubiquitinate polyubiquiti-
nated a-syn with K48-linked ubiquitination [13,30]. Thus, a
close relationship between UCH-L1 and a-syn has been
implicated. Aggregates of B-syn and y-syn have been found
in dystrophic neurites associated with PD and other neuro-
degenerative diseases [7]. Neither protein, however, is
detected in Lewy bodies in PD and DLB. Consequently,
B-syn and y-syn pathology may be more specific to spher-
oid disorders.

Pathological accumulations of R-syn and vy-syn were
previously reported in neurological diseases [7]. B-syn is a
presynaptic protein and gad degeneration starts at the
presynapse of the gracile nuclei. Local accumulated f-
syn may interfere with other presynaptic proteins in the
degenerating terminals. We observed that a presynaptic
protein, synaptophysin, was weakly detected in spheroids
but strongly expressed in healthy synapses in gad mice.
This result may support the idea of the effect of locally
accumulated B-syn.

Overexpression of y-syn may influence neurofilament
network integrity [4]. Distinct from wild-type mice, in gad
mice y-syn immunoreactivity in the spheroids appeared in
the gracile nucleus from an early stage, which might
contribute to the dysfunction of the nervous system, possi-
bly by interrupting axonal transport. Ubiquitin is known to
be transported over long distances via slow axonal transport
to synapses [3]. Ubiquitin reduction and the consequent
inadequate ubiquitination of proteins may trigger accumu-
lation of proteins that should undergo ubiguitin-dependent
degradation. An age-dependent increase in <y- and p-syn-
positive spheroids in gad mice resembles the accumulation
of amyloid-p in spheroids of these mice [12]. Amyloid
precursor protein has been shown to be transported by a fast
axonal flow {16]. The abnormal accumulation of various
proteins at terminals might affect axonal transport from the
ganglia, leading to the dying-back type of degeneration of
axons with formation of spheroid bodies. The mechanisms
involved, however, will require more detailed studies of
UCH-LI1 and synucleins,
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Two Closely Related Ubiquitin C-Terminal Hydrolase
Isozymes Function as Reciprocal Modulators of
Germ Cell Apoptosis in Cryptorchid Testis
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The experimentally induced cryptorchid mouse model is
useful for elucidating the in vivo molecular mechanism of
germ cell apoptosis, Apoptosis, in general, is thought to be
partly regulated by the ubiquitin-proteasome system.
Here, we analyzed the function of two closely related
members of the ubiquitin C-terminal hydrolase (UCH)
family in testicular germ cell apoptosis experimentalty
induced by cryptorchidisma. The two enzymes, UCH-LL
and UCH13, deubiquitinate ubiquitin-protein conjugates
and control the cellular balance of ubiquitir. The testes of
gracile axonal dystrophy (gad) mice, which lack UCIIL1,
were resistant to cryptorchid stress-related injury and had
reduced ubiquitin levels. The level of both anti-apoptotic
(Bcl2 family and XJAP) and prosurvival (pCREB and
BDNF) proteins was significantly higher in gad mice after
cryptorchid stress. In contrast, Uchi3 knockout mice
showed profound testicular atrophy and apoptotic germ
cell Joss after cryptorchid injury. Ubiquitin level was not
significantly different between wild-type and Uck3 knock-
out mice, whereas the levels of Nedd8 and the apoptotic
proteins p53, Bax, and caspase3 were elevated in Uchi3
knockout mice. These results demonstrate that UCHL1
and UCH-13 function differentially to regulate the celkular
levels of antl-apoptotic, prosurvival, and apoptotic pro-
teins during testicular germ cell apoptosis.  (Am.J Pathol
2004, 165:1367-1374)

In the ubiquitin-proteasome system, the levels of poly-
and monoubiguitin are strictly controlled by the balance
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of two groups of specific enzymes: ubiquitinating en-
zymes (E1, E2, and E3) and deubiquitinating enzymes
(DUBs)."2 DUBSs are suhdivided into ubiquitin C-terminal
hydrolases {UCHs) and ubiquitin-specific proteases
(UBPs).2* The genes for at least four UCHs, UCH-L1 and
UCH-L3, UCH-L4, and UCH-L5, have been identified in
mice.*® Among them, UCH-L1 and UCH-L3 predomi-
nate; these isozymes have 52% amine acid identity and
share significant structural similarity;” however, the dis-
tribution of these two isozymes is quite distinct in that
UCH-L3 mRNA is expressed ubiguitously whereas
UCH-L1 mRNA is selectively expressed in the testis/
ovary and neuronal cells,”'° Despite the high-sequence
homology, the in vitro hydrolytic activities of these two
enzymes differ significantly. The activity (Keat) of UCH-L3
is more than 200-fotd higher than UCH-L1 when a fluoro-
genic ubiquitin substrate is used.'’ In addition to its
relatively weak hydrolase activity, UCH-L1 exhibits dimer-
ization-dependent ubiquityl ligase activity.” In contrast,
UCH-L3 has little or no ligase activity compared with
UCH-L1."" It was recently suggested that UCH-L1 has
anti-proliferative activity in tumor cells, and that its ex-
pression Is induced in response to tumor growth.'2 Fur-
thermore, UCH-L1 associates with moncubiquitin and
prolongs ubiquitin half-life in neurons.™ Other work dem-
onstrated that UCH-L3 binds to Nedd8 and subsequently
processes its C-terminus.** Nedd8 is a small ubiquitin-
like protein that shares with ubiquitin the ability to be
conjugated to a lysine residue in a substrate protein.®
Covalent conjugation of proteins by Nedd8 is an impor-
tant form of the posttranscriptional modification and plays
a critical role in many cellular processes.’® These conju-
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gates are regulated by a large number of deconjugating
enzymes. This activity is unigque to UCH-L3 because
UCH-L1 is relatively weak to cleave the C terminus of
Nedds.*~'¢ Collectively, these data suggest that the two
mouse isozymes, UCH-L1 and UCH-L3, have distinct but
overlapping functions. In addition, we recently found that
gad mice, which lack UCH-L1 expression, show reduced
retinal cell apoptosis in response fo ischemia, suggesting
that UCH-L1 may promete apoptosis.'”

Our previous work focused on the possibility that UCH-L1
and UCH-L3 exhibit functional diversity during spermatogen-
esis. We showed that both UCH-L1 and UCH-L3 are strongly
but reciprocally expressed in the testis during spermategene-
sis,'® suggesting that each isozyme may have a distinct func-
tion in the testis. To elucidate the pathophysiclogical roles of
these two isozymes in the testis, our present work examines
the extent of heat-induced stress using experimentally in-
duced cryptorchidism in Uchi3 knockout” and gad mice.® Nor-
mally, the testes are maintained in the scrotum at a tempera-
ture lower than that of the abdomen. Exposure of & testis to
higher body temperature via experimentally induced cryp-
torchidism results in rapid degeneration of testicutar gemn
cells. 1922 Recent studias show that testicular gern cell de-
generation in cryptorchid testes occurs via apoptosis, and that
protein and lipid oxidation, along with p53 promete germn cell
death. 225 The ubiquitin-proteasome system is required for
the subsequent degradation of the damaged testicular germ
cells 2528 Here, we show that both UCH-L1 and UCH-L3 have
reciprocal functions in testicutar germ cells during cryptorchid-
induced apoptosis. Our data show that the absence of
UCH-L1 causes resistance to cryptorchid-induced testicular
gemn cell apoptosis, and that the knockout of UCH-L3 pro-
motes germ cell apoptasis after cryptorchid injury.

Materials and Methods

Animals

We used 8-week-old Uchi3 knockout (C578L/6J)™'® and
gad® 182 (CBA/RFM) male mice. Uchi3 knockout mice
were generated by the standard method using homolo-
gously recombinant ES cells, and the knockout line was
back-crossed several times to C57BL/6J mice.” The gad
mouse is an autosomal recessive mutant that was ob-
tained by crossing CBA and RFM mice.® The gad line was
maintained by intercrossing for more than 20 genera-
tions.82° Both strains were maintained at our inslitute.
Animal care and handling were in accordance with insti-
tutional regulations for animal care and were approved
by the Animal Investigation Committee of the National
institute of Neuroscience, National Center of Neurology
and Psychiatry, Tokyo, Japan.

Unilateral Experimental Cryptorchidism

Unilateral cryptorchidism was experimentally induced un-
der pentobarbital anesthesia (Abbott Laboratories, North
Chicago, IL).2%22 Briefly, a midline abdominal incision was
made, and the left testis was displaced from serotum and
fixed to the upper abdominal wall. The right testis remained
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in the scrotum as an intact control within the same animal, At
0, 4,7, and 14 days after the operation, four control and four
cryptorchid testes were harvested to determine testis
weight.

Histological and Immunohistochemical
Assessment of Testes

Testes were embedded in paraffin wax after fixation in 4%
paraformaldehyde, sectioned at 4-um thickness, and
stained with hematoxylin and eosin.2® Light microscopy
was used for routine observations. For immunohistochemi-
cal staining, the sections were incubated with 10% goat
serumn for 1 hour at room temperature, followed by incuba-
tion overnight at 4°C with a rabbit polyclonal antibody
against ubiquitin (1:500; DakeCytomation, Glostrup, Den-
mark} or Nedd8 {1:500; Alexis Biochemicals, San Diego,
CA) diluted in phosphate-buffered saline (PBS) containing
1% bovine serum albumin. Sections were then incubated
with fluorescein isothiocyanate-conjugated goat anti-rabbit
fgG (1:200; Jackson ImmunoResearch, West Grove, PA} for
1 hour at reom temperature and examined by confocal
laser-scanning microscopy {Olympus, Tokyo, Japan).

" Apoptotic cells in testicular tissues were identified by
terminal deoxynucleotidyl transferase (TdT)-mediated
nick-end labeling {TUNEL) using the DeadEnd Fluorimet-
ric TUNEL system kit (Promega, Madison, WI) and the
anti-PARP p85 fragment pAb (Promega) according to the
manufacturer's instructions,

Quantitative Analysis of Apoptotic Germ Cells

The number of apoptotic cells was determined by count-
ing the positively stained nuclei in 30 circular seminifer-
ous tubule cross-sections per testis section.?# The pro-
portion of seminiferous tubules containing apoptotic
germ cells was calculated by dividing the number of
seminiferous tubules containing apoptotic cells by the
total number of seminiferous tubules. The incidence of
apoptotic cells per apoptotic cell-containing seminiferous
tubule was categorized into three groups, defined as 1to
5,6 to 10, and >11 positive cells.

Western Blotting

Western blots were performed as previously report-
ed.® 1829 Total protein (5 pgflane) was subjected to so-
dium dodecy! sulfate-polyacrylamide gel electrophoresis
using 15% gels (Perfect NT Gel; DRC, Japan). Proteins
were electrophoretically transferrad to polyvinylidene di-
fluoride membranes (Bio-Rad, Hercules, CA) and
blocked with 5% nonfat milk in TBS-T [50 mmol/L. Tris
base, pH 7.5, 150 mmoi/L NaCl, 0.1% (w/v} Tween-20].
The membranes were incubated individually with one or
more primary antibodies to UCH-L1 and UCH-L3 (1:1000;
peptide antibodies™), Bel-2, BelxL, Bax, p53, and
caspase-3, (1:1000; all from Cell Signaling Technology,
Beverly, MA), phosphorylated cyclic AMP response ele-
ment-binding protein (pCREB, 1:500; Upstate Biotech-
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Figure 1, Western blotting analyses of both UCH-L3 and UCH-L! in the testes
of gaed and Uchid knockout mice, respectively, on day 4 after cryptorchic

Injury. Scrotal and cryptorchicl testes did not differ significantly with respect
to protein expression (—, scrotal testes; +, cryptorchid testes).

' fl UCH-L1

nology, Waltham, MA), brain-derived neurotrophic factor
(BDNF, 1:500; Santa Cruz Biotechnology, Santa Cruz,
CA}), XIAP (1:500; Transduction Laboratories, Franklin
Lakes, NJ), polyubiguitin (1:1000, clone FK-2; Medical &
Biological Laboratories, Nagoya, Japan), monoubiquitin
{1:1000, ub379; Sigma-Aldrich, St. Louis, MO), and Nedds
{1:1000; Alexis Biochemicals, San Diegg, CA). Blots were
further incubated with peroxidase-conjugated goat anti-
mouse IgG or goat anti-rabbit IgG (1:5000; Pierce, Rock-
ford, IL) for 1 hour at room temperature. Immunoreactions
were visualized using the SuperSignal West Dura extended
duration substrate (Pierce) and analyzed with a Chemi-
Imager {Alpha Innotech, San Leandro, CA). Each protein
level was relatively quantificated after analysis with a
Chemilmager using AlphaEase software.

Statistical Analysis

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

Results

Leve! of Two UCH Isozymes in Scrotal and
Cryptorchid Testes from Uchi3 Knockout and
Gad Mice

We first confirmed the lack of UCH-L3 protein in the
testes from Uchi3 knockout mice by Western blotting
{Figure 1). Similarly, we did not detect UCH-L1 protein in
the testes of gad mice (Figure 1), as we previously ob-
served.'® Thus, in a biochemical sense, gad mice are
analogous te Uichi1-null mice.®'® Compensatory level of
UCH-L3 and UCH-L1 in gad and Uchi3 knockout mice,
respectively, was not observed (Figure 1; compare UCH-
L3/UCH-L1 level with that of wild-type control mice). Ex-
perimental cryptorchidism did not affect UCH-L3 levet in
gad or wild-type control mice. Similarly, cryptorchidism
did not affect UCH-L1 level in Uchl3 knockout and wild-
type control mice (Figure 1). Quantitative reverse tran-
scriptase-polymerase chain reaction analysis showed
that transcription from the Uch/3 and Lch!T in both scrotal
and cryptorchid testes from gad and Uchf3 knockout
mice was not significantly different from that measured in
the corresponding wild-type control mice (data not
shown}. These resuits suggest that the [evel of UCH-L3 is
regulated independently of UCH-L1 in the mouse testis,
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Figure 2. Comparison of testicular sizes and weights after experimental cryp-
torchidism. A: Gross imuges of changes in testicular size dwoughout time in two
wild-type (C57BL/GJ and CBA/RFMD), Uebi3 knockout, and gad mice (—, scrotal
testes; +, cryptorchid testes). B: Ratio of cryptorchid to scrotal testis weight on
days G, 4, 7, and 14 after injury. i Throughcur time, the ratic for Leb{3 knockour
mice {(open circles) differed significantly compared with wild-type mice (filled
circles). ii: The ratio for gad mice (open triangles) did not differ significantly
throughout time compared with wild-type mice (closed triangles). (n = 4; ¢,
P < 0,05}, Scale bar, 5 mm. Original magnifications, X40.

and that cryptorchid injury does nct affect the level of
either protein.

Changes in Testicular Weight and Structure in
Cryptorchid Uchi3 Knockout and Gad Mice

Unilateral cryptorchidism was surgically induced in Uchi3
knockout and gad mice, and testes were evaluated on days
0, 4, 7, and 14 after the operation (Figure 2). Nonoperated
(scrotal) testes served as controls for the evaluation of tes-
ticular weight and histochemistry. Cryptorchid testes from
Uchi3 knockout mice appeared smaller than the nonoper-
ated controls at each time point, whereas the size of the
cryptorchid testes from gad mice was similar to the controls
{Figure 2A). Figure 2B shows the time course of the ratio of
testicular weight of cryptorchid testes to scrotal testes. In
wild-type mice (C57BL/8J and CBA/RFM), the ratio tran-
siently increased 4 days after cryptorchid injury, most likely
a consequence of inflammation-induced fluid accumufa-
tion?222 and biochemical changes chserved. The ratio for
these mice subsequently decreased below 1.0 by day 7.
The ratio remained ~1.0 in gad mice (range,1.15 ~ 0.85),
whereas it decreased significantly in LUchi3 knockout mice
cempared with wild-type mice (Figure 2B). These results
demonstrate that testes from Uchi3 knockout and gad mice
differ in their response to experimental cryptorchidism.
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Figure 3. Histology and TUNEL staining of testicular cross sections after
experimental cryprorchidism. A: Morphological analysis of seminiferous tu-
bules on day 7 afier cryptorchid injury. Note the germ cell loss and atrophy
in cryptorchid testes compared with uninjured controls. (—, scrotal testes; +,
cryptorchid testes). B: TUNEL staining of testicutar cross-sections on day 7
after cryptorchid injury. Green flucrescence, TUNEL-positive cells; red fluc-
rescence, nuclei stained with propidium iodide. G Magnified cryptorchid
testes sections. Pyknotic bodies (filled arrows) and Sertoli cell vacuolization
(open arrows) were evident in cryprorchid testes of Uchi3 knockout and
the two wild-type (C57BL/6] and CBA/RFM) mice on day 7 afier injury. D:
PARP analysis to detect apoptotic germ cells in cryptorchid testes of Uchl3
knockout and gad mice on day 7 after injury. The detection of apoptotic
germ cells (arrowheads, top) by PARP analysis was consistent with that of
apoptotic germ cells ¢arrowheads, bottom) by TUNEL analysis. Scale bar,
50 um. Original magnifications: A and B X100; € and D X200.

Testicular Germ Cell Apaptosis in Cryptorchid
Uchi3 Knockout and Gad Mice

To explore the mechanism underlying the observed dif-
ferences between Uchi3 knockout and gad cryptorchid
testes, we prepared histological cross-sections on day 7
after testicular injury (Figure 3, Aand C). The presence of
nuclear pyknosis, multinucleated giant cells, and Sertoli
cell vacuolization with germ cell loss in the germinal
epithelium is indicative of cryptorchid testes 22 These hall-
marks of testicular injury were the most remarkable character-
istics of cryptorehid testes from Uchi3 knockout mice, demon-
strating profound testicular atrophy and gemn cell loss
compared with wild-type mice (Figure 3, Aand C). In contrast,
no ruclear pyknosis, celiular shrinkage, or gem cell loss was
observed in cryptorchid testes from gad mice. Spermatocytes
and early spermatids comprised the majority of affected cell
types in cryptorchid testes (Figure 3, Aand C}.

Germ cell apoptosis was further examined by TUNEL
and PARP assays in tissue sections from postoperative day
7 mice (Figure 3, B and D). All but the gad cryptorchid testes
showed a time-dependent increase in germ cell apoptesis
during experimental cryptorchidism; germ cell apopiosis
was always found in tubules that had germ cell loss on days
4,7, and 14 (Figure 3, B and D, and Figure &), Compared to
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Figure 4. Quantitation of testicular germ cell apoptosis in testes after exper-
imental cryprorchidism. A: The percentage of seminiferous tubules contain-
ing apoptotic germ cells in cryptorchid testes on days 0, 4, 7, and 14 after
injury. i The increase in the percentage of wbutes containing apoptotic cells
in the cryptorchid testes of tich!3 knockout mice is statistically significant
compared with wild-type mice on days 4, 7, and 14. Each value represents
the mean * SD; *, P < 0.05. ii: The percentage of apoptotic tubules in
aryptorchid testes of gad mice is significantly different on days 4,7,and 14
after injury. Each value represents the mean £ SD; *, P < 0.01. B Incidence
of apoptosis per seminiferous tubule with apoptotic germ cells on days 4 and
7 after injury. The incidence of seminiferous wbules containing >11 apo-
ptotic germ cells is significantly increased (P < 0.05) in cryptorchid testes of
Uch!3 knockout mice compared with wild-type mice. I Comparison with
Uch{3 knockout mice. H: Comparison with gad mice, Each value represents
the mean % SD.

wild-type mice, the cryptorchid testes of Uchi3 knockout
mice showed a marked increase in apoptotic germ cells in
response totesticular injury, whereas gad mice lacked crypt-
orchid-induced germ cell apoptosis (Figure 38 and Figure
4). By postoperative days 4 and 7, the percentage of sem-
iniferous tubules containing apoptotic germ cells increased
with statistical significance (n = 4) (P < 0.08) in cryptorchid
testes of Uchi3 kncckout mice as compared with wild-type
mice (Figure 4A). In addition, cryptorchid testes of Uchi3
knockout mice showed a high incidence of seminiferous
tubules containing =11 apoptotic germ cefls on days 4 and
7 days as compared with wild-type mice (Figure 4B); how-
ever, germ cell apoptosis did not increase in cryptorchid
testes of gad mice during postoperative days 4 to 14 (P <
0.01) (Figure 4, A and B).

Cellular Mono- and Polyubiquitin Lévef in
Cryptorchid Uchl3 Knockout and Gad Mice

Ubiguitin is required for energy-dependent degradation of
structurally altered proteins.?® We previously reported that
UCH-L1 binds ubiquitin and stabilizes ubiquitin turnover in
neurons, and that the level of monoubiquitin is decreased in
gad mice.*® In a model of ischemic insult in the retina,
ubiquitin induction was unexpectedly lower and ischemic



Figure 5. Immunohistochemical and Western blotting analyses of monc-
and polyubiquitin in testes on day 7 after experimental cryptorchidism. A:
Ubiquitin Induction was not different between cryptorchid testes from Uchi3
kanockout and wild-type mice, whereas cryptorchid-induced ubiquitin induc-
tion in gad mice was reduced. Green flucrescence, ubiquitin-positive cells;
red fluorescence, nuclei stained with propicium iocdide. B: Polyubiquitin
teve! in Uch!3 knockout mice and the two wild-type (C57BL/G] and CBA/
REM} mice substantially increused after injury, whereas that in gad mice did
not change significantly. Monoubiquitin level did not change after injury.
Representative images from four independent experiments are shown (-,
scrotul testes; +, cryptorchid testes). Scale bar, 50 pm. Criginal magnifica-
tions, X200,

damage was weaker in the retina of gad mice (compared
with wild-type mice} after ischemic insult."” To determine
whether the increase in germ cell apoptosis in cryptorchid
testes is associated with ubiquitin induction, we performed
immunchistochemical analysis of testes from postoperative
day 7 mice. Ubiquitin immunareactivity increased substan-
tially in cryptorchid testes from Uchi3 knockout mice and the
two wild-type mice, whereas those from gad mice showed
only minor ubiquitin induction (Figure 5A). The scrotal testes
of Uchi3 knockout and gad mice did not show significant
differences in ubiquitin induction compared with corre-
sponding controls (Figure 5A}. Interestingly, most of the
increased ubiquitin induction was detected in spermato-
cytes and spermatids, consistent with the data on germ cell
apoptosis after cryptorchid injury (Figure 3D and Figure
5A). Cryptorchid-induced polyubiquitin levels in the testes
from Uchi3 knockout and the two wild-type mice also in-
creased substantially after injury, whereas the crypterchid
testes of gad mice showed no significant difference com-
pared with scrotal testes (Figure 58); however, the expres-
sion levels of monoubiquitin did not change significantly in
any of the mice after cryptorchid injury.

Level of Anti-Apoptotic and Apoptotic Proteins
in Cryptorchid Uchl3 Knockout and Gad Mice

We previously showed that anti-apoptotic proteins such
as Bcl-2 and prosurvival protéins including phosphory-
lated cyclic AMP response element-binding protein
(pCREB}) are up-regulated in degenerated retina of gad
mice.'” These proteins are degraded by ubiquitination-
mediated proteolysis.>® We examined the expression of
the Bel-2 family proteins, XIAP, pCREB, and caspases to
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Figure 6. Western blotting analysis of anti-apoptotic, prosurvival, and apo-
ptotic proteins in testes after experimental cryptorchidism. Total protein (5
pg per lane) was prepared from sceotal and cryptorchid testes on day 4 after
cryptorchid injury. The expression levels of anti-apoptotic (A), prosurvival
(B), and apoptotic (C) proteins in the cryptorchid testes of Tchl3 knockout,
gad, and the two wild-type (CS7BL/6] and CBA/RFM) mice were significantly
different compared with control mice. Representative images from four
independent experiments are shown {—, scrotal testes; +, cryptorchid tes-
tes).

determine their role in testicutar germ cell apoptosis after
experimental cryptorchidism 4 days after injury in Uchi3
knockout and gad mice. The level of anti-apoptotic pro-
teins such as Bel-2, Bel-xL, and XIAP was up-regulated
(323.8 = 57.5, 262.3 * 22.1, and 209.9 = 11.7, respec-
tively, as compared with wild type, 100} in the cryptorchid
testes of gad mice compared with wild-type mice (Figure
6A). Additionally, pCREB, which is normally degraded in
a ubiguitination-mediated manner,*® was apparently
highly up-regulated (259.0 = 22.6, as compared with wild
type, 100) in the cryptorchid testes of gad mice (Figure
6B). It has been demonstrated that pCREB activates
genes that up-regulate trophic factors including
BDNF.3'32 Consistent with pCREB up-regulation, BDNF
level also increased (203.0 + 19.6, as compared with
wild type, 100) in cryptorchid testes of gad mice (Figure
6B). Level was variable for anti-apoptotic, prosurvival,
and apoptotic proteins in the cryptorchid testes of Uchi3
knockout mice. The level of pCREB, p53, Bax, and
caspase3d was slightly increased (169.9 + 15.2, 162.6
12.9, and 157.3 = 14.0, respectively, as compared with
scrotal testes, 100) in cryptorchid testes of Uchi3 knock-
out mice compared with scrotal testes (Figure 6, B and
C). Wild-type control mice had a similar expression level
pattern except for pCREB. Because p53 acts as an up-
stream activator of Bax expression,®® the observed Bax
up-regulation after cryptorchid injury was consistent with
the elevated p53 level in Uch!3 knockout and wild-type
control mice (Figure 6C). In contrast, BONF was down-
regulated (74.3 = 7.7 as compared with wild type, 100) in
cryptorchid testes of Uchi3 knockout mice (Figure 6B).
The down-regulation of BDNF combined with the up-
regulation of pCREB suggests that BDNF might be reg-
ulated by another pathway that involves UCH-L3 but not
pCREB.?* Compared with scrotal testes, the expression
of anti-apoptotic proteins decreased or was unchanged
in cryptorchid testes of Uchl3 knockout mice (Figure BA).
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Figure 7, Immunohistochemical and Western blotting analyses of Nedd$ in
testes from k3 knockout mice on days 7 and 14 after experimental
cryptorchidism, A:; Nedd8 induction in Uchi3 knockout mice increased in
both scrotal and cryptorchid testes. The shedding germ cells (arrowheads)
in the eryptorchid testes of Uch!3 knockout mice showed strong Nedds
induction (—, scrotu! testes; +7 days and + 4 days, cryptorchid testes). Green
fluorescence, Nedd8-positive cells; red fluorescence, nuclet stained with
propiclium iodide. B: On day 7, the expression levels of Nedd8-conjugated
proteins in Uehi3 knockout mice were higher than in wild-type mice, Rep-
resentative images of four independent experiments are shown. Scale bar, 50
. Original magnifications, X200.

Nedd8 Level in Cryptorchid Uchi3 Knockout
Mice

The varied expression levels of ubiquitin, anti-apoptotic,
and apoptotic proteins in cryptorchid testes did not ad-
equately explain the relatively exacerbated testicular at-
rophy and germ cell loss in Uchl3 knockout mice com-
pared with wild-type mice. We explored the underlying
mechanism of this observation using the fact that UCH-1.3
¢cleaves Nedd8.'*'® We tested whether any change in
Nedd8 expression correlated with greater testicular atro-
phy and germ cell loss in Uchl3 knockout mice. Nedd8
immunoreactivity was highly detected in scrotal and
cryptorchid testes from Uchi3 knockout mice compared
with wild-type mice (Figure 7A). The increased Nedd8
induction was mainly observed in spermatocytes and
spermatids, and its expression pattern was similar to that
of UCH-L3 during spermatogenesis.’® These results sug-
gest that Nedd8 may interact closely with UCH-L3 during
testicular atrophy and germ cell loss. The cryptorchid
testes of Uchl3 knockout mice showed time-dependent
and rapid Nedd8 induction compared with wild-type
mice throughout the period 7 to 14 days after injury
(Figure 7A}. Moreover, the cryptorchid testes of Uch/3
knockout mice showed strong Nedd8 induction in luminal
shedding germ cells on day 14. An immuncblot of scrotal
and crypterchid testes proteins on day 7 confirmed the
higher expression levels of Nedd8-conjugated proteins in
Uchi3 knockout mice as compared with wild-type mice
(Figure 7B).

Discussion

During spermatogenesis, apoptosis controls germ cell
numbers and eliminates defective germ cells to facilitate
testicular homeostasis.®**7 Recent studies indicate that
ubiquitination targets proteins for degradation and mod-
ulates the turnover of various classes-of short-lived sig-
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naling proteins.#338 Germ cell apoptosis after cryptorchid
stress involves genes for various factors, such as Bel-2
family proteins, p53, and caspases;>®~** however, the im-
pact of the ubiquitin system on the regulatory mechanisms
of germ cell apoptosis is not fully understood. In a previous
study, we used gad mice, which lack UCH-L1 expression, to
show that neural cell apoptosis is suppressed after isch-
emic retinal injury in vivo."” These results suggest that
UCH-L1 is involved in apoptosis-inducing pathways after
stress. UCH-L1 and UCH-L3 are highly similar in sequence;
however, UCH-L3 is expressed ubiquitously,” whereas
UCH-L1 is selectively expressed in neurons and testes/
ovaries.®® We recently demonstrated that the expression of
these UCH isozymes is differentially and developmentally
regulated during spermatogenesis, and that UCH-L1 and
UCH-L3 likely have distinct functions during different devel-
opmenta! phases.'®

To understand the pathophysiological roles of UCH-LA1
and UCH-L3 in vivo, two mutant mice, Uchi3 knockout and
gad mice, were examined after cryptorchid injury. The
cryptorchid testes of the two mutant mice had fundamen-
tal differences after injury, in that testes of Uch/3 knockout
mice showed profound apoptosis-mediated germ cell
loss, whereas gad mice were relatively resistant to injury
{(Figures 3 and 4). In addition, cryptorchid testes of Uch/3
knockout mice showed greater testicular atrophy and
germ cell loss than wild-type mice,

There are several proposed mechanisms for germ cell
loss after experimental cryptorchidism.®*-23% The tumor
suppressor protein, p53, is highly expressed in the testis
and regulates both cell proliferation and apopto-
5i8.%%28:37 A role for p53 in experimental cryptorchidism
has been demonstrated convincingly. The higher temper-
ature of the testis caused by cryptorchidism induces
p53-mediated apoptosis in the testis, and p53 overex-
prassion results in increased germ cell apoptosis and
decreased spermatozea production.2®#€ In addition to
p53, the Bel-2 family and 1AP {inhibitor of apoptosis pro-
tein) family are other major classes of intracellular apo-
otosis regulators.*”*® The Bcl-2 family can be divided
into anti-apoptotic members, such as Bel-2, Bel-xt, and
Becl-w, and proapoptotic members, such as Bax and
Bak.*® It has been suggested that the ratio of proapoptotic
to anti-apoptotic Bel-2 family members is important in de-
termining whether a cell will undergo apoptosis.*® A maior
function of the Bcl-2 family members appears to be the
regulation of mitochondrial events, such as the release of
proapoptotic factors.5° The IAP family inhibits apoptosis
primarily by inactivating and degrading proapoptotic pro-
teins.®! XIAP, a member of IAP family, can bind to and
inhibit the proteinase activity of cellular caspase-3 and
caspase-9, and thereby block the apoptotic pro-
CGSS.44'52'53

With regard to cryptorchid injury, the balance between
the expression of apoptosis-inducing and apoptosis-pro-
tecting proteins constitutes one possible mechanism un-
derlying the observed germ cell apoptosis and protection
from apoptosis in Uchi3 knockout and gad mice, respec-
tively. In gad mice, cryptorchid injury caused a large
increase in the anti-apoptotic proteins Bei-2, Bel-xL, and
XIAP, consistent with our previous report using retina.'”



