120 R. Setsuie et al./Neurochemistry International 50 (2007) 119-129

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). a-Synuclein, UCH-L1 and
LRRXK?2 are linked to the autosomal dominant form of PD,
whereas parkin, DJ-1 and PINK1 are linked to the recessive form.

In 1998, UCH-L1 carrying an Ile to Met mutation at amino
acid position 93 (J93M) 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 I93M 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 I93M mutation and pathogenesis
of PD was questioned.

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

2. Experimental procedures
2.1. Generation of RUCHLIYT and hUCHLI"™ transgenic mice

We gencrated transgenes by cloning either the wild-type or 193M mutant
human UCH-L1 cDNAs under the control of the human platelet-derived growth
factor B chain (PDGF-B) promoter (Fig. 1A) (Sasahara et al., 1991). Sequences
encoding UCHLZ were amplified from a human brain cDNA libmry (Strate-
gene, La Jolla, CA) by PCR and subcloned into the Xhol and Notl sites of pCl-
neo (Promega, Madison, WI). The 193M 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/ll and
Xhol site of pCl-neo which results in the replacement of promoter from CMV to
PDGF-B. The plasmid was linearized by digestion with HindIll and AarIl. A
2 pg/ml solution of the linearized plasmid of each transgene was then micro-
injected into the pronuclei of newly fertilized C37BL/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-
¥, reverse: PD-UCH-5, 5-CCTGTATGGCCTCATTCTTTTC-3"). Expression
of h'UCH-L1™M 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: mL1-8. 5-GGGCTGTAGAACGCAAGAAGA-3)

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

Fig. 1. Generation of transgenic mice expressing hUCH-L1" and hUCH-
L1®™M, (A) UCH-LI®™ 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-hI93M/gad), which corresponds to the nuil
mutant of Uchll. Notice that the faint band corresponding to UCH-L1 is
detected at 2 weeks of age when 20 pg 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-L1 was easily detected
at 2 weeks in H-hI93M/gad mice, and UCH-L! levels markedly decreased by
age 15 weeks. Faint bands indicated by the asterisk may correspond to UCH-L3,
which cross-reacted with the UCH-L.! antibody when a large amount of protein
was loaded per lane. (C) Immunoprecipitation analysis of exogenous human
UCH-L! in hWT/gad (left) and L-hI93M/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-h193M/gad lysates but not in gad lysates
indicating the exogenous human UCH-L1 expression.

and humen UCHLI! (forward: L1Tg-F2, 5-TGGCAACTTCTCCTCCTGCA-

" 3 reverse: L1Tg-R2, §'-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 (2 = 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-LI, the soluble fraction in RIPA
(20 mM Tris-HC], 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-
L™= Uchl]8°¥ee), 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 agueduct 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 (56 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 supernatant was used as 8 M urea/5% SDS fraction.
The protein concentration was assessed by a DC-protein assay kit (Bio-Rad).
1.25 g of 5% SDS fraction and 0.5 p.g 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 f-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-h193M/gad) were homogenized in 2 ml ice-cold modified
RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% (w/v) Nonidet P40; 0.25%
sodium deoxycholate; 150 mM NaCl; | 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 ug of protein was
added to a 50 pl slurry of immobilized protein G cross-linked with rabbit
polyclonal anti-human UCH-L! (AB1716; Chemicon, Temecula, CA) or
normal rabbit IgG and rotated at 4 °C overnight. The samples were then
washed three times with S00 pl of 0.1B buffer (20 mM Tris-HC), pH 8.0;
0.1 M KCL;, 5mM MgCly; 10% (w/v) glycerol; 0.1% (w/v) Tween 20;
10 mM B-mercaptosthanol). Elution of samples was performed by adding
20 pul of 5% SDS-PAGE sample buffer, and samples were boiled at 100 °C
for 3 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; RA9510!, Ultraclone), TH (1:1000; Chemicon) and ubiqui-
tin (1:1000; Sigma-Aldrich, St. Louis, MO). Antibody binding was detected
with 3,3'-diamincbenzidine 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 wm), and every third section was subjected to

immunostaining for TH using a polyclonal antibody to TH (a kind gift from
1 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, supernatant (50 w.l) from the striatal
Iysate 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 (50mM citrate, 50 mM
NaH,PO;, 0.1 mM EDTA, 4.36 mM 1-heptanesuifonate, 2.35% acetonitrile,
5.72% MeOH, pH 2.5) was pumped through the chromatographic system at a
rate of 1.0 mi/min. 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 medifications (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, 1 mM NADPH and 200 uM L-tyrosine. Incubations were carried
out at 37 °C for 10 min in a shaking water bath. Reactions were terminated by
adding 600 .l of ice-cold 0.33 M perchloric acid, 17 mM EDTA including
50 pmol of a-methyl DOPA as the internal standard. The 1.-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
ANQVA.

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, 11—-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 12h
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
r-test.
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3. Results

3.1. Generation of transgenic mice expressing human
UCHLI™™ in, neurons of the substantia nigra

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 RUCHLI™*™ 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™' 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-

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-L1 differ at
only 11 discrete positions, and endogenous UCH-L1 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; UliraClone; 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
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Fig. 2. Immunohistochemistry of UCH-LI in coronal sections of the substantia nigra (A) and regions outside the substantia nigra (B) in H-h193M, H-h193M/gad and
non-Tg mice. (A) Non-Tg mice (a), H-hI93M mice on a CS7BL/6]J background (b) and gad mice (c) at 2 weeks of age and H-hI93M/gad mice at 2 weeks (d), 7 weeks
(e) and 20 weeks (f) of age. Neurons expressing UCH-L! in the substantia nigra decreased in number and area, and densely stained neurons were observed in the aged
substantia nigra. Scale bar: 30 wm. (B) UCH-L! immunohistochemistry of coronal sections at the level of the subthalamic nuclei (a, e, i), striamum (b. £. j),
hippocampus CA3 (c, g, k) and cerebellum (d, h, ). 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 wm.
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from each iransgenic line with mice homozygous for the
Uchi18°¥2%4 gllele (gad mice). Detergent-soluble (1% Triton X-
100) fractions of mouse midbrain from H-hI93M/gad
(UCHLI™™= | Uchlj8°¥¢%y at 2 and 15 weeks of age were
subjected to SDS-PAGE and immunoblotted with ant-UCH-
L.1. 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-hI93M/gad and hW'T/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-h193M/gad and hWT/gad mice (data not shown). In H-
h193M/gad mice, however, human UCH-L1*™ was detected
in the substantia nigra, the region that contains the ceniral
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-
hlI93M/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
et al., 1991), most UCH-L1-immunoreactive cells in H-hI93M/
gad mice had a neuronal morphology (Fig. 2). Western blotting
analysis of midbrain lysates showed a reduction of transgenic
UCH-L1®®™ 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-Ll-positive cells were barely
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Fig. 3. TH-positive neurons of hI$3M 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-hI93M (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 nigta from non-Tg and hI93M mice at 12 weeks tleft panel) and 20 weeks
(right panel) of age. Cell numbers were normalized to those for the non-Tg mice. Values are the mean % S.E.M.; 1 = 10 Significance was examined by a one-way
ANOVA. ‘p < 0.01. (C) The number of TH-positive cells in the substantia nigra from 20-week-old non-Tg (n =3), 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.E.M. 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 h\UCH-L1®* is expressed in the neurons of the
substantia nigra in H-hI93M 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-hI193M/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
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~30% reduction in TH-positive neurons in 20-week-old H-
hI93M 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-hI93M mice. Together with the
decrease in the level of UCH-L1™™ (Fig. 1B) and the
reduction in UCH-L1-positive neurons in the substantia nigra of
H-hI93M/gad mice, our data indicate that UCH-L193M
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 neurcnal loss was not observed in L-hI93M
mice at 20 weeks of age, we speculated that dopaminergic-
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Fig.4. Several neuropathological features reminiscent of PD are present in H-hI93M mice brains. (A) Silver staining of the substantia nigraat 12 weeks of age in non-
Tg and H-h193M mice. Note the presence of silver staining-positive argyrophilic grains in the cell bodies of some dopaminergic neurons in H-h193M mice (arrows).
This kind of abnormal structure was not seen in substantia nigra of non-Tg mice. Scale bar: 30 wm. (B) Confocal images of dopaminergic neurons from hWT, H-
hI93M and gad mice. H-hI93M 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 ubiguitin in gad mice, nigral nevrons 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-h193M mouse at the level of the cell body (left panel), and dense-core vesicles (red arrows) at higher magnification (right panel). Scale bar: 1 pm.
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neurons of L-h193M 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 buman UCH-L1 in L-hI93M is
lower than that in hWT, these results suggest that the UCH-
L1™M mutant, but not UCH-L1WVT, is specifically toxic to
dopaminergic neurons.

3.3. Presence of neuropathology in dopaminergic neurons
Jfrom 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-hI93M 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-L1 and ubiquitin, as well as a-
synuclein, are components of Lewy bodies (Lowe et al., 1990).
Furthermore, UCH-L1 is tightly associated with mono-ubiguitin
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 in nigral neurons of hWT mice and non-Tg
mice {(data not shown), and this staining co-localized with UCH-
1.1, which is in agreement with our previous report (Osakaetal,,
2003). In H-hI93M substantia nigra at 20 weeks of age, ubiguitin-
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
remaining nigral neurons (Fig. 4B). These inclusions were,
however, c-synuclein or hematoxylin—eosin (HE) negative (data
not shown). We could not observe UCH-LI- and ubiquitin-
positive inclusions in L-hIS3M mice (data not shown).

Another cellular characteristic of PD neuropathology is
dense-core vesicles of about 80-200 nm in perikarya, which are
frequently observed along with Lewy bodies in PD patients
(Watanabe <1 al.. 1977). We observed electron dense-core
vesicles in the cytoplasm of ~30% of nigral neurons in H-hI93M
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-L1 in the midbrain of H-hi93M mice

UCH-L1"™™ has reduced a-helical content as compared
with UCH-LI™T (Nishikawa et al., 2003), and UCH-L1'3M
overexpression in COS7 cells results in more cells that contain
cytoplasmic inclusions (Ardley et al., 2004). Thus, the presence
of UCH-Ll-positive inclusions in H-hI93M 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-L1 in the midbrains of H-hI93M mice as
compared with those from.a non-Tg mouse (Fig. 5A and B),
indicating increased insolubility of UCH-L1"*™ jn 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 p.g for each) was probed
with anti-UCH-L! or anti-B-actin. Insoluble fraction (0.5 pg for each) was
probed with anti-UCH-L1. Cne microgram of zach insoluble fraction was
applied to dot blotting and stained by Ponceau S to show that each fraction
contained the same amount of total protein. A slight increase in the insolubility
of UCH-L1 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-
h193M mice and non-Tg littermates from five different litters, and the results of
quantitative analyses in insoluble fraction is shown (# = 5 mice for each group).
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Fig. 6. H-h193M 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 pm. (B) TH activity and (C)
dopamine content were measured following extraction and homogenization of
the mouse striatum of non-Tg, L-h193M 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-
hI93M 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-h193M 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-
h193M mice showed significant hyperlocomotion during active
pericds (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-h193M and non-Tg mice (n = 6 for non-Tg and n=7 for
H-hI93M) at 23-26 weeks of age. Mice were placed on a rod, and their duration
on the rod befors 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 19-21 weeks of age (right; n =8
for non-Tgand n = 10 for H-hI93M). Note the significant hypolocomotion of H-
hI93M mice as compared with non-Tg mice at 1921 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-L1193M, 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 EFle, 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 RUCH-L1"*™ Tg mice and one line of hUCH-
L1¥7T 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®3M expression could be detected
in the large number of neurons in the substantia nigra of
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H-hI93M/gad mice at 2 weeks of age. In addition, there is a
difference in the morphology of hUCH-L1"®*™ expressing
neurons, reminiscent of dying neurons, in the substantia
nigra of H-hI93M/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 a loss of dopaminergic neurons in the substantia nigra
and reduced dopamine content in the striatum of H-hI93M
mice at 20 weeks of age, our results indicate the possibility that
hUCH-L1"3M 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-hI93M 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 o-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 (Choi et al., 2004). We show here
that 193M mutation in UCH-L1 increases its insolubility in
vivo. From the very limited expression of human UCH-L!
193M, it is possible to speculate that endogenous mouse UCH-
L1 might become insoluble in the presence of 193M UCH-L1.
In addition, L-hI93M neurons were more susceptible than h'WT
or non-Tg neurons to MPTP, an inhibitor of complex 1. 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 11-13 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-hI93M mice. We will
need further analysis to connect the dopaminergic cell loss and
defects in spontaneous, voluntary movement in H-h193M 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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Photoreceptor Cell Apoptosis in the Retinal
Degeneration of Uchf3-Deficient Mice
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UCH-L3 belongs to the ubiguitin C-terminal hydro-
lase family that deubiquitinates ubiquitin-protein
conjugates in the ubiquitin-proteasome system. A
murine Uchl3 deletion mutant displays retinal de-
generation, muscular degeneration, and mild
growth retardation. To elucidate the function of
UCH-L3, we investigated histopathological changes
and expression of apoptosis- and oxidative stress-
related proteins during retinal degeneration. In the
normal retina, UCH-L3 was eariched in the photo-
receptor inner segment that contains abundant oi-
tochondria. Although the retina of Uchl3-deficient
mice showed no significant morphological abnor-
malities during retinal development, prominent
retinal degeneration became manifested after 3
weeks of age associated with photoreceptor cell
apoptosis. Ultrastructurally, a decreased area of mi-
tochondrial cristae and vacuolar changes were ob-
served in the degenerated inner segment. Increased
immunoreactivities for manganese superoxide dis-
mutase, cytochrome ¢ oxidase I, and apoptosis-
inducing factor in the inner segment imdicated
mitochondrial oxidative stress. Expression of cyto-
chrome ¢, caspase-1, and cleaved caspase-3 did not
differ between wild-type and mutant mice; how-
ever, immunoreactivity for endonuclease G was
found in the photoreceptor nuclei in the mutant
retina. Hence, loss of UCH-L3 leads to mitochon-
drial oxidative stress-related photoreceptor cell ap-
optosis in a caspase-independent manner. Thus,
Uchl3-deficient mice represent a model for adult-
onset retinal degeneration associated with mito-
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chondrial impairment. (4mJ Patbol 2006, 169:132-141;
DOI 10.2353/aipath.2006.060085)

The ubiquitin system has been implicated in numerous
cellular processes, including protein quality control, cell
cycle, cell proliferation, signal transduction, membrane
protein internalization, and apoptosis.’? Ubiquitin-de-
pendent processes are regulated by ubiguitinating en-
zymes, E1, E2, and E3, and deubiquitinating enzymes
such as ubiquitin-specific proteases and ubiquitin C-
terminal hydrolases (UCHSs)."*=° To date, four isozymes
of UCHs, UCH-L.1, UCH-L3, UCH-L4, and UCH-L5, have
been cloned in mouse or human.®~8 UCH-L1, also known
as PGP 9.5, has been well characterized among the
isozymes. UCH-L1 is selectively localized to brains and
testis/ovaries” and functions as a ubiguitin ligase in ad-
dition to a deubiquitinating enzyme.® Furthermore, two
distinct mutations are linked to Parkinson’s disease in
human'® and gracile axonal dystrophy (gad) in mice.™
UCH-L3, on the other hand, displays 52% amino acid
identity to UCH-L1.2 Uchl3 mRNA is expressed through-
out various tissues and is especially enriched in testis
and thymus. ' In addition to its ubiquitin hydrolase activ-
ity, in vitro studies indicate that UCH-L3 cleaves the C
terminus of the ubiquitin-ike protein Nedd-8.'%15 Al-
though UCH-L1 and UCH-L3 are suggested to function
as reciprocal modulators of germ cell apoptosis in exper-
imental cryptorchid testis,'® the cellular localization and
function of UCH-L3 remain unknown in other organs.
Recently, Uchi3-deficient mice were generated with a
deletion of exons 3 to 7, which are essential for hydrolase
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activity."™® These mutant mice display postnatal retinal
and muscular degenerations as well as mild growth re-
tardation.'” Retinal development is morphologically nor-
mal, but progressive retinal degeneration is reported to
be evident at 3 months after birth.'” However, precise
chronological changes and the mechanism of the retinal
degeneration in Uchi3-deficient mice has not been
studied.

Both the caspase-dependent pathway and the
caspase-independent pathway have been proposed to
be involved in the models of retinal degeneration, includ-
ing model animals for retinitis pigmentosa (such as Royal
College of Surgeons (RCS) rat and retinal degeneration
(rd) mice),"® retinal detachment,'® light injury,2%2" isch-
emic injury,?? and age-related macular degeneration.?®
In the ubiquitin system, UCH-L1 is involved in ischemia-
induced apoptosis in the inner retina.®* The role of
UCH-L3 in retinal degeneration, however, is unclear.

To elucidate the function of UCH-L3, we investigated
the histopathological changes and protein expression
with respect to apoptotic pathways in Uchi3-deficient
mice. Our results show that UCH-L3 is mainly localized to
the photoreceptor inner segment that contains abundant
mitochondria in the normal retina. Uchi3-deficient mice
displayed caspase-independent apoptosis during post-
natal retinal degeneration associated with increased ex-
pression of the markers for mitochondrial oxidative stress
at the inner segment. We propose a possible antiapop-
totic role of UCH-L3 in photoreceptor cells.

Materials and Methods

Animals

We used age-matched Uchi3-deficient mice and wild-
type mice, all of which were offspring male from 15 to 20
pairs of heterozygotes that had been backcrossed with
C87BL/6J at postnatal ages of O days (P0O), 10 days
(P10), 3 weeks (3w), 6 weeks (6w), 8 weeks (8w), and 12
weeks (12w). The total number of wild-type and Uchi3-
deficient mice examined in the present study was 79, of
which 30 mice were used for Western blotting, 42 mice
were used for hematoxylin and eosin staining, immuno-
histochemistry, and terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) assay,
and 7 mice were used for electron microscopy. The mice
were maintained at the National Institute of Neuro-
science, National Center of Neurology and Psychiatry
(Tokyo, Japan). The experiments using the mice were
approved by the Institute’'s Animal [nvestigation
Committee.

Western Blotting

Eyes from P10-, 3w-, and Bw-old mice of both genotypes
(10 mice in each time point, for a total of 30 mice) were
lysed in protein lysis buffer (100 mmoi/L Tris-HCI, pH 8.0,
300 mmol/L NaCl, 2% Triton X-100, 0.2% SDS, 2% so-
dium deoxycholate, 2 mmol/L EDTA) containing protease
inhibitor {Complete protease inhibitor cocktail; Sigma-
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Aldrich, St. Louis, MQO). The amount of total protein of
each sample was determined by the Bio-Rad protein
assay (Bio-Rad, Hercules, CA) using bovine serum albu-
min as a standard. Total protein (50 pg/lane) was sepa-
rated by 15% SDS-polyacrylamide gels (Perfect NT Gel,
DRC, Tokyo, Japan). Proteins were transferred to im-
muno-Blot polyvinylidene difluoride membranes (Bio-
Rad) and incubated with 5% skim mik in TBST (50
mmol/l. Tris-HCl-buffered saline, pH 7.0, containing
0.05% Triton X-100) for 1 hour at room temperature. The
membranes were incubated with a 1:1000 dilution of
each primary antibody for UCH-L1, UCH-L3,2 and B-ac-
tin (1:1000; Sigma-Aldrich) overnight at 4°C. For the
preparation of anti-mouse UCH-L1 antibody, histidine-
tagged mouse UCH-L1 (BHis-mUCH-L1) was prepared
as described previously®® and used to generate a poly-
clonal antiserum in rabbit (Takara, Tokushima, Japan).
Tne polyclonal antibody was purified by affinity chroma-
tography. The specificity of this antibody to the mouse
UCH-L1 was verified by Western blotting using brain
lysates from gad mice and wild-type mice (data not
shown). The membranes were washed in TBST and fur-
ther incubated with antimouse or rabbit IgG-horseradish
peroxidase conjugate (1:1000; Chemicon, Temecula,
CA). After washing in TBST, the membranes were devel-
oped with the Super Signal West Dura or Femto Extended
Duration Substrate (Pierce, Rockford, IL) and analyzed
with a Chemilmager (Alpha Innotech, San Leandro, CA).
Western blotting was performed five times per each
antibody.

Morphometric Analysis and
Immunohistochemistry of Retina

Mice of both genotypes at PQ, P10, 3w, 6w, 8w, and
12w of age (7 mice in each time point, total of 42 mice)
were deeply anesthetized with diethylether, decapi-
tated, and the eyes removed, immersion-fixed with 4%
paraformaldehyde overnight at 4°C, and embedded in
paraffin wax. Deparaffinized sections were stained with
hematoxylin and eosin and examined under an Axio-
plan2 microscope (Carl Zeiss, Oberkochen, Germany)
at a magnification X400, and the thickness of each
layer was measured using WinRoof software (Mitani
Shoiji, Tokyo, Japan).

For immunchistochemical studies, 5-pm-thick sagittal
sections at the level of the optic nerve were deparaf-
finized and treated with 1% hydrogen peroxide (H,0,) for
30 minutes, incubated with 1% skim milk in phosphate-
buffered saline (PBS, pH 7.4) for 1 hour at room temper-
ature followed by incubation overnight at 4°C with each
primary antibody for UCH-L1 and UCH-L3% diluted
1:500 in 1% skim milk in PBS. To characterize apoptosis-
and oxidative stress-related proteins, antibcdies to the
following proteins were used; apoptosis-inducing factor
{AlF; 1:500, Chemicon), caspase-1 (1:100; Cell Signaling
Technology, Beverly, MA), caspase-3 (1:1000; Cell Sig-
naling Technology), cleaved caspase-3 (1:50; Cell Sig-
naling Technology), cytochrome ¢ (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA), cytochrome ¢ oxidase |
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(COX, 1:10,000; Molecular Probes, Eugene, OR), endo-
nuclease G (Endo G; 1:500, Chemicon) and manganese
superoxide dismutase (Mn-SOD; 1:10,000, Stressgen,
Victoria, BC, Canada). The sections were washed in PBS
and then incubated with biotinylated secondary antibod-
ies diluted 1:500 in PBS containing 1% skim milk. The
sections were treated with the VECTASTAIN Elite ABC kit
(Vector Laboratories, Burlingame, CA) according to the
manufacturer's protocol and developed with 0.02% 3,3'-
diaminobenzidine tetrahydrochloride solution containing
0.003% H,0,. After visualization, sections were counter-
stained with hematoxylin. Sections were examined with
an Axioplan2 microscope (Carl Zeiss). Immunohisto-
chemistry was performed in at least three repeated ex-
periments. The relative immunoreactivity for COX, Mn-
SOD, AlF, and Endo G in each layer of mutant mice was
compared with that of wild-type mice and was classified
into no change (—), slight increase (*), mild increase
(+), and marked increase (++).

TUNEL Staining

Apoptotic cells were examined in mice of both genotypes
at PO, P10, 3w, 6w, 8w, and 12w (7 mice in each time
point, for a total of 42 mice) by TUNEL stain using the
Dead-End Fluorimetric TUNEL system kit (Promega,
Madison, WI) according to the manufacturer's instruc-
tions. The sections were examined by using a confocal
laser scanning microscope (Olympus, Tokyo, Japan).
The microphotographs were captured at magnification
X400 (0.066 mm?/each retinal section), positive cells
were counted (Fluoview 2.0; Olympus), and the data
were subjected to statistical analysis.

Electron Microscopic Analysis

3w-old mice of both genotypes (tctal 7 mice) were
deeply anesthetized with 20% chloral hydrate aqueous
solution and perfused with the following fixative: 2%
paraforraldehyde, 2% glutaraldehyde in PBS, or so-
dium cacodylate buffer (pH 7.4). The eyes were re-
moved and postfixed with the same fixative overnight
at 4°C. The posterior segments of eyes were trimmed
and washed with PBS or sodium cacodylate buffer,
incubated in phosphate-buffered 1% osmium tetroxide
for 1 hour, and dehydrated in ethanol and embedded
in Epon 812 resin (TAAB, Berks, UK). Ultrathin sections
(75 nm) were mounted on copper grids and stained
with uranium acetate and lead citrate. The sections
were observed using an H-7000 electron microscope
(Hitachi, Tokyo, Japan). Morphometric analysis of mi-
tochondria was performed by measuring average per-
centage of area occupied by cristae within a mitochon-
drion at the inner segment.

Statistical Analysis

In statistical analysis of thickness of retinal layers and
TUNEL-positive cells, three wild-type and four Uchi3-de-
ficient mice were used in each time point (PO, P10, 3w,

A
wild type Uchl3 -
P10 3w 6w P10 3w 6w
UCH-L3}4
B-actin
UCH-L1
B-actin
B C
UCH-L3 UCH-L1
wild type Uchl3 -1- wild type Uchl3 -1-

Figure 1. Expression of UCH-L1 and UCH-L3 in the retina of wild-type and
Uchi3-deficient mice. A: Western blot analysis of UCH-L3 and UCH-L1 using
whole-eye lysates from wild-type and Uchi3-deficient mice at P10, 3w, and
6w. The immunoreactive band for UCH-L3 is undetectable in Uchi3-deficient
mice. Expression of UCH-L1 is similar between both genotypes. B and C:
Immunohistochemistry for UCH-L3 (B) and UCH-L1 () in wild-type and
Uchi3-deficient mice retinae at 3w. Immunoreactivity of UCH-L3 is found at
the inner segment of the wild-type retina (arrowheads), whereas there is no
significant immunoreactivity in Uchi3-deficient mice (B). UCH-L1 is ex-
pressed at the inner retina in both genotypes. D: Immunohistochemistry of
UCH-L3 at P10, 3w, and 6w in wild-type retinae. UCH-L3 is faintly expressed
in the outer plexiform layer at P10 (arrowheads). Thereafter, immunoreac-
tivity for UCH-L3 is found in inner segment at 3w and 6w (arrowheads). PR,
photoreceptor; OS, outer segment; IS, inner segment; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexi-

§or§n layer; GCL, ganglion cell layer. Scale bars = 50 um (Band €) and 20 wm
D).
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Figure 2. Histopathological changes of postnatal development in wild-type (A) and retinal degeneration of fchi3-deficient mice (B) at PO, P10, 3w, 6w, 8w, and
12w. There is no morphological difference between both genotypes at PO and P10, whereas outer and inner segments, outer nuclear layers, and outer plexiform
layers are progressively degenerated after 3w of age. The illustration indicates a rod photoreceptor cell. VZ, ventricular zone; PR, photoreceptor; OS, outer
segment; 1S, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

H&E staining. Scale bar = 20 pm (A and B).

Bw, 8w, and 12w: for a total of 42 mice). The percentage
of cristae area to whole mitochondrion in ultramicropho-
tographs was measured in 50 mitochondria of each ge-
notype from three wild-type mice and four Uchi3-deficient
mice, and the data were subjected to statistical analysis.
All statistical analyses were carried out by Student’s t-test
using Microsoft Excel.

Results
Expression of UCH-L3 in the Murine Retina

Waestern blotting detected UCH-L3 (~30 kd) in extracts of
eyes from wild-type mice at P10, 3w, and 6w, but the
band was undetectable in Uch/3-deficient mice (Figure

1A). The expression level of UCH-L1 was similar in both
genotypes. There was a tendency that the level of
UCH-L3 decreased with age while the level of UCH-L1
increased with age in wild-type mice of all samples ex-
amined (five blots per antibody). Immunchistochemically,
the cellular distribution of UCH-L3 differed from that of
UCH-L1. UCH-L3 was enriched in the photoreceptor in-
ner segment in wild-type mice at 3w of age (Figure 1B8),
whereas UCH-L1 was expressed in both genotypesin the
inner retina, which consists of the inner nuclear layer,
inner plexiform layer, and ganglion cell layer (Figure 1C).
Localization of UCH-L.3 in the wild-type retina was altered
with age (Figure 1D). Immunoreactivity for UCH-L3 was
not found at PO. UCH-L3 was faintly expressed in the
outer plexiform layer at P10. Thereafter, it was localized to
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inner segment at 3w. The inner segment was less immu-
noreactive for UCH-L3 at 6w, 8w, and 12w, compared
with 3w.

Histopathological Changes of Retinal
Degeneration in the Uchi3-Deficient Mice

Microscopic examination of retinal cross-sections re-
vealed no obvious histopathological changes during
early postnatal development at PO and P10 in the retina of
Uchi3-deficient mice (Figure 2). At 3w of age, the mutant
retina began to degenerate in the inner segment and
ultimately disappeared at 12w (Figures 2B and 3D).
Thickness of the outer segment, outer nuclear layer, and
outer plexiform layer was also significantly decreased in
the mutant mice at 8w of age (Figure 3, C, E, and F).
Despite the conspicuous change in the photoreceptor
cells, the thickness of the mutant inner retina up to 12w of
age was not altered compared with that of the wild-type
(Figure 3, G~I).

Ultrastructurally, vacuolar changes were found in the
inner segment of Uchi3-deficient mice at 3w of age (Fig-
ure 4). Mitochondria at the inner segment of mutant mice
were slightly swollen. Groups of small round-to-oval
structures were observed in the degenerated inner seg-
ment (Figure 4D), and these structures were considered
to be the cross-sections of cell processes. Chromatin
condensation in photoreceptor nuclei was sometimes
seen in the outer nuclear layer at 3w (Figure 4F). Mor-
phometric analysis showed that the percentage of cristae
area to whole area of mitochondrion in the inner segment
of Uchi3-deficient mice was significantly lower than that of
wild-type mice (Figure 4, G and H).

Altered Expressions of Apoptosis-Related
Proteins in the Degenerated Retina

Apoptotic cells in the retinal cross-sections were identi-
fied using the TUNEL staining. TUNEL-positive cells were
identified in the ventricular zone at PO and inner nuclear
layer at P10 of both genotypes during the developmental
period (Figure 5, A and C). The number of TUNEL-posi-
tive cells slightly increased in the inner nuclear layer at
P10. After 3w of age, TUNEL-positive cells of mutant
retina significantly increased at the outer nuclear layer of
the mutant retina at 3w, 8w, and 8w (Figure 5, A and D).

To determine which apoptotic pathway was activated
in Uchi3-deficient mice, we examined immunoreactivities
of apoptosis-related proteins. Expression of cytochrome
¢, caspase-3, and cleaved caspase-3 and caspase-1,
essential molecules for the caspase-dependent pathway,
were unchanged in both genotypes (Figure 6A), whereas
oxidative stress markers, COX and Mn-SOD as well as
AlF and Endo G, indicators of the caspase-independent
pathway, were altered in the mutant retina (Figure 6B8).

Chronological changes in expression of markers for oxi-

dative stress and caspase-independent apoptosis at PO,
P10, 3w, 6w, 8w, and 12w are shown in Table 1. The
immunoreactivity of COX was increased in the inner seg-
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Figure 3. Chronological changes of retinal degeneration as assessed by
thickness of each layer at different ages in wild-type and Uchi3-deficient
mice. A: Total retinal thickness is progressively decreased after 3w of age. B:
Thickness of ventricular zone at PO and photoreceptor layer at P10 shows no
significant changes between both genotypes. C-F: Thickness of outer retinal
layers in wild-type and Uchi3-deficient mice at different ages. The earliest
change is revealed at 3w of age in inner segment of mutant retina (D).
Thickness of outer segment (C), outer nuclear layer (E), and outer plexiform
layer (F) in Uchl3-deficient mice is significantly decreased with age com-
pared with that in the wild-type. G-I: Thickness of inner retinal layers in
wild-type and Uchi3-deficient mice at different ages. Thickness of inner
nuclear layer (G), inner plexiform layer (H), and ganglion cell layer (I) are
unchanged between both genotypes. Each value represents the mean = SE
(*P < 0.05; **P < 0.01). In all panels, the white bars represent the thickness
in wild-type mice and the black bars represent the thickness in Uchi3-
deficient mice. VZ, ventricular zone; PR, photoreceptor; OS, outer segment;
1S, inner segment; ONL, outer nuclear fayer; OPL, outer plexiform layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

ment at 3w and Bw. Mn-SOD was mildly increased in the
inner segment at 3w, 6w, and 8w. Although AIF was
enriched in the inner segment of Uchi3-deficient mice at
3w and 6w, nuclear labeling of AlF was not observed. On
the other hand, Endo G was localized to the nuclei of the
outer nuclear layer of the mutant retina at 3w and 6w.
Expression of Endo G was slightly increased in the outer
plexiform layer, inner nuclear layer, and inner plexiform
layer of Uchl3-deficient mice after 3w of age (Table 1).
Thus, degeneration of photoreceptor cells in Uchl3-defi-
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Figure 4. Ultrastructure of the outer retina in wild-type (4, C, and E) and Uchi3-deficient mice (B, D, and F) at 3w of age. A and B: Inner segment of mutant
retina is shrunken associated with vacuolar changes (arrowheads in B). Arrows in A and B indicate outer limiting membrane. C and D: Subsets of mitochondria
at the inner segment in Uchi3-deficient mice are swollen with decreased cristae (arrowheads in D) compared with that of wild-type (arrowheads in C). Groups
of small round-to-oval shaped structures are occasionally seen in degenerated inner segment (white arrows in D). E and F: Outer nuclear layer of wild-type (E)
and Uchi3-deficient (F) mice. Chromatin condensation of photoreceptor cells is observed in mutant mice (F). G and H: Morphometric analysis of mitochondria
was performed with the percentage of cristae area (G; red) against mitochondrial area (1 = 50 for each genotype). Cristae area in the inner segment is significantly
decreased in mutant retina (H, —/—, black bar) compared with that in wild-type (H, WT, white bar). Each value represents the mean * SE (**P < 0.01). OS,
outer segment; IS, inner segment; ONL, outer nuclear layer. Scale bars = 1 pm (A and B), 500 nm (C and D), and 1 pm (E and F).
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Figure 5. TUNEL analysis in wild-type and
Uchi3-deficient mice at different ages. A:
TUNEL staining in fluorescent microscopy
shows that TUNEL-positive cells (green) are
observed at the ventricular zone at PO as well
as at the inner nuclear layer at P10 in both
genotypes. After 3w of age, TUNEL-positive
cells are found in the outer nuclear layer in
Uchi3-deficient mice. All sections are counter-
stained with propidium iodide (red). B-D:
Number of TUNEL-positive cells in mutant
mice (Uchl3™~; black basg) is significantly
increased compared with those in wild-type
(wild-type; white bar) at P10, 3w, 6w, and
8w (B). Increased number of TUNEL-positive
cells in mutant mice at P10 correspond to
apopiosis in the inner nuclear layer (C),
whereas that in 3w, 6w, and 8w is reflected to
apoptosis in the outer nuclear layer (D). VZ,
ventricular zone; OS, outer segment; IS, inner
segment; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL,

Total C INL D ONL
800 [Ere yee] 600
50.0 50.0
40.0 = 400
30.0 30.0
200 200
100 M - 100
0.0 A= _Hm BN e o 0.0 = = Y - s oz
PO P10 3w 6w 8w 12w P10 3w 6w 8w 12w P10 3w 6w 8w 12w

cient mice may be due to caspase-independent apopto-
tic pathway (Figure 7). Ubiquitin and Nedd-8, which are
considered to be associated with UCH-L3 in vitro,"*"®
were expressed in the inner retina of both genotypes in a
similar pattern as UCH-L1 (data not shown).

Discussion

This study demonstrates the unique localization of
UCH-L3 to the photoreceptor inner segment that is abun-
dantly populated with mitochondria after 3w of age in
wild-type mice. The following features were found with
regard to retinal degeneration in Uchi3-deficient mice.
The retina showed no obvious morphological abnormal-
ities during early postnatal development; however, pro-
gressive retinal degeneration was observed after 3w of
age. The inner segment was originally perturbated with
ultrastructural changes of mitochondria and increased
expressions of markers for oxidative stress. The caspase-
independent pathway was implicated during photore-
ceptor cell apoptosis. Thus, UCH-L3 may have a role in
preventing mitochondrial oxidative stress-related apopto-
sis in photoreceptor cells.

Differential Localization of UCH-L1 and UCH-L3
in Murine Retina

The cellular distribution of UCH-L3 has not been studied
except in the testis and epididymis, where UCH-L1 and
UCH-L3 have distinct expression patterns.®® In the
present study, we found that UCH-L3 was enriched in the
photoreceptor inner segment after 3w of age, whereas

inner plexiform layer; GCL, ganglion cell
layer. Scale bar = 20 um (A). Each value in
B-D represents the mean * SE (*P < 0.05;
=P < 0.01.

UCH-L1 was widely expressed in the inner retina. Photo-
receptor cells are highly differentiated, and each seg-
ment has specific morphology and function; eg, inner
segment contains abundant mitochondria,?” and its oxy-
gen consumnption is considered to be high.?® Meanwhile,
expression of UCH-L1 at the inner retina was associated
with that of ubiquitin and Nedd-8. Although in vitro studies
indicate that UCH-L3 has de-neddylation activity,’*
UCH-L1 may be responsible for regulating expression
level of ubiquitin and ubiquitin-like protein Nedd-8 in the
retina. Because UCH-L1 expression in the retina was not
altered in Uchi3-deficient mice, the function of UCH-L3
may not be compensated by UCH-L1. Our results indi-
cate that UCH-L3 and UCH-L1 differ with regard to their
localization and function in retina.

Mechanism of Photoreceptor Cell Death in the
Uchi3-Deficient Mice

In our result, retinal apoptosis in Uchi3-deficient mice
consisted of two different phases, during retinal develop-
ment and after development. During the early postnatal
development at P10, TUNEL-positive cells were ob-
served in the inner nuclear layer of both genotypes, and
the physiological apoptosis was slightly enhanced in the
mutant retina. Because UCH-L3 was faintly expressed in
the outer plexiform layer at P10 in wild-type mice,
UCH-L3 may function during development. In the retinal
development, the number of bipolar and Muller cell
deaths reaches a peak at the postnatal days 8 to 11,
which is associated with differentiation of the retina in
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Figure 6. Immunohistochemical analysis of apoptosis- and oxidative stress-
related molecules at 3w of age in wild-type and Uchi3-deficient mice. A:
Expression of molecules relevant to the caspase-dependent pathway, includ-
ing cytochrome ¢ (Cyto C), caspase-3, cleaved caspase-3, and caspase-1, is
unchanged between both genotypes. B: Increased immunoreactivities for
oxidative stress markers, COX, Mn-SOD, and AIF, are observed in the inner
segment of Uchi3-deficient mice (arrows). Translocation of Endo G to nuclei
is found in the outer nuclear layer of {/chi3-deficient mice (inset in B). OS,
outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer. Scale bars = 50 um (A and B); 10 um (inset in B).

mice.?® Therefore, loss of UCH-L3 may mildly promote
the cell death of these cells.

After 3w of age, prominent and progressive photo-
receptor cell apoptosis was disclosed in the outer nu-
clear layer of Uchi3-deficient mice. Under pathological
conditions, several apoptotic pathways have been
suggested in experimental retinal degeneration.
Caspase-1 is predominantly associated with photore-
ceptor cell apoptosis in retinal degeneration of isch-
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emia-reperfusion.®® Light-induced retinal degeneration
activates the parallel cascades, caspase-12° and
caspase-independent apoptosis.?’ Oxidative stress
leads to caspase-independent apoptosis in cultured
cells.®" Our results indicated that a caspase-indepen-
dent pathway was activated during photoreceptor cell
apoptosis in Uchi3-deficient mice, because immuno-
histochemical analysis revealed that activated
caspase-3 and caspase-1 were not expressed in the
degenerated retina. In addition, Endo G, a protein
involved in the caspase-independent pathway, was
expressed in the nuclei of the outer nuclear layer in
Uchi3-deficient mice. Endo G is a mitochondria-spe-
cific nuclease that translocates to nuclei and serves as
the DNase during a caspase-independent apoptosis.®2
Therefore, Endo G may be responsible for the DNA
degradation that occurs during apoptosis in Uchi3-
deficient mice. Expression of Endo G was slightly in-
creased in the outer plexiform layer, inner nuclear
layer, and inner plexiform layer of the Uchi3-deficient
mice after 3w of age despite no significant UCH-L3
immunoreactivities in these layers. This result may re-
flect trans-synaptic secondary neuronal degeneration
or glial changes of Muller cells.

AlF, another factor involved in caspase-independent
apoptosis, was enriched in the inner segment; however,
we did not observe translocation to nuclei for this protein.
AlF is a mitochondrial flavoprotein that is a free radical
scavenger of healthy celis.®3 During apoptotic induction,
AlF translocates from mitochondria to nuclei.2334 {t func-
tions as a caspase-independent and PARP-1-dependent
death effector that induces chromatin condensation and
large-scale DNA fragmentation.®® In our study, expres-
sion of AlF at the inner segment was associated with
increased immunoreactivities of the oxidative stress
markers, COX and Mn-SOD. Although it is unknown why
AlF did not translocate to nuclei in the degenerated ret-
ina, increased immunoreactivity for AlF in the inner seg-
ment may indicate a reaction to oxidative stress. Because
mouse eyes open 12 to 13 days after birth, light-induced
oxidative stress may affect photoreceptor cell apoptosis
in Uchi3-deficient mice after development. On the other
hand, the retinal oxygen consumption increases under
dark-adapted condition in the cat retina.?®%® it may be
interesting to study whether constant light or constant
dark has any effect on the development of retinal degen-
eration in the Uchi3-deficient mice.

Uchi3-Deficient Mice as a Model of Retinal
Degeneration with Mitochondrial Impairment

Apoptosis during retinal degeneration is observed in in-
herited diseases such as retinitis pigmentosa as well as
in retinal diseases induced by a variety of stimuli, includ-
ing hypoxia and oxidative stresses.®”®® Several geneti-
cally engineered animal models of retinitis pigmentosa
have been extensively investigated, including the RCS rat
and rd mice. Retinal degeneration in the RCS rat was
criginally identified as an impairment of phagocytosis by
pigmented epithelium due to mutation of receptor ty-
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Table 1.

Chronological Changes in Expression of Markers for Oxidative Stress and Caspase-Independent Apoptosis
COX Mn-SOD AlF Endo G

PO P10 3w 6w 8w 12w PO P10 3w 6w 8w 12w PO P10 3w 6w 8w 12w PO P10 3w 6w 8wi2w
vZr - - - -
PR - - - -
(O} - - nd nd - = nd nd - - nd nd - - nd nd
(5] + + - nd + + + nd ++ + - nd - - - nd
ONL - - - - - - - - - = - - - - - R S L
OoPL - - - - - - - - - - - - - - = - z  x = =
INL - - - - - - - - - - - - - - - - = xS - -
PL - - - = - = = = - = = = = &= = = = = = = - - * =
Gt - - - - - = = = - = - - - = - - = = = = - - - -

*VZ, ventricular zone; PR, photoreceptor; OS,
nuclear layer; IPL, inner plexiform layer; GCL, ganglicn cell layer.

outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner

—, no change; =, slight increase; +, mild increase; and +-+, marked increase of immunoreactivity compared to that of wild type.

nd, not determined due to atrophic change.
SNuclear staining.

rosine kinase (Mertk) with subsequent photoreceptor cell
death occurring in a caspase-1- and -2-dependent man-
ner.3%-%2 rd mice have a recessive mutation in the rod
cGMP phosphodiesterase g-subunit, and photoreceptor
apoptosis occurs via a caspase-dependent mecha-
nism.*>4* Thus, these animal models of retinitis pigmen-
tosa differ from Uch/3-deficient mice with regard to the
mechanism of retinal degeneration.

The relationship between retinal degeneration and mi-
tochaondrial dysfunction has not been well studied except
in Harlequin mice, which contain a mutation of AlF and
exhibit progressive retinal degeneration.*® We consider
that the degeneration induced in the Uchi3-deficient mice
is associated with mitochondrial dysfunction, because
mitochondria in the inner segment of mutant retina exhib-
ited morphological changes such as decreased cristae
area. Uchi3-deficient mice reveal not only retinal degen-
eration but also muscle degeneration and mild growth

Mitochondria

37

Caspase-dependent
Pathway

aspase-independent
Pathway

Nucleus

Figure 7. Function of UCH-L3 in apoptosis during retinal degeneration.
Mitochondrial apoptosis is classified into caspase-dependent and caspase-
independent pathways. Loss of UCH-L3 leads to oxidative stress-induced
mitochondrial damage that causes translocation of Endo G from mitochon-
dria to nuclei, resulting in caspase-independent apoptosis. Red arrows are
considered to be activated in Uchi3-deficient mice.

retardation,’ and thus the lack of UCH-L3 may affect
general organs containing abundant mitochondria. Sub-
types of mitochondrial diseases, such as chronic pro-
gressive external ophthalmoplegia and Kearns-Sayre
syndrome, are caused by various mitochondrial DNA
deletions and observed progressive ophthalmoplegia as
well as retinitis pigmentosa.*®4” Because UCH-L3 is pre-
dicted to be involved in the maintenance of mitochondrial
function, Uchi3-deficient mice may be a model of disease
that arises from mitochondrial impairment. Further stud-
ies are necessary to clarify the molecular mechanisms
underlying retinal degeneration, as well as other organs
in these animals.
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