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Table 1a {continued)
GenBank ID slt—Averape slr—S.D. Gene-information

Others and non-classified (21)
X02801 1 0.53
D85785 0.92 0.07

glial fibrillary acidic protein
protein tyrosine phosphatase,
non-receptor type substrate ]
ATPase, aminophospholipid
transporter (APLT), class 1,
type 8A, member 1
testis-specific protein,
Y-encoded-like

similar to S-adenosylmethionine
synthetase gamroa form
(Methionine adenosyltransferase)
(AdoMet synthetase) (MAT-II)
beta-1,3-glucuronyltransferase 3
(glucuronosyltransferase I)
ZAP3 protein

u7s32l 0.72 0.32

AF042180 0.67 0.17

AWI124835 059 0.05

AlB35481 0.57 0.15

AB033168 0.56 0.23

Us1167 0.56 0.03 isocitrate dehydrogenase 2
{NADP+), mitochondrial

X66091 0.54 0.08 M. musculus ASFE mRNA

AW212859 -0.53 0.12 axotrophin

Alg43662 ~0.53 0.2 stromal membrane-associated
protein

AW046672 —-0.53 0.08 DNA segment, Chr 11, ERATO
Doi 603, expressed

L00993 —0.53 0.13 Sjogren syndrome antigen B

AW124329 —-0.54 0.14 RIKEN cDNA 4921531G14 gene

Al844469 —0.56 0.13 RIKEN cDNA 0610012D09 gene

M34896 —-0.56 0.14 ecotropic viral integration site 2

U95498 -0.67 0.22 ALLI1-fused gene from

chromosome 1q

of zero would indicate no change. Categorization was based
on the NetAffx database (http:/Awww.NetAffx.com) [22].
For unsupervised, hierarchical cluster analysis, the Genesis
software was used [39).

3. Results

In order to gain insight into the complex expression
pattern of mice with a disturbed protein degradation path-
way, microarrays representing 12,000 genes were hybrid-
ized with labelled RNA isclated from whole brain tissue of
3-month-old male gad mice and compared to two wildtype
littermates of the same age. Thus, six comparisons of the
expression pattern were achieved. The complete raw data set
is publicly available and can be requested directly from the
authors. We called a gene (a) stringent differentially regu-
lated when at least six of the six comparisons revealed
similar results or (b) moderate differentially regulated when
five of six comparisons showed similar results. For both
stringencies, genes with an expression difference of at least
1.4-fold (Signal Log Ratio of 0.5) between gad and wildtype
mice were considered as significant.

The criteria for stringent differentially regulated genes
(Table la} were fulfilled by 76 genes with known or
putative function and by four ESTs with unknown func-
tion. Fifty seven of the genes were up-regulated, whereas

Table 1b
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List of moderate differentially regulated genes

GenBank ID slr—Average slr—3.D. Gene-information

RNA-metabolism (4)

AATI1T42

AA690583

193050
AlB43586

1.09

0.837

0.77
0.72

0.28

0.34

043
0.21

Vesicle-transport-proteins (4)

U60150

AB(025218
D12713
U91933

038

071
0.68

0.64

0.24

0.11
0.15
0.3

Cellular structure proteins (6)

AF067180 1
Us1204 0.6
AB023656 0.6
M21041 0.73
X61399 0.69
M18775 -0.69
Channel-proteins (10)
X78874 0.81
X16645 0.74
43892 0.7
U14419 0.67
Y17393 0.66
U16959 0.65
D10028 0.55
D50032 0.51
U73625 0.51
Defense (3)
X06454 0.73
AW050268  0.64
X66295 0.53

Liptd-metabolism (3)

M91458 -0.53
ABO017026 -~ 0.54
AlB45798 -06
Ca-metabolism (2)
X87142 0.83
AlB42328 0.82

Growth factors (2)

U42384
X55573

- 0.65
-0.73

0.16
0.19
0.21
0.21
0.4

0.22

0.19
0.28
0.16
0.14
0.24
0.15
0.2

0.2
0.11

0.24

0.19
0.11

0.7

0.1
0.35
0.33
0.58

0.25
0.23

ARP?2 actin-related protein 2
homolog (yeast)

splicing factor proline/glutamine
tich (polypyrimidine tract binding
protein associated)

poly(A) binding protein, nuclear 1
splicing factor, arginine/serine rich
9 (25 kDa)

vesicle-associated membrane
protein 2

coated vesicle membrane protein
SEC23A (S. cerevisiae)
adaptor-related protein complex
AP-3, sigma 2 subunit

kinesin family member 5C
expressed sequence AI790651
kinesin heavy chain member 1B
microtubule-associated protein 2
MARCKS-like protein
microtubule-associated protein tau

chloride channel 3

ATPase, Na+/K+ transporting, beta
2 polypeptide )
ATP-binding cassette, subfamily

B (MDR/TAP), member 7
gamma-aminobutyric acid
{GABA-A) receptor, subunit beta 2
prefoldin 2

FK506 binding protein 5 (51 kDa)
glutamate receptor, ionotropic,
NMDAL {zeta 1)

trans-golgi network protein 2
transient receptor potential cation
channel, subfamily C, member 1

complement component 4
(within H-28)

HLA-B associated transcript 2
complement component 1,

q subcomponent, ¢ polypeptide

sterol carrier protein 2, liver
oxysterol binding protein-like 1A
RIKEN ¢DNA 2310004B05 gene

calcium/calmodulin-dependent
protein kinase II alpha
calmodulin 3

fibroblast growth factor inducible 15
brain-derived neurotrophic factor

(continued on next page)
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Table 1b (contirued)

GenBank ID slr—Average sir—8.D. Gene-information

GenBank ID slr—Average sl—8.D. Gene-information

Chromatin-structure (2}

M25773 07
AATI4509 0.64
Chaperones (2)
D35904 —0.56
M20567 0.97

Signal transduction (25)

Us50413 1.53
AFQ077660 1.26
AF022992 1.04
Al838022 0.89
M#63659 0.88
U29055 0.77
AlB49333 0.75
X84239 .74
AWI25157 0.7

ABOO5S654 0.7

Al645561 0.69
M97516 0.69
AAB22412 068
AF001871 0.66
AA982714 064
AF054623 0.62
D87902 0.62
AF014371 0.61
Al450876 0.59
AJO01418 0.57
L25674 0.56
Alg40130 =056
AV280750 -0.56
U20238 —~0.56
AV370035 —0.73

Protein degradation (12)
AWI125300  1.18

L21768 0.83

0.33

027

0.16
0.31

0.92

0.23
0.13
0.31
0.46
0.32
0.17
0.14

0.1

0.14

0.28
0.11
0.27
0.13

0.36
0.17
0.17
0.18

0.17

0.1

0.19
0.15
0.14

0.12
0.23

035

0.13

SWI/SNF related, matrix associated,
actin-dependent regulator of
chromatin, subfamily d, member 1
SWUI/SNE-related, matrix-associated,
actin-dependent regulator of
chromatin, subfamily a, mermber 5

heat shock 70 kDa protein 4
heat shock protein, 70 kDa 2

phosphatidylinositol 3-kinase,
regulatory subunit, polypeptide 1
{p85 alpha)

homeodomain interacting protein
kinase 3

period homolog 1 (Drosophila)
ADP-ribosylation factor 3

guanine nucleotide binding protein,
alpha 12

guanine nucleotide binding protein,
beta 1

cercbellar postnatal development
protein 1

RABSB, member RAS oncogene
family

F-box and WD-40 domain

protein 1B

mitogen-activated protein kinase
kinase 7

NMDA receptor-regulated gene 1

RIKEN cDNA 2610313E07 gene
pleckstrin homology, Sec7 and
coiled/coil domains 3

adrenergic receptor kinase, beta 1
frizzled homolog 1, (Drosophila)
ADP-ribosylation factor 5

ras homolog gene family,

member A2

Mus musculus, similar to

pyridoxal kinase, clone MGC:29261
IMAGE:5064695, mRNA,
comnplete cds

pyruvate dehydrogenase kinase,
isoenzyme 4

nuclear receptor subfamily 2, group
F, member 6

Protein degradation (12)

AIB53269

X5734%
M97216

AW050342
AlB49361
AIB38853
AlB39363
AlB46787

AlB42835
AIB39225

Membran-transport (5)

AF064748

M22998

AB035174

M75135

AIB43448

0.66

0.65
0.59

0.5
-0.54
-0.59
- 0.65
-0.67
-0
-0.86

1.56

1.13

1.03

0.89

0.84

0.27

0.11
0.28

0.09
0.12
0.08
0.17
0.22
0.09
0.17
0.7

0.27

0.48

032

0.36

Transcription-regulation (22)

M36514
AB021491

M88299
Mé61007

M62362
AF(15881
AIB50638
U47543
AF064553
AF(84480

X61800

Src activating and signaling molecule

mitogen-activated protein kinase 10
RAS p21 protein activator 3
chemokine {C-C) receptor §

ESTs, weakly similar io ubiquitin
specific protease 8; putative
deubiquitinating enzyme

[Mus musculus] [M, musulus]
epidermal growth factor receptor
pathway substrate 15

X72310
L10426
D38045
u16322
U07861
AF(034745
267147
AIB43959
AI957030
Al851230
X94127

1.19
0.92

1.1
0.96

0.81

0.73
0.65
0.62
058

0.54

0.51

-0.5

—~0.52
~0.55
-0.56
—0.59
- 0.63
—0.65
-0.66
-0.66
-0.76
-0.94

0.26
0.32

0.5
0.23

0.04

0.13
0.13
0.23
0.25

0.19

0.14

0.18
024
0.19
0.1

0.15
0.17
0.13
0.25
033
0.12
0.14

proteasome (prosome, macropain)
subunit, beta type 2

transferrin receptor

amyloid beta (A4) precursor-like
protein 2

ubiquitin specific protease 21
RIKEN ¢DNA 1700056017 gene
ubiquitin carboxyl-terminal
esterase LS

eukaryotic translation initiation
factor 3, subunit § 48-kDa
Vhih-interacting deubiquitinating
enzyme 1

RIKEN cDNA 1500004006 gene
lewcine aminopeptidase 3

plasma membrane associated
protein, 8312

solute carrier family 2 (facilitated
glucose transpotter), member 1
sialytransferase 7
{(alpha-N-acetylneuraminyl
2,3-betagalactosyl-1,3)-N-acetyl
galactosaminide alpha-2,
6-sialytmnsferase) F

solute carrier family 2
(facilitated glucose transporier),
mernber 3

microsomal glutathione
S-transferase 3

zine finger protein 26
staphylococcal nuclease domain
containing 1

CCAAT/enhancer binding protein
(C/EBP), beta

CCAAT/enhancer binding protein
(C/EBP), alpha

thyrotroph embryonic factor
Ngfi-A binding protein 2

nuclear receptor-binding
SET-dotuain protein 1
bromodomain adjacent to zinc
finger domain, 1B
CCAAT/enhancer binding protein
(C/EBP), delta

transcription factor Dp 1

ets varant gene 1

topoisomerase (DNA) II beta
transcription factor 4

zine finger protein 101

ligand of numb-protein X 1

zine finger protein 62

RIKEN ¢DNA 5730403B10 gene
RIKEN ¢DNA 2310001HI12 gene
RIKEN ¢DNA 2310035M22 gene
SRY-box containing gene 2
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Table b {continued)

Table 1b (continued)

GenBank ID slr—Avermage sir—S.D. Gene-information

GenBank ID slr—Average sle—8.D. Gene-information

Others and non-classified (44)
AlS51703 1.31 047
AW227650  1.25 0.26
AlI877157 1.21 041

expressed sequence AW049671
RIKEN cDNA 0610038P07 gene
transmembrane 4 superfamily
member 9
3-monooxgenase/tryptophan
S-monooxgenase activation
protein, gamma polypeptide

AF058799 1.14 031

X02801 1 0.53 glial fibrillary acidic protein

D85785 0.92 0.07 protein tyrosine phosphatase,
non-receptor type substrate 1

M923310 0.86 0.76 metallothionein 3

Us2824 0.81 0.17 tubby

Al646638 0.79 0.15 Mous musculus, clone MGC:37615
IMAGE:4989784, mRNA,
complete cds

formin-like

RIKEN cDNA 0610038P07 gene
ATPase, aminophospholipid
transporter (APLT), class [,

type SA, mercber 1

contactin associated protein 1
testis-specific protein,

AF006466 0.79 0.03
AW227650 077 0.22
uU7s321 0.72 0.32

AF039833 0.69 039
AF042180 0.67 0.17

Y-encoded.-like
U62673 0.62 0.12
AlB49718 0.6 02 RIKEN ¢DNA 1500010824 gene
AA414964 0.6 02 ESTs, Weakly similar to

ATY1_MOUSE Probable cation-
transporting ATPase 1 [M. musulus)
similar to S-adenosylmethionine
synthetase gamma form
{Methicnine adenosyltransferase}
{AdoMet synthetase) (MAT-II}
peplidoglycan recognition protein
beta-1,3-glucuronyltransferase 3
(glucuronosyltransferase I)

ZAP3 protein

isocitrate dehydrogenase 2
(NADP+), mitochondrial
expressed sequence AA408278

AWI124835 0.59 0.05

AF076482 0.57 0.17
Al835481 0.57 0.15

ABQ33168  0.56 0.23
Us1167 0.56 0.03

AWi24101 055 0.08

X66091 0.54 0.08 M. musculus ASF mRNA

Ul1075 0.54 0.13 potassium inwardly-rectifying
channel, subfamily I, member 4

D004T2 0.51 0.15 cofilin 1, non-muscle

AJO06587 0.5 0.16 eukaryotic translation initiation
factor 2, subunit 3, structural
gene X-linked

AW048159 0.5 0.1 RIKEN ¢DNA 1200017E04 gene

AW212859 —0.53 0.12 axotrophin

Al843662 —0.53 0.2 stromal membrane-associated
protein

AWD46672 —0.53 0.08 DNA segment, Chr 11, ERATO
Doi 603, expressed
Sjogren syndrome antigen B
protein-L-isoaspartate (D-aspariate)
O-methyltransferase |
AW124329 —0.54 0.14 RIXEN ¢DNA 4921531G14 gene
AAB39379 -0.55 0.14 RIXEN cDNA 2610002J02 gene
AlIS04338 -0.56 0.2 ESTs
AlIB44469 —0.56 0.13 RIKEN ¢DNA 0610012D09 gene
M34896 -0.56 0.14 ecotropic viral integration site 2
U834 ~0.57 0.22 gene trap ROSA 26, Philippe
Soriano

100993 —-0.53 0.13
AWI124044 —0.53 0.06

Others and non-classified (44)
Al853444  —0.59 0.22
AAG623587 -0.6 0.1

U95498 -0.67 0.22

RIKEN cDNA 2610042104 gene
expressed sequence AAS36743
ALL1-fused gene from
chromosome 1q

23 genes were down-regulated in the gad mice. These
genes can be grouped according to their function (Table
1a) into RNA metabolism (3 up- and 0 down-regulated, 3/
0), vesicle transport (3/0), proteins of the cell structure (3/
1), channel proteins (4/0), calcium metabolism (2/0),
growth factors (0/1), chaperones (1/0), signal transduction
(11/2), membrane transport (4/0), transcription regulation
(7/5), and others or unknown function (13/8). Nearly no
gene of the immune-related proteins was found to be
differentially regulated (2/0).

The criteria for moderate regulated genes were fulfilled by
134 genes with known or putative function and 12 ESTs
without known function. A total of 103 of the genes were up-
regulated, whereas 43 genes were down-regulated in the gad
mice. These genes can be grouped according to their function
(Table 1b) into RNA metabolism (4 up- and 0 down-
regulated, 4/0), vesicle transport (4/0), proteins of the cell
structure (5/1), defense (3/0), channel proteins (10/0), Lipid
metaboelisms (0/3), calcium metabolism (2/0), growth factors
(0/2), chromatin structure (2/0), chaperones (1/1), signal
transduction (21/4), membrane transport (5/0), transcription
regulation (11/11), and others or unknown function (30/14).

Of the protein degradation pathway, six genes were
down-regulated and another four genes were found to be
up-regulated (Table 1a). Qur first hypothesis that genes of
the UCH gene family might compensate for the lack of
UCH-L1 function was not confirmed. In contrast, UCH-L5
was found to be down-regulated.

At a first look, UCH-L1 was not differentially expressed.
The reduction of the signal by the deletion of exons 7 and
8 is too weak for a change call of the Affymetrix software.
However, the appropriate oligos show the absence of the
corresponding RNA regions (data not shown).

An unsupervised, hierarchical cluster algorithm allowed
us to cluster the five analyzed brains on the basis of their
similarities measured over these 146 significant regulated
genes from Table 1b (Fig. 1). In the dendrogram shown in
Fig. 1 (left and top), the length and the subdivision of the
branches display the relatedness of the brains (top) and the
expression of the genes (lefl). Two distinct groups of brains
(3 KO and 2 wt brains) and two groups of genes are shown.

4. Discussion

Ubiquitin has been implicated in numerous processes of
the cell including cell-cycle control, receptor function,
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Fig. 1. Unsupetvised two-dimensional cluster analysis of transcript ratios for the five mice brains (3 KO and 2 wt brains). There were 146 significant genes
across the group. Each row represents a single gene and each column one brain. As shown in the colour bar, red indicates up-regulation, green down-regulation,

black no change, and grey no data available.

signalling pathways, antigen presentation, degradation of
proteins, and regulation of transcription. Analogous to
these functions, alteration of the ubiquitin pathway will
affect several of these pathways which may not be iden-
tifiable by single gene analysis. To investigate the complex
network of gene regulation, we analyzed the expression
patten of 12,000 genes in 3-month-old male Uch-11
deficient (gad) mice. This age was described to present
the progressive phase of the disease [13]. The mutant mice
used for this study showed sensory ataxia and motor

paresis. Significant expression changes were found in more
then 146 genes (Tables la and b). As expected, these
genes are involved in several pathways of protein degra-
daticn, transcription regulation, vesicle and membrane
transport, and signal transduction.

The gene most significantly down-regulated in the gad
mice was Sox2 also known as SRY-box containing gene 2
(Signal log matio —0.94, 8.D. 0.14). Mutations of SOX2
cause anophthalmia in humans [9). In mice, inactivation of
Sox2 suggested a role in embryonal implantation {1]. SOX2
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has been implicated in the regulation of Fgf4 expression [1].
In our experiments, we found no indication for a differential
regulation of Fgf4, however, the inducible Fgfl5 was down-
regulated in gad mice (- 0.65, S.D. 0.25) suggesting a role
of Sox2 in Fgfl5 expression and indicating a complex
expression regulation mechanism of the Fgf gene family.
Fgfs have been defined as regulators of the central nervous
development and function (reviewed in Ref. [7]). However,
the functional implication of a down-regulation of Fgfl$5 in
mice has not been explored yet. Therefore, gad mice might
suit as a model to study Fgfl5 in more detail. Cofactors of
Sox2 are totally unknown. One could speculate that tran-
scription factors acting partially synergistic with Sox2 might
- be up-regulated in gad mice. In fact, we found several up-
regulated transcription factors such as the eukaryotic trans-
latien initiation factor 2 (0.5, §.D. 0.16), the zinc finger
protein 26 (1.19, S.D. 0.26), and CCAAT/enhancer binding
protein (0.96, S.D. 0.23), respectively. Most convincingly,
mRNAs of the alpha, beta, and delta subunits of the
CCAAT/enhancer binding protein (C/EBP) were increased,
respectively. Fig. 2 shows the central role of C/EBP. More
than 20 adjusted genes can be implemented on a coherent
biochemical network. For example, C/EBPs provide another
link to the above-mentioned Fgf expression changes as a C/
EBP site is an important regulatory element for FGF-
binding protein activity [14]}. Early changes of expression
of C/EBP beta were also observed in other neurodegener-
ative diseases [21]. Most interestingly, only the inhibitery
gamma and zeta subunits of C/EBP but not the positively
functioning beta subunit have been found to be multi-
ubiquinated and degraded by the proteasome [11]. We also
found mRNA encoding the homeodomain interacting pro-
tein kinase 3 (HIPK3) to be up-regulated (1.26, S.D. 0.23).
HIPK3 belongs to a family of co-repressors that potentiate
the transcriptional activities of homeoproteins [16]. In gad

Rho/ras ¢
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\Erkﬂ‘z o

C/EBP t +— ETSh—- ELK1I
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Hlm?

mice, we found the homeobox gene containing transcription
factor paired box gene 6 down-regulated (—0.44, S.D.
0.12). However, whether interaction of HIPK3 to the paired
box gene 6 or other transcription factors as Sox2 is part of
transcription activation has not been shown yet. Interesting-
ly though, mutations in the paired box gene 6 causes eye
diseases as mutations in Sox 2 [9]. How UCH-LI is
implicated in this process needs to be defined. For gad
mice, however, abnormal eye development has not been
described. It is likely that complete loss of function but no
small alterations of the expression levels of these genes lead
to the described developmental alterations. In gad mice,
several other transduction pathways seem to be altered
including the phosphatidylinositol 3 kinase (PI3K) pathway
which is also linked to C/EBP. Specifically, the p85 alpha
subunit of PI3K was found to be up-regulated (1.53; S.D.
0.92) (Fig. 2).

Besides the above-mentioned reduction of fgfl5 mRNA,
the brain-derived neurotrophic factor (BDNF) is also re-
duced in gad mice (—0.73, 5.D. 0.23). BDNF has been
reported to act on motor neurons {12] and to stimulate
developmental neuro-muscular synapses [24). Although
BDNF reduction has not been reported yet in gad mice,
one of us found significantly reduced NGF levels primarily
in the spinal cord but not in the brain [29]. It has to be
mentioned that spinal cord was not analyzed in our Chip
analyses. However, in gad mice, decreased muscle weight
has been observed with age which could be caused by the
reduced BDNF and/or fgfl5 levels, respectively. Although
the function of another trophin, axotrophin, needs still to be
explored, a reduction (—0.,53, S.D. 0.12) of this factor
implicates its significance in neurcnal survival. In agree-
ment with this hypothesis, Haendel and colleagues found
neurcnal degeneration in axotrophin-deficient mice (NCBI
link NM_020575). In contrast, epidermal growth factor
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Fig. 2. C/EBP pathway demonstrating interactions of proteins which transcripts are differentially regulated in gad mice {up-regulated in six of six cornparisons
marked with {, upregulated genes in five or six of six comparisons are indicated with /, down-regulated in six of six comparisons are indicated with ]).
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" Fig. 3. Scheme of proteins altered in Parkinson’s discase which place UCH-
L1 as part of the altered protein degradation pathway and highlight the role
of investigating Uch-11-deficient (gad) mice by expression analysis.

receptor pathway substrate 15 was increased (0.83, S.D.
0.13) and might indicate a regulatory mechanism of gad
mice trying to prevent neuronal degeneration,

Pathological features of gad mice are spheroid dystrophic
axons dying back the dorsal root ganglia (DRG) progressing
along the gracile tract of the spinal cord towards the parental
neurons [15]. Immunochistochemically, almost all of the
primary neurcns and of the glial cells in DRG of gad mice
revealed strong amyloid precursor protein (APP) staining
[13]. The authors hypothesized abnormal expression of APP
in gad mice as the cause of the pathological features.
Although increased APP transcript in the brain has not been
confirmed by our transcription analysis, amyloid beta (A4)
precursor-like protein 2 was upregulated (0.59, S.D. 0.28).
Our data also define an up-regulation of glial fibrillary
acidic protein (GFAP) as the cause of the increased immu-
nereactivity of GFAP in astrocytes of gad mice [44].

We were in particular interested in genes involved in
protein degradation. We hypothesized to find genes encoding
proteins with UCH-L1 complementary functions compensa-
tory up-regulated. Fig. 3 shows a simplified scheme of
ubiquitin-altered protein degradation in PD and the task of
UCH-LI. However, only the beta type 2 proteasome (pro-
some, macropain) subunit (0.66, 5.D. 0.27) and the ubiquitin
specific protease 2@ (0.5, S.D. 0.09) were found to be
increased. Interestingly, ubiquitin C-terminal hydrolase ac-
tivity is associated with the 263 protease complex [8].
However, a direct interaction between UCH-L1 and macro-
pain remains to be shown. Furthermore, Hsp70 protein 2 was
increased (0.97, S.D. 0.31) likely due to decreased protea-
somal degradation of proteins in gad mice, whereas Hsp70
protein 4 was down-regulated ( — 0.56, S.D. 0.16). Ubiquitin
carboxyl-terminal esterase L5 was also significantly de-
creased (—0.59, S.D. 0.08).

In summary, the alteration of many pathways in gad mice
offers an interesting mouse model which needs to be studied
in more detail. The development of genome wide transcrip-
tion profiles of mouse models in general will help to

decipher the interaction and dependence of genes and gene
products in their complexity of a living organism. Although
it is not clear yet whether this complexity of biology in
development, health and disease into their final details will
be completely understood, a first step is being done to
explore normal variation and disease processes at the RNA
level using microarray chip analyses.
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Abstract

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

Theme: Disorders of the nervous system
Topic: Degenerative disease: other

Keywords: Synuclein; Spheroid; UCH-L1; Ubiquitin

1. Introduction

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

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

0006-8993/8 - see front matter © 2004 Elsevier B.V. All rights reserved,
dei:10.1016/).brainres.2004.05.023

identity and share similar domain organization (Fig. 1).
Immunohistochemistry in the normal brain shows that w-
and B-syn are concentrated at nerve terminals with little
staining of somata and dendrites, Ultrastructural studies
show that these isoforms localize to nerve terminals in close
proximity to synaptic vesicles [18]. In contrast, y-syn is
present throughout nerve cells and is most abundant in the
peripheral nervous system [5,18].

The synuclein family has been implicated in neurode-
generative diseases. Two point mutations (A53T, A30P) in
the gene encoding a-synuclein (SNC4) have been detected
in two distinct Parkinson’s disease (PD) sibships with
autosomal dominant inheritance [17,26], and a heritable
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Fig. 1. Comparison of amino acid sequences from mouse o-, - and y-synuclein. The N-terminal region contains six imperfect repeats of the consensus
EKTKEGV and the C-terminal region is negatively charged. A part of the hydrophobic NAC (non-amyloid component of amyloid plaque) domain is deleted in
B-syn. Basic and acidic residues are shown in blue and red, respectively, Sequence accession numbers: mouse a-syn, NP-033247; mouse (3-syn, NP-291088;

mouse y-syn, NP-035560.

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

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) has
been found throughout the brain and testis/ovary and has
been considered as plays an important role in the labeling of
abnormal proteins in the ubiquitin-proteasome system
[15,38]. The gracile axonal dystrophy (gad) mouse is an
autosomal recessive spontaneous mutant that was identified
in 1984 [42]. It is the first mammalian neurological model
with a defect in the ubiquitin-proteasome system [28). These
mice carry an intragenic deletion of the UCH-L1 gene
(Uchll) and do not express UCH-L1, making them compa-
rable to a Uchll null mutant [24,28]). The ged mouse
exhibits severe sensory ataxia at an early stage, followed
by motor paresis at a later stage [14,42]. In the central

nervous system of gad mice, axonal degeneration begins
from the distal ends of primary ascending axons in the
dorsal root ganglia (DRG) [21,22]. Spheroid formation with
the dying-back type of axonal degeneration is first observed
in the gracile and dorsal spinocerebellar tracts [14,21,42]. In
the most rostral portion of the gracile fascicles, spheroids are
observed around 12 weeks of age and their formation
progresses gradually to the terminal stage after 20 weeks
of age [22]. At a later stage, axonal degeneration and
spheroid formation are observed in the upper tracts of
DRG neurons as well as in motor neurons [22]. Although
the gad mutation is known to be caused by a deficiency in

. UCH-L1, the mechanism of spheroid formation is not well

understood. Dystrophic axons or axonal spheroids have
been observed in the brains of patients with infantile neuro-
axonal dystrophy [1], in the globus pallidus in Hallervor-
den-Spatz disease [10], and in the gracile and cuneate nuclei
in human vitamin-E deficiency [29]. Furthermore, spheroids
are often observed in the medulla and spinal cords of aged
mammals. In normal mice, the number of spheroids
increases with age in the gracile nuclens [43].
Components of the spheroids of gad mice include
amyloid-f protein, mitochondria, neurofilaments and syn-
aptic complexes [12,22]. Ubiquitin and amyloid-f protein
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also accumulate outside spheroids along the sensory and
motor nervous systems [12,40]. We previously observed
dot-like deposits of ubiquitin immunoreactivity throughout
the gracile nucleus [40]). These data led us to suggest that
the absence of functional UCH-L1 may affect the hydroly-
sis of unknown substrates, which could result in the
formation of protein aggregates. o-Syn accumulation has
been detected in spheroids resulting from type 1 iron
accumulation in the brain (NBIA 1}, a rare neurodegener-
ative disorder characterized by axonal spheroids and Lewy
body-like intraneuronal inclusions [8]. Moreover, B-syn and
-y-syn immunoreactivity were detected in sphereids but not
in Lewy body-like inclusions [8]. In PD and DLB, axonal
spheroid-like lesions were identified in the molecular layer
of the dentate gyrus along with the accumulation of y-syn,
but not of a- or B-syn [7]

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

2. Materials and methods
2.1. Animals

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

2.2, Histochemistry

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

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

For immunohistochemistry, serial sections were depar-
affinized in xylene and graded ethanol, washed in distilled
water, and then treated with 0.3% H,0O, in methanol for 30
min to quench endogenous peroxidase activity. For the
enhancement of a-syn immunostaining, sections were pre-
treated with 99% formic acid for 5 min or autoclaved at
121 °C for 10 min [35,36]. The sections were washed three
times for 5 min in PBS, and then nonspecific binding sites
were blocked by incubation in 10% normal serum obtained
from the species in which the secondary antibody was
generated. After a brief rinse with PBS, sections were
incubated overnight at 4 °C with primary antibodies.
Primary and secondary antibodies were diluted in DAKO
Antibody Diluent (Dako, CA). The following antibodies
were used at the final dilutions indicated: monoclonal a-
syn antibody (1:100; BD Transduction Laboratories, CA),
polyclonal B-syn antibody (1:200; Affinity Research Prod-
ucts), monoclonal synaptophysin antibody (1:50; Dako)
and polyclonal ubiquitin antibody (1:400; Chemicon,
Temecula). Polyclonal y-syn antibody (see below) was
dituted 1:100.

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

2.3. Preparation of y-syn antibody and antibody
purification

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

2.4. Specificities of synuclein antibodies

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

3. Results

3.1. Histopathological analysis of the gracile nucleus by HE
staining

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

We manually counted the total number of spheroids in
the dorsal celumns and dorsal nuclei of the medulla and
upper cervical spinal cord using stereological techniques.
Spheroids were detected in gad mice at all ages examined
(Fig. 2F). The number of spheroids increased with age until
20 weeks (mean £ 5.D.; n=8 ~ 13): 3 weeks, 3.2+ 0.8; 12
weeks, 12.1 +3.4; 20 weeks, 16.3 +3.9. At 32 weeks,
however, the number of spheroids decreased (7.8 £ 2.2),
as did their size (data not shown). These observations most
likely reflect the severity of degeneration following the
progression of the dying-back type of axonal dystrophy
[14,44] to the lower spinal cord. In comparison, only a very
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Fig. 2. Hematoxylin—eosin staining of eosinophilic spheroids (arrows) in (A-D) gad sections of the gracile nucleus of the medulla oblongata at 3, 12, 20 and
32 weeks of age, respectively, and in (E) a wild-type section at 32 weeks. An arowhead indicates a vacuolar spheroid body, and a white arrow indicates a
spheroid with an intense eosinophilic core (inset in B). (F) A quantitative study of spheroid number over time in gad and WT mice, Values are the mean + S5.D.

(n=8~13). Bar=50 pm.
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small number of spheroids were found in wild-type mice
(1.8+0.6 at 20 weeks, 2.5 + 0.8 at 32 weeks; n=0; Fig. 2F).

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

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

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

o-5yn 200-12.5ng  p-syn 200~12.5ng  y-syn 200-12.5ny

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

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

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

4. Discussion

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

B-syn

o-syn / ubiguitin

synaptophysin

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

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

We initially found that y-syn-positive spheroids were more
conspicuous than HE-stained spheroids during the early
stage of age, suggesting that +y-syn is more sensitive and
specific than HE for detecting spheroid formation in gad
mice. B-syn was first detected in spheroids 8 weeks later
than vy-syn. This result raises the possibility that the mech-
anism by which B-syn accumulates in spheroids differs from
that of y-syn and that -y-syn may play a more important role
in the pathogenesis of the gad mutation. A recent study
suggested that synucleins may help to regulate proteasome
function by modulating 208 proteasome activity in the case
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Table 1

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

gad3 gad12 gad20 gad32 Wildtype Wild-type
weeks  weeks weeks weeks 20 weeks 32 weeks
o-syn =" + + + - -
B-syn B + ++ +++ + +
y-syn  ++ ++ +4++ + + +
ubs® - - - - + +
ub-d° — ++ +4++ + + +

* Immunoreactivity: +++, strong; ++, moderate; + to *, weaker to
weak;, —, not detectable,

® Ubiquitin immunoreactivity in the spheroids.

¢ Ubiquitin immunoreactivity in the dot-like structures.

of y-syn and by affecting the 265 proteasome in the case of
B-syn [34]. Thus, the fact that each of these two synucleins
exhibits a distinct time course of spheroid accumulation
may reflect differences in their metabolic regulation. Fur-
thermore, y-syn has a very different pattern of localization
in neurons as compared with a-syn and B-syn [27].

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

We found that spheroids were positive for both [3- and -
syn but were slight for a-syn in ged mice. Lewy bodies in
PD and DLB brains are positive for both a-syn [36] and
UCH-L1 [20], whereas we did not detect Lewy bodies or
Lewy neurites in gad mouse brain. These observations
suggest that the molecular mechanism of (- and y-syn
accumulation in gad spheroids is different from that in
Lewy bodies. B-syn inhibits fibrl accumulation of a-syn
[11]. Thus, early accumulation of B-syn in the spherecids of
gad mice may inhibit the accumulation of c-syn in sphe-
roids or axon terminals. It remains unclear whether y-syn

has a similar effect on the accumulation of «-syn. Alterna-
tively, fibril formation of w«-syn might be affected by the
existence of UCH-LI1, and lack of UCH-L! in the gad
mouse might result in the suppression of a-syn aggregation
in vivo. UCH-L1 was reported to have ubiquitin ligase
activity that increased the amount of polyubiquitinated -
syn via K63-linked ubiquitination [19]. Other recent studies
have shown that UCH-L1 can deubiquitinate polyubiquiti-
nated ¢-syn with K48-linked ubiquitination [13,30]. Thus, a
close relationship between UCH-L! and a-syn has been
implicated. Aggregates of @-syn and y-syn have been found
in dystrophic neurites associated with PD> and other neuro-
degenerative diseases [7]. Neither protein, however, is
detected in Lewy bodies in PD and DLB. Consequently,
;3-syn and +y-syn pathology may be more specific to spher-
oid disorders.

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

Overexpression of y-syn may influence neurofilament
network integrity [4]. Distinct from wild-type mice, in gad
mice y-syn immunoreactivity in the spheroids appeared in
the gracile nucleus from an early stage, which might
contribute to the dysfunction of the nervous system, possi-
bly by interrupting axonal transport. Ubiquitin is known to
be transported over long distances via slow axonal transport
to synapses [3]. Ubiquitin reduction and the consequent
inadequate ubiquitination of proteins may trigger accumu-
lation of proteins that should undergo ubiquitin-dependent
degradation. An age-dependent increase in y- and B-syn-
positive spheroids in gad mice resembles the accumulation
of amyloid-B in spheroids of these mice [12]. Amyloid
precursor protein has been shown to be transported by a fast
axonal flow [16]. The abnormal accumulation of various
proteins at terminals might affect axonal transport from the
ganglia, leading to the dying-back type of degeneration of
axons with formation of spheroid bodies. The mechanisms
involved, however, will require more detailed studies of
UCH-L1 and synucleins.
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Two Closely Related Ubiquitin C-Terminal Hydrolase
Isozymes Function as Reciprocal Modulators of
Germ Cell Apoptosis in Cryptorchid Testis
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The experimentally induced eryptorchid mouse model is
useful for elucidating the in vivo molecular mechanism of
germ cell apoptosis. Apoptosis, in general, is thought to be
partly regulated by the ubiquitin-proteasome system.
Here, we analyzed the function of two closely related
members of the ubiquitin Cterminal hydrolase (UCH)
family in testicular germ cell apoptosis experimentally
induced by cryptorchidism. The two enzymes, UCH-L1
and UCH-L3, deubiquitinate ubiquitin-protein conjugates
and control the cellular balance of ubiquitin. The testes of
gracile axonal dystrophy (gad) mice, which lack UCH-L1,
were resistant to cryptorchid stress-related injury and had
reduced ubiquitin levels. The leve! of both anti-apoptotic
(Bcl2 family and XTAP) and prosurvival (pCREB and
BDNF) proteins was significantly higher in gad mice after
cryptorchid stress. In contrast, Uchl3 knockout mice
showed profound testicular atrophy and apoptotic germ
cell loss after cryptorchid injury. Ubiquitin level was not
significantly different between wild-type and Uehi3 knock-
out mice, whereas the levels of Nedd8 and the apoptotic
proteins p53, Bax, and caspase3 were elevated in Uchi3
knockout mice. These results demonstrate that UCH-L1
and UCH-L3 function differentially to regulate the cellular
levels of anti-apoptotic, prosurvival, and apoptotic pro-
teins during testicular germ cell apoptosis.  (Am J Patbol
2004, 165:1367-1374)

In the ubiquitin-proteasome system, the levels of poly-
and monoubiquitin are strictly controlled by the balance

of two groups of specific enzymes: ubiquitinating en-
zymes (E1, E2, and E3) and deubiquitinating enzymes
(DUBs)."2 DUBs are subdivided into ubiquitin C-terminal
hydrolases (UCHs) and ubiquitin-specific proteases
(UBPs).>* The genes for at least four UCHs, UCH-L1 and
UCH-L3, UCH-L4, and UCH-L5, have been identified in
mice.5® Among them, UCH-L1 and UCH-L3 predomi-
nate; these isozymes have 52% amino acid identity and
share significant structural similarity;” however, the dis-
tribution of these two isozymes is quite distinct in that
UCH-L3 mRNA is expressed ubiquitously whereas
UCH-L1 mRNA is selectively expressed in the testis/
ovary and neuronal cells.”='® Despite the high-sequence
homolegy, the in vitro hydrolytic activities of these two
enzymes differ significantly. The activity (Kcat) of UCH-L3
is more than 200-fold higher than UCH-L1 when a fluoro-
genic ubiquitin substrate is used.' In addition to its
relatively weak hydrolase activity, UCH-L1 exhibits dimer-
ization-dependent ubiquityl ligase activity.’® In contrast,
UCH-L3 has little or no ligase activity compared with
UCH-LL1."* It was recently suggested that UCH-L1 has
anti-profiferative activity in tumor cells, and that its ex-
pression is induced in response to tumor growth.'? Fur-
thermore, UCH-L1 asscciates with monoubiquitin and
pralongs udiguitin half-life in neurons.™ Other work dem-
onstrated that UCH-L3 binds to Nedd8 and subsequently
processes its C-terminus.’ Nedd8 is a small ubiquitin-
like protein that shares with ubiquitin the ability to be
conjugated to a lysine residue in a substrate protein.’®
Covalent conjugation of proteins by Nedd8 is an impor-
tant form of the posttranscriptional modification and plays
a critical role in many cellular processes."® These conju-
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gates are regulated by a large number of deconjugating
enzymes. This activity is unique to UCH-L3 because
UCH-L1 is relatively weak to cleave the C terminus of
Nedd8.14-6 Collectively, these data suggest that the two
mouse isozymes, UCH-L1 and UCH-L3, have distinct but
overlapping functions. In addition, we recently found that
gad mice, which lack UCH-L1 expression, show reduced
retinal cell apoptosis in response to ischemia, suggesting
that UCH-L1 may promote apoptosis.’”

Our previous work focused on the possibility that UCH-L1
and UCH-L3 exhibit functional diversity during spermatogen-
esis. We showed that both UCH-L1 and UCH-L3 are strongly
but reciprocally expressed in the testis during spermatogense-
sis,"® suggesting that each isozyme may have a distinct func-
tion in the testis. To elucidate the pathophysiological roles of
these two isozymes in the testis, our present work examines
the extent of heat-induced stress using experimentally in-
duced cryptorchidism in Uchi3 knockout” and gad mice.® Nor-
mally, the testes are maintained in the scrotum at a tempera-
ture lower than that of the abdomen. Exposure of a testis to
higher body temperature via experimentally induced cryp-
torchidism results in rapid degeneration of testicular germ
cells.'®22 Recent studies show that testicular germ cell de-
generation in cryptorchid testes occurs via apoptosis, and that
protein and lipid oxidation, along with pb3 promote germ cell
death.225 The ubiquitin-proteasome system is required for
the subsequent degradation of the damaged testicular germ
cells.?8-28 Here, we show that both UCH-L1 and UCH-L3 have
reciprocal functions in testicular germ cells during cryptorchid-
induced apoptosis. Our data show that the absence of
UCH-L1 causes resistance to cryptorchid-induced testicular
germ cell apoptosis, and that the knockout of UCH-L3 pro-
motes germ cell apoptosis after cryptorchid injury.

Mafterials and Methods

Animals

We used 8-week-old Uchi3 knockout {C57BL/6J)7"® and
gad®182® (CBA/RFM) male mice. Uch/3 knockout mice
were generated by the standard method using homolo-
gously recombinant ES cells, and the knockout line was
back-crossed several times to C57BL/6J mice.” The gad
mouse is an autosomal recessive mutant that was ob-
tained by crossing CBA and RFM mice.® The gad iine was
maintained by intercrossing for more than 20 genera-
tions.8-2° Both strains were maintained at our institute.
Animal care and handling were in accordance with insti-
tutional regulations for animal care and were approved
by the Animal Investigation Committee of the National
Institute of Neuroscience, National Center of Neurology
and Psychiatry, Tokyo, Japan.

Unilateral Experimental Cryptorchidism

Unilateral cryptorchidism was experimentally induced un-
der pentobarbital anesthesia {Abboett Laboratories, North
Chicago, IL).2°22 Briefly, a midline abdominal incision was
made, and the left testis was displaced from scrotum and
fixed to the upper abdominal wall. The right testis remained

in the scrotum as an intact control within the same animal. At
0, 4, 7, and 14 days after the operation, four control and four
cryptorchid testes were harvested to determine testis
weight.

Histological and Immunohistochemical
Assessment of Testes

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

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

Quantitative Analysis of Apoptotic Germ Cells

The number of apoptotic cells was determined by count-
ing the positively stained nuclei in 30 circular seminifer-
ous tubule cross-sections per testis section.?*2° The pro-
portion of seminiferous tubules containing apoptotic
germ cells was calculated by dividing the number of
seminiferous tubules containing apoptotic cells by the
total number of seminiferous tubules. The incidence of
apoptotic cells per apoptotic cell-cantaining seminiferous
tubule was categorized into three groups, defined as 1 to
5, 6 to 10, and >11 positive cells.

Western Blotting

Western blots were performed as previously report-
ed.® 129 Total protein (5 pgflane) was subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
using 15% gels {Perfect NT Gel; DRC, Japan). Protgins
were electrophoretically transferred to polyvinylidene di-
fluoride membranes (Bio-Rad, Hercules, CA) and
blacked with 5% nontat milk in TBS-T [50 mmel/L Tris
base, pH 7.5, 150 mmol/L NaCl, 0.1% (w/v) Tween-20}.
The membranes were incubated individually with cne or
more primary antibodies to UCH-L1 and UCH-L3 (1:1000;
peptide antibodies'), Becl-2, Bel-xL, Bax, p53, and
caspase-3, (1:1000; all from Cell Signaling Technology,
Beverly, MA), phosphorylated cyclic AMP response ele-
ment-binding protein (pCREB, 1:500; Upstate Biotech-
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Figure 1. Western blotting analyses of both UCH-L3 and UCH-L1 in the testes
of gad and Uchl3 kaockout mice, respectively, on day 4 after cryptorchid
injury. Scrotal and cryptorchic testes dil not differ significantly with respect
to protein expression (—, scrotul testes; +, cryptorchid testes).

nology, Waltham, MA), brain-derived neurotrophic factor
(BONF, 1:500, Santa Cruz Bictechnology, Santa Cruz,
CA), XIAP (1:500; Transduction Laboratories, Franklin
Lakes, NJ), polyubiquitin (1:1000, clone FK-2; Medical &
Biological Laboratories, Nagoya, Japan), monoubiguitin
(1:1000, us379; Sigma-Aldrich, St. Louis, MO}, and Nedd8
(1:1000; Alexis Biochemicals, San Diego, CA). Blots were
further incubated with peroxidase-conjugated goat anti-
mouse |gG or goat anti-rabbit 1gG (1:5000; Pierce, Rock-
“ford, IL) for 1 hour at room temperature. Immunoreactions
were visualized using the SuperSignal West Dura extended
duration substrate (Pierce) and analyzed with a Chemi-
Imager {Alpha Innotech, San Leandro, CA). Each protein
level was relatively quantificated after analysis with a
Chemilmager using AlphaEase software.

Statistical Analysis

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

Results

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

We first confirmed the lack of UCH-L3 protein in the
testes from Uchi3 knockout mice by Western blotting
(Figure 1). Similarly, we did not detect UCH-L1 protein in
the testes of gad mice (Figure 1), as we previously ob-
served.'® Thus, in a biochemical sense, gad mice are
analogous to UchlT-null mice ' Compensatory level of
UCH-L3 and UCH-L1 in gad and Uchi3 knockout mice,
respectively, was not observed (Figure 1, compare UCH-
L3/UCH-L1 level with that of wild-type contrcl mice). Ex-
perimental cryptorchidism did not affect UCH-L3 level in
gad or wild-type control mice. Similarly, cryptorchidism
did not affect UCH-L1 level in Uchi3 knockout and wild-
type control mice (Figure 1). Quantitative reverse tran-
scriptase-polymerase chain reaction analysis showed
that transcription from the Uchf3 and Uchit in both scrotal
and cryptorchid testes from gad and Uchi3 knockout
mice was not significantly different from that measured in
the corresponding wild-type control mice {data not
shown). These results suggest that the level of UCH-L3 is
regulated independently of UCH-L1 in the mouse testis,
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Figure 2. Comparison of testicular sizes and weights after experimental cryp-
torchidism. A: Gross images of changes in testicular size throughow time in two
wikl-type (CSTBLAG andd CBA/RFM), Uch!3 knockout, and gad mice (—, scronl
testes; +, cryptorchid testes). B: Ratio of cryptarchid 1o scrotal westis seight on
days 0, 4, 7, 2nd 14 after injury. it Throughourt time, the ratio for Debl3 knockout
mice {open circles) differed significantly compared with wild-type mice (filled
circles). ii: The ritio for gad mive (open triangles) did not differ significantly
throughour time compared with wild-type mice {closed triangles). (11 = 4; *,
P < 0.09), Scale bar, 5 mm. Original magnifications, X40.

and that cryptorchid injury does not affect the level of
either pretein.

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

Unilateral cryptorchidism was surgically induced in Uchi3
knockout and gad mice, and testes were evaluated on days
0, 4, 7, and 14 after the operation (Figure 2). Nonoperated
(scrotal) testes served as controls for the evaluation of tes-
ticular weight and histochemistry. Cryptorchid testes from
Uchl3 knockout mice appeared smaller than the ncnoper-
ated controlg at each time point, whereas the size of the
cryptorchid testes from gad mice was similar to the controls
(Figure 2A)}. Figure 2B shows the time course of the ratio of
testicular weight of cryptorchid testes to scrotal testes. In
wild-type mice (C578L/6J and CBA/RFM), the ratio tran-
siently increased 4 days after cryptorchid injury, most likely
a consequence of inflammation-induced fluid accumula-
tion®*23 and biochernical changes observed. The ratio for
these mice subsequently decreased below 1.0 by day 7.
The ratio remained ~1.0 in gad mice (range,1.15 ~ 0.85),
whereas it decreased significantly in Uchi3 knockout mice
compared with wild-type mice {Figure 2B). These results
demonstrate that testes from Uchi3 knockout and gad mice
differ in their response to experimental cryptorchidism,



1370 Kwon et al
AJP October 2004, Vol. 165, No. 4

e
(GS7BLI)} Uity

Figure 3. Histology and TUNEL staining of testicular cross sections after
experimental cryptorchidism, A: Morphological analysis of seminiferous tu-
bules on day 7 after eryptorchid injury. Note the germ cell loss and atrophy
in cryptorchid testes compared with uninjured controls. {—, scrotul testes; +,
crypiorchid testes). B: TUNEL staining of testicular cross-sections on day 7
after eryprorchid injury. Green fluorescence, TUNEL-positive cells; red fua-
rescence, nuclei stained with propidium iodide. C: Magnified eryptorchid
testes sections. Pyknotic bodies (filled arrows) and Sertoli cell vacuolization
{open arrows) were evident in cryptorchid testes of Uehi3 knockout and
the two wild-type (C57BL/G] and CBA/RFM) mice on day 7 after injury. D:
PARP anulysis to detect apoptotic gean cells in cryptorchid testes of Uchi3
knockout and gad mice on day 7 after injury. The detection of apoptutic
germ cells {arrowheads, top) by PARP analysis was consistent with that of
apoptotic germ cells (arrowheads, bottom) by TUNEL analysis. Scale bar,
50 pn. Original magnifications: A and B X100; € and D X200

Testicular Germ Cell Apoptosis in Cryptorchid
Uchl3 Knockout and Gad Mice

To explore the mechanism underlying the observed dif-
ferences between Uchi3 knockout and gad cryptorchid
testes, we prepared histological cross-sections on day 7
after testicular injury (Figure 3, A and C). The presence of
nuctear pyknosis, multinucleated giant cells, and Sertoli
cell vacuolization with germ cell loss in the germinal
epithelium is indicative of cryptorchid testes.®*2* These hall-
rmarks of testicular injury were the most remarkable character-
istics of cryptorchid testes from Uchi3 knockout mice, demon-
strating profound testicular atrophy and gemn cell loss
compared with wild-type mice {Figure 3, A and C). In contrast,
no nuclear pyknosis, cellular shrinkage, or germ cell loss was
observed in cryptorchid testes from gad mice. Spematocytes
and early spermatids comprised the majority of affected cell
types in cryptorchid testes (Figure 3, A and C).

Germ cell apoptosis was further examined by TUNEL
and PARP assays in tissue sections from postoperative day
7 mice (Figure 3, B and D). All but the gad cryptorchid testes
showed a time-dependent increase in germ cell apoptosis
during experimental cryptorchidism; germ cell apoptosis
was always found in tubules that had germ cell loss on days
4,7, and 14 (Figure 3, B and D, and Figure 4). Compared to
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Figure 4, Quantitation of testicular germ cell apoptosis in testes after exper-
imental cryprerchidism. As The percentage of seminiferous tubules contain-
ing apoptotic germ cells in cryptorchid restes on days 0, 4, 7, and 14 afier
injury. i: The increase in the percentage of tubules containing apoptotic cells
in the cryptorchid testes of Uchl3 knockout mice is statistically significant
compired with wild-type mice on days 4, 7, and 14, Each value represents
the mesn * SD; *, P < 0.05. li: The percentage of apoptotic tubules in
cryprorchid estes of gad mice is significantly different on days 4, 7, and 14
after injury. Fach value represents the mean = 5D; *, P < 0.01. B: Incidence
of apeptasis per seminiferous tubule with apoptotic germ cells on days 4 and
7 after injury. The inciclence of seminiferous tubules conaining >11 apo-
protic germ cells is significantly increased (P < 0.05) in cryptorchid testes of
Uehi3 knockour mice compared with wild-rype mice. I Comparison with
Uehid knockour mice. H: Comparison with gad mice. Each value represents
the mean * §D.

wild-type mice, the cryptorchid testes of Uchi3 knockout
mice showed a marked increase in apoptotic germ cells in
response 1o testicular injury, whereas gad mice lacked crypt-
orchid-induced germ cell apoptosis (Figure 3B and Figure
4), By postoperative days 4 and 7, the percentage of sem-
iniferous tubules containing apoptotic germ cells increased
with statistical significance (n = 4) (P < 0.05) in cryptorchid
testes of Uchi3 knockout mice as compared with wild-type
mice (Figure 4A). In addition, cryptorchid testes of Uch/3
knockout mice showed a high incidence of seminiferous
tubules containing =11 apoptotic germ cells on days 4 and
7 days as compared with wild-type mice (Figure 4B); how-
ever, germ cell apoptosis did not increase in cryptorchid
testes of gad mice during postoperative days 4to 14 (P <
0.01) (Figure 4, A and B).

Cellular Mono- and Polyubiquitin Leve! in
Cryptorchid Uchi3 Knockout and Gad Mice

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



