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Summary

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a
component of the ubiquitin system, which has a
fundamental role in regulating various biological activitics.
However, the functional role of the ubiquitin system in
neurogenesis is not known. Here we show that UCH-L1
regulates the morphology of neural progenitor cells (NPCs)
and mediates neurogenesis. UCH-L1 was expressed in
cultured NPCs as well as in embryonic brain. Its expression
pattern in the ventricular zone (VZ) changed between
embryonic day (E) 14 and E16, which corresponds to the
transition from neurogenesis to gliogenesis. At E14, UCH-
L1 was highly expressed in the ventricular zone, where
neurogenesis actively occurs; whereas its expression was
prominent in the cortical plate at E16. UCH-L1 was very
weakly detected in the VZ at E16, which corresponds to the
start of gliogenesis. In cultured proliferating NPCs, UCH-
L1 was co-expressed with nestin, a marker of

undifferentiated cells. In differentiating cells, UCH-L1 was
highly co-expressed with the early neuronal marker TuJ1.
Furthermore, when UCH-L1 was induced in nestin-positive
progenitor cells, the number and length of cellular
processes of the progenitors decreased, suggesting that the
progenitor cclls were differentiating, In addition, NPCs
derived from gad (UCH-L1-deficient) mice had longer
processes compared with controls. The ability of UCH-L1
to regulate the morphology of nestin-positive progenitors
was dependent on its binding affinity for ubiquitin but not
on hydrolase activity; this result was also confirmed using
gad-mouse-derived NPCs. These results suggest that UCH-
L1 spatially mediates and enhances neurogenesis in the
embryonic brain by regulating progenitor cell morphology.

Key words: PGP9.5, UCH-LI, Nestin, Ubiquitin, Cell morphology,
Differentiation, Progenitor

Introduction

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a member of
the deubiquitylating enzymes and is one of the most abundant
proteins in the brain. Whereas other UCH members are
ubiquitously expressed, UCH-L1 is selectively expressed in
neurons and testes/ovaries in the adult (Wilkinson et al,
1989). UCH-LI is also known as PGP9.5 and is used as a
neuron-specific  marker  in  neuroanatomical  and
neuropathological studies (Dickson et al.,, 1994; McQuaid et
al., 1995). Recent studies suggest that UCH-L1 is involved in
neurodegeneration. The I93M mutation and the S18Y
polymorphism in UCH-L1 are implicated in Parkinson’s
disease (Leroy et al., 1998, Satoh and Kuroda, 2001). Using
gracile axonal dystrophy (gad) mice, we previously
demonstrated that the dying-back type of axonal degeneration
is caused by a deletion of the Uchll gene (Saigoh ctul., 1999).
UCH-L1 has an affinity for ubiguitin and cnsures its stability
within neurons in vivo (Osaka et al.,, 2003). Furthcrmore,
UCH-1.1 has ubiquitin ligase activity (Liu et al., 2002). Thus,

UCH-L1 might have multiple functions and more roles in
biological phenomena than previously expected.

UCH-L1 mRNA is first detected at embryonic day (E) 8.5-
9 in the neural tube and in the neural epithelium (Schofield et
al., 1995). In addition, UCH-L1 immunoreactivity has been
observed in the neural tube at E10.5 (Sekiguchi et al., 2003).
However, its functional role in embryonic neurogenesis is not
well understood. CDKS and Dabl are involved in regulating
the migratory behavior of postmitotic neurons. Both p35,
which is 2 CDKS kinase, and Dabl are degraded by the
ubiquitin-proteasome pathway (Armnaud et al., 2003; Bock et
al., 2004; Patrick et al., 1998). Thus, the ubiquitin system might
be important in the migration and differentiation of postmitotic
neurons and for the lamination pattern of the cerebral cortex.

Neural progenitor cells (NPCs) differentiate into neurons,
astroeytes and oligodendrocytes (Qian et ul., 1998: Qian et al.,
2000; Shen et al, 1998). In the cmbryonic brain,
neuroepithelial cells and radial gha are present in the
ventricular zone (VZ): neurogenesis oceurs first, followed by
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gliogenesis. Committed progenitor cells move from the VZ to
the cortical plate (CP) (Noctor et al., 2004). The differentiating
cells migrate by means of radial migration, during which the
migrating cells change their morphology (Kawauchi et al,,
2003; Noctor et al., 2002; Tabata and Nakajima, 2003). Here,
we analyzed the functional role of UCH-L1 using mouse
embryonic NPCs. Our results indicate that UCH-L1 is
expressed in nestin-positive NPCs  and might regulate
neurogenesis. The expression pattern of UCH-L1 changed in
parallel with the transition from neuronal generation to glial
generation. Furthermore, UCH-L1 modulated the length of
nestin-positive processes in NPCs. Our results constitute the
first evidence that UCH-L1 is important in neurogenesis and
thus provide the basis for further investigation into the role of
the ubiquitin system in neurogenesis.

Results

UCH-L1 expression in embryonic mouse brain

We first determined the specificity of the UCH-L1 antibody
using immunoblotting (data not shown) and immunostaining.
Because gad mice do not express endogenous UCH-L1
(Saigoh et al., 1999), we used these mice as a negative control.
Heterozygous littermates had UCH-L! immunostaining,
whereas UCH-L1 immunoreactivity was not detected in the
brains of gad mice (Fig. 1). These results confirmed the
specificity of the antibody against UCH-L1. Using this
antibody, we further compared the distribution and expression
of UCH-L1 with the neural progenitor marker nestin and the
early neuronal marker Tull. Nestin was expressed in the VZ
of brains from both gad and heterozygous mice at E13 (Fig.
1). Nestin expression was observed throughout the region,
whereas TuJl immunoreactivity was detected at the marginal
zone (MZ). In heterozygous mice, UCH-L1 and nestin
immunostaining overlapped in almost all cells in the VZ,
suggesting that UCH-L1 is expressed in NPCs (Fig. 1A). Tull
expression colocalized with that of UCH-L1 in MZ cells,
indicating that UCH-L1 is expressed in embryonic neurons as
well (Fig.. 1B). In E13 gad mouse brain, nestin staining differed
compared with that in heterozygous littermates. Nestin staining
was observed in many long radial fibers in the mutant, which
we believed were radial glia; by contrast, staining in the
heterozygotes occurred in radial glia as well as in neuronal
cells at various stages of development (Fig. 1A, arrow and
arrowhead).

We then looked for developmental changes in UCH-LI
expression. In the embryonic cerebral cortex, asymmetric cell
division generates one neuron and one neural progenitor
(Roegiers and Jan, 2004; Zhong et al., 1996; Zhong et al,,
1997). These asymmetric cell divisions begin at E11, peak
around E14, and subside after E16. At El4, astrocytes and
oligodendrocytes are not yet present. However, at E16, glial
cell production begins. The regional expression level for both
nestin and Tull did not change between E14 and El16 (Fig.
2A,B). At E14 and E16, nestin immunoreactivity was stronger
in the VZ (Fig. 2A) and was fainlly detected only along radial
glial fibers in the CP (Fig. 2A.C; arrowhead) (Malalesta ct al.,
2003; Malatesta et al,, 2000). Tull immunorcaclivity was
predominantly detected in the MZ, CP, intermediate zone and
subventricular zone at E14 and E16 (Fig. 2B,D). In the VZ,
Tull immunorcactivity was detected only in migraling ncurons
(Fig. 2D: arrowhead).

A UOH-L1T  Nestin

gadigad

Ef3

+fgad

gadigad

E13

+/gad

Fig. 1. Antibody specificity and expression of UCH-L1 in the
ventricular zone at E13. UCH-L1 expression was detected using
immunohistochemistry with anti-PGP9.5. UCH-LI1 is not detected
in the brain of gad mice at E13 (A.B) but is strongly expressed in
heterozygous littermates (A.B). Confocal microscopic images of
coronal sections of gad mice and heterozygous littermates were
double stained with antibodies for the progenitor marker nestin and
UCH-L1 (PGP9.5) (A) or for the early neuronal marker tubulin
111 (Tull) and UCH-L1 (B). Long radial fibers are indicated by
arrowheads, and various phases of progenitor cells are indicated by
arrows (A). Tull-positive. migrating neuronal cells are indicated by
arrowheads (B). MZ. marginal zone: VZ. ventricular zone. Bars.
40 .

By contrast, the pattern of UCH-LL1 expression changed
between El4 and E16 (Fig. 2A.B). At hoth stages of
development, UCH-LL1T was expressed in neuronal cells as well
as in progenitor cells. UCTE-LT immunorcactivity was stronger
in the VZ than in the CP at E14; however, the immunorcactivity
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Fig. 2. Change in UCH-L1 expression pattern in the developing mouse brain. Cryosections of the brain al E14 and E16 were double stained
with UCH-L1 and the neural progenitor marker nestin (A) or early neuronal marker TuJ1 (B). Unlike with UCH-L1, staining patterns for Tull
and nestin do not change between E14 and E16. At E14, UCH-L1 expression is higher in the VZ than in the MZ. At E16, higher expression of
UCH-L1 is reciprocally detected in the CP. By contrast. at hoth E14 and E16. nestin is highly expressed in the VZ, and Tull expression is
higher in the MZ/CP. Fluorescence intensities per field (1700 pwm?) were measured in each layer of the E14 and E16 brain and are shown lo the
right. Bars., 80 wm. (C.D) Higher-magnification images from A,B of UCH-L1 expression in the E14 and E16 brain: UCH-L1 and nestin (C);
UCH-L1 and Tul1 (D). UCH-L1 and nestin are co-expressed in.the VZ at E14 and E16. Nestin is expressed only in radial glial fibers
(arrowheads) of the CP but not in neurons. UCH-L1 expression level is high. A representative cell with a high level of UCH-LI expression is
indicated by a white arrow and one with low expression is indicated by a yellow arrow (C). An early neuronal marker, Tull, was expressed in
both migrating (arrowheads) and mature neurons (D). CP. cortical plate; 1Z. intermediate zone; MZ. marginal zone; SVZ. subventricular zone:

VZ. ventricular zone. Bars, 40 pm.

was stronger in the CP than in the VZ at E16 (Fig. 2A,B). The
regional change in UCH-L1 expression between E14 and E16
was further confirmed by measuring immunofluorescence

intensities from confocal images of the MZ/CP and VZ. At.
El4, the relative UCH-L1 expression level in the VZ was 9.3

times higher than that in the MZ (Fig. 2A).

Conversely, at E16, when neuronal maturation occurs in the
CP, UCH-L1 immunoreactivity in the CP was 5.0 times higher
than in the VZ (Fig. 2B). UCH-L1 immunorcactivily
colocalized wilh (hat of nestin in the VZ at both E14 and E16,
although UCIH-L1 expression in the VZ was lower at 216 (Fig.
2C). In the VZ at E14, nestin was expressed homogenceously:
however, the pattern of UCH-11 immunoreactivity was mixed,
with strong and weak intensities (Fig. 2C; arrow). This

expression pattern might reflect the heterogeneity of progenitor
cells. Nestin-positive radial glial fibers were observed in the
CP at E16 through mature neurons, which strongly expressed
UCH-L1 (Fig. 2C) (Malatesta et al., 2000; Malatesta et al,
2003).

UCH-L1 and nestin expression in cuitured NPCs

Because areas of nestin and UCH-L1 immunoreactivity
overlapped in the VZ, where NPCs reside, we subsequently
analyzed the transition of UCH-L1 expression using cultured
NPCs. We performed double-labeling experiments for UCH-
L.1 und nestin expression in cultured NPCs. In the presence of
basic fibroblast growth factor (bFGF), when NPCs are
proliferating, the percentage of UCH-1.1/nestin double-positive
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Fig. 3. Nestin and UCH-L1
expression in undifferentiated and
differentiating NPCs at 2, 6. 12,
24 and 48 hours. (A} NPCs were
immunolabeled with antibodies
against nestin and UCH-L1 in the
proliferating phase (+bFGF: at 48
hours) or the differentiation phase
(-bFGF: 2, 6. 24, 48 hours).
Cultures were counterlabeled with
Hoechst nuclear dye to facilitate
cell quantification. (B)
Quantitative analysis of the
percentage of cells stained with
cach antibody. Nestin-posilive
cells gradually decrease as
differentiation proceeds. The

2 Nestin elngla positive

120 & ResinAiCH-L1 doubls poitive
B UCHALY single positive

2 double nogalive

% of tatat cells

@ N
+OFGF 20y
{48 b}

UCH-LI expression level is both high (arrowheads) and low (arrows) in nestin-positive cells at 6 hours. Each experiment was analyzed by
counting cells in three independent wells at the indicated times. The experiments were repeated at least two times. Bars, 50 pm.

cells did not change 48 hours after plating, and almost all NPCs
expressed UCH-L1 (Fig. 3A). The majority (97.5£2.2%;
means.d.) of cultured cells were nestin positive and most of
them also stained for UCH-L1 2 hours after plating without
bFGE, which triggers NPC differentiation. UCH-L1/nestin
double-positive cells were detected at all time points, but as
differentiation proceeded their numbers gradually decreased
from 95.8+1.9% at 2 hours to 21.5+5.8% at 48 hours (Fig.
3A.,B). Although UCH-L1 single-positive cells were rarely
detected at 2 hours, the population increased with

A yoH-Lt /Tudd

Fig. 4. UCH-L1 expression in
neurogenesis. NPCs were
immunolabeled with antibodies
against Tull and UCH-L1.
Cultures were counterlabeled with
Hoechst nuclear dye to facilitate
cell quantification. Quantitative
analysis of the percentage of cells
stained with cach antibody. (A) In
the proliferating phase (+bIFGF; at
48 hours) or the differentiation
phase (-bFGF: 2, 12,24, 48
hours). most Tul T-positive cells
co-express UCH-L1. The UCH-
LI expression level is both high
and low in Tull-positive cells at
48 hours. (B) Quantitative
analysis of the percentage of cells
stained wilh cach antibody. The

differentiation, and by 24 hours after bFGF removal 55.1+£2.9%
of cultured cells were UCH-L! single-positive cells.
Conversely, nestin single-positive cells were readily detected
during the earlier phase of differentiation, especially at 6 hours
(26.4+8.4% of total cells) and 12 hours (27.0£14.0% of total
cells). The differentiating NPCs included nestin-positive cells
in which UCH-L1 was either strongly or weakly expressed
(Fig. 3A; arrow and arrowhead at 6 hours). These data indicate
that UCH-L1 is expressed in progenitor cells as well as in
differentiating NPCs. Nestin-positive cells can probably be

% TuJT singlo positive
8 TudAUCHLY double positive
100 & UCH-LY single positiva
@ © donble negative
% 8
L
& 6o
&5
B a0
S
28
0

+HFGF 2hr 8hr 12hr 24br 480w
{48 tir}

number of Tul [-positive cells gradually increased in the differentiating phase (=bFGIE: B). Each experiment seas analy zed by counting cells in
three independent wells at the indicated times. The experiments were repeated at Jeast (wo times, Bars, 50 pum,
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categorized into at least two subgroups based on their UCH-
L1 expression (Fig. 3A,B).

UCH-L1 and TuJ1 expression in cultured NPCs

We then analyzed the expression patterns of UCH-L1 and
Tull. In the presence of bFGF, Tul1-positive cells were rarely
detected. However, in the absence of bEGFE, Tull-positive cells
were induced. In the cultures without bFGF, as the UCH-L1
single-positive cell population decreased with time, the UCH-
L1/Tull double-positive population increased (Fig. 4A,B).
UCH-L1/Tuli double-negative cells were delected in the
differentiating phases at 6, 12, 24 and 48 hours. UCH-L1/Tull
double-negative cells might be the nestin single-positive cells
at 6 hours and 12 hours in Figs 3 and 4. Tull single-positive
cells were infrequently detected in the differentiating NPCs.
Because 71.4+3.4% of NPCs differentiated into Tull-positive
cells under our culture conditions without bFGF at 48 hours,
almost all UCH-L1-positive cells are thought to differentiate
into  Tull-posilive neuronal cells (Fig. 4A,B). The
differentinting NPCs included Tull-positive cells in which
UCH-L1 was either strongly or weakly expressed (Fig. 4A).
These data indicate that UCH-L1-positive NPCs have a high
potential for differentiating into neuronal cells and that Tul1-
positive neuronal cells are heterogeneous with regard to UCH-
L1 expression.

Morphological classification of UCH-L1-positive NPCs

Nestin is a marker of undifferentiated cells, whereas UCH-L1
is a neuron-specific marker. Here, UCH-L1/nestin double-
positive cells were present in cultured NPCs as well as in
embryonic brain (Figs 2, 3). Cultured NPCs sequentially gave
rise to neurons, then astrocytes, and finally oligodendrocytes
(data not shown). Under our culture conditions, neurogenesis
actively occurred in differentiating NPCs between 2 and 12
hours after plating (Fig. 4). Glial differentiation had not begun
by this time. We collected differentiating NPCs at 6 hours and
12 hours afler plating and then analyzed the morphology of
nestin-positive cells (Fig. 5). Both UCH-L1/nestin double-
positive cells and nestin single-positive cells were present in
the population of differentiating NPCs. As the population of
double-positive cells might represent a progression of
differentialing neurons, we examined the morphology of (hese
cells. Differentialing neurons undergo a stereotypical set of
morphological changes, including length (from long to short)
(Fukuda et al., 2003; Hartfuss et al., 2003; Nadarajah et al.,
2001). We categorized the nestin-positive cells with respect to
process length (long, short or round; Fig. 3). UCH-L1 single-
positive and double-negative cells were included in the total
number of cells. When the total length of processes was more
than four times the diameter of the nucleus of the cell, the cell
was calegorized as ‘long’, whereas cells with shorter processes
were categorized as “short’. Cells that did not have processes
were classified as ‘round’. At 6 hours, the majority of nestin
single-positive cells were long (18.2£7.6% vs 4.0£0.2% short
cells; meanzs.d.; Fisher's PLSD, P=0.08). whereas the
majority of UCH-LI/nestin double-positive cells were short
(62.0+£6.3%). This population was significantly greater than
that of long cells (10.3£2.0%) and round cells (5.0£1.7%
Fisher's PLSD, P<0.0001). When NPCs with processes wepe
subcategorized as unipolar, bipolur or multipolar, the unipolar
population was significuntly higher (62.3£16.9%) than the
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Fig. 5. Morphological identification of subpopulations of cultured
NPCs at 6 and 12 hours after induction of differentiation.
Dilferentiating NPCs were double stained with UCH-L1 and nestin.
For the quantification depicted in A, differentiating NPCs stained
with UCH-L1 and nestin were classified as long. short or round (see
text). For the quantification depicted in B, dillerentiating NPCs were
classified based on three kinds of cell morphology: unipolar. bipolar.
or multipolar.

bipolar population (18.2+3.9%; Fisher's PLSD, P=0.002) in
UCH-L 1/nestin double-positive cells. Multipolar cells were not
observed at 12 hours. However, in nestin single-positive cells,
more NPCs were bipolar (16.5£4.6%} than unipolar
(4.5+1.9% Fisher's PLSD, P=0.009; Fig. 6B). Similar results
were obtained at 12 hours (Fig. 6). Thus, most UCH-L1/nestin
double-posilive cells had shorter processes and were more
likely to be unipolar.

Effect of UCH-L1 on nestin-positive processes

We next examined the effect of UCH-L1 on proliferating NPC
morphology using the transient transfection method. NPCs
were allowed to proliferate for 48 hours after transfection und
were then induced (o differentiate for 12 hours. The cells were
fixed. and the length of nestin-positive  processes was
examined. To quantify the relationship between UCH-L]
expression and process formution, we measured the total length
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of nestin-positive processes. Untransfected NPCs that were
nestin positive had mainly long, bipolar processes (Fig. 3A,
+bFGF). Cells that were transfected with a green fluorescent
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protein (GFP) expression vector (negative control) had a
morphology that was similar to that of untransfected cells (Fig.
6A). By contrast, cells transfected with wild-type (WT) UCH-
L1 ¢DNA had significantly shorter processes (47.6+6.4 pm,
means.e.m., #=81) than mock-transfected cells (69.9+£7.0 pm,
n=82) (Fig. 6A).

We then examined the relationship between the UCH-L1
structure and its activily with respect to morphological
induction. We prepared two UCH-LI mutants: D30A UCH-L1
lacked hydrolase activity and binding affinity for ubiquitin
(Fig. 6B,C) (Osaka et al, 2003); C90S UCH-L1 lacked
hydrolase activity but maintained binding affinity for ubiquitin
(Fig. 6B,C) (Osaka et al, 2003). We compared the
deubiquitylating activity of each UCH-L1 mutant using Ub-
AMC as a substrate. The D30A mutant had little hydrolase
activity, and the activity of the C90S mutant was not detectable
(Fig. 6B; right). Sodium dodecyl sulfate-polyacrylamide gel

clectrophoresis  revealed that there were no defectable
contaminaling  proteins in  these recombinant protein
preparations  (Fig. 6B; left). Co-immunoprecipitation

experiments demonstrated that WT UCH-LT and the C90S§
mutant physically assoctated with monoubiquitin. The D30A
mutant (as well as GFP alone, which was used as a control)
did not associate with ubiquitin (Fig. 6C). Although we did not
detect a stalistically significant ditference, cells transfected
with the D30A mutant tended to have longer nestin-positive
processes (83.4x7.1 pm, n=87) as compared with cells
transfected with the GFP expression vector (Fig. 6A). By
contrast, cells transfected with the C90S mutant had
significantly shorter fibers (39.3x4.5 pm, n=120; ANOVA:
I=11.5, P<0.0001; Dunnett's muliiple comparison test: GFP
vs WT, P<0.05; GFP vs C90S, P<0.001; GFP vs D30A,
P>0.05; Fig. 6A). We also compared the length of nestin-
positive processes among UCH-L1 mutants (Bonferroni-Dunn
Multiple Comparison Test: WT vs C90S, P=0.32; WT vs
D30A, P<0.0001; D30A vs C90S, P<0.0001). Taken together,
our data suggest that the effect of UCH-L1 expression on NPC
morphology is dependent on the interaction between
monoubiquitin and UCH-L1.

Fig. 6. The induction of short processes depends on the interaction
between UCH-L1 and monoubiquitin. (A) FLAG-tagged WT UCH-
L1, C90S UCH-LI1. D30A UCH-LI and GFP (all in the pCl-neo
vector) were transiected into NPCs. Antibodies against the FLAG-
tag were used to detect transfected UCH-L1. The green staining
shows transfected cells and the red staining shows endogenous
nestin. Transient transfection of each construct was performed under
proliferating conditions. At 48 hours after transfection, bFGF was
removed for 12 hours before the cultures were immunostained. The
lengths of nestin-positive processes in immunostained cells were
measured. Asterisks indicate differences from the value of GFP-
transfected NPCs at #P<0.05 and ***P<0.001. Bars. 80 pm. (B)
Visualization of recombinant 6HN-tagged UCH-L1 by sodium
dodeceyl sulfate-polyacrylamide gel electrophoresis with Coomassie
staining (B, lel). UCH-L1 hydrolase activity was measured by Ub-
AMC hydrolysis. Enzyme concentration was 4.3 nM. and substrate
concentration was 700 nM. Initial velocity data was used to
determine the values for relative hydrolase activity of UCH-L1 (B.
right). (CY UCH-LT co-immunoprecipitated with Uh. Cylosolic
extracts from-NEH-3T3 cell lnes stably expressing HA-tageed W
UCH-LT and mutants thereol were immunoprecipitated using anli-
TEA and immunoblotted with anti-1A antibody or anti-Ub antibody.
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Fig. 7. A comparative experiment of gad mice and heterozygous
littermates. The experiment compared gad mice (A.B) with a
transfection study using FLAG-tagged WT UCH-L1. C90S UCH-L1.
D30A UCH-L1 and GFP (mock) into gad-mouse-derived NPCs (C).
The lengths of nestin-positive processes in immunostained cells were
measured. NPCs from gad mice had longer nestin-positive processes
compared with the control (A,B). (C) At 48 hours after transfection.
bEGF was removed for 12 hours before the cultures were
immunostained. The lengths of nestin-positive processes in
immunostained cells were measured. Asterisks indicate differences
from the value of GFP-transfected NPCs at **P<0.01 and

k%P <().0001. Bar. 50 pm.

A comparative experiment using gad-mouse-derived
NPCs
We did a comparative experiment using gad mice and
heterozygous littermates. Nestin-positive NPCs from gad mice
had longer processes. When we measured the length of nestin-
positive fibers, NPCs from gad mice (45.0x14 pm,
meanzs.e.m., n=366) had significantly longer nestin-positive
processes compared with the control (31.4£1.3 pm, n=363)
(Mann-Whitney U test: gad vs control, P<0.0001; Fig. 7A,B).
We next examined the effect of UCH-L1 on gad-mouse-
derived NPCs using the transient transfection method. As
observed in B6-derived cells, NPCs from gad mice thal were
transfected with WT UCH-L1 ¢DNA had significantly shorter
processes (22.242.7 um, meanks.em., n=70) than mock-
transfected cells (61.024.9 pm, n=88) (Bonferroni-Dunn
multiple comparison test: GFP vs WT, P<0.0001) (Fig. 7C).
Similarly, cells transfected with the C90S mutant had
significantly shorter fibers (28.9x3.1 um, n=71) (GFP vs
C908S, P<0.0001). Although we did not detect a statistically
significant difference, cells transfected with the D30A mutant
tended to have longer nestin-positive processes (63.3£5.9 pm,
n=80) as compared with cells transfected with the GFP
expression vector (GFP vs D30A, P=0.70) (Fig. 7C). We also

compared the length of nestin-positive processes among UCH-

.1 mutants (Bonferroni-Dunn multiple comparison lest: WT
vs CO0S, P=0.32; WT vs D30A, P< 0.0001: D30A vs CYOS,
P<0.0001). Taken together, our data suggest that the effect of
UCH-L1T expression on NPC morphology is dependent on the
interaction between monoubiquitin and UCH-LT,

Discussion

UCH-L1 is a neuron-specific marker in the adult brain. In the
present study, we provide experimental evidence that UCH-L1
is expressed in NPCs (Figs 2, 3). Using immunohistochemistry
in the mouse brain, we detected UCH-L1 expression at E14
and E16. Interestingly, the expression pattern differed between
El4 and E16 (Fig. 2). At E14, when the CP is forming, UCH-
L1 expression was higher in the VZ than in the CP. At E14,
the VZ contains progenitor cells that are generating neurons in
the neocortex (Hashimoto and Mikoshiba, 2004; Malatesta et
al., 2003). By contrast, UCH-L1 expression at E16 was lower
in-the VZ than in the CP. At E16, neuritogenesis and neuronal
maturation are active in the CP, and gliogenesis is beginning
in the VZ (Rice and Curran, 2001). The cerebral cortex layer
becomes thicker at E16, where glial cells are not yet generated.
The staining pattern for Tull and nestin did not change
between El14 and E16 (Fig. 2), indicating that UCH-L1 is
highly expressed in the cortical layer prior to gliogenesis. The
change in the expression pattern of UCH-L1 was coincident
with the transition from neurogenesis to gliogenesis in the VZ.
These results raise the possibility that UCH-L1 mediales not
only the neuronal differentiation of NPCs but also the transition
from neurogenesis to gliogenesis.

Time is « pivotal factor in the programmed sequence that
produces neurons and glial cells from NPCs (Qian et al., 2000),
in that the switch from neurogenesis to gliogenesis is regulated
by time. The mechanism behind this progression of the
progenitor cells is not well understood. Cultured NPCs
generate neurons first, followed by astrocytes and then
oligodendrocytes (Qian et al., 2000, Temple, 2001). This order
of production for each population has been verified in vivo
(Sauvageot and Stiles, 2002). The pattern of UCH-L1
immunoreactivity suggests that UCH-L1 is required for the
onset of neurogenesis, which is followed by glial
differentiation (Fig. 2).

We thus examined the role of UCH-L1 in neurogenesis
using cultured NPCs. In UCH-Ll/nestin double-staining
experiments, the number of double-positive cells decreased
with time in culture (Fig. 3). Conversely, UCH-L1 single-
positive cells increased. In the double-staining experiments
for UCH-L1 and Tull, the number of UCH-L1 single-
positive cells decreased with time in culture, whereas the
number of UCH-L1/Tull double-positive cells increased
(Fig. 4). These observations suggest that most UCH-L1-
positive cells initially express nestin, but they express Tull
at a later stage. As we observed in vivo and in vitro (Figs 2-
4), NPCs express UCH-L1, and its expression increases as the
NPCs differentiate into neuronal cells. The number of nestin
single-positive cells transiently increased before the UCH-L1
single-positive population increased (Fig. 3). The nestin
single-positive population might have changed into the UCH-
L1/nestin double-negative population (Fig. 3). Although the
fate of the double-negative populations remains unknown, the
double-negative  cells  might represent  glial  cells.
Allernatively, some of the nestin single-positive cells might
have changed into UCH-L1/nestin double-positive cells and
then differentiated into UCH-LI single-positive cells. A few
UCIH-LI-negative and Tull-positive cells were detected in
the differentiating NPCs (Fig. 4). Thus, Tull-positive curly
neurons appear to e heterogencous. UCH-L1/Tull double-
positive immunoreactivity suggested thut UCH-LT is not
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absolutely required for some portion of neuronal cell
development (Fig. 1B and Fig. 4A). This might explain why
gad mouse neurons develop despite the absence of UCH-L1.

Because UCH-L1 was expressed in nestin-positive NPCs,
we further examined the role of UCH-L1 in cell morphology
(Fig. 5). Differentiating NPCs change morphology (Noctor et
al., 2001), but the role of UCH-L1 in differentiating neurons
has not been investigated. We classified nestin-positive cells
based on the length of their processes. Nestin single-positive
cells were predominantly long, whereas most UCH-L1/nestin
double-positive cells were predominantly short (Fig. 5). These
results suggest that UCH-L1 plays a role in regulating NPC
process length. We examined this possibility by inducing
UCH-L1 in nestin-positive cells. Untransfected, proliferating
nestin-positive NPCs had mainly long and bipolar processes
[Fig. 3A, bFEGEF (48 hours)], but when UCH-L1 was
transfected, the length of nestin-positive NPC processes
shortened (Fig. 6A). The unipolar population increased
following UCH-L1 expression. These results support the idea
that UCH-LI regulates NPC morphology. This idea was further
confirmed by observations in NPCs from gad mice; as shown
in Fig. 7B, NPCs from homozygous gad mice had longer
processes than those {rom heterozygous controls. In addition,
we observed that transfection of UCH-L1 shortened the
processes of NPCs from gad mice compared with mock
transfectants (Fig. 7C).

Our results also suggest that at least two populations of
NPCs exist in the embryonic brain. The populations can be
classified by the presence or absence of UCH-L1. In the dentate
gyrus of the adult mouse brain, there are two distinct
subpopulations of nestin-positive cells (Fukuda et al.,, 2003):
those having short processes differentiate into neurons,
whereas those having long processes generale lale progenitors,
which have short processes. The nestin staining pattern of
brains from gad mice differed from that of brains from
heterozygous littermates (Fig. 1). In the gad mouse brain,
nestin-positive radial fibers were prominent, and almost all
progenitor cells appeared to have long processes (Fig. 1). Since
UCH-LI affected NPC morphology (Fig. 6A and Fig. 7C), the
difference in vivo indicates that differentiation itself was
modulated by the absence of UCH-L1. Considering that
neurons are present in the gad mouse even though it lacks
UCH-L1  expression, further investigation into the
morphological role of UCH-L1 using various approaches
including the BrdU studies should provide important
information about the heterogeneity of cortical neurons.

UCHs hydrolyze ubiquitin C-terminal small adducts in vitro
(Larsen et al., 1998). Recently, a significant relationship was
reported between UCH-L1  hydrolase activity and cell
proliferation in lung cancer cell lines (Liu et al., 2003). We
previously demonstrated that UCH-L1 extends ubiquitin half-
life and prevents ubiquilin degradation. This funclion depends
on the interaction between UCH-L1 and monoubiquitin but not
on hydrolase activity (Osaka et al., 2003). In the present study,
WT UCH-L1 and the C90S mutant both decreased the length
of NPC processes.  Both  molecules  associate  with
monoubiquitin, unlike another mutant, D30A, which did not
alfect process length (Fig. 6). Similar results were obtained
from the transfection study using nestin-positive NPCs [rom
gad mice (Fig. 7C). Thus, the effect of UCH-1L1 on NPC
process fength is dependent on the interaction between UCH-

L1 and ubiquitin but not on hydrolase activity. Although we
did not examine the ligase activity of each mutant (Liu et al.,
2002), the C90S mutant is unlikely to have ligase activity,
because conjugation of ubiquitin to the C90S mutant forms a
stable complex that prevents the release of ubiquitin (Sullivan
and Vierstra, 1993). This observation suggests that the ligase
activity is not related to the morphological changes that
occurred in NPCs.

The ubiquitin system has an essential role in various
physiological events, including cell-cycle progression, specific
gene (ranscription, membrane protein tralticking, reversal of
stress damage and intracellular signaling (Weissman, 2001). In
cortical neurogenesis, the role of the ubiquitin system is not
well understood. Several molecules that are important in
cortical neurogenesis, including Notch, P35 and Dabl, are
ubiquitylated (Arnaud et al., 2003; Bock et al., 2004; Patrick
et al., 1998; Qiu et al., 2000). Here we show for the first time
that UCH-L1 is expressed in NPCs and regulates their
morphology. In addition, in vivo UCH-L1 expression is
localized to (he VZ and cortical layers that are undergoing
neurogenesis. Cells undergoing gliogenesis had little UCH-L1
expression in vivo. These resulls suggest that UCH-LI
facilitates neurogenesis, an activity that appears to depend on
the affinity of UCH-L1 for ubiquitin.

Materials and Methods

Animals

Pregnant CS7BL/GI mice were purchased from CLEA Japan. The gad mouse is an
autosomal recessive mutant that was oblained by crossing CBA and RFM mice
{Saigoh et al.. 1999). The gad line was maintained by intercrossing for more than
20 generations (Kwon et al., 2003; Saigoh et al., 1999). All animal experiments
were performed in the laboratory according to the NIH Standards for Treatment of
Laboratory Animals.

Antibodies and reagents

Monaoclonal and polyclonal antibodies used in this study were as [ollows:
monoclonal anti-nestin antibody (Becton Dickinson: and Rat401, Developmental
Studies Hybridoma Bank, The University of lowa. lowa City, IA). monoclonal anti-
neuronal tubulin B 11l antibody (Tull; Covance), polyclonal anti-UCH-LI antibody
(PGP9.5: RAYSIN1. UltraClone}, and polyclonal anti-FLAG antibody (Sigma). All
secondary polyclonal auntibodies conjugated to Alexa Fluor fluorescein were
purchased from Molecular Probes.

Cortical NPC culture and differentiation conditions in C57BL/6
mice

Cortical NPCs were cultured as previously described {Nakashima et al., 1999).
Briefly. embryos were removed from pregnant CI7BL/6] mice (CLEA Japan) and
staged according to morphological criteria to confirm the gestational day (Kaufman
et al., 1998). Developing mouse cerebral cortex was dissected from E14 embryos.
Cells were mechanically dissociated by trituration and plated at a concentration of
3.0:110° cells per 10 ¢m dish (Becton Dickinson) precoated with 10 ml of 15 jeg/ml
paly-L-ornithine (Sigma) and 10 ml of 1 pg/ml fibronectin (Nitta Gelatin), Cells
were expanded for 5 days in serum-free neurobasal (NB) medium (Invitrogen)
supplemented with B27 (Invitrogen), 0.5 mM L-glutamine (Invitrogen), 100 U/ml
peniciltin and 100 pg/m] streptomycin tInvitrogen). This medium contained 10
ng/ml bFGF (PeproTech). Cultures were maintained at 37°C in an atmosphere of
05% air and 5% CO,. For secondary culture, hBFGF-expanded NPCs were washed
in warm Hank's Balanced Salt Solution, detached with mechanical pipetting. and
resuspended in NB medium supplemented with B27. but not hEGFE. Cells were then
replated in 23-well plates (Nune; 1.8 710% cells per well) that were precoated with
5000l of 15 je/ml poly-L-omithine and 500 pd of 1 pg/ml fibronectin for
immunofluorescence staining at each time point.

Cortical NPC culture and differentiation conditions in gad mice

Culture of NPCs derived (rom gad mice was performed as with NPCs derived from
B6 mice. Developing mouse cerehraf cortex was dissected from embryos at E13.8
to EJ450 The precise gestational day was determined according (o previously
established morphological eriteria tKaulman et ol 1998 NPCs from each embryo
were collected and cultured separaely. Each genatype was determined later using
PCR and. s a result, each pair of gad and controd litlermate mice from two sets of
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parents were used. Each culture of NPCs was replated in 24-well plates without
bFGF and stained using anti-UCH-L1 24 hours after plating.

Immunohistochemistry

Brain sections were stained as previously described (Li et al., 2003; Osaka et al.,
2003). Briefly, EI4 and El6 mouse brains were removed and fixed in 4%
paraformaldehyde/phosphate-buftered  saline (PBS) for 2 hours at room
temperature, cryoprotected in 30% sucrose in PBS and frozen in dry ice. Sections
120 pm thick) were cut on a cryostat, and mounted on aminopropylsilane (APS)-
coated glass slides. They were then washed three times in PBS for 3 minutes. and
blocked for 1 hour at room temperature with 3% bovine serwim albumin. 2% (v/v)
normal goat serum, and 0.2% (v/v) Triton X-100 in PBS (pH 7.4). Sections were
incubated with primary antibodies [anti-nestin antibody (Rat401) 1:10; or anti-
UCH-L1 antibody (RAYS101) 1:4000; or anti-Tull antibody. 1:1000} overnight at
A47C or for 2 hours at room temperature. After rinsing in PBS, the sections were
incubated for 2 hours with diluted fluorescein-conjugated secondary antibody
(1:200). The images were oblained with a confocal laser scanning TCS SL
microscope, and detailed analyses were performed using an LSC confocal
microscope system (Leical. Immunofluosescence intensities were measured from
contocal images with Mac SCOPE software tversion 2.59%; Mitani).

immunocytochemistry

Cells were stained as previously described (Acki et al.. 2002). Briefly. all
incubations and washes were performed at room temperature. Cells were fixed with
3.8% formaldehyde/PBS for 10 minutes and permeabilized with 0.026 (v/v) Triton
X-100/PBS tor 5 minutes. Fixed cells were hlocked with 3.3% goat serum for 30
minutes. Cells were incubated with a diluted primary polyclonal or monoclonal
antibody (hoth were used for double staining) for 1.5-1 hour. The cells were then
incubated with diluted secondary antibody conjugated to fluorescein tor £1.5-1 hour.
Antibody dilutions were as follows: ani-UCH-L1 antibody, 1:4000; anti-nestin
antibedy. 1:500; anti-Tull, 1:500. All secondary antibodies were diluted 1:200 in
19 goat serum/PBS hefore use. The images were obtained with fluorescence
microscopy on an [X70 microscope (Olympus).

Transfection

For C37BL/G mice, cells replated in 24-well plates were cultured overnight in
growth medium containing bFGE and B27. The next day. cach construct was
transtected using Lipofectamine 2000 Unvitrogen) according to the manufacturer’s
instructions. NPCs were allowed to proliferate for 48 hours after transfection and
then induced to differentiate for 12 hours without bFGE For gad-mouse-derived
NPCs, transfection was done in a similar manner.

Expression plasmids for human UCH-L1 variants

Mutant ¢cDNAs encoding human UCH-L1 containing either the D30A or CY0S
substitution were obtained using the QuikChange site-directed mutagenesis kit
(Stratagene} with the following mutagenesis oligonucleotides: 3'-CAGTGG-
CGCTTCGTGGCCGTGCTGGGGCTGGAAG-3" and S-CTTCCAGCCCCAG-
CACGGCCACGAAGCGCCACTG-3' for D3NA; 5-CCATTGGGAATTCCTCT-
GGCACAATCGGAC-3'  and  5'-GTCCGATTGTGCCACAGGAATTCCCAA-
TGG-3" for CY08. Each single-nucleotide mutation in the resulting plasmids was
confirmed by sequencing. Mammalian expression plasmids containing either
FLAG-tagged human WT UCH-L1 or the D30A or CY0S mutants were constructed
using a pCl-neo mammalian expression vector (Promega). Bacterial expression
plasmids containing either 6HN-tagged human WT UCH-L1 or the D30A or CONS
mutants were constructed using a tetracycline-inducible expression system. Xhol-
Noti cDNA fragments of the pCl-nee WT UCH-L1 or the D30A and CY0S mulants
and constructs were digested, and the DNA fragmeats were ligated between the Saft
and Nofl sites in pPROtetE233 (Clontech) to generate pPROtetE233 6HN-tagged
human WT, D30A and C90S UCH-LI1 vectors. These expression plasmids were
confirmed by sequencing.

In vitro assay for human UCH-L1 activity

Purificd human UCH-L1 and the fluorogenic substrate ubiquitin-7-amino-4-
methylcoumarin (Ub-AMC; Boston Biochem) were used to determine steady-state
kinetic parameters as described previously (Nishikawa et al., 2003),

Immunoprecipitation

NIH-3T3 cells stahly expressing human WT UCH-L1 or the C90S or D20A
mutants. all with an HA-FLAG double tag at the N terminus, were cultured to
suhconfluency in a 1 em dish, Iyzed with 1 ml of modified RIPA buffer [30 mM
Tris-HCL pH 7.50 1% (v/v) NP-HI 0255 sodium deoxychotate, 150 mM NaClL 1
mM EDTA] with EDTA-free complete protease inhibitor cocktail (Roche),
sonicated and centrifuged al 18,000 g for 20 minutes at 47°C. Immunoprecipitation
wa et al, 2002y,

was performed as described previously 10ga

Statistics
Statistical analyses were performed using StatView, version 3.0 (SAS) and Prism,
version 3 (GiraphPad Softwarer Analysis of variance tAANOVA) was used o assess

differences hetween groups. A P value of less than 0.05 was considered statistically
significant. When ANOVA results were statistically significant. they were examined
by Fisher's PLSD, or Dunnett’s multiple comparison test, or Bonferroni-Dunn
multiple comparisons post hoc test. Differences between gad mice and control mice
were analyzed using the Mann-Whitney U test.
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Abstract: We previously showed that gad mice, which are deficient for ubiquitin C-terminal
hydrolase L1 (UCH-L1), have a significantly increased number of defective spermatozoa,
suggesting that UCH-L1 functions in sperm quality control during epididymal maturation.
The epididymis is the site of spermatozoa maturation, transport and storage. Region- .
specific functions along the epididymis are essential for establishing the environment
required for sperm maturation. We analyzed the region-specific expression of UCH-L1 and
UCH-L3 along the epididymis, and also assessed the levels of ubiquitin, which has
specificity for UCH-L1. In wild-type mice, western blot analysis demonstrated a high level of
UCH-L1 expression in the caput epididymis, consistent with ubiquitin expression, whereas
UCH-L3 expression was high in the cauda epididymis. We also investigated the function of
UCH-L.1 and UCH-L3 in epididymal apoptosis induced by efferent duct ligation. The caput
epididymides of gad mice were resistant to apoptotic stress induced by efferent duct
ligation, whereas Uchl3 knockout mice showed a marked increase in apoptotic cells
following ligation. In conclusion, the response of gad and Uchl3 knockout mice to androgen
withdrawal suggests a reciprocal function of the two UCH enzymes in the caput epididymis.
Key words: apoptosis, epididymis, ubiquitin, UCH

introduction

The mammalian epididymis is a highly convoluted
tubule that connects the efferent ducts of the testis to
the vas deferens [2, 8]. The epididymis is composed of
three distinct compartments, caput (head), corpus (body)

and cauda (tail), each having a specific role in sperm
maturation, sustenance, transport, and storage {2, 6].
However, the molecular basis for the maturation pro-
cess remains largely unknown.

It has been suggested that the epididymis acts as a
quality control organ to eliminate defective spermato-
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zoa before ejaculation [37]. The epididymis is an or-
gan with voluminous protein traffic between the
epithelium and lumen. Numerous proteins, secreted in
an apocrine manner by the epididymal epithelium, are
implicated in spermatozoa maturation [18]. Two major
components of the ubiquitin-dependent proteolytic path-
way, ubiquitin and UCH-L1 (PGP9.5), are expressed in
epididymal tissue [10, 35]. Ubiquitin is present in hu-
man seminal plasma [26], and defective spermatozoa
become ubiquitinated during epididymal passage [23,
37]. Our previous work showed that UCH-L1 associ-
ates with monoubiquitin and stabilizes its expression
[31]. In addition, it has been suggested that UCH-LI
functions as a regulator of apoptosis via the ubiquitin
pathway [13, 23, 25]. We found that testes of gracile
axonal dystrophy (gad) mice, which lack UCH-L1, have
reduced ubiquitin levels and are resistant to cryptorchid
injury—mediated germ cell apoptosis [25]. Furthermore,
our recent work demonstrated that the percentage of
morphologically abnormal spermatozoa is significantly
higher in gad mice, compared with wild-type mice [23].

Two mouse UCH isozymes, UCH-L1 and UCH-L3,
are strongly but reciprocally expressed in the testis dur-
ing spermatogenesis [25], suggesting that these proteins
have distinct functions in the testis [23], even though
they have high amino acid sequence identity and share
significant structural similarity [21]. The functional
regionalization of the epididymis is delineated at the
molecular level by regional differences in gene expres-
sion [16—19]. Regional differences along the epididymis
might be essential characteristics of the environment
required for sperm quality control. Although it has
been shown that UCH-L.1 and UCH-L3 have reciprocal
functions with respect to cryptorchid injury, their mo-
lecular functions in regulating sperm quality during
epididymal passage are not fully understood. Thus, we
examined the epididymal expression of UCH-LI and
UCH-L3 with regard to their involvement in the regu-
lation of apoptosis. In addition, we assessed the
reciprocal functions of these two proteins in the epid-
idymis.

Materials and Methods

Animals
We used gad (CBA/RFM) |34] and Uchl3 knockout
(C57BL/G)) [21] male mice at 10 weeks of age. The

gad mouse is an autosomal recessive mutant that was
obtained by crossing CBA and RFM mice. The gad
line has been maintained by intercrossing for more than
20 generations [34]. Uchl3 knockout mice were gener-
ated by the standard method [21] using homologously
recombinant ES cells, and the knockout line has been
Both
strains are maintained at our institute. Animal care and

back-crossed several times to C57BL/6J mice.

handling were in accordance with our institutional regu-
lations for animal care and were approved by the Animal
Investigation Committee of the National Institute of
Neuroscience, National Center of Neurology and Psy-
chiatry.

Unilateral efferent duct ligation

Animals were either left intact to serve as controls or
were unilaterally ligated at the efferent duct [9, 38].
Four mice in each group were anesthetized with pento-
barbital (Abbott Laboratories, North Chicago, IL), and
the testis and epididymis on the right side were ex-
posed through a scrotal incision. The thin avascular
attachment joining the initial segment of the epididy-
mis to the tunica albuginea was cut to permit exposure
of the efferent ducts coursing above and parallel to the
vascular supply. A silk suture was passed by needle
through the thin sheet of connective tissue between the
ductules and the blood vessels, and the efferent ducts
were occluded by ligation. Mice were sacrificed 2 or 4
days after ligation. Both epididymides were immersed
in 4% paraformaldehyde for at least 24 hr before they
were dehydrated and embedded in paraffin [22].

Histological and immunohistochemical assessment of
the epididymis

The caput, corpus and cauda epididymides along the
epididymal region embedded in paraftin were cut into
4-pum sections and stained with hematoxylin and eosin.
Light microscopy was used for routine observations.
For immunohistochemical staining, the sections were
incubated with 10% goat serum for 1 h at room tem-
perature followed by incubation overnight at 4°C with
a rabbit polyclonal antibody raised against peptides
within UCH-L1 or UCH-L3 (1:1,000 dilution; peptide
antibodies [24]) and ubiquitin (1:500; DakoCytomation,
Glostrup, Denmark) in PBS containing 1% BSA. Sec-
tions were then incubated for | h with biotin-conjugated
anti-rabbit I1gG diluted 1:200 in PBS. followed by
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Vectorstain ABC-PO (Vector Laboratories, Burlingame,
CA) for 30 min at room temperature. Sections were
developed using 3,3’-diaminobenzidine and counter-
stained with hematoxylin.

In situ apoptosis was detected by TUNEL (TdT-me-
diated nick end-labeling) staining with the DeadEnd
Fluorometric TUNEL system (Promega, Madison, WI)
according to the manufacturer’s instructions, to iden-
tify apoptotic cells in situ via specific labeling of nuclear
DNA fragmentation. Quantification was performed us-
ing four mice on each of postoperative days 0, 2 and 4.
The total number of apoptotic cells was determined by
counting the positively stained nuclei in each caput epi-
didymis section [9]. Four sections from each mouse
and 100 total circular tubules per group were processed.

Western blotting

Western blots were performed as previously reported
[24]. Total protein (10 pg/lane) from each epididymal
region including spermatozoa was subjected to SDS-
polyacrylamide gel electrophoresis using 15% gels
(Perfect NT Gel, DRC, Japan). Proteins were electro-
phoretically transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA) and blocked with
5% non-fat milk in TBS-T (50 mM Tris base, pH 7.5,
150 mM NaCl, 0.1% (w/v) Tween-20). The membranes
were incubated individually with primary antibodies to
monoubiquitin (1:1,000; u5379, Sigma-Aldrich, St.
Louis, MO), UCH-L1 and UCH-L3 (1:1,000 dilution;
anti-peptide antibodies [24]), p53, Bax, and Bcl-xL
(1:1,000 dilution; all from Cell Signaling Technology,
Beverly, MA), and Bel-2 (1:500; Transduction Labora-
tories, Franklin Lakes, NIJ).
incubated with peroxidase-conjugated goat anti-mouse
IgG or goat anti-rabbit IgG (1:5,000 dilution; Pierce,
Rockford, IL) for 1
Immunoreactions were visualized using SuperSignal
West Dura Extended Duration Substrate (Pierce) and
analyzed using a Chemilmager (Alpha Innotech, San

Blots were further

h at room temperature.

Leandro, CA). Each protein level was normalized to
o-tubulin following analysis with a Chemilmager us-
ing AlphaEase software.

Statistical analysis

The mean and standard deviation were calculated for
all data (presented as mean = SD). Student’s r-test was
used for statistical analysis.

Fig. 1. A: Diagram of the epididymis. B-D: Morphology of the
caput (B), corpus (C) and cauda (D) epididymidis from a
wild-type mouse. Magnification, 200x. Scale bar, 40 pm.

Results

Levels of UCH-LI and UCH-L3 in individual epididy-
mal regions

The epididymis is a single long, coiled tubule situ-
ated on the surface of the testis (Fig. 1A). The
epididymal epithelium is composed of four major cell
types, principal cells, basal cells, clear cells and narrow
cells {7], and can be divided anatomically and func-
tionally into three regions, the caput, corpus and cauda
epididymis (Fig. [B, C, D). We used western blotting
to characterize UCH-L.1 and UCH-L3 levels along the
epididymis (Fig. 2). In wild-type mice, the level of
UCH-L1 was highest in the caput epididymis and that
of UCH-L3 was highest in the cauda epididymis. UCH-
L1 and UCH-L3 were not observed in gad and Uchi3
knockout mice, respectively (Fig. 2; comparison of
UCH-L1 and UCH-L3 levels with those in wild-type
control mice).

Immunohistochemistry of UCH-LI, UCH-L3 and
ubiquitin in the epididymis

Under light microscopy, granular and diffuse UCH-
L1 and UCH-L3 immunoreactivity was detected in
many epithelial cells of the caput, corpus and cauda
epididymis in wild-type mice (Fig. 3A, C). Granular
immunoreactivity to ubiquitin was seen in the epithe-
lia] cells of the epididymis (Fig. 3B). The distribution
of ubiquitin in the corpus and cauda epididymal epithe-
lial cells was similar to that of the caput epididymis,
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Fig. 2. Comparison of UCH-L1 and UCH-L3 expression by western blotting of caput, corpus and cauda epididy-
mis lysates from two wild-type (CBA/RFM and C57BL/6J), gad and Uchl3 knockout mice. Blots were
reprobed for o-tubulin, which was used to normalize the protein load. Images are representative of four
independent experiments.

corpus

Fig. 3. Immunohistochemistry of UCH-L1, UCH-L3, and ubiquitin in the individual epididy-
mal regions of wild-type mice. Each of the protein-positive cells in the caput, corpus and
cauda epididymis is stained by DAB. The insets show that no cells are positive for
UCH-L1 and UCH-L3 in the individual epididymal compartments from gad (A) and
Uchl3 knockout (C) mice, respectively. A: UCH-LI1-positive cells. B: Ubiquitin-posi-
tive cells. C: UCH-L3-positive cells. Magnification, 400x. Scale bar, 20 pm.
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Fig. 4. Western blot analyses showing monoubiquitin and apoptotic proteins in the individual epididymal regions.
Total protein (10 g per lane) was prepared from the caput, corpus and cauda epididymidis from two wild-type
(CBA/RFM and C57BL/6J), gad and Uchl3 knockout mice. The blots show the expression levels of
monoubiquitin (A) and apoptotic proteins (p53 and Bax) and antiapoptotic proteins (Bcl-2 and Bel-xL) (B).
Blots were reprobed for a-tubulin, which was used to normalize the protein load. Images are representative of

four independent experiments.

the ubiquitin staining in these epididymal regions was
less intense (Fig. 3B). Immunoreactivity to both UCH-
L1 and ubiquitin was intense in the caput epididymal
epithelial cells, which was consistent with the expres-
sion level (Fig. 2 and Fig. 4A). Diffuse cytoplasmic
immunoreactivity in the epididymal epithelial cells to
UCH-L3 was intense in the cauda epididymis (Fig. 3C).
As shown previously [24], no UCH-L1 or UCH-L3 im-
munoreactivity was found in the epididymal epithelial
cells of gad and Uchl3 knockout mice, respectively (Fig.
3A, C. inset).

Region-specific localization of ubiquitin and apoptotic
proteins in the caput epididymis

We previously reported that UCH-L1 binds ubiquitin,
and that the level of ubiquitin is decreased in gad mice
[25, 31]. To determine whether UCH-L1 is associated
with the ubiquitin level in the epididymis, we performed
western blot analysis of the individual epididymal re-
gions. The monoubiquitin level was markedly higher
in the caput epididymis than in the corpus and cauda
epididymis, and the low level of monoubiquitin in gad
mice is consistent with our previous report [25] (Fig.
4A). The epididymis of Uchl3 knockout mice did not
show a difference in ubiquitin level compared with the
corresponding wild-type controls.

To explore whether apoptotic phenomenon of sper-
matozoa in the caput epididymis is in accord with the
high expression of apoptotic proteins, we used western
blot analysis to verify the expression levels of p53 and
Bcl-2 family proteins, which are associated with cell
death [12, 28, 29]. The levels of p53 and Bax protein,
considered to be proapoptotic, were strikingly high in
the caput epididymis, consistent with the pattern of the
monoubiquitin level (Fig. 4B). In the gad mouse, the
levels of the antiapoptotic proteins, Bcl-2 and Bel-xL,
were markedly elevated compared in wild-type mice in
the caput epididymis [23] as well as a possible increase
in the corpus and cauda epididymis, whereas the levels
of apoptotic proteins, p53 and Bax, were unchanged
(Fig. 4B). However, we did not detect a difference in
the analyzed protein levels between the epididymis of
Uchi3 knockout and wild-type mice.

Region-specific apoptosis in the epididymis following
unilateral efferent duct ligation

Androgen deprivation by efferent duct ligation in-
duces glandular epithelial cell death via an apoptotic
mechanism [9, 38]. We previously showed that germ
cell apoptosis differs between gad and Uchl3 knockout
mice following cryptorchid injury [25]. To detect
apoptosis in the epididymis following efferent duct li-
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Fig. 5. TUNEL staining of apoptotic cells in the caput epididymis following unilateral efferent duct
ligation. A: TUNEL staining in the caput epididymis cross-sections on days 2 and 4 after
ligation. Green fluorescence, TUNEL-positive cells; red fluorescence, nuclei stained with
propidium iodide. Magnification, 200x. Scale bar, 30 um. B: Quantitation of epithelial cell
apoptosis in the caput epididymis following efferent duct ligation. The number of apoptotic
epithelial cells in gad and wild-type mice is shown on the left. Each value represents the mean
+ SD; #P<0.05. The number of apoptotic epithelial cells in Uchl3 knockout and wild-type mice
is shown on the right. Each value represents the mean = SD; #*#P<0.01.

gation, we used an in situ TUNEL assay to examine
apoptosis in gad and Uchl3 knockout mice on postop-
erative days 2 and 4 (Fig. 5). After efferent duct
ligation, epithelial cell apoptosis was observed only in
the caput epididymis (mostly the initial segment). The
caput epididymis showed a time-dependent increase in
epithelial cell apoptosis after efferent duct ligation and
epithelial cell apoptosis was found mainly in the prin-
cipal cells (Fig. SA). Compared with wild-type mice,
the caput epididymis of Uchl3 knockout mice showed a
marked increase in apoptotic epithelial cells on postop-
erative day 2, whereas gad mice resisted efferent
duct-ligated epithelial cell apoptosis (Fig. 5A). By post-
operative day 2, the number of apoptotic cells per 100

tubules increased with statistical significance (**P<0.01,
n=4) in the caput epididymis of Uch/3 knockout mice
as compared with wild-type mice (Fig. 5B). However,
gad mice showed resistance to ligation-induced
apoptosis in the caput epididymis relative to wild-type
mice by postoperative day 4 (*P<0.05, n=4) (Fig. 5B).

Discussion

After leaving the testis via the testicular rete, sper-
matozoa collect in the epididymis, where they undergo
final maturation and storage [2, 36, 37]. During epid-
idymal passage, ubiquitination may trigger apoptotic
mechanisms that recognize and eliminate abnormal sper-
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matozoa, and ubiquitination is believed to play an im-
portant role in controlling sperm quality to ensure the
production of intact, functional spermatozoa [10, 27,
37]. Ubiquitination of abnormal spermatozoa predomi-
nantly occurs in the caput epididymis [37].

Previous studies have shown that two closely-related
UCH isozymes, UCH-L1 and UCH-L3 have distinct
expression patterns during spermatogenesis [24] and
reciprocal functions following cryptorchid injury [25].
We have proposed that UCH-L1 might function as a
regulator of apoptosis. Indeed, UCH-L1-deficient gad
mice are resistant to apoptotic stress [13, 23, 25], and
this apoptotic resistance leads to alterations in sperm
motility and morphology as well as an increased num-
ber of defective spermatozoa in the epididymis of gad
mice [23]. Our present study demonstrated that UCH-
L1 and UCH-L3 have distinct expression patterns along
the epididymis in wild-type mice (Fig. 2). We detected
a high level of UCH-LI1 in the caput epididymis, the
main maturation organ, whereas the UCH-L3 level was
high in the cauda epididymis, the main storage organ
[10]. These region-specific variations in UCH-L1 and
UCH-L3 level suggest that they have different func-
tions in the epididymis. The regional differentiation of
the epididymis, as suggested by region-specific gene
expression, reflects different luminal environments be-
tween the regions [16, 19].

We also determined the expression pattern/level of
the major component of the proteolytic pathway,
ubiquitin, which has specificity for UCH-L1. UCH-L1
[31], and the
monoubiquitin level is reduced in gad mice relative to
wild-type mice [25, 31]. Predictably, monoubiquitin
expression pattern showed similar patterns to UCH-L1
and the monoubiquitin level was reduced in the epid-
idymis of gad mice, which had its highest level in the
caput epididymis relative to the corpus or cauda epid-
idymis in wild-type mice (Figs. 3 and 4A). Ubiquitin
induction is important for regulating programmed cell

associates with monoubiquitin

death, which is a fundamental component of spermato-
genesis [1, 23, 32]. Under specific circumstances, the
caput epididymis contains a high level of ubiquitin,
which may serve to maintain apoptotic mechanisms that
eliminate abnormal spermatozoa [37]. This is consis-
tent with the high levels of apoptotic p53 and Bax
observed in the caput epididymis compared with the
corpus and cauda epididymis (Fig. 4B). Protein p53

and Bax are classically thought to be involved in regu-
lating apoptotic processes, and are targets for
ubiquitination [5, 7, 29, 30]. The role of p53 in medi-
ating apoptosis in the male genital tract has been
demonstrated in several mice lines [28, 29, 42]. How-
ever, pS3-independent apoptosis is suggested in the
prostate and seminal vesicles by androgen withdrawal
or in the rat epididymis by deprivation of luminal fac-
tors [3, 11, 14, 38].
Bcl-2 family proteins are involved in the induction or

Previous studies indicated that

prevention of apoptosis [12, 33, 39, 40]. In gad mice,
in the present study, the levels of the antiapoptotic pro-
teins, Bcl-2 and Bel-xL, were markedly increased in
the caput epididymis (Fig. 4B), although there was no
difference in the levels of the apoptotic proteins, p53
and Bax, relative to wild-type mice. The high levels of
Bcl-2 and Bcl-xL in the caput epididymis of gad mice
is consistent with a previous report that the percentage
of morphologically abnormal spermatozoa is signifi-
cantly higher in gad mice [23]. Therefore, the variations
of in the levels of Bax, and Bcl-2 and Bcl-xL combined
in the caput epididymis probably maintain the regula-
tion of apoptosis [4]. ‘

Our previous work focused on the reciprocal func-
tions that UCH-L1 and UCH-L3 exhibit, a distinct
feature in testicular germ cells following cryptorchid-
induced apoptosis [25]. To characterize the distinct
functions of UCH-LI and UCH-L3 in the epididymis,
gad and Uchl3 knockout mice were examined after ef-
ferent duct ligation. The epididymal epithelium of the
two mutant mice showed differences in apoptotic in-
duction following efferent duct ligation (Fig. 5), after
which the circulating androgen level decreases rapidly
as a result of apoptotic cell death [9, 20, 38]. After
duct ligation, the number of apoptotic cells increased in
the caput epididymis of Uchi3 knockout mice com-
pared with wild-type mice, whereas gad mice showed
relative resistance in this regard (Fig. 5B). In gad mice,
the resistance to apoptotic stress can be explained by
the high levels of Bcl-2 and Bel-xL combined in the
caput epididymis (Fig. 4B). The tissue androgen level
is higher in the caput epididymis than in the corpus or
cauda epididymis [15, 38]; thus, apoptotic cells showed
in the caput epididymis rather than in the corpus and
cauda epididymis following efferent duct ligation.
These results may suggest that UCH-L1 and UCH-L3
have reciprocal functions in the caput epididymis fol-
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lowing apoptotic stress induced by androgen with-
drawal, as was shown with cryptorchid stress [25].

We cannot explain the profound apoptotic phenom-
enon observed in the present study in the caput
epididymis of Uchl3 knockout mice after efferent duct
ligation by the balance of the Bcl-2 family proteins
alone. Although our previous report showed that the
Nedd8 expression level increased in the testis of Uchl3
knockout mice [25], we found no difference in the
present study (data not shown). The mechanism with
regard to the antiapoptotic function of UCH-L3 requires
further study. Our present study demonstrated that
UCH-LI and UCH-L3 have distinct expression levels
along the epididymis as well as reciprocal functions in
response to apoptotic stress induced by androgen with-
drawal.
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