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The experimentally induced cryptorchid mouse model is
useful for elucidating the in vivo molecular mechanisi of
germ cell apoptosis. Apoptosis, in general, is thought to be
parily regulated by the ubiquitin-proteasome system.
Here, we analyzed the function of two closely related
meimbers 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 level of both anti-apoptotic
(Bcl-2 family and XIAP) and prosurvival (pCREB and
BDNIFF) proteins was significantly higher in gad mice afier
cryptorchid stress. In contrast, Uchl3 knockout mice
showed profound testicular atcophy and apoptotic germ
cell loss after cryptorchid injury. Ubiquitin level was not
significantly different between wild-type and Uchl3 knock-
out mice, whereas the levels of Nedd8 and the apoptotic
proteins p53, Bax, and caspase3 were elevated in Uchl3
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.  (AmJ Paithol
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.>® 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
homology, 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-L1.'" It was recently suggested that UCH-L1 has
anti-proliferative activity in tumor cells, and that its ex-
pression is induced in response to tumor growth.'® Fur-
thermore, UCH-L1 associates with monoubiquitin and
prolongs ubiquitin half-life in neurons. Other work dem-
onstrated that UCH-L3 binds to Nedd8 and subsequently
processes its C-terminus.’ Nedd8 is a small ubiquitin-
like protein that shares with ubiquitin the ability to be
conjugated to a lysine residue in a substrate protein.'®
Covalent conjugation of proteins by Nedd8 is an impor-
tant form of the posttranscriptional modification and plays
a critical role in many cellular processes.'® These conju-
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gates are regulated by a large number of deconjugating
enzymes. This activity is unique to UCH-L3 because
UCH-L1 is relatively weak to cleave the C terminus of
Nedd8.'*~'® 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 spermatogene-
sis, '8 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 p53 promote germ cell
death.225 The ubiquitin-proteasome system is required for
the subsequent degradation of the damaged testicular germ
cells. 28728 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.

Materials and Methods

Animals

We used 8-week-old Uchi3 knockout (C57BL/6J)""® and
gad®182° (CBA/RFM) male mice. Uchi3 knockout mice
were generated by the standard method using homolo-
gously recombinant ES cells, and the knockout line was
back-crossed several times to C57BL/6J mice.” The gad
mouse is an autosomal recessive mutant that was ob-
tained by crossing CBA and RFM mice.® The gad line was
maintained by intercrossing for more than 20 genera-
tions.22° 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 (Abbott Laboratories, North
Chicago, 11.).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 temperature, 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) containing
1% bovine serum albumin. Sections were then incubated
with fluorescein isothiocyanate-conjugated goat anti-rabbit
IgG (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, W) and the
anti-PARP p85 fragment pAb (Promega) according to the
manufacturer's instructions.

Quantitative Analysis of Apoptotic Germ Cells

The number of apoptotic celis was determined by count-
ing the positively stained nuclei in 30 circular seminifer-
ous tubule cross-sections per testis section.?*?° The pro-
portion of seminiferous tubules containing apoptotic
germ cells was calculated by dividing the number of
seminiferous tubules containing apoptotic cells by the
total number of seminiferous tubules. The incidence of
apoptotic cells per apoptotic cell-containing seminiferous
tubule was categorized into three groups, defined as 110
5, 6 to 10, and >11 positive cells.

Western Blotting

Western blots were performed as previously report-
ed 81829 Total protein (5 ug/lane) was subjected to so-
dium dodecy! sulfate-polyacrylamide gel electrophoresis
using 15% gels (Perfect NT Gel; DRC, Japan). Proteins
were electrophoretically transferred to polyvinylidene di-
fluoride membranes (Bio-Rad, Hercules, CA) and
blocked with 5% nonfat milk in TBS-T [50 mmol/L Tris
base, pH 7.5, 150 mmol/L NaCl, 0.1% (w/v) Tween-20].
The membranes were incubated individually with one or
more primary antibodies to UCH-L1 and UCH-L3(1:1000;
peptide antibodies'®), Bcl-2, BclxL, 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 anulyses of both UCH-L3 and UCH-L1 in the testes
of gad and Uchl3 knockout mice, respectively, on day 4 after cryptorchid
injury. Scrotal and cryptorchid testes did not ditfer significantly with respect
to protein expression (—, scrotal testes; +, cryptorchid testes).

nology, Waltham, MA), brain-derived neurotrophic factor
(BDNF, 1:500; Santa Cruz Biotechnology, 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, ub379; Sigma-Aldrich, St. Louis, MO), and Nedd8
(1:1000; Alexis Biochemicals, San Diego, CA). Blots were
further incubated with peroxidase-conjugated goat anti-
mouse 1gG or goat anti-rabbit 1IgG (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 $D were calculated for all data (presented
as mean * SDj). One-way analysis of variance was used
for all statistical-analyses.

Results

Level of Two UCH Isozymes in Scrotal and
Cryptorchid Testes from Uchl3 Knockout and
Gad Mice

We first confirmed the lack of UCH-L3 protein in the
testes from Uchi3 knockout mice by Western biotting
{(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 leve! of
UCH-L3 and UCH-L1 in gad and Uchi3 knockout mice,
respectively, was not observed (Figure 1; compare UCH-
L3/UCH-L1 level with that of wild-type control mice). Ex-
perimental cryptorchidism did not affect UCH-L3 tevel 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 Uch/3 and Uchl? 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 throughout time in two
wild-type (C57BL/G] and CBA/RFM), Uehi3 knockout, and gaed mice (—, scrotal
testes; +, aryptorchid testes). B: Ratio of cryptorchid to scrotal testis weight on
days 0, 4, 7, and 14 after injury. i: Throughout time, the ratio for Uehl3 knockout
mice (open circles) diftered significantly compared with wild-type mice (filled
circles). ii: The ratio for gad mice (open triangles) dlid not differ significantly
throughout time compared with wild-type mice (closed triangles). (17 = 4; *,
P <0.05). Scale bar, 5 mm. Original magnifications, X40.

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

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

Unilateral cryptorchidism was surgically induced in Uchi3
knockout and gad mice, and testes were evaluated on days
0, 4, 7, and 14 after the operation (Figure 2). Nonoperated
(scrotal) testes served as controls for the evaluation of tes-
ticular weight and histochemistry. Cryptorchid testes from
Uchi3 knockout mice appeared smaller than the nonoper-
ated controls at each time point, whereas the size of the
cryptorchid testes from gad mice was similar to the controls
(Figure 2A). Figure 2B shows the time course of the ratio of
testicular weight of cryptorchid testes to scrotal testes. In
wild-type mice (C57BL/6J and CBA/RFM), the ratio tran-
siently increased 4 days after cryptorchid injury, most likely
a consequence of inflammation-induced fluid accumula-
tion?223 and biochemical 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 Uch/3 knockout mice
compared with wild-type mice (Figure 2B). These resuits
demonstrate that testes from Uchi3 knockout and gad mice
differ in their response to experimental cryptorchidism.
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Figure 3. Histology and TUNEL staining of testicular cross sections after
experimental cryptorchidism. A: Morphological analysis of seminiferous tu-
bules on day 7 after-cryptorchid injury. Note the germ cell loss and atrophy
in cryptorchid testes compared with uninjured controls. (—, scrotal testes; +,
cryptorchid testes). B: TUNEL staining of testicular cross-sections on day 7
after cryptorchid injury. Green fluorescence, TUNEL-positive cells; red fluo-
rescence, nuclei stained with propidium iodide. C: Magnified cryptorchid
testes sections. Pyknotic bodies (filled arrows) and Sertoli cell vacuolization
(open arrows) were evident in cryptorchid testes of Uchi3 knockout and
the two wild-type (C57BL/G] und CBA/RFM) mice on day 7 after injury. D:
PARP analysis to detect apoptotic germ cells in cryptorchid testes of Uchi3
knockout and gad mice on day 7 after injury. The detection of apoptotic
germ cells (arrowheads, top) by PARP analysis was consistent with that of
apoptotic germ cells (arrowheads, bottom) by TUNEL analysis. Scale bar,
50 wm. Original magnifications: A and B X100; C 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
nuclear pyknosis, multinucleated giant cells, and Sertoli
cell vacuolization with germ cell loss in the germinal
epithelium is indicative of cryptorchid testes.®*2® These hall-
marks of testicular injury were the most remarkable character-
istics of cryptorchid testes from Uchi3 knockout mice, demon-
strating profound testicular atrophy and germ cell loss
compared with wild-type mice (Figure 3, A and C). In contrast,
no nuclear pyknosis, ceflular shrinkage, or germ cell loss was
observed in cryptorchid testes from gad mice. Spermatocytes
and early spermatids comprised the majerity 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 celtloss 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 cryptorchidism. A: The percentage of seminiferous tubules contain-
ing apoptotic germ cells in cryptorchid testes on days 0, 4, 7, and 14 after
injury. i: The increase in the percentage of tubules containing apoptotic cells
in the cryptorchid testes of Uchl3 knockout mice is statistically significant
compured with wild-type mice on days 4, 7, and 14, Each value represents
the mean * SD; *, P < 0.05. ii: The percentage of apoptotic tubules in
cryptorchid testes of gad mice is significantly different on days 4, 7, and 14
after injury. Each value represents the mean % SD; ¢, P < 0.01. B: Incidence
of apoptosis per seminiferous tubule with apoptotic germ cells on days 4 and
7 after injury. The incidence of seminiferous tubules containing >11 apo-
ptotic germ cells is significantly increased (P < 0.05) in cryptorchid testes of
Uchi3 knockout mice compared with wild-type mice. it Comparison with
Uchi3 knockout mice. ii: Comparison with gad mice. Each value represents
the mean = SD.

wild-type mice, the cryptorchid testes of Uch/3 knockout
mice showed a marked increase in apoptotic germ cells in
response to 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 Uchi3
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 4 to 14 (P <
0.01) (Figure 4, A and B).

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

Ubiquitin is required for energy-dependent degradation of
structurally altered proteins.?® We previously reported that
UCH-L1 binds ubiquitin and stabilizes ubiquitin turnover in
neurons, and that the level of monoubiquitin is decreased in
gad mice.”® In a model of ischemic insult in the retina,
ubiguitin induction was unexpectedly lower and ischemic
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Figure 5. Immunohistochemical and Western blotting analyses of mono-
and polyubiquitin in testes on day 7 after experimental cryptorchidism. A:
Ubiquitin induction was not different between cryptorchid testes from Uchl3
knockout and wild-type mice, whereas cryptorchid-induced ubiquitin induc-
tion in gad mice wus reduced. Green fluorescence, ubiquitin-positive cells;
red fluorescence, nuclei stained with propidium iodide. B: Polyubiquitin
level in Uchl3 knockout mice and the two wild-type (C57BL/G] and CBA/
RFM) mice substantially increased after injury, whereas that in gad mice did
not change significantly. Monoubiquitin level did not change after injury.
Representative images from four independent experiments are shown (—,
scrotal testes; +, cryptorehid testes). Scale bar, 50 pm. Original magnifica-
tions, X200.

damage was weaker in the retina of gad mice (compared
with wild-type mice) after ischemic insult."” To determine
whether the increase in germ cell apoptosis in cryptorchid
testes is associated with ubiquitin induction, we performed
immunohistochemical analysis of testes from postoperative
day 7 mice. Ubiquitin immunoreactivity increased substan-
tially in cryptorchid testes from Uchi3 knockout mice and the
two wild-type mice, whereas those from gad mice showed
only minor ubiquitin induction (Figure 5A). The scrotal testes
of Uchl3 knockout and gad mice did not show significant
differences in ubiquitin induction compared with corre-
sponding controls (Figure 5A). Interestingly, most of the
increased ubiquitin induction was detected in spermato-
cytes and spermatids, consistent with the data on germ cell
apoptosis after cryptorchid injury (Figure 3D and Figure
5A). Cryptorchid-induced polyubiquitin levels in the testes
from Uchi3 knockout and the two wild-type mice also in-
creased substantially after injury, whereas the cryptorchid
testes of gad mice showed no significant difference com-
pared with scrotal testes (Figure 5B); however, the expres-
sion levels of monoubiquitin did not change significantly in
any of the mice after cryptorchid injury.

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

We previously showed that anti-apoptotic proteins such
as Bcel-2 and prosurvival proteins including phosphory-
lated cyclic AMP response element-binding protein
(pCREB) are up-regulated in degenerated retina of gad
mice.”” These proteins are degraded by ubiquitination-
mediated proteolysis.®° We examined the expression of
the Bel-2 family proteins, XIAP, pCREB, and caspases to
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Figure 6. Western blotting analysis of anti-apoptotic, prosurvival, and apo-
ptotic proteins in testes after experimental cryptorchidism. Total protein (5
g per lune) was prepared from scrotal and cryptorchid testes on day 4 after
cryptorchid injury. The expression levels of anti-apoptotic (A), prosurvival
(B), and apoptotic (C) proteins in the cryptorchid testes of Uchl3 knockout,
gadl, and the two wild-type (C57BL/6J and CBA/REM) mice were significantly
different compared with control mice. Representative images from four
independent experiments are shown (—, scrotal testes; +, cryptorchid tes-
tes).

determine their role in testicular germ cell apoptosis after
experimental cryptorchidism 4 days after injury in Uchi3
knockout and gad mice. The level of anti-apoptotic pro-
teins such as Bcl-2, Bel-xL, and XIAP was up-regulated
(323.8 = 57.5, 262.3 + 22,1, and 209.9 = 11.7, respec-
tively, as compared with wild type, 100) in the cryptorchid
testes of gad mice compared with wild-type mice (Figure
6A). Additionally, pCREB, which is normally degraded in
a ubiguitination-mediated manner,*® was apparently
highly up-regulated (259.0 = 22.6, as compared with wild
type, 100) in the cryptorchid testes of gad mice (Figure
6B). It has been demonstrated that pCREB activates
genes that up-regulate trophic factors including
BDNF.3"-32 Consistent with pCREB up-regulation, BDNF
level also increased (203.0 *= 19.6, as compared with
wild type, 100) in cryptorchid testes of gad mice (Figure
6B). Level was variable for anti-apoptotic, prosurvival,
and apoptotic proteins in the cryptorchid testes of Uchi3
knockout mice. The level of pCREB, p53, Bax, and
caspased was slightly increased (169.9 = 15.2, 152.6 %
12.9, and 157.3 = 14.0, respectively, as compared with
scrotal testes, 100) in cryptorchid testes of Uchi3 knock-
out mice compared with scrotal testes (Figure 6, B and
C). Wild-type control mice had a similar expression leve!
pattern except for pCREB. Because p53 acts as an up-
stream activator of Bax expression 33 the observed Bax
up-regulation after cryptorchid injury was consistent with
the elevated p53 level in Uchi3 knockout and wild-type
control mice (Figure 6C). In contrast, BDNF was down-
regulated (74.3 = 7.7 as compared with wild type, 100) in
cryptorchid testes of Uchi3 knockout mice (Figure 6B).
The down-regulation of BDNF combined with the up-
regulation of pCREB suggests that BDNF might be reg-
ulated by another pathway that involves UCH-L3 but not
pCREB.®* Compared with scrotal testes, the expression
of anti-apoptotic proteins decreased or was unchanged
in cryptorchid testes of Uch/3 knockout mice (Figure 6A).
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Figure 7. Immunohistochemical and Western blotting anulyses of NeddS in
testes from Ucehl3 knockout mice on days 7 and 14 after experimental
cryptorchidism. A: Nedds induction in {chl3 knockout mice increased in

hoth scrotal and cryptorchid testes. The shedding germ cells (arrowheads)
in the cryptorchid testes of Uehl3 knockout mice showed strong Nedds
induction ( =, scrotal testes; +7 days and + 4 days, eryptorchid testes). Green

Muorescence, Nedds-positive cells; red fluorescence, nuclei stained with
propidium iodide. B: On day 7, the expression levels of Nedds-conjugated
proteins in Uehl3 knockout mice were higher than in wild-type mice. Rep-
resentative images of four independent experiments are shown. Scale bar, 50
pm. Original magnifications, X200,

Nedd8 Level in Cryptorchid Uchl3 Knockout
Mice

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

Discussion

During spermatogenesis, apoptosis controls germ cell
numbers and eliminates defective germ celis to facilitate
testicular homeostasis.®*27 Recent studies indicate that
ubiquitination targets proteins for degradation and mod-
ulates the turnover of various classes of short-lived sig-

naling proteins.?®8 Germ cell apoptosis after cryptorchid
stress involves genes for various factors, such as Bcl-2
family proteins, p53, and caspases;**~** however, the im-
pact of the ubiquitin system on the regulatory mechanisms
of germ cell apoptosis is not fully understood. In a previous
study, we used gad mice, which lack UCH-L1 expression, 1o
show that neural cell apoptosis is suppressed after isch-
emic retinal injury in vivo."” These results suggest that
UCH-L1 is involved in apoptosis-inducing pathways after
stress. UCH-L1 and UCH-L3 are highly similar in sequence;
however, UCH-L3 is expressed ubiquitously,” whereas
UCH-L1 is selectively expressed in neurons and testes/
ovaries.®® We recently demonstrated that the expression of
these UCH isozymes is differentially and developmentally
regulated during spermatogenesis, and that UCH-L1 and
UCH-L3 likely have distinct functions during different devel-
opmental phases.'®

To understand the pathophysiological roles of UCH-L1
and UCH-L3 in vivo, two mutant mice, Uchi3 knockout and
gad mice, were examined after cryptorchid injury. The
cryptorchid testes of the two mutant mice had fundamen-
tal differences after injury, in that testes of Uchi3 knockout
mice showed profound apoptosis-mediated germ cell
loss, whereas gad mice were relatively resistant to injury
(Figures 3 and 4). In addition, cryptorchid testes of Uch/3
knockout mice showed greater testicular atrophy and
germ cell loss than wild-type mice.

There are several proposed mechanisms for germ cell
loss after experimental cryptorchidism.?'723-4% The tumor
suppressor protein, p53, is highly expressed in the testis
and regulates both cell proliferation and apopto-
5is.23:28.37 A role for p53 in experimental cryptorchidism
has been demonstrated convincingly. The higher temper-
ature of the testis caused by cryptorchidism induces
p53-mediated apoptosis in the testis, and p53 overex-
pression results in increased germ cell apoptosis and
decreased spermatozoa production.?®“® In addition to
p53, the Bcl-2 family and 1AP (inhibitor of apoptosis pro-
tein) family are other major classes of intracellular apo-
ptosis regulators.*”*8 The Bcl-2 family can be divided
into anti-apoptotic members, such as Bcl-2, Bel-xL, and
Bcl-w, and proapoptotic members, such as Bax and
Bak.*® It has been suggested that the ratio of proapoptotic
to anti-apoptotic Bel-2 family members is important in de-
termining whether a cell will undergo apoptosis.*® A major
function of the Bcl-2 family members appears to be the
regulation of mitochondrial events, such as the release of
proapoptotic factors.®® The IAP family inhibits apoptosis
primarily by inactivating and degrading proapoptotic pro-
teins.®' XIAP, a member of IAP family, can bind to and
inhibit the proteinase activity of cellular caspase-3 and
caspase-9, and thereby block the apoptotic pro-
CeSS,44'52'53

With regard to cryptorchid injury, the balance between
the expression of apoptosis-inducing and apoptosis-pro-
tecting proteins constitutes one possible mechanism un-
derlying the observed germ cell apoptosis and protection
from apoptosis in Uchi3 knockout and gad mice, respec-
tively. In gad mice, cryptorchid injury caused a large
increase in the anti-apoptotic proteins Bel-2, Bel-xL, and
XIAP, consistent with our previous report using retina.'”
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In addition, the expression levels of the prosurvival pro-
teins pCREB and BDNF also increased in gad mice.
Consistent with these results, caspase-3 expression was
suppressed in gad mice. Cryptorchid testes of Uch/3
knockout mice showed slightly increased expression of
the apoptotic proteins p53, Bax, and caspase-3 after
injury, although similar increases were also observed in
wild-type control mice. In total, these results suggest that
UCH-L1 plays a role in balancing the expression of ap-
optosis-inducing and apoptosis-protecting proteins. In
contrast, UCH-L3 seems to resist germ cell apoptosis
after cryptorchid injury.

Recent studies demonstrate that many molecules in
the cellular apoptosis machinery, such as p53,%®4! Bel-2
family,*24354 XIAP 52 and caspase®* members, are tar-
gets for ubiquitination.®® This suggests that ubiquitination
is one of the major mechanisms by which apoptotic cell
death is regulated. UCH-L1 has been suggested to as-
sociate with monoubiquitin, *® and the monoubiquitin pool
is reduced in gad mice relative to wild-type mice. Protec-
tion from cryptorchid injury was reported in testes of mice
expressing a mutant K48R ubiquitin,®® suggesting that
ubiquitin plays a critical role in processing or modulating
testicular insuits. Normally, damaged proteins are poly-
ubiquitinated and degraded via the ubiquitin-proteasome
system; however, if damaged proteins are not degraded
as easily when monoubiquitin is either depleted or mu-
tated, then germ cell death could be delayed.'”2? Our
results with the gad mouse suggest that ubiguitin induc-
tion plays a critical role in regulating cell death during
cryptorchid injury-mediated germ cell apoptosis.

Uchl3 knockout mice exhibit severe retinal degeneration,
suggesting that the UCH-L3-mediated ubiquitin pathway is
involved in retinal homeostasis.®® In the cryptorchid testes
of Uchi3 knockout mice, however, the profound testicular
weight reduction and germ cell apoptosis after injury cannot
be explained by ubiquitin induction alone. Our present re-

k
.
W Degradatibn

Apoptosss

Figure 8. Differential function of the two UCH isozymes in response to
experimental cryptorchidism. UCH-L3 has specificity for NeddS. Cryptorchid
injury results in protein diimage and the accumulation of NeddS-conjugated

proteins. The accumulation of NeddS-conjugated proteins in tehls3 knockour
mice may contribute o profound  germe cell Toss vin apoptosis. Hence,
UCH-L3 might function as an anti-apoptotic regulator, BCH-LL is involved in
the maintenance of monoubiquitin levels. A deficiency in monoubiquitin
results in deluyed polyubiquitination and the accumulidion of short-lived
proteins after cryptorehid injury. Henee, UCH-LT may function as a regulator
of apoptosis.
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sults show that Uchi3 knockout and wild-type mice have
simitar ubiquitin expression level in the testes, suggesting
that UCH-L3 has another nonhydrolase activity in the ubi-
quitin-proteasome system. UCH-L3 also binds and cleaves
the C-terminus of the ubiguitin-like protein, Nedd8.'*58 This
activity is unique to UCH-L3 because UCH-L1 does not
cleave Nedd8. Thus, UCH-L3 appears to have dual affini-
ties for ubiquitin and Nedd8. Our present results show that
Nedd8 is strongly induced in scrotal testes of Uchi3 knock-
out mice compared with those of wild-type mice (Figure 7).
Cryptorchid testes of both Uchi3 knockout and wild-type
mice showed Nedd8 induction after injury, although the
induction was higher in Uchi3 knockout mice. These obser-
vations suggest that UCH-L3 may function as a deneddy-
lating enzyme’® in vivo, although further studies are neces-
sary to clarify whether UCH-L3 interacts with Nedd8 during
spermatogenesis.

In the present study, we demonstrate apparent recipro-
cal functions for the two deubiquitinating enzymes, UCH-L1
and UCH-L3, with respect to mediating injury after experi-
mental cryptorchidism (Figure 8). Our results advance our
understanding of the role of the ubiquitin-proteasome sys-
tem in regulating apoptosis, and provide a unique opportu-
nity for effective therapeutic intervention.

Acknowledgments

We thank Dr. S.M. Tilghman for providing Uchi3 knockout
mice, H. Kikuchi for technical assistance with tissue sec-
tions, and M. Shikama for the care and breeding of animals.

References

1. Weissman AM: Themes and variations on ubiquitylation. Nat Rev Mol
Cell Biol 2001, 2:169-178

2. Ciechanover A: The ubiquitin-proteasome pathway: on protein death
and cell life. EMBO J 1998, 17:7151-7160

3. Pickart CM, Rose [A: Ubiquitin carboxyl-terminal hydrolase acts on
ubiguitin carboxyl-terminal amides. J Biol Chem 1985, 260:7903-
7910

4. Baker RT, Tobias JW, Varshavsky A: Ubiquitin-specific proteases of
Saccharomyces cerevisiae. Cloning of UBP2 and UBP3, and func-
tional analysis of the UBP gene family. J Biol Chem 1992, 267:23364 -
23375

5. Osawa Y, Wang YL, Osaka H, Aoki S, Wada K: Cloning, expression,
and mapping of a mouse gene, Uchl4, highly homologous to human
and mouse Uchi3. Biochem Biophys Res Commun 2001, 283:627~
633

6. Kurihara LJ, Kikuchi T, Wada K, Tilghman SM: Loss of Uch-L1 and
Uch-L3 leads to neurodegeneration, posterior paralysis and dyspha-
gia. Hum Mol Genet 2001, 10:1963-1970

7. Kurihara LJ, Semenova E, Levorse JM, Tilghman SM: Expression and
functional analysis of Uch-L3 during mouse development. Mol Cell
Biol 2000, 20:2498-2504

8. Saigoh K, Wang YL, Suh JG, Yamanishi T, Sakai Y, Kiyosawa H,
Harada T, Ichihara N, Wakana S, Kikuchi T, Wada K: Intragenic
deletion in the gene encoding ubiquitin carboxy-terminal hydrolase in
gad mice. Nat Genet 1999, 23:47-51

9. Kon Y, Endoh D, Iwanaga T: Expression of protein gene product 9.5,
a neuronal ubiquitin C-terminal hydrolase, and its developing change
in Sertoli cells of mouse testis. Mol Reprod Dev 1999, 54:333-341

10. Wilkinson KD, Deshpande S, Larsen CN: Comparisons of neuronal
(PGP 9.5) and non-neuronal ubiquitin C-terminal hydrolases. Bio-
chem Soc Trans 1992, 20:631-637

11. LiuY, Fallon L, Lashuel HA, Liu Z, Lansbury Jr PT: The UCH-L1 gene

— 104 —



1374

Kwon et al

AJP October 2004, Vol. 165, No. 4

i2.

14.

16.

18,

20.

21.

22.

23.

24,

25.

26.

27.

28.

29,

30.

31.

32.

33.

encodes two opposing enzymatic activities that affect alpha-
synuclein degradation and Parkinson's disease susceptibility. Cell
2002, 111:209-218

Liu Y, Lashuel HA, Choi S, Xing X, Case A, Ni J, Yeh LA, Cuny GD,
Stein RL, Lansbury Jr PT: Discovery of inhibitors that elucidate the
role of UCH-L.1 activity in the H1299 lung cancer cell line. Chem Biol
2003, 10:837-846

. Osaka H, Wang YL, Takada K, Takizawa S, Setsuie R, Li H, Sato Y,

Nishikawa K, Sun YJ, Sakurai M, Harada T, Hara Y, Kimura |, Chiba S,
Namikawa K, Kiyama H, Noda M, Aoki S, Wada K: Ubiquitin carboxy-
terminal hydrolase L1 binds to and stabilizes monoubiquitin in neu-
ron. Hum Mol Genet 2003, 12:1945-1958

Wada H, Kito K, Caskey LS, Yeh ET, Kamitani T: Cleavage of the
C-terminus of NEDD8 by UCH-L3. Biochem Biophys Res Commun
1998, 251:688-692

. Hemelaar J, Borodovsky A, Kessler BM, Reverter D, Cook J, Kolfi N,

Gan-Erdene T, Wilkinson KD, Gill G, Lima CD, Ploegh HL, Ovaa H:
Specific and covalent targeting of conjugating and deconjugating
enzymes of ubiquitin-like proteins. Mol Cell Biol 2004, 24:84-95
Gong L, Kamitani T, Millas S, Yeh ET: Identification of a novel isopep-
tidase with dual specificity for ubiquitin- and NEDD8-conjugated pro-
teins. J Biol Chem 2000, 275:14212-14216

. Harada T, Harada C, Wang YL, Osaka H, Amanai K, Tanaka K,

Takizawa S, Setsuie R, Sakurai M, Sato Y, Noda M, Wada K: Role of
ubiquitin carboxy terminal hydrolase-L1 in neural cell apoptosis in-
duced by ischemic retinal injury in vivo. Am J Pathol 2004, 164:59-64

. Kwon J, Wang YL, Setsuie R, Sekiguchi S, Sakurai M, Sato Y, Lee

WW, Ishii Y, Kyuwa S, Noda M, Wada K, Yoshikawa Y: Developmental
regulation of ubiquitin C-terminal hydrolase isozyme expression dur-
ing spermatogenesis in mice. Biol Reprod 2004, 71:515-521
Boekelheide K, Hall SJ: 2,5-Hexanedione exposure in the rat results
in long-term testicular atrophy despite the presence of residual sper-
matogonia. J Androl 1991, 12:18-26

Ohta Y, Nishikawa A, Fukazawa Y, Urushitani H, Matsuzawa A,
Nishina Y, lguchi T: Apoptosis in adult mouse testis induced by
experimental cryptorchidism. Acta Anat (Basel) 1996, 157:195-204
Yin Y, Hawkins KL, DeWolf WC, Morgentaler A: Heat stress causes
testicular germ cell apoptosis in adult mice. J Androl 1997, 18:1569~
165

Rasoulpour RJ, Schoenfeld HA, Gray DA, Boekelheide K: Expression
of a K48R mutant ubiquitin protects mouse testis from cryptorchid
injury and aging. Am J Pathol 2003, 163:2595-2603

Yin Y, DeWolf WC, Morgentaler A: Experimental cryptorchidism in-
duces testicular germ cell apoptosis by p53-dependent and -inde-
pendent pathways in mice. Biol Reprod 1998, 58:492-496

Peltola V, Huhtaniemi |, Ahotupa M: Abdominal position of the rat
testis is associated with high level of lipid peroxidation. Biol Reprod
1995, 53:1146-1150

Ahotupa M, Huhtaniemi I: Impaired detoxification of reactive oxygen
and consequent oxidative stress in experimentally cryptorchid rat
testis. Biol Reprod 1992, 46:1114-1118

Morimoto RI, Santoro MG: Stress-inducible responses and heat
shock proteins: new pharmacologic targets for cytoprotection. Nature
Biotechnol 1998, 16:833-838

Wojcik C: Proteasomes in apoptosis: villains or guardians? Cell Mol
Life Sci 1999, 56:908-917

Yang Y, Yu X: Regulation of apoptosis: the ubiquitous way. EMBO J
2003, 17:790-799

Kwon J, Kikuchi T, Setsuie R, Ishii Y, Kyuwa S, Yoshikawa Y: Char-
acterization of the testis in congenitally ubiquitin carboxy-terminal
hydrolase-1 (Uch-L1) defective (gad) mice. Exp Anim 2003, 52:1-9
Taylor CT, Furuta GT, Synnestvedt K, Colgan SP: Phosphorylation-
dependent targeting of CAMP response element binding protein to
the ubiquitin/proteasome pathway in hypoxia. Proc Natl Acad Sci
USA 2000, 97:12091-12096

Park C, Choi WS, Kwon H, Kwon YK: Temporal and spatial expression
of neurotrophins and their receptors during male germ cell develop-
ment. Mol Cells 2001, 12:360-367

Finkbeiner S: CREB coupies neurotrophin signals to survival mes-
sages. Neuron 2000, 25:11-14

Selvakumaran M, Lin HK, Miyashita T, Wang HG, Krajewski S, Reed
JC, Hoffman B, Liebermann D: immediate early up-regulation of bax

34.

35,

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52,

53.

54,

55.

56.

— 105 —

expression by p53 but not TGF beta 1: a paradigm for distinct
apoptotic pathways. Oncogene 1994, 9:1781-1798

Liu L, Cavanaugh JE, Wang Y, Sakagami H, Mao Z, Xia Z: ERKS
activation of MEF2-mediated gene expression plays a critical role in
BDNF-promoted survival of developing but not mature cortical neu-
rons. Proc Natl Acad Sci USA 2003, 100:8532-8537

Matsui Y: Regulation of germ celi death in mammalian gonads. AP-
MIS 1998, 106:142-148

Gosden R, Spears N: Programmed cell death in the reproductive
systern. Br Med Bull 1997, 53:644-661

Print CG, Loveland KL: Germ celi suicide: new insights into apoptosis
during spermatogenesis. Bioessays 2000, 22:423-430

Lee JC, Peter ME: Regulation of apoptosis by ubiquitination. Immunol
Rev 2003, 193:39-47

Haupt Y, Maya R, Kazaz A, Oren M: Mdm2 promotes the rapid
degradation of p53. Nature 1997, 387:296-299

Oren M: Regulation of the p53 tumor suppressor protein. J Biol Chem
1999, 274:36031-36034 '

Ryan KM, Phillips AC, Vousden KH: Regulation and function of the
p53 tumor suppressor protein. Curr Opin Cell Biol 2001, 13:332-337
Dimmeler S, Breitschopf K, Haendeler J, Zeiher AM: Dephosphory-
lation targets Bcl-2 for ubiquitin-dependent degradation: a link be-
tween the apoptosome and the proteasome pathway. J Exp Med
1999, 189:1815-1822

Marshansky V, Wang X, Bertrand R, Luo H, Duguid W, Chinnadurai G,
Kanaan N, Vu MD, Wu J: Proteasomes modulate balance among
proapoptotic and antiapoptotic Bcl-2 family members and compro-
mise functioning of the electron transport chain in leukemic cells.
J Immunol 2001, 166:3130-3142

Suzuki Y, Nakabayashi Y, Takahashi R: Ubiquitin-protein ligase ac-
tivity of X-linked inhibitor of apoptosis protein promotes proteasomal
degradation of caspase-3 and enhances its anti-apoptotic effect in
Fas-induced cell death. Proc Natl Acad Sci USA 2001, 98:8662-8667
Yin Y, Stahl BC, DeWolf WC, Morgentaler A: P53 and Fas are sequen-
tial mechanisms of testicular germ cell apoptosis. J Androl 2002,
23:64-70

Ohta H, Aizawa S, Nishimune Y: Functional analysis of the p53 gene
in apoptosis induced by heat stress or loss of stem cell factor signal-
ing in mouse male germ cells. Biol Reprod 2003, 68:2249-2254
Beumer TL, Roepers-Gajadien HL, Gademan IS, Lock TM, Kal HB, De
Rooij DG: Apoptosis regulation in the testis: involvement of Bel-2
family members. Mol Reprod Dev 2000, 56:353-359

Oldereid NB, Angelis PD, Wiger R, Clausen OP: Expression of Bcl-2
family proteins and spontaneous apoptosis in normal human testis.
Mol Hum Reprod 2001, 7:403-408

Borner C: The Bcl-2 protein family: sensors and checkpoints for
life-or-death decisions. Mol iImmunol 2003, 39:615-647

Yamamoto CM, Sinha Hikim AP, Huynh PN, Shapiro B, Lue Y, Sal-
ameh WA, Wang C, Swerdloff RS: Redistribution of Bax is an early
step in an apoptotic pathway leading to germ cell death in rats,
triggered by mild testicular hyperthermia. Biol Reprod 2000, 63:
1683-1690

Deveraux QL, Reed JC: AP family proteins—suppressors of apopto-
sis. Genes Dev 1999, 13:239-252

Yang Y, Fang S, Jensen JP, Weissman AM, Ashwell JD: Ubiquitin
protein ligase activity of IAPs and their degradation in proteasomes in
response to apoptotic stimuli. Science 2000, 288:874-877
Deveraux QL, Roy N, Stennicke HR, Van Arsdale T, Zhou Q, Sriniva-
sula SM, Alnemri ES, Salvesen GS, Reed JC: 1APs block apoptotic
events induced by caspase-8 and cytochrome ¢ by direct inhibition
of distinct caspases. EMBO J 1998, 17:22156-2223

Li B, Dou QP: Bax degradation by the ubiquitin/proteasome-depen-
dent pathway: involvement in tumor survival and progression. Proc
Natl Acad Sci USA 2000, 97:3850~-3855

Semenova E, Wang X, Jablonski MM, Levorse J, Tilghman SM: An
engineered 800 kilobase deletion of Uchi3 and Lmo7 on mouse
chromosome 14 causes defects in viability, postnatal growth and
degeneration of muscle and retina. Hum Mol Genet 2003, 12:1301-
1312

Dil Kuazi A, Kito K, Abe Y, Shin RW, Kamitani T, Ueda N: NEDD8
protein is involved in ubiquitinated inclusion bodies. J Patho! 2003,
199:259-266



do1:10.1093/brain/awh368

Brain (2005), 128, 405-416

The slow Wallerian degeneration gene, Wid®,
inhibits axonal spheroid pathology in gracile

axonal dystrophy mice

Weigian Mi,"* Bogdan Beirowski,’** Thomas H. Gillingwater, Robert Adalbert,"* Diana Wagner,'
Daniela Grumme,! Hitoshi Osaka,’ ® Laura Conforti,* Stefan Arnhold,? Klaus Addicks,> Keiji Wada,’

Richard R. Ribchester’ and Michael P. Coleman™*

'ZMMK and Institute for Genetics and *Department of
Anatomy I, University of Cologne, Cologne, Germany,
3Division of Neuroscience, University of Edinburgh, Edin-
burgh, “The Babraham Institute, Babraham, Cambridge,
UK, 5Department of Degenerative Neurological Diseases,
National Institute of Neuroscience, Kodaira, Tokyo and
SClinical Research Institute, Kanagawa Children’s Medical
Center, Yokohama, Japan

Summary

Axonal dystrophy is the hallmark of axon pathology in
many neurodegenerative disorders of the CNS, including
Alzheimer’s disease, Parkinson’s disease and stroke.
Axons can also form larger swellings, or spheroids, as
in multiple sclerosis and traumatic brain injury. Some
spheroids are terminal endbulbs of axon stumps, but swel-
lings may also occur on unbroken axons and their role in
axon loss remains uncertain. Similarly, it is not known
whether spheroids and axonal dystrophy in so many dif-
ferent CNS disorders arise by a common mechanism.
These surprising gaps in current knowledge result largely
from the lack of experimental methods to manipulate axon
pathology. The slow Wallerian degeneration gene, widS,
delays Wallerian degeneration after injury, and also delays
‘dying-back’ in peripheral nervous system disorders,
revealing a mechanistic link between two forms of
axon degeneration traditionally considered distinct. We
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now report that Wid® also inhibits axonal spheroid patho-
logy in gracile axonal dystrophy (gad) mice. Both gracile
nucleus (P < 0.001) and cervical gracile fascicle (P = 0.001)
contained significantly fewer spheroids in gad/Wla'S mice,
and secondary signs of axon pathology such as myelin loss
were also reduced. Motor nerve terminals at neuromus-
cular junctions continued to degenerate in gad/Wid® mice,
consistent with previous observations that WIid® has a
weaker effect on synapses than on axons, and probably
contributing to the fact that Wid° did not alleviate gad
symptoms. Wid® acts downstream of the initial pathogenic
events to block gad pathology, suggesting that its effect on
axonal swelling need not be specific to this disease. We
conclude that axon degeneration mechanisms are more
closely related than previously thought and that a link
exists in gad between spheroid pathology and Wallerian
degeneration that could hold for other disorders.

Keywords: axon; axonal spheroid; gracile axonal dystrophy; ubiquitin; Wallerian degeneration

Abbreviations: APP = amyloid precursor protein; gad = gracile axonal dystrophy; GFAP = glial fibrillary acidic protein;
H & E = haematoxylin and eosin; NMJ = neuromuscular junction; PFA = paraformaldehyde; PNS = peripheral nervous
system; Wid® = slow Wallerian degeneration gene, mutation or mice; W1d® = slow Wallerian degeneration protein; YFP = yellow

fluorescent protein
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Introduction

Axonal dystrophy and spheroids are hallmarks of CNS axon
pathology. Axonal spheroids are focal 10-50 pm diameter

swellings, which are sometimes, but not always, terminal
endbulbs, and are filled with disorganized neurofilaments,
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tubules, organelles or multi-lamellar inclusions. Dystrophic
axons are usually smaller swellings often associated with
continuity of the axon. One or both of these aberrant axon
morphologies is found in a wide range of CNS neuro-
degenerative disorders, including stroke (Dewar et al.,
1999), myelin disorders (Griffiths et al., 1998), tauopathies
(Lewis et al., 2000; Probst et al., 2000), amyotrophic lateral
sclerosis (Tu et al., 1996; Qosthuyse et al., 2001; Howland
et al., 2002), traumatic brain injury (Cheng and Povlishock,
1988), Alzheimer’s disease (Brendza et al, 2003),
Parkinson’s disease (Galvin et al., 1999), Creutzfeldt-
Jakob disease (Liberski and Budka, 1999), HIV dementia
(Raja et al., 1997, Adle-Biassette et al., 1999), hereditary
spastic paraplegia (Ferreirinha et al., 2004) and Niemann-
Pick discase (Bu et al., 2002). They also occur during
normal ageing and secondarily in some serious illnesses
(Sung et al., 1981). In contrast, peripheral nervous system
(PNS) axons undergo ‘Wallerian-like’ or ‘dying-back’
degeneration, even in diseases where CNS axons form
swellings (Miura er al, 1993; Lewis et al., 2000;
Oosthuyse et al., 2001), although swellings do also occur
in some rare PNS disorders (Miike et al., 1986; Bomont
et al., 2000).

The roles of axonal swellings in disease are poorly under-
stood, as illustrated by the following examples. First, in mul-
tiple sclerosis, many large spheroids are terminal endbulbs of
transected axons but there are also a few ‘en passant’ swel-
lings of similar shape and dimension (Trapp et al., 1998) and
many small dystrophic swellings (Ferguson et al., 1997,
Kornek et al., 2000, 2001). It remains unclear whether
these different types of swelling have common or different
origins. Secondly, it is not clear whether disease-specific
mechanisms lead to a common final pathway of axonal
dystrophy, as in Alzheimer’s disease, stroke and multiple
sclerosis, and if so how they do this. Thirdly, it is not
known why swellings predominate in distal axons in some
diseases, such as gracile axonal dystrophy (gad) (Yamazaki
et al., 1988; Mukoyama et al., 1989), caused by loss of
ubiquitin C-terminal hydrolase 11 (Uch-1I) (Saigoh et al.,
1999), while in other diseases they occur in proximal
axons, as in amyotrophic lateral sclerosis (Tu et al,, 1996)
and tauopathy (Probst er al., 2000). Finally, a better
understanding is needed of the relationship between axon
swelling and impaired axonal transport. Amyloid precursor
protein (APP) accumulates in axonal swellings and spheroids
in stroke (Dewar et al., 1999), traumatic brain injury
(Gentleman et al., 1993), multiple sclerosis (Ferguson et al.,
1997), Creutzfeld-Jakob disease (Liberski and Budka, 1999),
HIV dementia (Raja et al., 1997; Adle-Biassette et al., 1999)
and gad (Ichihara et al., 1995), indicating that axonal transport
is impaired. However, it is not known whether axon swelling
in these disorders is simply a consequence of impaired axonal
transport, or whether it causes the transport defect, or both.
These and other important questions remain unanswered
largely because experimental methods to manipulate axonal
swelling have not been available.

A mutant mouse gene, Wid®, blocks a rate-limiting step
common to Wallerian degeneration and diverse PNS axon
disorders, including dysmyelination (Samsam et al., 2003),
motor neuronopathy (Ferri et al.,, 2003) and Taxol toxicity
(Wang et al., 2002). Recently, WidS was reported to be
effective in acute CNS lesions modelling stroke
(Gillingwater et al., 2004) and Parkinson’s disease (Sajadi
et al., 2004) but its effect in a chronic CNS disease has not
been reported. WIdS is.a chimeric gene (Conforti et al., 2000)
formed by a stable triplication (Coleman ez al., 1998; Mietal.,
2003) encoding the N-terminus of multiubiquitylation factor
Ubedb fused in-frame to nicotinamide mononucleotide
adenylyltransferase (Nmnatl) plus a short novel sequence
(Mack et al., 2001). Nmnatl appears to be sufficient to
confer the phenotype in vitro, but it is not yet clear
whether this holds in vivo (Coleman and Perry, 2002;
Araki et al., 2004). W1d® protein appears to be restricted to
the nucleus, so its effect on axons is mediated by other factors
(Mack et al., 2001), which may include the NAD-dependent
deacetylase SIRT-1 (Araki ez al., 2004).

To study the relationship between axonal swelling and
Wallerian degeneration, we crossed Wid® and gad mice.
Wid® significantly reduced spheroid numbers without altering
the first stages of gad pathogenesis, revealing a link between
Wallerian degeneration and axonal spheroids in this disease
that could extend to other disorders.

Methods

Origin, breeding and genotyping of mice

Homoézygous C57BL/WId® spontaneous mutants were obtained from
Harlan UK (Bicester, UK) and mated with heterozygous gad mice,
kindly provided by Professor Keiji Wada and Dr Hitoshi Osaka
(National Institute of Neuroscience, Tokyo, Japan), following a
cross to C57BL/6 to ensure a more homogeneous genetic back-
ground. Thus, the genetic background of the experimental mice
was 75% C57BL/6, 12.5% CBA/Nga, 12.5% RFM/Nga. Double
heterozygotes were identified in the F1 generation by genotyping
for gad (below) and intercrossed. gad homozygotes were identified
by genotyping and selected for further study. WId® genotype was
determined post mortem by pulsed-field gel electrophoresis of spleen
DNA (Mi et al., 2002). Hemizygous yellow fluorescent protein
(YFP) mice of line YFP-H were obtained from Jackson
Laboratories (Bar Harbor, MN, USA) and mated with gad/WldS
double heterozygotes. Triple heterozygotes were then mated to
gad/WldS double heterozygotes to produce gad homozygotes that
were heterozygous for both Wid® and YFP-H. For gad genotyping,
tail genomic DNA was extracted at 3 weeks using the Nucleon IT kit
(Amersham Pharmacia), digested with Pvull, and Southern blotted.
It was then hybridized with a >2P-labelled 764-bp probe generated
by PCR from gad homozygous genomic DNA using primers
5-ATCCAGGCGGCCCATGACTC-3' and 5'-AGCTGCTTTGCA-
GAGAGCCA-3'. Positively hybridizing fragments indicative of the
gad (0.75 kb) and wild-type (1.6 kb) alleles were then identified by
autoradiography. To genotype for inheritance of the YFP-H
transgene, the skin of a 1-2 mm ear punch at 21 days was pulled
apart and fluorescent axons identified using a Zeiss Axiovert S100
inverted fuorescent microscope through the FITC filter.
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Assessment of Wallerian degeneration

gad homozygotes that were heterozygous for Wid® and hemizygous
for the YFP-H transgene were anaesthetized prior to the onset of
hindlimb weakness using intraperitoneal Ketanest (100 mg/kg; Parke
Davis/Pfizer, Karlsruhe, Germany) and Rompun (5 mg/kg; Bayer,
- Leverkusen, Germany). The right sciatic nerve (upper thigh) was
transected and the wound closed with a single suture. Five days later
the mice were killed by cervical dislocation, the swollen first 2 mm of
distal sciatic nerve was discarded and the next 2 mm was used for
western blotting for heavy neurofilament protein as previously
described (Mack et al., 2001). The tibial nerve of the operated leg
with a minimum of attached non-nervous tissue was processed for
YFP fluorescence as follows. The nerve was stretched by ~10% by
pinning onto a Sylgard (Du Pont) dish and fixed with 4%
paraformaldehyde (PFA) (BDH Laboratory, UK) in 0.1 M
phosphate-buffered saline (PBS) in the dark for 1 h. It was then
incubated in 1% Triton X-100 (Sigma, Germany) in 0.1 M PBS
for 10 min and washed three times with PBS before mounting
in Vectashield (Vector Laboratories, USA). The degree of
fragmentation of the representative subset of motor and sensory
axons that are YFP-labelled was determined. For more detail, see
Beirowski er al. (2004).

Preparation of gracile tract sections

Mice aged 126-130 days were anaesthetized using Ketanest and
Rompun (100 mg/kg and 5 mg/kg intraperitoneally, respectively)
or a higher dose as required for deep terminal anaesthesia. After
sternotomy mice were killed by cardiac puncture and instantly
intracardially perfused first with a solution containing 10 000 IE/l
heparin (Liquemin- N 25000; Hoffmann-La Roche) and 1%
procainhydrochloride in 0:1 M PBS for 30 s and then with
Gixative (4% paraformaldehyde in 0.1 M PBS) for 10 min. Brain
and spinal cord were carefully removed, further fixed in 4% PFA/
0.1 M PBS overnight and extensively washed in 0.1 M PBS. Fixed
tissues were extensively rinsed in fresh 0.1 M PBS, dehydrated in an
ascending ethanol series and subsequently embedded in paraffin
(Paraplast; Sherwood Medical Co., St Louis, MO, USA) applying
standard histology techniques. Coronal serial sections (6 pum) were
made using a Type HM355 microtome (Microm GmbH) from the
entire gracile nucleus in medulla oblongata and cervical gracile
fascicle starting at level 535 (Sidman et al., 1971). Serial paraffin
sections were mounted on conventional glass slides for use in
haematoxylin and eosin (H & E) staining or on poly-L-lysine-
coated slides for use in Luxol Fast Blue staining and immuno-
cytochemistry, alternating normally every 2-3 sections.
Distinction between gracile nucleus and cervical gracile fascicle
was made by applying histomorphological criteria for the typical
shapes of coronal sections.

H & E staining and spheroid quantification

Six-micrometre sections were deparaffinized in xylol (Carl-Roth,
Germany) for 10 min, rehydrated in a descending ethanol series
and rinsed in deionized H,O for 1 min. Sections were placed in
haematoxylin for 5 min, rinsed in tap water for 1 min to allow
stain to develop and then placed in eosin for 2 min, dehydrated
and mounted in Entellan resin (Merck, Germany). The occurrence
of clearly detectable eosinophilic spheroids, indicative of dystrophic
axons (Yamazaki et al., 1988; Mukoyama et al., 1989; Kikuchi er al.,
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1990) was quantified in ~90 sections uniformly dispersed throughout
the gracile nucleus of each individual and ~30 sections uniformly
dispersed throughout the cervical gracile fascicle. Analysis of lateral
columns was performed on these same 30 sections, counting the sum
of spheroid numbers on both sides of the spinal cord. In this way,
irregular results due to local deviations in spheroid numbers could
be ruled out. H & E stained axonal spheroids were generally
eosinophilic and appeared glassy or hyaline with a round or oval
shape. They varied in diameter (5~50 pm) and sometimes reached a
size larger than the nerve cells in gracile nucleus. All specimens were
scored blind and agreed by two independent investigators.

Luxol Fast Blue staining and densitometric
quantification

Six-micrometre sections from equivalent points in gad and gad/ Wid®
cervical spinal cord and medulla oblongata were processed
simultaneously as follows. Sections were deparaffinized in xylol
(Carl-Roth, Germany) for 15 min, and processed twice through
100% ethanol for 2 min and 96% ethanol for a few seconds.
Slides were transferred to Luxol Fast Blue solution [0.1% Luxol
Fast Blue MBS chroma (Merck), 10% acetic acid all made up in
96% ethanol] and incubated at 60°C for 5 h. Sections were then
rinsed in 95% ethanol and distilled water for 1 min each, dipped
in 0.05% lithium carbonate (Merck) for 1 min, and differentiated in
70% ethanol for a further 1 min. After rinsing in distilled water,
sections were examined under light microscope for suitable
differentiation between white and grey matter. Nuclear Fast Red
staining was carried out for 10 min in 5% aluminium sulphate,
0.1% Nuclear Fast Red followed by rinsing in distilled H,0O, 90%
ethanol and 100% ethanol for 1 min each. Slides were incubated in
xylol fer 5 min and mounted in Entellan resin (Merck). Slides were
examined under light microscopy (Nikon Eclipse E200) and
evaluated using Bioscan OPTIMAS 6.0 software (Optimas Corp.,
WA, USA) according to the manufacturer’s instructions. For
densitometric quantitation, mean grey values were obtained for
circumscribed areas of interest using a three-chip monochrome
CCD camera, and the background grey value (tissue-free area) was
subtracted. Since demyelination occurs selectively in the gracile tract
and not in the cuneate tract of gad mice by 126-130 days (Mukoyama
et al., 1989; our observations), we used cuneate fascicle as a
reference area and expressed Luxol Fast Blue staining in gracile
tract as a percentage of that in cuneate tract. We applied this
procedure to representative Luxol Fast Blue-stained sections of
cranial gracile tract: two sections from level C2/C3 representing
the cervical gracile fascicle and two sections from level 535
representing the gracile nucleus (Sidman et al., 1971).

Immunocytochemistry of gracile tract

Six-micrometre paraffin sections from equivalent points in gad and
gad/WldS cervical spinal cord and medulla oblongata were processed
simultaneously as follows. Sections were deparaffinized, rehydrated
in a descending ethanol series, washed several times in 0.05 M
Tris-buffered saline (TBS), and treated with a solution of 6%
H,0, in methanol for 20 min to block endogenous peroxidase
activity. They were then permeabilized with 0.1% Triton X-100
(Sigma) in 0.05 M TBS additionally containing 0.05 M NH,CI,
rinsed in fresh TBS three times and subsequently immuno-
blocked with 5% bovine serum albumin (Sigma) in 0.05 M TBS
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for 1 h. First antibody was polyclonal guinea pig anti-glial fibrillary
acidic protein (GFAP) (1 : 400 dilution) (Progen, Germany) at 4°C
overnight, while negative control sections were incubated without
primary antibody. Secondary antibody was goat anti-guinea pig
biotin conjugate (1 : 400 dilution) (Sigma) for 1 h at room
temperature, and was followed by streptavidin-coupled horseradish
peroxidase complex (Vector Laboratories; 1 : 200 dilution) for 1 h.
After extensive washing, sections were developed under identical
conditions for all specimens with 3,3-diaminobenzidine tetra-
hydrochloride (Sigma-Aldrich) in 0.1 M phosphate buffer until a
clear dark-brown labelling of astrocytes in the gracile tract could be
detected. In all cases the control sections without primary antibody
incubation showed no labelling of astrocytes. For microscopic
examination and TV densitometry, sections were dehydrated and
mounted in Entellan resin (Merck). Quantitation was similar to
that described for Luxol Fast Blue densitometry. GFAP immuno-
staining intensities in cranial gracile tract sections were expressed as
percentage of GFAP staining intensity in wild-type sections at the
same coronal level. We applied GFAP densitometry on representative
cranial gracile tract sections from each examined mouse: two
sections from level C2/C3 representing the cervical gracile
fascicle and two sections from level 535 representing the gracile
nucleus (Sidman et al., 1971).

Immunocytochemistry of sciatic nerves

Sciatic nerves from 15-week-old gad, gad/WId®, or control mice
were immersion fixed in 4% PFA/0.1 M PBS for 1 h and washed
extensively in 0.1 M PBS before paraffin embedding. Twenty-
micrometre sections were immunostained using rabbit polyclonal
antibody to ubiquitin (Sigma-Aldrich U5379) and Cy3-conjugated
secondary antibody. Confocal images were obtained using a
PerkinElmer UltraView LCI confocal microscope coupled to a
Nikon Eclipse TE200 microscope, and processed using UltraView
software (Perkin-Elmer Life Sciences Ltd, Cambridge, UK).

Statistical analysis of histopathology results

All data (axonal spheroid numbers, TV densitometry intensities) are
presented as mean = SD for the examined genotype groups. Data
analysis was performed using PRISM for Macintosh or SPSS
for Windows, including Student’s t-test calculations for paired
and unpaired data where appropriate. Significance was considered
at P < 0.05 and high significance at a P < 0.01.

Analysis of neuromuscular pathology

Mice were killed by cervical dislocation and lumbrical muscles
immediately dissected under oxygenated Ringer solution. Fixation,
immunocytochemistry and signal imaging were then carried out as
described previously (Gillingwater er al., 2002). The denervation rate
was determined by counting 100-200 endplates in each of two to
three lumbrical muscles and the mean value taken for each mouse.

Behavioural tests

The foot splay test (Norreel et al., 2001) was used to estimate the
reflex reaction speed of the hind limbs. Mice were gently taken by the
neck and tail, the plantar surface of their hind feet painted using
a non-toxic children’s painting set, and the mouse released from

a height of 15 cm to land on white paper. Wild-type mice bring
their legs together during descent to land in a controlled manner
like a gymnast, whereas gad mice fail to do this and land with
their feet far apart. The distance between the two hind heels
was averaged from 10 successive trials on each testing date (9 and
13 weeks).

In the clasping test, the mouse was suspended by the tail >50 cm
from any surface. Clasping time within a | min test was scored as
flexing or folding of the hind limbs tightly towards the trunk plus any
spasmodic stretching. Mice were examined once per week through
the period from 6 to 16 weeks. No wild-type mice clasped, regardless
of the presence of the WId® mutation.

Results
gad does not weaken the WId® phenotype

Before assessing the effect of WIid® on gad pathology we first
showed that Wid® can protect axons, even in the presence of
the gad mutation, by inducing Wallerian degeneration in
gad/ Wid® mice. Before the lesion, there was no sign of axon
degeneration in these nerves, confirming previous reports
(Mukoyama et al., 1989). We bred gad mice that were het-
erozygous for WId® and hemizygous for a YFP-H transgene
(Feng et al., 2000) to allow a rapid and quantitative assess-
ment of Wallerian degeneration (Beirowski et al., 2004) and
transected sciatic nerves before the onset of hindlimb weak-
ness. Wallerian degeneration was assessed after 5 days both
by western blotting to see degraded heavy neurofilament pro-
tein (Fig. 1A) and by fluorescence microscopy to see frag=
mented YFP-containing axons (Fig. 1B). Nerves unprotected
by Wid® degenerated as expected (Fig. 1A, middle lane, and
Fig. 1B, lower panel) but a single allele of Wid® was sufficient
to prevent axon degeneration in both readout methods. Thus,
gad does not significantly weaken the Wid® phenotype and it is
feasible to test the effect of Wid® on gad pathology.

Axonal spheroid pathology is reduced by wid®

In order to determine the effectiveness of Wid® on gad axonal
spheroid pathology, we counted axonal spheroids in ~90 H &
E stained 6-pm paraffin sections from throughout the gracile
nucleus and 30 sections from throughout the cervical spinal
cord of each 18-week-old gad mouse and gad/WldS double
homozygote. Fifty per cent fewer spheroids were found in
gracile nuclei of gad/ Wid® mice than in gad mice (P = 0.0004)
and 63% fewer in cervical gracile fascicle (P = 0.0011)
(Fig. 2). Intermediate values were observed in wid®
heterozygotes, further supporting the result and no
spheroids were observed in control animals of this age
(data not shown). Spheroids have also been reported in the
cervical lateral columns of gad mice (Kikuchi et al., 1990).
We found far fewer spheroids here than in cervical gracile
tract and gracile nucleus, but the number was also significantly
reduced by homozygous Wid® (P = 0.046; n = 3) (Fig. 2). We
also observed a reduction in axonal spheroids in lumbar spinal
cord, from 42 to six in the ventral column and from 13 to four
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Fig. 1 A single allele of Wid® is sufficient to delay Wallerian degeneration even in gad mice. (A) Western blot showing complete
preservation of intact heavy neurofilament protein (NF200) in the distal stump of axotomized gad sciatic nerve by heterozygous Wid®

5 days after lesion (lane 1). In contrast, no intact NF200 remains after 5 days in axotomized wild-type sciatic nerve (lane 2). Lane 3

is an uncut nerve showing the expected appearance of intact NF200 (gel loading differences probably account for the difference in intensity
with lane 1). (B) Complete preservation of distal gad tibial nerve by heterozygous WId® 5 days after nerve lesion (upper panel),
visualized using the YFP-H transgene. In contrast, no unfragmented axons remained in a tibial nerve lacking Wid® 3 days after a lesion
(lower panel). Unlesioned nerves appear exactly as in the upper image (Beirowski et al., 2004). Scale bar = 100 pm.

in the dorsal horn grey matter. Although lumbar regions of
only a single gad and two gad/Wid® mice were studied, these
mice were independent of those used for the gracile tract
analysis and 3 weeks younger, so these data independently
support our conclusion that Wid® reduces axonal spheroid
pathology in several different regions of gad CNS well
into late-stage disease.

A reduction in the number of axonal spheroids could result
theoretically from either reduced axon pathology or pathology
so extensive that the axons are completely destroyed.
Kurihara et al. (2001) reported that when gad pathology
was made worse by crossing with Uch-I3 null mice, extensive
axon pathology became detectable at more caudal locations in
cervical and thoracic gracile fascicle. We did not observe this
in the Wid® cross, and Wid® homozygotes maintain a rostral-
caudal gradient of axonal spheroid pathology (Fig. 2E and F;
and thoracic data not shown), indicating that gad remains a
‘dying-back’ pathology in Wid® mice but that its progress is
delayed.

Secondary measures of axon pathology
are also reduced by Wid®

Further evidence of a reduced loss of axon-myelin units in
gad/WId® mice came from a significant reduction (P = 0.018)
in secondary myelin loss in cervical gracile fascicle in the
same animals (Fig. 3A-C). A similar protective trend in the
medulla oblongata did not reach statistical significance (P =
0.059), probably due to the naturally weaker myelination in
this region, but Wid® clearly did not cause any deterioration,
so the reduction in axonal spheroid numbers (Fig. 2) must
reflect reduced pathology and not wholesale axon loss.

Furthermore, as the rescued axons remain myelinated, they
potentially retain normal conductance properties, at least in
these locations. It is unlikely that Wi@® has any direct effect on
myelin, because expression of WId® in glia does not alter
Wallerian degeneration (Glass et al., 1993). Thus reduced
myelin loss in gad/Wid® mice is likely to reflect the
maintenance of functional axon-myelin units. Wid® also
decreased GFAP signal in immunocytochemistry in gad,
indicating a lower level of astrocyte activation in response
to axon damage (Yamazaki et al., 1988) (data not shown).
Thus, both direct and indirect measures .of spheroidal axon
pathology in the gracile tract are reduced by the Wid® gene.

widS operates downstream of axonal ubiquitin
depletion in gad

gad causes axon degeneration through defective ubiquitin
metabolism (Osaka et al., 2003), and WId® also interferes
with ubiquitin metabolism (Mack et al., 2001; Coleman and
Perry, 2002; Zhai et al., 2003). It was important to establish
whether Wid® blocks the ubiquitin defect in gad, an action that
would suggest a protective effect restricted to gad and other
ubiquitin defects, or whether it acts on a downstream step,
raising the possibility of delaying axonal spheroid pathology
in a wide range of CNS disorders (see above). Interpretation of
any change in ubiquitin level in gracile tract would be
complicated by the degeneration of those axon branches,
so instead we carried out immunocytochemistry for ubiquitin
epitopes in the peripheral branch of the same axons in sciatic
nerve (Fig. 4). First, we confirmed that axonal ubiquitin was
severely depleted in gad mice compared with wild-type
controls (P = 0.014) (Osaka et al., 2003). We then found
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Fig. 2 Wid® reduces spheroid body numbers in the gracile tract and lateral columns of gad mice. (A and C) Representative sections from
gracile nucleus of (A) gad and (C) gad/Wid® mice stained with H & E, showing a large reduction in the number of axonal spheroids
(large pink swellings, indicated by arrows) when Wid® is present. (B and D) Representative sections from cervical gracile fascicle of (B)
gad and (D) gad/WldS mice. Scale bar (A-D) = 25 um. (E-G) Quantitation (mean * SD) of spheroid counting data in (E) gracile
nucleus (n = 6), (F) cervical gracile fascicle (n = 6) and (G) cervical lateral columns (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.

that a similar defect was present in gad/Wld® mice compared
with Wid® controls (P = 0.0004) and that Wid® did not
significantly increase the ubiquitin signal either in the
presence (P = 0.902) or absence (P = 0.807) of gad. Thus,
Wid® does not correct the depletion of axonal ubiquitin in gad
and instead operates at a downstream point in spheroid
pathology that could be common to other CNS disorders.

Motor pathology

Despite the reduction in axonal spheroids in the gracile
tract, there was no apparent reduction in the severity of
gad symptoms when Wid® was present, with no significant
difference in hindlimb clasping, (P = 0.82; n = 9) or splay iest

(P =0.33; n = 7). Thus, either prevention of swelling in the
gracile tract does not preserve the function of those axons, or
pathology elsewhere limits any improvement in phenotype of
gad/Wid® mice. In the absence of any tests to specifically
target the function of gracile tract axons, we investigated
neuromuscular junction (NMI) pathology, where dying-
back of motor nerve terminals has previously been reported
(Miura et al., 1993). At 15 weeks, the degree of denervation
was similar between the two strains, with 56.0 £ 6.0% of
lumbrical NMJ fully or partially denervated in gad mice and
53.5 = 11.8% in gad/WId® (Fig. 5C and D). This may be
because protection of motor nerve terminals at the NMJ by
Wid® afier axotomy is weaker than that of the axon trunk,
especially in older mice (Gillingwater ef al., 2002). However,
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Fig. 3 Wid® reduces also secondary demyelination in the gracile tract. (A and B) Representative cervical gracile fascicles of (A) gad and
(B) gad/WId® mice stained with Luxol Fast Blue and Nuclear Fast Red, showing the reduction in myelin loss when Wid® is present.
Scale bar (A and B) = 25 pm. (C) Densitometric quantification (mean = SD) of Luxol Fast Blue staining (n = 53). *P < 0.05.
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Fig. 4 Wid® does not correct the severe depletion of axonal
ubiquitin in gad. Ubiquitin immunostaining in both (A) wild-type
and (B) WIdS mice is greatly reduced in C and D, respectively,
where gad is also present. Comparison of A with B and C with D
also.shows that Wid® does not alter ubiquitin signal either in the
presence of absence of gad. (E) Quantitation (mean = SD) of
ubiquitin signal. *P < 0.05; ***P < 0.001. 6 ], n = 4; WidS, n = 4,
gad, n =4; and ga(//W[ds, n = 10. Scale bar = 50 puin.

at 9 weeks, an age where Wid° does protect axotomized motor
nerve terminals, neither strain showed any denervation of
NMJ in lumbrical muscles (Fig. SA and B), so there was
no time window when both Wid® and gad exert their
opposing effects at the NMJ. Thus, the fact that Wid® does
not alleviate NMJ pathology in the older mice could explain
why gad symptoms are not reduced.

Discussion

We report that Wid® reduces the occurrence of axonal spher-
oids-in gad. This is the first indication that WidS can alleviate
axon pathology in chronic CNS disease, thus extending obser-
vations made in the PNS that WId® protects axons not only
after injury (Lunn et al., 1989) but also in disorders where no
physical injury takes place (Wang et al., 2002; Fetri et al.,
2003; Samsam et al., 2003). We conclude that axonal spheroid
pathology in gad and Wallerian degeneration are not inde-
pendent events and axon degeneration mechanisms are
more uniform than morphology would suggest. It follows that
Wallerian degeneration, or processes related to it, could con-
tribute to many other CNS disorders where its involvement
has not previously been suspected.

The mechanism by which Wid® protects axons is still under
investigation (Mack et al., 2001; Coleman and Perry, 2002,
Zhai et al., 2003; Araki ef al., 2004), but appears to involve
nuclear W1d® protein and a factor(s) that communicates its
effect to the axon. What is already becoming clear, however,
is that Wid® directly or indirectly blocks a central step of axon
pathology onto which various pathological mechanisms
converge (Fig. 6). This is indicated both by the wide
range of disorders in which wid® protects axons, as it is in-
conceivable that Wid® blocks different initial events in each
case, and by our direct evidence, that early steps of gad pa-
thogenesis are unaltered (Fig. 4). Intriguingly, it now seems
that a number of different pathological manifestations result
from the step delayed by WId®. These are axonal spheroids in
gad, dying-back axon loss without swelling in peripheral
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Fig. 5 Denervation at the NMJ. Presynaptic structures labeiled with SV2 and neurofilament antibody are shown in green, and postsynaptic
structures labelled with TRITC-a-bungarotoxin are in red. At 9 weeks, denervation has hardly begun in (A) gad or (B) gad/WldS. At

15 weeks, both strains show extensive denervation (C and D, respectively), with partial occupancy of endplates by motor nerve
terminals occurring frequently. Scale bar = 25 pm.
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Fig. 6 Wid® delays a central step of axonal pathology that lies after the convergence point of multiple degenerative stimuli but upstream
of the divergence of several pathological manifestations.

neuropathy and motor neuronopathy, and Wallerian directly probing the mechanism using WId® challenge this
degeneration in CNS and PNS injury. The divergent  interpretation.

morphology and topology in these disorders previously Many CNS disorders in which there is axonal swelling show
suggested independent mechanisms, but the results of accumulation of amyloid precursor protein in the swellings,
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indicating impairment of axonal transport in each case and
suggesting that their axon degeneration mechanisms are to
some extent related. gad is one of these disorders, and the
others include brain trauma (Gentleman et al., 1993), stroke
(Dewar et al., 1999) and other forms of ischaemia (Hughes
et al., 2003), multiple sclerosis (Ferguson et al., 1997), and
HIV dementia (Medana and Esiri, 2003). This similarity with
gad suggests that axon degeneration in other disorders may
also be related to Wallerian degeneration, a possibility that
should now be tested using Wid® mice or, where appropriate,
the newly generated Wid® rat model (Adalbert e al., in press).
However, it is unlikely that Wid® will stop all forms of axonal
swelling, as it appears unable to do so in Plp null mice (Edgar
et al., 2004). Thus, it should be possible to categorize CNS
axonal swelling disorders into those that are altered by Wid®
and those that are not. This will then enable disorders to be
grouped together for mechanistic studies rather than focusing
on each disorder in isolation.

It is important to consider the spatial and temporal rela-
tionship between axonal swelling and axonal breakdown in
the light of our data. The lack of good methods for longitud-
inal imaging of CNS axons has made it difficult to determine
whether spheroids first occur as terminal endbulbs of axons
whose distal ends have degenerated, or as localized swellings
on otherwise morphologically normal axons. Preliminary
data from our laboratory using axons of gad/YFP-H mice
(Adalbert and Coleman., unpublished) suggest that many
spheroids in gad are not terminal endbulbs, at least in the
early stages of the disease. Thus, one model to account for
the effect of Wid® in gad is that an ‘en passant’ spheroid is the
first step in pathology, leading to degeneration of the distal
axon due to the blockage of axonal transport, a process that
fixes the spheroid as a terminal endbulb. In this model, Wid®
might block the Wallerian-like degeneration of the distal end
for long enough to allow the spheroid to resolve and the axon
to recover. Thus, our data suggest that WId® could be used to
address the question of whether swollen axons can recover or
whether they are destined, inevitably, to degenerate. In a
wider context, this is an important issue in several CNS
disorders where axonal spheroids occur, including brain
trauma and multiple sclerosis (Cheng and Povlishock,
1988; Ferguson et al., 1997)..

The above model assumes that Wallerian-like degeneration
and axonal swelling in gad are separated in space and time,
with one causing the other. Alternatively, the mechanism of
the axonal swelling itself in gad may be related to that of
Wallerian degeneration. In support of this model, there are a
number of disorders in which CNS axons swell and PNS
axons of the same animal degenerate by Wallerian-like
degeneration without extensive swelling. In gad mice, this
occurs even within the same cell, as gracile tract central
projections of lumbar primary sensory neurons have
spheroids, while peripheral muscle spindles degenerate
without swelling (Oda et al., 1992). Similarly, amyotrophic
lateral sclerosis (ALS) in humans (Tu et al., 1996; Takahashi
et al., 1997), mice (Tu et al., 1996; Oosthuyse et al., 2001)
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and rats (Howland et al., 2002), together with tauopathy in
mice (Lewis et al., 2000; Probst et al., 2000), all show axonal
swelling in spinal cord and other CNS areas, but extensive
‘Wallerian-like’ degeneration without swelling in ventral
roots and peripheral nerves. Even injury-induced Wallerian
degeneration shows different morphology depending on
experimental circumstances. For example, when injured
gracile tract axons undergo Wallerian degeneration they
swell to up to 10 times their normal diameter, quite unlike
Wallerian degeneration in the PNS (George and Griffin,
1994). Thus, a number of observations support a direct
mechanistic link between axonal swelling and Wallerian
degeneration.

It is not yet clear how related mechanisms might cause
swelling in spheroids but axon fragmentation in Wallerian
degeneration. Cytoskeletal changes are common to both, so
a loosening of cytoskeletal structure could cause disorganized
cytoskeleton to accumulate in spheroids but to undergo rapid
granular disintegration in Wallerian degeneration. Wallerian
degeneration of injured gracile tract axons displays-elements
of both processes, possibly having an intermediate mechan-
ism: like spheroids, these axons dilate considerably but, typ-
ical of Wallerian degeneration, they also rapidly lose their
cytoskeletal proteins (George and Griffin, 1994). In traumatic
brain injury, observation of Wallerian degeneration and
spheroids in the same transverse thin section has been inter-
preted as degenerating axons having a more proximal
spheroid that blocks axonal transport (Cheng and Povlishock,
1988). In view of our findings, an additional explanation
needs to be considered, that spheroids and Wallerian degen-
eration are alternative responses of different axons to the
same lesion. Methods for real-time or long-range
longitudinal analysis of individual spheroid-containing
axons are required to resolve this, similar to new methods
already applicable in PNS axons (Pan et al., 2003; Beirowski
et al., 2004). What determines whether an axon develops a
spheroid or undergoes Wallerian degeneration? Possible
explanations include the different glial and haematopoietic
cell content of the CNS and the lower rate of axonal transport
there (Wujek and Lasek, 1983), but injury type may also be
important. Finally, since the discovery of the Wid®> mouse,
Wallerian degeneration is no longer considered a passive
wasting of distal axons but a regulated self-destruction
programme (Buckmaster et al., 1995; Raff et al., 2002).
The reduction of axonal spheroid pathology in gad by the
same gene raises similar questions: rather than being a passive
consequence of blocked axonal transport axonal swelling
could be, like Wallerian degeneration, a programmed
response to axon damage.

Altered ubiquitin metabolism plays importantroles in neuro-
degenerative diseases of the CNS. Genetic mutations in
Parkinson’s disease include an E3 ligase (Kitada et al.,
1998) and possibly UCH-LI, the human homologue of the
gene mutated in gad (Leroy et al., 1998). Ubiquitin-positive
inclusions and other evidence indicate abnormal ubiquit-
ylation in Alzheimer's disease (Mori et al., 1987,
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van Leeuwen ef al., 1998), polyglutamine disorders (DiFiglia
et al., 1997; Cummings et al., 1999; Bence et al., 2001) and
ALS (Tu et al., 1996; Bruijn et al., 1997). Axons and synapses
are particularly vulnerable, as proteasome inhibitors cause
specific degeneration of distal neurites (Laser ef al., 2003)
and ubiquitin-related mutations alter synapse growth
(DiAntonio et al., 2001) and stability (Wilson et al., 2002).
As WId® can counter a downstream effect of defective
ubiquitin metabolism, it now becomes important to study
its effects on the above disorders.

Wid® did not atleviate the symptoms of gad mice. Unfortu-
nately, methods do not currently exist to assess the function of
gracile tract axons, so we cannot rule out the possibility that
blocking spheroid formation did not preserve axon function.
However, it is likely that continued neuromuscular pathology
in gad/Wld® mice also contributes to the symptoms. These
mice suffered extensive synapse loss by 15 weeks (Fig. 5),
whereas axon pathology was still strongly reduced 3 weeks
later (Fig. 2). This supports the hypothesis that different
mechanisms underlie synaptic and axonal degeneration,
with Wid® affording only limited protection to synapses, par-
ticularly in older mice (Gillingwater and Ribchester, 2001,
Gillingwater et al., 2002). Similarly, the synapses of gracile
tract axons may have been lost even when those axons are
preserved. Our data suggest that synapse pathology is a lim-
iting factor when axons are protected by Wid®, a finding likely
to be important in other models (Ferri et al., 2003; Samsam
et al., 2003).

In summary, we conclude that WidS alleviates chronic
CNS axon pathology in gad mice and that formation of distal
axonal spheroids in this disease shares features with Wallerian
degeneration and ‘dying-back’ axon loss without spheroids.
The effect of Wid® on other CNS disorders with ubiquitylation
deficits and CNS axonal swelling disorders should now be
studied. Finally, our data emphasize the importance of finding
a way to protect synapses as strongly as Wid® protects axons.
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