vators of the ubiquitin-proteasome pathway, or a combination
of the two have therapeutic potential for fALS. In conclusion,
our results demonstrate that mutant SOD1 is degraded by at
least two pathways, macroautophagy and the proteasome path-
way, and that the clearance of mutant SOD1 by macroautoph-
agy reduces its cell toxicity. These findings may provide insight
into the molecular mechanisms of the pathogenesis of fALS.
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Protein degradation is essential for oogenesis and
embryogenesis. The ubiquitin-proteasome system
regulates many cellular processes via the rapid deg-
radation of specific proteins. Ubiquitin carboxyl-
terminal hydrolase L1 (UCH-L1) is exclusively ex-
pressed in neurons, testis, ovary, and placenta,
each of which has unique biological activities. How-
ever, the functional role of UCH-L1 in mouse oo-
cytes remains unknown. Here, we report the ex-
pression pattern of UCH-L1 and its isozyme UCH-L3
in mouse ovaries and embryos. Using immunocyto-
chemistry, UCH-L1 was selectively detected on the
plasma membrane, whereas UCH-L3 was mainly de-
tected in the cytoplasm, suggesting that these isozymes
have distinct functions in mouse eggs. To further inves-
tigate the functional role of UCH-L1 in mouse eggs, we
analyzed the fertilization rate of UCH-L1-deficient ova of
gad female mice. Female gad mice had a significantly
increased rate of polyspermy in in vitro fertilization
assays, although the rate of fertilization did not differ
significantly from wild-type mice. In addition, the litter
size of gad female mice was significantly reduced com-
pared with wild-type mice. These results may identify
UCH-L1 as a candidate for a sperm-oocyte interactive
binding or fusion protein on the plasma membrane

1722

that functions during the block to polyspermy in
mouse oocytes. (Am J Patbol 2006, 169:1722-1729; DOI:
10.2352/ajpath.2006.060301)

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is one of
many deubiquitinating enzymes and is selectively and
abundantly expressed in the ovary, placenta, testis, and
neuronal cells.’”® Recent studies suggest that UCH-L1
associates with monoubiquitin and prolongs ubiquitin
half-life in neurons.” Our previous work on UCH-L1 func-
tion in gad mice suggests that these mice are resistant to
apoptotic stress in retinal cells and testicular germ
cells 89 This observation is consistent with a recent re-
port that the overexpression of UCH-L1 induces testicular
germ cell apoptosis in Uchl1 transgenic mice.'® Further-
more, both UCH-L1 and UCH-L3, the predominant func-
tional UCHSs, are differentially expressed in testis during
spermatogenesis. These results demonstrate that these
enzymes have distinct functions in the testis and epidid-
ymis after apoptotic stress,®’" even though they have
high (52%) amino acid sequence identity.'?

The above data are in accordance with a number of
studies that have linked inhibition of the ubiquitin-protea-
some system (UPS) with suppression of apoptosis.®13-15
UCH-L1 is an important enzyme for UPS-dependent pro-
teolysis and plays a regulatory role in the cell cycle and
cellular proliferation. Thus, its expression in placenta is of
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considerable interest.>* Recent studies reported that
UPS controls the degradation of various substrates dur-
ing gametogenesis and fertilization,'®~'® but relatively
little is known about the functional role of the UPS in
fertilization. UCH-L1 is expressed in oocytes in ova-
ries.>2° Qocytes, as well as spermatogonia in testis, have
multiple potentials and activities for development. How-
ever, the function of UCH-L 1 during cogenesis is unclear.
RFPL4 (ret finger protein-like 4) and FAM (fat facets in
mouse) are involved in regulating oogenesis.?*22 RFPL4
is highly expressed during cogenesis and functions as an
E3 ubiquitin ligase to target proteins for proteasomal
degradation.?' FAM is a developmentally regulated sub-
strate-specific deubiquitinating enzyme that is required
for preimplantation of the mouse embryo.?? Thus, the
UPS might be important during cocyte development and
differentiation of the embryo after fertilization.

Here, we analyzed the functional role of UCH-L1 using
mouse oocytes and embryos. Our results indicate that
UCH-L1 is selectively expressed on the plasma mem-
brane of mouse ova, where it may regulate membrane
penetration by spermatozoa. In addition, the unique ex-
pression patterns of UCH-L1 and UCH-L3 suggest that
these proteins have distinct functions during cogenesis
and embryogenesis. Our results therefore provide strong
evidence that UCH-L1 functions in the polyspermy block
during mammalian fertilization.

Materials and Methods

Animals

We used 8-week-old BDF1, gad (CBA/RFM),2%24 and
Uchi3 knockout (C578L/6J)'%2° female and male mice.
BDF1 mice were purchased from Nihon SLC, Inc.
(Hamamatsu, Japan). The gad mouse is an autosomal
recessive mutant that was obtained by crossing CBA and
RFM mice. The gad line was maintained by intercrossing
for more than 20 generations.?®2* The Uchi3 knockout
mouse was generated by standard methods using ho-
mologously recombinant ES cells from 1295V mice.®2%
The knockout line was back-crossed several times with
C57BL/6J mice. gad mice were maintained at our insti-
tute, and Uchi3 knockout mice were maintained at the
National Institute of Neuroscience, National Center of
Neurology and Psychiatry (Tokyo, Japan). Animal care
and handling were in accordance with institutional regu-
lations and were approved by the Animal Care and Use
Committee of the University of Tokyo.

Oocyte Collection and in Vitro Fertilization

Female mice were superovulated by intraperitoneal injec-
tions with 5 1U of pregnant mare serum gonadotropin
(Sankyo, Tokyo, Japan) for 48 hours, followed by 51U of
human chorionic gonadotropin (Sankyo). Ovulated eggs
were collected from the ampullae of oviducts by the
scratching method 16 hours after human chorionic go-
nadotropin injection and placed in 400-u! droplets of
Toyoda, Yokoyama, and Hoshi (TYH)?® containing 0.4
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mg/ml bovine serum albumin (Sigma-Aldrich, St. Louis,
MO). Spermatozoa were collected from the cauda epi-
didymis of male mice and preincubated for 1 hour in 400
ul of TYH to allow capacitation before insemination. After
capacitation, the sperms were introduced into the fertili-
zation medium at a final concentration of 150 spermato-
zoa/pl. At 4 hours after insemination, 0.05% hyaluroni-
dase (Sigma-Aldrich) was added to the medium for 5
minutes. The eggs were washed thoroughly three times
and then cultured in potassium simplex optimized me-
dium (KSOM).2® After fertifization, all embryos were incu-
bated in a humidified atmosphere of 5% CO, in air at
37°C in 100-u! drops of KSOM overlaid with mineral oil.
To analyze fertilization in gad mice, gad (n = 5) and
wild-type (CBA/RFM) (n = 5) female mice were super-
ovulated. Ovulated oocytes of gad and wild-type mice
were fertilized with wild-type spermatozoa.

Western Blotting

Total protein of ovary extracts (10 ug/lane), oocytes, or
embryos (20 ococytes or embryos per lane) was subjected
to sodium dodecyl! sulfate-polyacrylamide gel electro-
phoresis using 12.5% gels. Proteins were electrophoreti-
cally transferred to polyvinylidene difluoride membranes
(Bio-Rad, Hercules, CA) and blocked with 1% bovine
serum albumin in TBS-T [50 mmol/L Tris base, pH 7.5,
150 mmol/L. NaCl, and 0.1% (w/v) Tween 20]. The mem-
branes were incubated individually with primary antibod-
ies against UCH-L1, UCH-L3,2 monoubiquitin (U5379,
Sigma-Aldrich), zona pellucida 2 (ZP2; Santa Cruz Bio-
technology, Santa Cruz, CA), and zona peliucida 3 (ZP3)
{Santa Cruz Biotechnology). After thorough rinsing, blots
were further incubated with peroxidase-conjugated goat
anti-rabbit IgG (DakoCytomation, Glostrup, Denmark) for
1 hour at room temperature. Immunoreactions were visu-
alized by enhanced chemiluminescence (ECL Plus; GE
Healthcare UK Ltd. Amersham Place, Little Chalfont,
Buckinghamshire, UK). Each immunoreactive band was
guantified using commercially available software (Quan-
tity One; PDI, Upper Saddle River, NJ). Negative control
extracts of ovary or oocytes were obtained from gad and
Uchi3 knockout mice.

Histological and Immunochemical Assessment

Ovaries of BDF1 female and gad mice were fixed in 4%
paraformaldehyde, embedded in paraffin wax, and then
sectioned at 4-um thickness. Ovary sections of gad mice
were stained with hematoxylin and eosin (H&E). Light
microscopy was used for routine observations. For immu-
nohistochemical staining, the sections were incubated
with Block Ace (Dainippon Sumitomo Pharma, Osaka,
Japan) for 1 hour at room temperature followed by incu-
bation overnight at 4°C with a rabbit polyclonal antibody
against UCH-L1 and UCH-L3.2 The sections were then
incubated with biotinylated goat anti-rabbit IgG (DAKO),
which was followed by incubation with streptavidin-biotin-
horseradish peroxidase complex (sABC kit; DAKQ). Im-
munoreactivity was visualized by treating the sections
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with 3,3'-diaminobenzidine tetroxide (Dojin Kagaku, Ku-
mamoto, Japan). Finally, the sections were counter-
stained with hematoxylin. Negative control ovaries were
obtained from gad and Uch/3 knockout mice.

For immunocytochemical staining, whole oocytes or
embryos were fixed for 30 minutes with 4% paraformal-
dehyde in phosphate-buffered saline (PBS) and 0.2%
(w/v) Triton X-100 (ICN Biomedicals, Aurora, OH) in PBS
for 30 minutes. Nonspecific binding of immunoglobulins
was blocked by incubation with Block” Ace (Dainippon
Pharmaceutical, Ltd.} for 1 hour at room temperature. The
sections were then incubated with primary antibodies
against UCH-L1, UCH-L3, and lectin with Rhodamine-
Lens Culinaris Agglutinin (Vector Laboratories, Burlin-
game, CA). The sections were then incubated with Alexa
488-conjugated goat anti-rabbit IgG (Molecular Probes,
Eugene, OR) and propidium iodide (Molecular Probes).
Stained sections were observed under a confocal laser
microscope (Laser Scanning Microscope 510; Carl
Zeiss, Jena, Germany). Negative control oocytes were
obtained from gad and Uchl3 knockout mice by
superovulation.

Quantitative Analysis

Normal oocytes were identified by the presence of the
first polar body.2”?® The frequency of normal oocytes
was calculated by counting the normal oocytes in the
total superovulated oocytes of gad (n = 173) and wild-
type (n = 148) mice. To determine the fertilization rate,
putative fertilized eggs (by in vitro fertilization) were fixed
in acetic alcohol (1:3, glacial acetic acid/ethanol) and
then stained with 1% aceto-orcein to visualize pronuclei
and assess sperm penetration and incidence of mono-
spermic and polyspermic fertilization. Polyspermic fertil-
jzation was defined as the presence of three or more
pronuclei. The rate of polyspermic fertilization was calcu-
lated by counting the polyspermic eggs among the total
fertilized eggs of gad (n = 71) and wild-type (n = 56)
mice.

Electron Microscopic Analysis

Ovulated mature oocytes and zygotes of BDF1 mice were
fixe with 4% paraformaldehyde, and frozen sections
were prepared for electron microscopy. The sections
were incubated with an antibody against UCH-L1.2 Sub-
sequently, the ABC method was performed as indicated
by the supplier, and the peroxidase reaction was devel-
oped in diaminobenzidine. Immunostained sections were
fixed in 2.5% glutaraldehyde, postfixed in 1% OsO,, de-
hydrated in a graded series of ethanol, and embedded in
Epon 812.2° Ultrathin sections were cut with an ultramic-
rotome, stained with uranyl acetate,?® and examined with
an electron microscope H-7100 (Hitachi, Hitachinaka,
Japan).

Breeding Test of gad Female Mice

gad (n = 12) and wild-type (CBA/RFM) (n = 15) female
mice and wild-type (CBA/RFM) (n = 9) male mice were

subjected to a breeding study. Three female mice of the
same genotype were housed with one male mouse per
cage. Cages were monitored daily at midday, and the

" appearance of a vaginal plug was recognized as day 0.5

of gestation. The number of pups, litters, and litter size of
gad and wild-type female mice were recorded.

Statistical Analysis

The mean and SD were calculated for all data (presented
as mean * SD). The Student's t-test was used for all
statistical analyses.

Results

Expression of UCH-L1 and UCH-L3 in Mouse
QOvaries

We first used Western blotting to address whether both
UCH-L1 and UCH-L3 levels are expressed in ovaries
during proestrus, estrus, metestrus, and diestrus (Figure
1A). Both proteins were detected at all estrous cycle
stages in wild-type mice. As expected, UCH-L1 was not
detected in gad ovaries and UCH-L.3 was not detected in
Uchl3 knockout ovaries. The levels of UCH-L1 and
UCH-L3 in ovaries did not change throughout the estrous
cycle (Figure 1A).

We next used immunohistochemistry to address
whether both UCH-L1 and UCH-L3 are present in devel-
oping follicles (primordial, primary, secondary, tertiary,
and mature follicles; Figure 1B). In the ovary, UCH-L1
staining was most intense at the plasma membrane of
cocytes in developing follicles (Figure 1B, a—e), whereas

UCH-L3 staining was concentrated in the cytoplasm of

oocytes (Figure 1B, g-k). The oocytes of gad and Uchi3
knockout mice ovaries were negative for UCH-LL1 and
UCH-L3, respectively (Figure 1B, f and 1).

Expression of UCH-L.1 and UCH-L3 in Mouse
Mature Oocytes and Preimplantation Embryos

Using Western blotting, we examined the levels of both
UCH-L1 and UCH-L3 in mature oocytes and during em-
bryogenesis (zygote, two cells, four cells, eight cells,
morulas, and blastocysts). UCH-L1 and UCH-L3 were
detected in mature oocytes and during all of the embry-
onic stages we tested; the level of UCH-L1 was essen-
tially constant in all cases, but the level of UCH-L3 was
lower in the blastocyst stage (Figure 2A).

We further analyzed the distribution of UCH-L1 and
UCH-L3 in ovulated mature oocytes and during embryo-
genesis using immunocytochemistry (Figure 2B).
UCH-L1 immunoreactivity was intense on the plasma
membrane of oocytes and developing embryos but not in
the cytoplasm of eggs (Figure 2B, a-g). Furthermore,
UCH-L1 immunoreactivity was observed continuously
during embryogenesis (Figure 2B, c-g). In the blastocyst
stage, UCH-L1 was observed in the outer layer cells of
the trophectoderm (Figure 2B, g). UCH-L3 immunoreac-
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Figure 1. Expression of UCH-L1 and UCH-L3 in mouse ovaries. A: Western
blouing analysis of UCH-L1 and UCH-L3 in ovaries during the estrous cycle.
Proestrus (P), estrus (E), metestrus (M), and diestrus (D) ovaries; gad/gad
and L3™/~ represent gad and Uchi3 knockout mouse ovaries, respectively. B:
Immunchistochemical analyses of UCH-L1 (a—e) and UCH-L3 (g-k) in BDF1
mouse ovaries (a—e, g~k). Ovaries from gad (£ and Uchi3 knockout mice
(1) are negative controls. UCH-L1 is highly expressed on the plasma mem-
brane of oocytes. UCH-L3 is diffusely expressed in the cytoplasm of oocytes.
Follicle stages: primordial (a, @), primary (b, h), secondary (¢, ), tertiary (d,
jJ, and mature (e, k) from BDF1 mouse ovaries. Scale bars = 10 um.

tivity was seen in the cytoplasm of oocytes and develop-
ing embryos (Figure 2B, i-0), as was detected in ovaries
(Figure 2A). In the blastocyst stage, UCH-L3 was ob-
served in the inner cells (Figure 2B, 0). The oocytes and
developing embryos of gad and Uchl3 knockout mice
were negative for UCH-L1 and UCH-L3, respectively
(Figure 2B, h and p).
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Figure 2. Expression of UCH-L1 and UCH-L3 in mature oocytes and
fertilized eggs. A: Western blotting analysis of UCH-L1 and UCH-L3 in
ovulated mature oocytes and developing eggs of BDF1 mice. B: Immu-
nocytochemical analysis of UCH-L1 (a—g) and UCH-L3 (i~0) in ovulated
mature oocytes and developing embryos of BDF1 mice (a—g, i~0).
Ovulated mature cocytes of gad (h) and Uchl3 knockout mice (p) are
negative controls. UCH-L1 immunoreactivity was seen only on the plasma
membrane of mature oocytes (a) and developing eggs (b—g). UCH-L3
immunoreactivity was seen in the cytoplasm of oocytes (j) and develop-
ing eggs (j—o0). Stages: oocytes (a, i), zygotes (b, j), two cells (¢, k), four
cells (d, D), eight cells (e, m), morulas (f, n), and blastocyst (g, 0). Nuclei
are shown in red. Scale bar = 20 pum.

Immunoelectron Microscopy

The cortical granule is located right under the plasma
membrane in oocytes. This organelle is unique to oocytes
and plays an important role in fertilization. At the light
microscope level, it is difficult to determine whether
UCH-L1 immunoreactivity localizes to the plasma mem-
brane or cortical granule. To address this issue, we in-
vestigated the subcellular localization of UCH-L1 in ovu-
lated mature oocytes and zygotes at the ultrastructural
level (Figure 3). Intense UCH-L1 immunoreactivity was
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A B

Figure 3. Localization of UCH-L1 on the plasma membrane in mature oo-
cytes and zygotes by immunoelectron microscopy. A-D: Mature oocyte and
zygote of BDF1 mouse are immunostained with UCH-L1. B and D: Magnified
images of the region enclosed by small rectangles in A and C. UCH-L1
immunoreactivity is intense on the plasma membrane (arrowheads) of an
ovulated mature oocyte (B) and zygote (D). The position of cytoplasm (Cy)
is indicated. Scale bars = 1 um.

observed on the plasma membrane of ovulated mature
oocytes (Figure 3, A and B) and zygotes (Figure 3, C and
D). However, the intensity of the plasma membrane im-
munoreactivity was greater in mature oocytes than in
zygotes. Therefore, we concluded that the distribution of
UCH-L1 may change after fertilization.

Morphology of the gad Ovaries and Ovulated
Oocytes

To assess whether gad mice have morphologically nor-
mal ovaries, we used histology to compare ovaries from
gad and wild-type (CBA/RFM) mice. gad mouse ovaries
had morphologically normal oocytes, foliicles, and cor-
pora lutea (Figure 4, A and B). In addition, gad mice had
a normal estrous cycle (data not shown). We further
assessed gad mouse ovarian function by comparison
with wild-type mice using the ovulation test. The total
number of ovulated oocytes and the normal oocyte ovu-
lation rate of superovulated oocytes did not differ signif-
icantly between gad mice and wild-type mice (Figure 4, C
and D).

High Polyspermy Rate in gad Mouse QOocytes

To analyze the fertilization rate in UCH-L1-deficient em-
bryos of gad female mice, we assessed fertilization by in
vitro fertilization using wild-type spermatozoa. For mice,
the presence of more than three or more pronuclei de-
fines polyspermic fertilization. Fertilized eggs from gad
mice had characteristics consistent with this definition of
polyspermy (Figure 5, B and C). By contrast, wild-type
eggs showed normal zygotic nuclei (Figure 5A). The
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Figure 4. Histology of ovaries and the ovulation rate of gad mice. A and B:
Ovarian sections of gad mice stained with H&E. gad mouse ovaries have
morphologically normal oocytes, follicles, and corpora lutea (CL). C and D=
The average number of superovulated ococytes (C) and the normal oocyte
rate (normal oocytes/total ovulated oocytes) (D) in gad mice are not signif-
icantly different from wild-type mice. Scale bars = 200 pm.

fertilized eggs of gad mice had a significantly higher rate
of polyspermy (27 * 0.04%) compared with wild-type
mice (2 = 0.02%) (Figure 5E). However, the fertility of gad
mouse eggs (46 + 0.06%) did not differ significantly from
that of wild-type mice (43 = 0.09%) (Figure 5D).
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Figure 5. Incidence of polyspermy in gad mice. Fertilized eggs were stained
with aceto-orcein (A, B) or visualized by inverted microscopy (C). A: Normal
fertilized egg with two pronuclei (arrows in A-C) in wild-type mice. B and
C: Polyspermic fertilized eggs in gad mice have three or four pronuclei. D:
The fertility rate in gad mice is not significanty different from wild-type mice.
E: Polyspermic rate in gad mice is significantly higher than that of wild-type

mice. *P < 0.01. Scale bars = 20 pum.



Table 1. Breeding .Srudy of gad and Wild-Type Female
Mice with Wild-Type Male Mice
Genotype (n) Litters Pups Litter size
wild type (15) 15 99 6.6 =13
gad{gad (12) 11 33 3x20°

Results represent the mean = SD.
"Significantly different from wild-type mice, P < 0.001.

Low Breeding Rate of gad Female Mice

To further evaluate the high polyspermic fertilization rate
of gad female mice, we characterized the litter size of
these mice after mating with wild-type male mice. gad
female mice exhibited normal puberty and estrous cycle,
as assessed by vaginal opening and vaginal smear, but
they had reduced fertility, as evidenced by a significant
decrease in litter size (3 = 2.0) compared with wild-type
mice (6.6 = 1.3) (Table 1).

Monoubiquitin Level in gad Mouse Oocytes

Our previous study demonstrated that UCH-L1 stabilizes
monoubiquitin in testes and that the level of monoubig-
uitin is decreased in male gad mice.®® To determine
whether the high polyspermy rate in gad mouse oocytes
correlated with a reduced level of monoubiquitin in the
oocytes, we used Western blotting to measure monou-
biquitin levels in oocytes from gad mice and wild-type
mice. The monoubiquitin level was substantially lower in
gad mouse oocytes (Figure 6A). However, wild-type and
gad mouse oocytes showed the normal zona reaction
(postfertilization proteolytic cleavage of ZP2) and normal
cortical reaction (postfertilization exocytosis of cortical
granules) (Figure 6, B and C).

Discussion

Polyspermy refers to the penetration of more than one
sperm into oocytes during fertilization and is currently
considered a pathological phenomenon in mammals.®®
However, an exceptionally high incidence of polyspermic
fertilization has been revealed in pig fertilization.®"32 The
reasons for this higher incidence of polyspermy in oo-
cytes are not clear, and relatively little is known about the
exact mechanisms that prevent polyspermy. The mech-
anism that prevents polyspermy is classically illustrated
by the zona reaction {cortical reaction) and subsequent
plasma membrane block.333% After penetration by
sperm, the zona reaction occurs, and cortical contents
are extruded into the perivitelling space, thereby prevent-
ing polyspermic penetration by hardening of the zona
pellucida.?® Plasma membrane block is assumed to re-
sult from changes (eg, the destruction of sperm receptors
in the membrane) that preclude sperm adherence .83’

Recent studies have demonstrated that the UPS is
responsible for extracellular degradation of the sperm
receptor on the outer face of zona pellucida and that
proteasomal inhibitors block sperm penetration of the
zona peliucida during fertilization.'”='® These findings
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Figure 6. Expression of monoubiquitin, zona reaction, and cortical reaction
in gad mice. A: Western blotting analysis of monoubiquitin of wild-type and
gad mouse oocytes. The monoubiquitin protein level is substantially lower in
gad than i wild-type. B: Western blotting analysis of ZP2 and ZP3 of
wild-type and gad mouse oocytes and zygotes. Disappearance of ZP2 of
zygotes because of postfertilization proteolytic cleavage is observed in wild-
type and gad mice. C: Cortical reaction analysis of wild-type and gad mouse
oocytes and zygotes. Disappearance of rhodamine-LCA of zygotes because
of postfertilization cortical granule exocytosis is observed in wild-type and
gad mice. Scale bars = 20 pm.

strongly support a role for the UPS in the sperm-oocyte
interaction of the zona pellucida. However, our results
showed the apparent contradiction that the high inci-
dence of polyspermy was caused by down-regulation of
the UPS function distinct from previous studies.*”'° Qur
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present work shows that UCH-L1 is exclusively localized
on the oocyte plasma membrane and that UCH-L1-defi-
cient embryos of gad female mice have a significantly
increased polyspermy rate in vitro (Figures 2B and 5).
These results suggest that UCH-L1 may modify plasma
membrane components, thereby preventing multiple
sperm entry. In mammals, it has been suggested that
UCH-L1 associates with monoubiquitin”-'%; moreover, the
monoubiquitin pool is reduced in gad mice relative to
wild-type mice. We have shown that the monoubiquitin
level in gad mouse oocytes is substantially rediced rel-
ative to that of wild-type mice (Figure BA). These results
suggest that the high incidence of polyspermy in gad
mice may have its basis in the down-regulation of the
UPS because of a reduction in available monoubiquitin at
the plasma membrane, even though gad mouse oocytes
undergo a normal zona reaction (Figure 6, B and C).30-38
In addition, gad mice also have morphologically normal
ovary development and a normal rate of ovulation com-
pared with wild-type mice (Figure 4).

CD9 is an integral membrane protein associated with
integrins and other membrane proteins.®® CDY is exten-
sively localized on the oocyte plasma membrane 3°-4
Recent studies suggest that CD9 participates in sperm-
oocyte fusion in the mouse.3® CD9 knockout female mice
ovulate normally, but the oocytes are rarely fertilized be-
cause CD9 deficiency on the plasma membrane inhibits
sperm-oocyte fusion. Many plasma membrane channels,
transporters, and receptors undergo ubiquitination at the
extracellular face, which is required for internalization
and subsequent eniry into the endocytic pathway.*?
These studies indicate that ubiquitination (monoubiquiti-
nation, multiple monoubiguitination, or polyubiquitination)
of plasma membrane proteins might facilitate plasma
membrane block.

In the present study, we showed that both UCH-L1 and
UCH-L3 are strongly expressed throughout all stages of
oogenesis and embryogenesis (Figure 1A), even though
ovarian and uterine functions change periodically be-
cause of fluctuations in hormone levels.*>~** Qur previ-
ous studies suggested that UCH-L1 and UCH-L3, de-
spite their high sequence homology,'® have distinct
expression patterns and differential function in testis and
epididymis.®"" Here we show that these two proteins
havé distinct distributions: UCH-L1 is exclusively ex-
pressed on the plasma membrane of oocytes and em-
bryos, whereas UCH-L3 is diffusely expressed in the
cytoplasm (Figures 1B and 2B). Therefore, it is conceiv-
able that UCH-L1 and UCH-L3 have different functional
roles in oocytes and embryos, as was shown in the testis/
epididymis.®'" Although our studies show that UCH-L3 is
highly expressed in the cytoplasm of oocytes and em-
bryos, we found no difference in the fertilization rate and
litter size in Uchi3 knockout female mice compared with
wild-type (C57BL/6J) female mice (data not shown).
Thus, UCH-L3 may not impact these developmentally
related processes; further research is necessary to elu-
cidate the cytoplasmic function of this UCH.

Polyspermy in humans mostly results in embryonic
lethality or triploid embryos, which usually mature into
infertile offspring.*®4” According to the World Health Or-

ganization, ~80 million people worldwide are infertile.
Infertility may result from female- or male-derived factors,
a combination of the two, or as yet unidentified biological
factors.“® Our present work shows that a deficiency in
UCH-L1 may be a new cause of female infertility. Thus,
gad mice may be a useful model for further studies of
infertility.

In conclusion, we show that UCH-L1-deficient gad fe-
male mice oocytes have a significantly increased rate of
polyspermy in an in vitro fertilization assay; consequently,
these mice have significantly decreased litter size. These
results suggest that UCH-L1 is a crucial factor in the
plasma membrane block to polyspermy in mouse
oocytes.
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Abstract

The 193M mutation in ubiquitin carboxyl-terminal hydrolase 1.1 (UCH-L1) was reported in one German family with antosomal dominant
Parkinson’s disease (PD). The causative role of the mutation has, however, been questioned. We generated transgenic (Tg) mice carrying human
UCHLI under control of the PDGF-B promoter; two independent lines were generated with the I93M mutation (a high- and low-expressing line)
and one line with wild-type human UCH-L1. We found a significant reduction in the dopaminergic neurons in the substantia nigra and the
dopamine content in the striatum in the high-expressing I193M Tg mice as compared with non-Tg mice at 20 weeks of age. Although these changes
were absent in the low-expressing 193M Tg mice, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment profoundly reduced
dopaminergic neurons in this line as compared with wild-type Tg or non-Tg mice. Abnormal neuropathologies were also observed, such as
silver staining-positive argyrophilic grains in the perikarya of degenerating dopaminergic neurons, in I93M Tg mice. The midbrains of 193M Tg
mice contained increased amounts of insoluble UCH-L1 as compared with those of non-Tg mice, perhaps resulting in a toxic gain of function.

Collectively, our data tepresent in vivo evidence that expression of UCHLI™®™ leads to the degeneration of dopaminergic neurons.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Ubiquitin carboxy-terminal hydrolase L1; Animal model; Parkinson’s disease; Dopaminergic neuron

i

1. Intreduction instability (Dauer and Przedborski, 2003). The pathological

basis of PD is the progressive loss of dopaminergic neurons in
the substantia nigra pars compacta, giving rise to a decrease in
dopamine content in the striatum (Dauer and Przedborski,

Parkinson’s disease (PD) is the second most common human
neurodegenerative disorder after Alzheimer’s disease (AD)

(Dauer and Przedborski, 2003; Vila and Przedborski, 2004). PD
patients exhibit motor dysfunction, including slowed move-
ment (bradykinesia), resting tremor, rigidity, and postural
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2003). Although most cases of PD are sporadic, studies of
familial PD have provided accumulating evidence for the
molecular mechanisms of PD. Thus far, at least six proteins
have been identified to cause familial PD: «-synuclein
(Chartier-Harlin et al., 2004; Farrer et al.,, 2004; Ibanez
et al., 2004; Kruger et al., 1998; Polymeropoulos et al., 1997;
Singleton et al., 2003), UCH-L1 (Leroy et al., 1998), parkin
(Kitada et al., 1998), DJ-1 (Bonifati et al., 2003), phosphatase
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and tensin homolog induced kinase-1 (PINK1) (Valente et al.,
2004), and leucine-rich repeat kinase-2 (LRRK2) (Paisan-Ruiz
et al., 2004; Zimprich et al., 2004). «-Synuclein, UCH-L1 and
LRRK2 are linked to the autosomal dominant form of PD,
whereas parkin, DJ-1 and PINK 1 are linked to the recessive form.

In 1998, UCH-L1 carrying an Ile to Met mutation at amino
acid position 93 (I93M) was identified in one German family
affected by autosomal dominant familial PD. UCH-L1, also
known as PGP9.5, is an abundant protein in neuronal cells,
comprising up to about 1-2% of total protein in the brain. Its
function as de-ubiquitylating enzyme (Larsen et al., 1998;
Wilkinson et al., 1989), ubiquitylating enzyme (Liu et al.,
2002), de-neddylating enzyme (Hemelaar et al., 2004), and
mono-ubiquitin  stabilizer (Osaka et al., 2003) has been
reported. In vitro analysis using recombinant human UCH-
L1 indicated that 193M mutation results in the reduction of
hydrolase activity of about 50% (Nishikawa et al., 2003). Uchll
gene deletion in mice, however, was reported to causes gracile
axonal dystrophy (gad), a recessive neurodegenerative disease
with distinct phenotype and pathological features from PD
(Saigoh et al., 1999). Moreover, extensive analysis failed to find
other PD patients with mutations in the UCHLI gene (Lincoln
et al., 1999; Maraganore et al,, 1999) and there was an
incomplete penetrance in reported German family (Leroy et al.,
1998). Thus, the correlation of I193M mutation and pathogenesis
of PD was questioned.

To elucidate the pathological role of UCH-L1¥*M expres-
sion in the pathogenesis of PD, in vivo, we generated transgenic
mice expressing human UCH-L1%3™,

2. Experimental procedures
2.1. Generation of hRUCHLI™" and hUCHLI'*™ transgenic mice

We generated transgenes by cloning either the wild-type or I93M mutant
human UCH-L1 ¢cDNAs under the control of the human platelet-derived growth
factor B chain (PDGF-B) promoter (Fig. 1A) (Sasaharaet al., 1991). Sequences
encoding UCHLI were amplified from a human brain ¢cDNA library (Strata-
gene, La Jolla, CA) by PCR and subcloned into the Xhol and Nol sites of pCI-
neo (Promega, Madison, WI). The I93M substitution was obtained using
QuikChange (Stratagene). The 5 flanking region of the human PDGF-B chain
gene was isolated from the human genomic DNA and inserted into the Bg/Il and
Xhol site of pCI-neo which results in the replacement of promoter from CMV to
PDGF-B. The plasmid was linearized by digestion with HindIIl and AaIl. A
2 pg/ml solution of the linearized plasmid of each transgene was then micro-
injected into the pronuclei of newly fertilized C57B1/6] mouse eggs. Offspring
. were screened for the presence of the transgene by PCR of tail DNA using
specific primers (forward: PD-UCH-2, 5'-GCACTCTCCCTTCTCCTTTATA-
3; reverse: PD-UCH-5, 5'-CCTGTATGGCCTCATTCTTTTC-3"). Expression
of RUCH-L1®™ in a low-expressing mouse line only occurred in male mice.
Thus, all experiments were done using male heterozygous transgenic mice.
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 Psy-
chiatry, Tokyo, Japan which conforms the National Institute of Health guide for
the care and use of Laboratory animals.

2.2. Quantitative RT-PCR analysis

Primers specific for mouse Uchll (forward: mL1-7,5'-CCTTGGTTTGCAG-
CTTTAGCA-3"; reverse: mLl1-8, 5-GGGCTGTAGAACGCAAGAAGA-3')

A 3
% Human PRGFB promoter Human LICHL3

]
14

® 10 2 1 20 100 ug
2 2 2 15 15 2 15 15 2 weeks

€}

IPUCH-Lt
WEB:UCH-L1

Fig. 1. Generation of transgenic mice expressing hUCH-L1%Tand hUCH-
L1®™, (A) UCH-L1®™ was constructed under control of the PDGF-B
promoter, as depicted. (B) Immunoblotting analysis of endogenous mouse
UCH-L1 and transgenic human UCH-L1 expression in mouse midbrain. To
detect exogenous human UCH-L1 levels specifically, we generated transgenic
mice in the gad background (H-h193M/gad), which corresponds to the null
mutant of Uchll. Notice that the faint band corresponding to UCH-L1 is
detected at 2 weeks of age when 20 g protein/lane was loaded for the
detergent-soluble fraction of midbrain origin in H-hI93M/gad mice. When
the applied protein was increased to 100 pg/lane, UCH-L! was easily detected
at 2 weeks in H-hI93M/gad mice, and UCH-L1 levels markedly decreased by
age 15 weeks. Faint bands indicated by the asterisk may correspond to UCH-L3,
which cross-reacted with the UCH-L1 antibody when a large amount of protein
was loaded per lane. (C) Immunoprecipitation analysis of exogenous human
UCH-L1 in hWT/gad (left) and L-h193M/gad (right) brains. Brain lysates from
hWT/gad (left) or L-hI93M/gad (right) were both immunoprecipitated and
detected using anti-UCH-L1 antibody. The band corresponding to the UCH-L1
can be found in both hWT/gad and L-hI93M/gad lysates but not in gad lysates
indicating the exogenous human UCH-L1 expression.

and human UCHLI (forward: LITg-F2, 5-TGGCAACTTCTCCTCCTGCA-
3’; reverse: L1Tg-R2, 5-ACAGCACTTTGTTCAGCATC-3") were designed,
and SYBR Green-based real-time quantitative RT-PCR was performed using
the ABI PRISM 7700 (Applied Biosystems, Foster City, CA) using total RNA
from mouse brain (i = 3 for each line) (Aoki et al., 2002). GAPDH was used as an
internal control.

2.3. Fractionation and immunoblotting and immunoprecipitation

For the immunoblotting of total UCH-L1, the soluble fraction in RIPA
(20 mM Tris-HCl, pH 7.5; 0.1% SDS; 1.0% (w/v) Triton X-100; 1.0% sodium
deoxycholate) with Complete EDTA-Free Protease Inhibitors (Roche, Basel,
Switzerland) was extracted from H-hI93M/gad ((high-expressing] UCH-
LI™™= Uchi]5*¥°%) gad and non-Tg mouse midbrains. The extracted
samples were loaded as indicated in Fig. 1.

For subfractionation, the cortex and hippocampus were removed from the
midbrains of a H-hI93M mouse or a non-Tg littermate and bottom half under
the aqueduct were used as the substantia nigra fraction. The fractionation
method was modified from that of Kahle et al. (2001). Each sample was
homogenized with 9 volumes of 5% SDS/TBS lysis buffer (50 mM Tris~HCl
(pH 7.5), 150 mM NaCl, 5% SDS) with Complete EDTA-Free Protease
Inhibitors using a 23G syringe. After three times of 10 s sonication, samples
were ultra-centrifuged in 130,000 x g for 1h, and the supernatant were
pooled as 5% SDS fraction. The pellets were washed with 5% SDS/TBS
solution once and further homogenized in 8 M urea/5% SDS/TBS lysis buffer
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(8 M urea, 5% SDS, 50 mM Tris~HCI (pH 7.5), 150 mM NaCl) with 23G
syringe. The resulting supematant was used as 8 M urea/5% SDS fraction.
The protein concentration was assessed by a DC-protein assay kit (Bio-Rad).
1.25 pg of 5% SDS fraction and 0.5 pg of 8 M urea/5% SDS fraction were
subjected to SDS-PAGE using 15% gels (Perfect NT Gel; DRC, Tokyo,
Japan). Anti-UCH-L1 (1:5000, RA95101!; Ultraclone, Isle of Wight, UK) and
anti-B-actin (1:5000, clone AC15; Sigma, St. Louis, MO) were used to detect
each protein. Signals were detected using a chemiluminescent SuperSignal
West Dura Extended Duration Substrate kit or West Femto Maximum
Sensitivity Substrate kit (Pierce, Rochford, IL) and analyzed with a Che-
milmager (Alpha Innotech, San Leandro, CA). For the internal control of
8 M urea/5% SDS fraction, 1 p.g protein were dot blotted to PVDF membrane
and stained with Ponceau S staining (Rane et al., 2004). Statistical analyses
were conducted using the two-tailed Student’s s-test with total of four
samples for each group.

For the immunoprecipitation, half of the brain (for hWT/gad) or mid-
brain region (for L-hI93M/gad) were homogenized in 2 m! ice-cold modified
RIPA buffer (50 mM Tris—HCl, pH 7.4; 1% (w/v) Nonidet P40; 0.25%
sodium deoxycholate; 150 mM NaCl; 1 mM EDTA) with Complete EDTA-
Free Protease Inhibitors and centrifuged at 16,000 X g at 4 °C for 20 min.
The protein concentration of the resulting supernatants was determined with
the Protein Assay Kit (Bio-Rad, Hercules, CA). Immunoprecipitation was
performed with a Seize X Mammalian Immunoprecipitation kit (Pierce,
Rockford, IL) with some modifications. Briefly, 300 ng of protein was
added to a 50 pl slurry of immobilized protein G cross-linked with rabbit
polyclonal anti-human UCH-L1 (AB1716; Chemicon, Temecula, CA) or
normal rabbit IgG and rotated at 4 °C overnight. The samples were then
washed three times with 500 I of 0.1B buffer (20 mM Tris—HCI, pH 8.0;
0.1 M KCI; 5mM MgCly; 10% (w/v) glycerol, 0.1% (w/v) Tween 20;
10 mM B-mercaptoethanol). Elution of samples was performed by adding
20 pl of 5x SDS-PAGE sample buffer, and samples were boiled at 100 °C
for 5 min. :

2.4. Immunohistochemistry, immunofluorescence and electron
microscopy

Brain and peripheral (sciatic) nerve sections from 2-, 7- and 20-week-old
mice were analyzed (n=3 for each line) by immunocytochemistry as pre-
viously described (Wang et al., 2004; Watanabe et al., 1977) using antibodies to
UCH-L1 (1:4000; RA95101, Ultraclone), TH (1:1000; Chemicon) and ubiqui-
tin (1:1000; Sigma—-Aldrich, St. Louis, MO). Antibody binding was detected
with 3,3'-diaminobenzidine tetrachloride (DAB) or 3-amino-9-ethylcarbazole
(AEC) as a peroxidase substrate or Alexa-488- or Alexa-568-conjugated
secondary antibodies (Invitrogen, Carlsbad, CA). Sections were then counter-
stained with hematoxylin. Ultrastructural electron microscopic studies of the
substantia nigra were performed as described (Watanabe et al., 1977) using
midbrain sections.

2.5. MPTP treatment

For MPTP treatment, the mice received four injections of 30 mg/kg MPTP-
HCI intraperitoneally (Research Biochemicals, Natick, MA) in saline at 24-h
intervals (Mochizuki et al., 2001).

2.6. Tyrosine hydroxylase-positive cell counting and biochemical
analysis

Samples for both histochemistry and biochemical analysis were obtained
from the same mouse. Each animal was deeply anesthetized with pentobarbital
and perfused transcardially with 10 ml of ice-cold phosphate-buffered saline,
and the brain was removed and divided into forebrain and midbrain-hindbrain
regions.

For the tyrosine hydroxylase (TH)-positive cell counting, midbrain—
hindbrain was fixed with chilled 4% formaldehyde solution (pH 7.4). The
procedure of TH-positive cell counting was described previously (Furuya
et al., 2004) with minor modifications. Briefly, the substantia nigra was cut
into serial sections (30 pm), and every third section was subjected to

immunostaining for TH using a polyclonal antibody to TH (a kind gift from
I. Nagatsu, Fujita Health University, Aichi, Japan). The Vectorstain Elite
ABC kit {Vector Labs, Burlingame, CA) was used for subsequent antibody
detection with DAB as a peroxidase substrate. The number of viable TH-
positive neurons was assessed by manual counting by a blind observer using
coded slides (Furuya et al., 2004). The number of total neuronal cells outside
the substantia nigra was counted after Bodian staining in the cerebral cortex
(1 mm?, seven regions per section), cerebellum (total of all lobules) and
hippocampus (total number in CA1, CA2, CA3 and dentate gyrus). Statistical
analysis were done by one-way ANOVA followed by post hoc test (Fisher’s
PLSD).

For the biochemical analysis, the striatum was quickly dissected from the
forebrain, and the striatal tissue samples were weighed (~30 mg) and
homogenized in 10 volumes (w/v) of ice-cold 0.05 M sodium acetate (pH
6.0). Homogenates were centrifuged (18,000 X g, 10 min at 4 °C), and the
supernatant was frozen immediately on dry ice and stored frozen at —80 °C
until use.

For the striatal dopamine measurement, supematant (50 pl) from the striatal
lysate was mixed with an equal volume of 0.2 M perchloric acid containing
0.2 mM EDTA and centrifuged (18,000 x g, 10 min at 4 °C), and the super-
natant was applied to an HPLC system. Chromatographic separation was
achieved using a C18 reversed-phase column (150 mm x 4.6 mm i.d., Model
$-100; TOSOH, Tokyo, Japan). The mobile phase (50 mM citrate, 50 mM
NaH,PO,, 0.1 mM EDTA, 4.36 mM 1-heptanesulfonate, 2.35% acetonitrile,
5.72% MeOH, pH 2.5) was pumped through the chromatographic system at a
rate of 1.0 mVmin. A Coulochem electrode array system (ESA Inc., MA) with
eight coulometric electrodes was used to quantify the eluted catecholamines and
their metabolites. Statistical analysis was done by one-way ANOVA followed
by post hoc test (Fisher’s PLSD).

TH activity was assayed following the method of Hooper (1997) with
minor modifications (Hooper et al., 1997; Naoi et al., 1988). The incubation
mixture contained 50 pl of diluted sample and included the following com-
ponents in a total volume of 200 pl: 0.2 M sodium acetate (pH 6.0), 0.2 M
glycerol, 20,000 U/ml catalase, 1.0 mM 6-MPH4, 4.0 U/ml dihydropteridine
reductase, ] mM NADPH and 200 pM L-tyrosine. Incubations were carried
out at 37 °C for 10 min in a shaking water bath. Reactions were terminated by
adding 600 1 of ice-cold 0.33 M perchloric acid, 17 mM EDTA including
50 pmol of a-methyl DOPA as the internal standard. The L-DOPA produced
was extracted onto alumina, and the catechols were eluted with 0.16 M acetic
acid followed by 0.02 M phosphoric acid. A sample incubated on ice instead of
37 °C was used as a blank. The amount of L-DOPA was quantified with the
HPLC system, as mentioned above. Statistical analysis was done by one-way
ANOVA.

2.7. Silver staining

Sixty-micrometer brain sections from 12-week-old mice (=3 for each
group) were stained using FD NeuroSilver kit (FD Neuro-Technologies,
Catonsville, MD) according to the manufacturer’s protocol to detect argyro-
philic grain-positive degenerating neurons.

2.8. Behavioral tests

H-hI93M mice and non-Tg littermates were used for all behavioral
analyses. For the accelerated rota-rod test, 20-25-week-old mice were placed
on the rod (Ohara, Japan) at a speed of 5 rpm, and the speed was accelerated to
50 rpm in 5 min. The length of time that each mouse was able to remain on the
rod before falling was recorded. For the locomotor activity test, 1 1-13-week-
old or 20-23-week-old mice were placed separately in a home cage 4 days
before the beginning of analysis for habituation. Two to four mice were
monitored at once for locomotor activity on the home cage monitor (Ohara,
Japan) for 63 h beginning from 5:30 p.m. All mice were housed witha 12 h
light/dark cycle, with the light cycle beginning at 8 a.m. The last 12 h of active
night were used for the analysis. Mice were weighed after the analysis; there
were no differences between the weights H-hI93M and non-Tg mice (data
not shown). Statistical analyses were conducted using the two-tailed Student’s
I-test.
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3. Results

3.1. Generation of transgenic mice expressing human
UCHLI"*™ in neurons of the substantia nigra
4

The human PDGF-B promoter was used to drive expression
of the human UCHLI in Tg mice (Fig. 1A) (Sasahara et al,,
1991). Germline transmission of AUCHLI"* was obtained in
two independent Tg mouse lines (denoted L-hI93M and H-
hI93M, where L and H denote low and high expression,
respectively). Germline transmission of AUCHLI™T was
obtained in one Tg mouse line (denoted hWT). The levels of
transgenic mRNA and endogenous Uchll mRINA were assessed
by quantitative RT-PCR using primers designed to amplify
specifically the UCHLI transgene and mouse Uchll, respec-

(A)

subthatamic nucle: striatum

non-Tg

H-hlg3M/igad

gad

tively. The estimated relative expression of UCHLI among the
transgenic lines was H-hI93M > hWT > L-hI93M. The ratio
of endogenous mouse Uchll transcripts to transgenic human
UCHLI transcripts was 111 in H-hI93M, 739 in hWT and 6015
in L-hI93M (n = 3 for each line).

At the amino acid level, human and mouse UCH-L 1 differ at
only 11 discrete positions, and endogenous UCH-L 1 is one of
the most abundant protein in the brain. Therefore, we were not
able to make distinction between the exogenous human UCH-
L1 and endogenous mouse UCH-L1 in the brains of Tg mice
(data not shown) using immunoblotting analysis with several
antibodies against human UCH-L1 from different companies
(Chemicon; UltraClone; Medac; Biogenesis). To ascertain the
expression of transgene product, we used gad mice, which lack
endogenous UCH-L1 (Saigoh et al.,, 1999). We mated mice

hippocampus CA3 cerebellum

Fig.2. Immunohistochemistry of UCH-L1 in coronal sections of the substantia nigra (A) and regions outside the substantia nigra (B) in H-hI93M, H-hI93M/gad and
non-Tg mice. (A) Non-Tg mice (a), H-hI93M mice on a C57BL/6J background (b) and gad mice (c) at 2 weeks of age and H-h193M/gad mice at 2 weeks (d), 7 weeks
(e) and 20 weeks (f) of age. Neurons expressing UCH-L1 in the substantia nigra decreased in number and area, and densely stained neurons were observed in the aged
substantia nigra. Scale bar: 30 pm. (B) UCH-L! immunohistochemistry of coronal sections at the level of the subthalamic nuclei (a, e, i), striatum (b, f, i,
hippocampus CA3 (c, g. k) and cerebellum (d, h, 1). Upper row (a~d), non-Tg mice; middle row (e-h). H-h193M/gad mice; lower row (i-1), gad mice. All mice were

examined at 2 weeks of age. Scale bar: 30 pm.
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from each transgenic line with mice homozygous for the
Uchl18°V¢° gllele (gad mice). Detergent-soluble (1% Triton X-
100) fractions of mouse midbrain from H-h193M/gad
(UCHLI"*™~=, Uchi12*¥#°%) at 2 and 15 weeks of age were
subjected to SDS-PAGE and immunoblotted with anti-UCH-
L1. We detected human UCH-L1 expression in H-hI93M/gad
brains (Fig. 1B). Compared with endogenous mouse UCH-L1,
which constitutes 1-2% of neuronal proteins, human UCH-L1
expression was substantially lower in H-hI93M/gad brains
(~1% of endogenous UCH-L1 at 2 weeks of age; Fig. 1B).
Interestingly, the level of transgenic human UCH-L1 was lower
at 15 weeks than at 2 weeks of age (Fig. 1B). Although we could
not detect human UCH-L1 in L-hI193M/gad and hWT/gad by
standard immunoblotting methods, we were successful in
detecting it by immunoprecipitation (Fig. 1C). These data
suggest the expression of the human UCH-L1 in L-hI93M and
hWT mice, which were much lower than in H-hI93M mice.
UCH-L1 is a cytosolic protein predominantly expressed in
neuronal cells including dopaminergic neurons at substantia
nigra with diffuse localization (data not shown). Thus, we next
examined the immunohistochemical localization of the
transgene products. In agreement with the data obtained by
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Western blotting analysis, UCH-L1-immunoreactive cells were
not observed in any brain region, including the substantia nigra,
of the L-hI193M/gad and hWT/gad mice (data not shown). In H-
hl193M/gad mice, however, human UCH-L1"*™ was detected
in the substantia nigra, the region that contains the central
pathological lesions in PD, with relatively high intensities
(Fig. 2A). Subthalamic nuclei, striatum, hippocampus CA3 and
cerebellum also contained UCH-L1 immunoreactive cells in H-
hI93M/gad mice (Fig. 2B). As with the previous report that
CAT expression under control of the PDGF-B promoter in
transgenic mice localizes to neuronal cell bodies (Sasahara
etal., 1991), most UCH-L1-immunoreactive cells in H-hI93M/
gad mice had a neuronal morphology (Fig. 2). Western bloiting
analysis of midbrain lysates showed a reduction of transgenic
UCH-L1"™M at 15 weeks of age as compared with that at 2
weeks in H-hI93M/gad mice (Fig. 1B). Thus, we also
performed immunohistochemical analysis of UCH-L1 on
substantia nigra from 2-, 7- and 20-week-old H-hI93M/gad
mice. We found many UCH-L1-positive neurons at 2 weeks.
The number of positive cells had decreased by 7 weeks,
however, at which time small-sized and densely stained neurons
were observed, and UCH-L1-positive cells were barely
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Fig. 3. TH-positive neurons of h193M Tg mice were reduced as the animals aged. (A) Immunohistochemical staining of the substantia nigra with anti-TH in non-Tg
(upper panels) and H-h193M (lower panels) mice at 20 weeks of age. Scale bar: 1 mm. Left and right panels in the figure correspond to the left and right part of the
middle panel, respectively. (B) Proportion of neurons stained with anti-TH in the substantia nigra from non-Tg and hI93M mice at 12 weeks (left panel) and 20 weeks
(right panel) of age. Cell numbers were normalized to those for the non-Tg mice. Values are the mean = SEM;n= 10 Significance was examined by a one-way
ANOVA. 'p < 001. (C) The number of TH-positive cells in the substantia nigra from 20-week-old non-Tg (1 =5), hWT (1 =3) and L-hI93M mice (n =5) after
treatment with MPTP. The cell numbers were normalized to those for non-Tg mice. Values are the mean +- S.EM. Significance was examined by a one-way ANOVA.

‘p < 0.001.
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detectable at 20 weeks of age (Fig. 2A). Together, our results
indicate that hUCH-L1"*M is expressed in the neurons of the
substantia nigra in H-hI193M mice, but the number of positive
cells declines before 20 weeks of age. With the failure to detect
hUCH-L1 protein in hWT/gad mice and L-h193M/gad mice
both in the Western blotting and the immunohistochemistry, we
performed most of the analysis using H-hI93M mice with non-
Tg mice as a control.

3.2. Loss of dopaminergic neurons in the substantia nigra
of 20-week-old H-hI93M mice

We next determined whether the number of midbrain
dopaminergic neurons was reduced in the substantia nigra of
transgenic mice using TH immunohistochemistry. The number
of TH-positive dopaminergic neurons in the substantia nigra at
the same neuroanatomical level was compared and quantified
for each transgenic mouse line. Surprisingly, we detected an

A non-1g

~30% reduction in TH-positive neurons in 20-week-old H-
h193M mice as compared with those in non-Tg control mice
(Fig. 3A and B). This reduction was not seen in 12-week-old H-
hI93M mice or 20-week-old L-h193M mice. Together with the
decrease in the level of UCH-L1™M (Fig. 1B) and the
reduction in UCH-L1-positive neurons in the substantia nigra of
H-hI93M/gad mice, our data indicate that UCH-L1"M
expression in the dopaminergic neurons is sufficient to induce
the degeneration of these neurons.

MPTP is a toxin used to induce an acute Parkinsonian
syndrome that is indistinguishable from sporadic PD (Dauer
and Przedborski, 2003). MPTP metabolite 1-methyl-4-pyridi-
nium (MPP™), an inhibitor of complex I of the mitochondrial
respiration chain, is taken up by the terminals of dopaminergic
neurons via the dopamine transporter (DAT), thereby causing
the selective death of nigral neurons (Dauer and Przedborski,
2003). Although neuronal loss was not observed in L-hI93M
mice at 20 weeks of age, we speculated that dopaminergic

H-hl93M

=)

)

Fig.4. Several neuropathological features reminiscent of PD are present in H-hI193M mice brains. (A) Silver staining of the substantia nigra at 12 weeks of age in non-
Tg and H-hI93M mice. Note the presence of silver staining-positive argyrophilic grains in the cell bodies of some dopaminergic neurons in H-hI93M mice (arrows).
This kind of abnormal structure was not seen in substantia nigra of non-Tg mice. Scale bar: 30 pm. (B) Confocal images of dopaminergic neurons from hWT, H-
hI93M and gad mice. H-h193M mice showed the formation of ubiquitin-positive cytoplasmic inclusions (red) co-localized with UCH-LI staining (green) in the
remaining nigral neurons at 20 weeks of age. Compared with the diffuse, reduced staining of ubiquitin in gad mice, nigral neurons from hWT mice also showed a
diffuse pattern of staining but with fine small granular cytoplasmic staining (red) co-localized with UCH-L1 (green). (C) Electron micrographs of a nigral neuron from
a 20-week-old H-hI93M mouse at the level of the cell body (left panel), and dense-core vesicles (red arrows) at higher magnification (right panel). Scale bar: 1 wm.
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neurons of L-hI93M mice might be more susceptible to MPTP
toxin compared to that of non-Tg mice or hWT mice. As
expected, significantly fewer TH-positive neurons were
observed in L-hI93M mice after MPTP treatment as compared
with hWT or non-Tg control mice though hWT express higher
hUCHLI compared to L-hI93M (Fig. 3C). The number of TH-
positive neurons in MPTP-treated hWT mice was somewhat
higher than that in non-Tg mice (p < 0.001). Taken together
with the fact that expression of human UCH-L1 inL-h193M is
lower than that in hWT, these results suggest that the UCH-
L1193 mutant, but not UCH-L1VT is specifically toxic to
dopaminergic neurons.

3.3. Presence of neuropathology in dopaminergic neurons
from H-hI93M mice

To evaluate the degenerative process of dopaminergic
neurons, silver staining was used to indicate argyrophilic
degenerating neurons (Lo Bianco et al., 2004). In non-Tg mice,
no silver staining was observed, whereas scattered neurons
containing grains that were silver staining positive were present
in the substantia nigra of H-h193M mice (Fig. 4A). The presence
of intracellular inclusions called Lewy bodies and Lewy neurites
are neuropathological characteristics of PD and are silver
staining positive (Sandmann-Keil et al., 1999; Uchihara et al.,
2005). It is also known that UCH-L.1 and ubiquitin, as well as a-
synuclein, are components of Lewy bodies (Lowe et al., 1990).
Furthermore, UCH-L1 is tightly associated with mono-ubiquitin
in vivo (Osaka et al., 2003). Thus, we expected that the silver
staining-positive grains might have characteristic features of
Lewy bodies. We therefore compared the immunohistochemical
analysis of UCH-L1 and ubiquitin. Compared with reduced
staining for ubiquitin in gad mice, strong and diffuse ubiquitin
staining was observed innigral neurons of h'WT mice and non-Tg
mice (data not shown), and this staining co-localized with UCH-
L1, which is in agreement with our previous report (Osaka et al.,
2003). In H-hI93M substantia nigra at 20 weeks of age, ubiquitin-
and UCH-L1-positive cytoplasmic inclusions, a large aggregates
with different morphology from small dots usually seen in hWT
mice and non-Tg mice, were observed in a portion of the
rernaiining nigral neurons (Fig. 4B). These inclusions were,
however, a-synuclein or hematoxylin-eosin (HE) negative (data
not shown). We could not observe UCH-L1- and ubiquitin-
positive inclusions in L-hI193M mice (data not shown).

Another cellular characteristic of PD neuropathology is
dense-core vesicles of about 80200 nm in perikarya, which are
frequently observed along with Lewy bodies in PD patients
(Watanabe et al,, 1977). We observed electron dense-core
vesicles in the cytoplasm of ~30% of nigral neurons in H-h193M
mice using electron microscopy (Fig. 4C). In non-Tg mice, such
vesicles with a similar shape were not detected in cell bodies but
rather were seen in synaptic terminals. Taken together, our data
indicate that degenerating dopaminergic neurons in the
substantia nigra of H-hI93M mice are devoid of Lewy bodies
but show some neuropathological features such as silver
staining-positive argyrophilic grains, aggregates with UCH-L1
and ubiquitin, and dense-core vesicles in the perikarya.

3.4. Increased amount of SDS-insoluble but urea/SDS-
soluble UCH-LI in the midbrain of H-hI93M mice

UCH-L1™*™ has reduced a-helical content as compared
with UCH-L1WT (Nishikawa et al., 2003), and UCH-L1"*
overexpression in COS7 cells results in more cells that contain
cytoplasmic inclusions (Ardley et al., 2004). Thus, the presence
of UCH-L1-positive inclusions in H-hI193M dopaminergic
neurons led us to speculate whether UCH-L1°*™ would be less
soluble than the wild-type protein in vivo. To biochemically
characterize the changes in UCH-L1 deposited in the brains of
H-hI93M mice, we sequentially extracted frozen midbrain
tissues with 5% SDS (soluble fraction) and 8 M urea/5% SDS
(insoluble fraction) and analyzed each fraction by immuno-
blotting with anti-UCH-L1. As expected, immunoblots of
insoluble fractions showed a modest but statistically significant
increase in UCH-LI in the midbrains of H-hI93M mice as
compared with those from a non-Tg mouse (Fig. 5SA and B),
indicating increased insolubility of UCH-L1¥*M jp, vivo, which
might have resulted in dopaminergic neurotoxicity.

3.5. Decreased dopamine content in the striata of H-hI93M
mice

Because the nigro-striatal pathway is severely affected in
PD patients, and because our mice showed the degeneration
of dopaminergic neurons in the substantia nigra, we
evaluated the nerve terminals in the striatal pathway using
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Fig. 5. Protein insolubility of UCH-L1 in H-hI93M Tg mice. (A) Immunoblot-
ting analysis of UCH-L1 in soluble (5% SDS soluble) and insoluble (5% SDS
insoluble and 8 M urea/5% SDS soluble) fractions from tissue containing the
substantia nigra (11~13 weeks). Soluble fraction (5 pg for each) was probed
with anti-UCH-L1 or anti-B-actin. Insoluble fraction (0.5 p.g for each) was
probed with anti-UCH-L1. One microgram of each insoluble fraction was
applied to dot blotting and stained by Ponceau § to show that each fraction
contained the same amount of total protein. A slight increase in the insolubility
of UCH-L! in the substantia nigra fraction from H-hI93M mice is seen as
compared with that from non-Tg mice. (B) The experiment was done with H-
hI93M mice and non-Tg littermates from five different litters, and the results of
quantitative analyses in insoluble fraction is shown (n = 5 mice for each group).
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Fig. 6. H-hI93M mice show pathology in the striatum. Dopamine content and
TH activity were lower in H-hI93M mice. (A) Sagittal sections from non-Tg and
H-hI93M mice at 20 weeks of age were immunostained with the dopaminergic
marker anti-TH. TH immunoreactivity is decreased in the nigro-striatal axons
(arrows) of H-hI93M brains. Scale bar: 100 wm. (B) TH activity and (C)
dopamine content were measured following extraction and homogenization of
the mouse striatum of non-Tg, L-hI93M and H-hI93M mice at 20 weeks of age
(n=4; mean =+ S.E). Significance was examined by a one-way ANOVA.
‘p < 0.05.

immunohistochemical and biochemical analyses. In agree-
ment with the reduction of TH-positive dopaminergic
neurons in the substantia nigra, nigro-striatal fibers in H-
hI93M mice showed decreased immunoreactivity for TH as
compared with that of non-Tg mice (Fig. 6A). TH activity,
analyzed by determining L-DOPA production in the striatal
tissues, also showed a tendency to decline in H-hI93M mice,
although it was not significantly different (Fig. 6B). Loss of
dopaminergic neurons in the substantia nigra and decreased
TH activity in the striatum of H-hI93M mice prompted us to
examine the concentration of striatal dopamine. Compared
with non-Tg mice, H-hI93M mice showed a significant
reduction of dopamine content in the striatum (Fig. 6C).

3.6. Decreased spontaneous, voluntary movements of H-
h193M mice

Given the prominent loss of dopaminergic neurons in the
substantia nigra and the reduction in dopamine content in the
striatum of H-hI93M mice, we next assessed the locomotor
abilities of H-hI93M mice using a battery of well-established
behavioral tests. Involuntary movement was analyzed by the
rota-rod test (Goldberg et al., 2005) on 23-26-week-old mice.
H-hI93M mice and non-Tg mice were similarly able to
maintain their balance on the rotating rod during rod
acceleration before falling off (Fig. 7A). We next analyzed
spontaneous, voluntary movements with a locomotor activity
test (Goldberg et al., 2005). Unexpectedly, 11-13-week-old H-
hI93M mice showed significant hyperlocomotion during active
periods (i.e., at night) as compared with non-Tg mice during
home cage monitoring (Fig. 7B). However, 19-21-week-old H-
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Fig. 7. H-hI93M transgenic mice show locomotor deficits. (A) Accelerated
rota-rod analysis of H-hI93M and non-Tg mice (# = 6 for non-Tg and » = 7 for
H-hI93M) at 23-26 weeks of age. Mice were placed on a rod, and their duration
on the rod before falling off (mean value of three trials for each animal) was
recorded. (B) Home cage monitor analysis of H-hI93M and non-Tg mice at 11—
13 weeks of age (left; n = 4 for each line) and at 19-2] weeks of age (right;n =8
for non-Tg and n = 10 for H-h193M). Note the significant hypolocomotion of H-
hI93M mice as compared with non-Tg mice at 19-21 weeks of age. Values are
the mean & S.E.M. Significance was examined using the unpaired Student’s -
test. “p < 0.05.

hI93M mice showed a modest but significant reduction in
locomotor activity during active periods as compared with non-
Tg mice (Fig. 7B). These results indicate that, in addition to the
neuropathological changes, H-hI93M mice exhibit mild
behavioral deficits related to PD.

4. Discussion

In this study, we characterized transgenic mice expressing
hUCH-L1®™, a mutation with presumptive association with
familial PD, in the brain. Our previous attempt of making
mouse UCH-L1¥T Tg mice under various higher expressing
promoters, such as EFlq, resulted in an infertility of mice, thus
it was impossible to maintain the lines. This failure resulted
from the effect of overexpressing UCH-L1 in the testis/ovary
leading to an increased apoptosis in these reproductive organs,
although we did not find obvious morphological differences in
the brain (Wang et al., 2006). Thus, we used PDGF-B promoter
in this study to avoid massive expression of the transgene.

Two lines of hUCH-L1"*M Tg mice and one line of \UCH-
L1%¥T Tg mice were viable and fertile without any predictable
abnormalities. All of the three Tg lines expressed very limited
levels of the human UCHLI gene with a maximum transcript
ratio of about 1/100 as compared with the endogenous mouse
Uchll. However, immunohistological analysis indicated that
higher level of hUCH-L1"*M expression could be detected
in the large number of neurons in the substantia nigra of
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H-h193M/gad mice at 2 weeks of age. In addition, there is a
difference in the morphology of hUCH-L1®%M expressing
neurons, reminiscent of dying neurons, in the substantia
nigra of H-h193M/gad mice among 7 and 20 weeks of age. We
also observed an eventual decline in the number of UCH-L1-
positive neurons in H-hI93M/gad mice, as they age.
Furthermore, the dopaminergic neurons in the substantia
nigra of H-hI93M mice at 12 weeks of age showed silver
staining-positive argylophilic grains, which represent neurons
undergoing degeneration (Lo Bianco et al., 2004). Since we
observed aloss of dopaminergic neurons in the substantianigra
and reduced dopamine content in the striatum of H-hI93M
mice at 20 weeks of age, our results indicate the possibility that
hUCH-L1®*™ expressing dopaminergic neurons degenerate
with age.

In addition to cell loss, several neuropathological features
were observed in the substantia nigra of H-hI93M mice.
Dopaminergic neurons had (1) electron dense-core vesicles in
the perikarya, and (2) cytoplasmic inclusions that were positive
for both UCH-L1 and ubiquitin. Despite these features, we did
not observe eosinophilic or a-synuclein-positive Lewy bodies
at the substantia nigra in our morphological analyses. Thus, the
mouse dopaminergic neurons expressing UCH-L1"*™ may die
prior to the formation of Lewy bodies, or those mice might form
these structures at stages beyond the period of our study.

The mechanisms responsible for dopaminergic cell loss in the
substantia nigra of H-h193M mice remain elusive. The 193M
mutation in UCH-L1 reduces its hydrolase activity by about
50%, which has been suggested as a cause for the pathogenesis of
PD (Nishikawa et al., 2003). However, we have not found clear
evidence for nigro-striatal dopaminergic pathology in gad mice
(data not shown). Since expression of UCH-L1 is not detected in
gad mice, the reduction of hydrolase activity alone would not be
the cause of PD. In light of our finding here that transgenic
expression of UCH-L1"*™ results in dopaminergic pathology in
mice, it would seem that this mutation elicits a gain of toxic
function leading to the neuronal toxicity in the substantia nigra.

Our previous work using circular dichroism suggests that the
193M mutation reduces the a-helical content of UCH-L1
(Nishikawa et al., 2003). Recently, we had also showed, using
small-angle neutron scattering, that wild-type or I93M mutant
UCH-L1 exists as a dimmer in an aqueous solution. Moreover,
their configuration differed; wild-type UCH-L1 has ellipsoidal
shape where as 193M mutant has more globular shape (Naito
et al., 2006). Cells expressing UCH-L1"*™ are more prone to
form inclusions (Ardley et al., 2004). Proteomic analysis of
autopsied brains from PD patients and AD patients shows that
UCH-L1 is extensively modified by carbonyl formation,
methionine oxidation and cysteine oxidation in the diseased
brains (Choi et al., 2004). These modifications are shown to
result from oxidative stress (Chot et al., 2004). We show here
that J93M mutation in UCH-L1 increases its insolubility in
vivo. From the very limited expression of human UCH-L1
193M, it is possible to speculate that endogenous mouse UCH-
L1 might become insoluble in the presence of 193M UCH-L1.
In addition, L-h193M neurons were more susceptible than h'WT
or non-Tg neurons to MPTP, an inhibitor of complex I. This

observation suggests that UCH-L1™*™ easily gains toxicity
under oxidative stress. The conformational change and/or the
additional methionine oxidation in UCH-L1 caused by 193M
mutation may cause increased insolubility and lead to the gain
of a toxic function.

In addition, our behavioral analysis revealed that H-hI93M
mice exhibit very slight defects in spontaneous, voluntary
movement, as shown by their hyperlocomotion at 1113 weeks
of age and by their hypolocomotion at 19-21 weeks of age in the
home cage monitor test. Patients with PD exhibit no clinical
symptoms until 70-80% of dopaminergic neurons are lost (Dauer
and Przedborski, 2003). Thus, the level of dopaminergic
neuronal loss seen in H-hI93M mice might not be sufficient to
produce severe clinical phenotypes. It is difficult to explain the
hyperlocomotion detected at 11-13 weeks of age, by simple
changes in the nigro-striatal pathway. Other brain areas might be
related to the locomotor changes seen in H-h193M mice. We will
need further analysis to connect the dopaminergic cell loss and
defects in spontaneous, voluntary movement in H-hI93M mice.

In attempts to replicate neuropathological aspects of PD,
several of the familial PD genes have been altered in mice. Up to
date, a-synuclein Tg mice with or without mutation (Fernagut
and Chesselet, 2004), parkin knockout mice (Goldberg et al.,
2003; Itier et al., 2003; Palacino et al., 2004; Perez and Palmiter,
2005; Von Coelln et al., 2004), and DJ-1 knockout mice (Chen
et al., 2005; Goldberg et al., 2005; Kim et al., 2005) have been
reported. Although these mice show some alterations in the
function of dopaminergic neurons, none has dopaminergic
neuron loss in the substantia nigra. Thus, we have developed the
first mouse model with an alteration in a familial PD gene that
leads to dopaminergic cell loss. Further analysis of these mice
will help establish the role of UCH-L1 in PD, which may
elucidate a common pathway for both familial and sporadic PD.
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