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tion, motility, and morphology in adult mice. Our data sug-
gest that UCHL1-dependent apoptosis is essential for nor-
mal spermatogenesis.

MATERIALS AND METHODS

Animals

We used male gad (CBA/RFM) mice [21] at 7, 14, 21. 28, and 35
days and 10 wk of age. The gad mouse is an autosomal-recessive mutant
that was produced by crossing CBA and RFM mice. The gad line was
maintained by intercrossing for more than 20 generations. This strain was
maintained at our institute. Animal care and handling were in accordance
with institutional regulations and were approved by the Animnal Investi-
gation Committee of the National Institute of Neuroscience, National Cen-
ter of Neurology and Psychiatry.

Histological and Immunohistochemical Assessment
of Testes

Testes were embedded in paraffin wax after fixation in 4% parafor-
maldehyde, sectioned at 4-pm thickness, and stained with hematoxylin for
counting [13]. Light microscopy was used for routine observations. For
immunohistochemical staining, the sections were incubated with 10% goat
serum for 1 h at room temperature followed by incubation overnight at
4°C with a rabbit polyclonal antibody against UCHLI (1:1000 dilution;
peptide antibody) [20] in PBS containing 1% BSA. Sections were then
incubated for 1 h with biotin-conjugated anti-rabbit [gG diluted 1:200 in
PBS, followed by Vectorstain ABC-PO (Vector Laboratories, Burlingame,
CA) for 30 min at room temperature. Sections were developed using 3,3'-
diaminobenzidine and counterstained with hematoxylin.

Apoptotic cells in testicular tissues were identified by terminal deox-
ynucleotidyl transterase (TdT)-mediated nick end labeling (TUNEL) using
the DeadEnd Fluorometric TUNEL system (Promega, Madison. WI) ac-
cording to the manufacturer’s instructions.

Quantitative Analysis of Testicular Cefl Number

The total number of cells was determined by counting the testicular
cells including Sertoli cells of seminiferous tubules. Quantitative deter-
minations were made using four each of wild-type and gad 1nice at 7 and
14 days of age. Five sections from each mouse were processed in parallel
for counterstaining with hematoxylin. Twenty circular seminiferous tu-
bules in each section were then selected by randomly from those tubules,
and 400 circular seminiferous tubules were measured using the 400X lens
of a Zeiss Axioplan microscope. The total cell number was not determined
by dividing cell types such as testicular germ cells and Sertoli cells be-
cause it was ditficult to determine the difference of cell types [26]. There
were no significant differences in nuclear size in either of the group smd-
ies. Thus, the total number of cells reflected all cell types of seminiferous
tubules.

Quantitative Analysis of Apoptotic Germ Cells

Quantification was performed using four each of wild-type and gad
mice at 7. 14, 21, 28, and 35 days of age. The total number of apoptotic
cells was determined by counting the positively stained nuclei in 20 cir-
cular seminiferous tubules in each section {22]. Five sections from each
mouse and a total 400 circular seminiferous tubules per each group were
processed.

Germ Cell Isolation, Culture, and Viability Measurement

Germ cells from wild-type and gad mice were prepared using a mod-
ification of the procedure described by Kwon et al. [20]. Briefly, testes
from three 2-wk-old iice were incubated twice for 30 min at 25°C in
Dulbecco Modified Eagle medium (DMEM)-F12 mediuin containing 0.5
mg/nl collagenase IV-S (Sigina-Aldrich, St. Louis, MO) and then digested
for 60 nin at 25°C in DMEM-FI2 medium containing 1 mg/ml trypsin
(Sigma-Aldrich). The cell suspension was digested and washed several
times to eliminate testicular somatic cells. The cells were then counted
and cultured at 2.0 X 107 cells/ml in DMEM-F12 medium containing 10%
tetal bovine serum (FBS). The cells were harvested at each day for 5 days,
and viability was assessed using the Vi-Cell XR cell viability analyzer
(Beckman Coulter, Fullerton, CA).

Quantitative mRNA Analysis of Uchl1 and Uchl3 Genes
by Real-Time PCR

SYBR Green-based real-time quantitative reverse transcription-poly-
merase chain reaction (RT-PCR; PRISM 7700 Sequence detection systein,
ABI, Columbia, MD) was performed [20] in SYBR Green Master mix
using the following primers: Uchll, 5'-TTCTGTTCAACAACGTGGAC
G-3' and 5'-TCACTGGAAAGGGCATTCG-3'; Uchi3, 5'-TGAAGGTC
AGACTGAGGCACC-3' and 5'-AATTGGAAATGGTTTCCGTCC-3'; 8-
actin, 5'-CGTGCGTGACATCAAAGAGAA-3' and 5'-CAATAGTGAT-
GACCTGGCCGT-3' To compare Uchll and Uchl3 gene expression in the
first round of spermatogenesis, the formula 2744 was used to calculate
relative expression compared with testes of 7-day-old inice.

Western Blotting

Western blots were pertormed as previously reported [19, 22]. Total
protein (5 pg/lane) was subjected to SDS-polyacrylamide gel electropho-
resis using 15% gels (Perfect NT Gel, DRC. Japan). Proteins were elec-
rrophoretically transferred to polyvinylidene difluoride mnembranes (Bio-
Rad. Hercules, CA) and blocked with 5% nonfat 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 one or inore primary antibodies to
UCHL1 and UCHL3 (1:1000 ditution; peptide antibodies) [20], Bel-xL,
Bax, TRPS3, and inactive caspase-3 (1:1000 dilution; all from Cell Sig-
naling Technology, Beverly, MA). Blots were further incubated with per-
oxidase-conjugated goat anti~-mouse IgG or goat anti-rabbit IpG (1:5000
dilution; Pierce. Rocldord, IL) for 1 h at room temperatwre. Iimnunore-
actions were visualized using the SuperSignal West Dura Extended Du-
ration Substrate (Pierce) and analyzed using a Chemihnager (Alpha In-
notech, San Leandro, CA).

Sperm Motility, Morphology, and Immunohistochemical
Assessments

Spenn were collected from the right cauda epididymidis {27] of 10-
wlh-old wild-type and gad mice in 400 wl human tubal fluid medium con-
taining 0.5% bovine serum albumin and then incubated at 37°C under 5%
CO, in air for 1-2 h. Using a.computer-assisted semen analysis system
(TOX IVOS, Hamilton Throne Research, Beverly, MA) [28], sperm were
analyzed for the following motion parameters: percentage of motife sperm
(MSP), percentage of progressively motile sperm (PMP), average path
velocity (VAP), straight-line velocity {VSL), curvilinear velocity (VCL),
fateral head displacement (ALH), linearity (VSL/VCL X 100), and
straighmess (VSL/VAP X 100). All procedures were performed at 37°C.
To study the spermiatozoa morphology. sperm were smeared and then eval-
uated for defects in the head. midpiece, and principal piece and for head
detachment. For immunocytochemical staining, the sections were incubat-
ed with antibodies against UCHL1 (1:1000 dilution; peptide antibody) [20]
and ubiquitin (1:500 dilution; DakoCytomation, Glostrup, Denmark) over-
night at 4°C in PBS containing 1% BSA.

Statistical Analysis

The mean and standard deviation were calculated for all data (pre-
sented as mean * SD). One-way analysis of variance (ANOVA) was used
for all statistical analyses.

RESULTS

Expression of UCHLT During the First Round
of Spermatogenesis

We used Western blotting to characterize the level of
UCHL1 and UCHL3 expression in testes from immature
wild-type and gad mice (Fig. 1, B and C). In agreement
with previous data [20], UCHL1 expression was signifi-
cantly elevated on Day 14 in testicular lysates obtained
from 7-, 14-, 21-, 28-, and 35-day-old wild-type mice. The
level of UCHL3 expression increased with age and did not
differ between gad and wild-type mice (Fig. 1B), suggest-
ing that UCHL3 expression is regulated independently of
UCH-L1 during the first round of spermatogenesis [20]. We
also assessed the expression pattern of Uch{] and Uchl3
genes during juvenile spermatogenesis using SYBR Green-
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FIG. 1. Expression of UCHL1 and UCHL3during the first round of sper-

matogenesis. A) Comparison of UchlT and Uchi3 gene expression levels
(2-9) by SYBR Green-based real-time quantitative reverse transcription-
polymerase chain reaction (RT-PCR). The value for gene expression from
the testes of 7-day-old mice was set to 1.0. B) Comparison of UCHL1T and
UCHL3 expression by Western blotting of testicular lysates from wild-
type or gad mice. Blots were reprobed for a-tubulin, which was used 0
normalize the protein load. Representative images from four independent
experiments are shown. €) Quantitative analysis of changes in UCHL1
and UCHL3 levels by Western blotting. Relative protein expression {(op-
tical density) of the bands in panel B, normalized to a-tubulin. Each data
point represents the mean ® SD (n = 4; * P < 0.05).

based real-time quantitative RT-PCR (Fig. 1A). Despite the
fact that the percentage of spermatogonia and Sertoli cells
may be diluted by meiotic and postmeiotic germ cells after
Day 14 [20], Uchll expression was high in 14-day-old
mice, in agreement with our previous findings.

Immunohistochemistry of UCHLT and Quantitative
Morphometric Assessment

Immunohistochemical analysis revealed UCHL1 expres-
sion in spermatogonia from wild-type mice but not gad
mice (Fig. 2A). Preliminary examination of tubules from
immature testes revealed an overproduction of germ cells
in gad mice. At 7 and 14 days of age, the number of sper-
matogonia and preleptotene spermatocytes was significant-
ly increased in gad mice compared with wild-type mice
{Fig. 2A). The increase in the number of these cell types
was further confirmed by quantitative analysis, which
showed that the total number of testicular cells, including
Sertoli celis, was significantly higher in 7- and 14-day-old
gad mice (Fig. 2B).

TUNEL Staining of Apoptotic Germ Cells During the First
Round of Spermatogenesis

To further investigate the mechanism underlying the ob-
served differences in testicular cell numbers between wild-
type and gad mice during the first round of spermatogen-
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FIG. 2. A) Immunohistochemistry of UCHL1 and testicular morphology

during the first round of spermatogenesis. UCHL1-positive germ cells in
wild-type mice are indicated by open arrows. Spermatogonia and prelep-
totene spermatocytes (closed arrows) were more abundant and found fur-
ther from the basement membrane in Postnatal Day (PD) 7 and 14 gad
mice. Magnification X200. Bar = 20 pm. B) The total number of germ
cells in seminiferous tubules was significantly increased in and 7- and
14-day-old gad mice compared with wild-type mice (n = 4; * P < 0.05}.
Data represent mean * SD.

esis, we examined germ cell apoptosis in tissue sections
from mice at 7, 14, 21, 28, and 35 days of age by TUNEL
assay. During the first round of spermatogenesis, the total
aumber of apoptotic cells in 20 circular seminiferous tu-
bules decreased significantly (n = 4; P < 0.05) in gad
mouse testes as compared with wild-type mice (Fig. 3A).
Although germ cell apoptosis significantly mcreased at Day
14 in the testes of both wild-type and gad mice, gad mice
had significantly fewer apoptotic germ cells (n = 4; P <
0.05) in seminiferous tubules (Fig. 3B).

Testicular Germ Cells of gad Mice Are Resistant
to Apoptosis-inducing Conditions In Vitro

Sertoli cells, which support germ cells, express UCHLI
[12]. To explore the viability of germ cells independently
of the effect of Sertoli cells, testicular germ cells from 2-
wk-old wild-type and gad mice were cultured in suspension
for 5 days in the presence of 10% FBS. We then examined
the resistance of these in vitro cell culture to apoptosis-
inducing conditions. Although both wild-type and gad
mouse cells were sensitive to apoptosis-inducing condi-
tions, the gad mouse cells had comparatively greater via-
bility (Fig. 4). Overall results clearly show that the absence
of UCHL1 increase germ cell survival.
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FIG. 3. A) The total TUNEL-positive germinal cells per 20 circular sem-
iniferous tubules in wild-type and gad mice on various postnatal days. In
each group, the data represent the mean = SD (n = 4; * P < 0.05). B)
The extent of apoptosis in 2-wk-old mice. i, wild-type mice; ii, gad mice.
Green fluorescence, TUNEL-positive cells; red fluocrescence, nuclei
stained with propidium iodide. Magnification X100. Bar = 30 wm.

Levels of Apoptotic Proteins During the First Round
of Spermatogenesis

Germ cell apoptosis involves genes encoding various
factors, such as Tip33, the Bcl2 family, and caspase, which
are targets for ubiquitination [29-31]. Our previous work
demonstrated that the expression of antiapoptotic proteins
(Bcl2 family and XTIAP) is significantly elevated following
cryptorchid stress in gad mice [22]. To explore whether the
germ cell apoptotic wave is associated with changes in the
levels of proteins known to be associated with cell death
or survival, Western blot analysis was performed on testic-
ular lysates obtained from 7-, 14-, 21-, 28-, and 35-day-old
wild-type and gad mice (Fig. 5). Levels of TRP53 and Bax
proteins were strikingly elevated in 7-day-old mice but
barely detectable on Day 35. Caspase-3 was also strikingly
elevated in 7-day-old mice. Since TRP53 modulates Bax
expression [22, 32], the observed up-regulation of Bax is
consistent with elevated TRP53 levels during the early ap-
optotic wave. Expression of the antiapoptotic protein Bcl-
xL. was weaker in immature compared with mature testes.
Levels of TRP53, Bax, and caspase-3 proteins were signif-
icantly decreased in 7- and 14-day-old gad mice relative to
the levels observed in wild-type testes (Fig. 5B). By con-
trast, the level of Bel-xLL protein appeared to be up-regu-
lated earlier in gad mice (at 28 days) than in wild-type mice
(at 35 days) (Fig. 5B).

Assessment of Cauda Epididymidis and Spermatozoa
Morphology in gad Mice

The cauda epididymidis from wild-type and gad mice
were weighed, and the sperm were collected and analyzed.
The cauda epididymidis from gad mice weighed signifi-
cantly less, likely resulting from the lower sperm concen-
tration measured in gad mice (19.5 X 10%ml) compared
with wild-type mice (23.6 X 10%ml) (Table 1). Further
wmore, abnormal sperm morphology, including head and
midpiece defects or a detached head, occurred significantly
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FIG. 4. In viwo survival of testicular germ cells. Testicular germ cells
were isolated from wild-type and gad mice at 14 days of age. After cul-
ture, viability was determined using a Vi-Cell XR cell viability analyzer
(Beckman Coulter). Viability at each time point was normalized to that at
Day 0. Each data point represents the mean * SD (n = 4, * P < 0.05).

more often in gad mice (Table 1 and Fig. 6A). Immuno-
cytochemical analysis showed that UCHLI and ubiquitin
were expressed in defective spermatozoa but not in normal
spermatozoa (Fig. 6B). Ubiquitin, a marker for sperm ab-
normalities [33], was detected mainly in defective sper-
matozoa. However, despite a significantly elevated number
of defective spermatozoa, ubiquitin expression in gad
mouse spermatozoa was similar to that in wild-type mice
(data not shown). ’
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FIG. 5. A) Western blot analyses showing TRP53, Bax, caspase-3, and
Bcl-xL levels in wild-type and gad mice during the first round of sper-
matogenesis. Protein (5 pg/lane) was prepared from whole testes at 7, 14,
21, 28, and 35 days of age. Blots were reprobed for a-tubulin to nor-
malize for differences in the amount of protein loaded. Representative
images of four independent experiments are shown. B) Quantitative West-
ern blot analysis of changes in TRP53, Bax, caspase-3, and Bcl-xL levels.
Relative protein expression (optical density) of the bands in panel A, nor-
malized to a-tubulin. Each data point represents the mean % SD (n = 4;
* P <0.05).
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TABLE 1. Analysis of epididymal tail weight and sperm morphology (mean # SD) in 10-week-old wild-type and gad mice.

. Defect (%)
Sperm concentration
Tail weight (mg) (10°m) Head Midpiece Principal piece Detached head
wild-type 30.0 0.8 23.6 £ 3.7 7.2+ 15 24*13 1.1 202 20x1.0
gad/gad 24.7 + 1.1* 19.5 + 3.3* 14.1 £ 2.8* 4.7 = 1.5* 1.7 £ 0.6 3.7+ 1.2¢

* Significantly different from wild-type mice (n = 7; P < 0.05).

Spermatozoa Motility in gad Mice

We measured sperm motility parameters in wild-type and
gad mice. Of the parameters assessed, MSF, PMP, VAP
(pm/sec), VSL (nm/sec), and VCL (m/sec) were signifi-
cantly lower in gad mice. ALH (pm), linearity (%), and
straightness (%) did not differ significantly between gad
and wild-type mice (Fig. 7). Of the parameters we mea-
sured, the number of PMP differed most significantly be-
tween gad mice (24.4%) and wild-type mice (34.3%) (Fig.
TA).

DISCUSSION

Spermatogenesis is a highly complex process involving
male germ cell proliferation and maturation from sper-
matogonia to spermatozoa [34]. Apoptosis is common dur-
ing this process and is believed to play an important role
in controlling germ cell numbers and eliminating defective
germ cells that carry DNA mutations, thus ensuring the
production of intact, functional spermatozoa [35-37]. Nor-
mally, germ cells are extremely sensitive to DNA damage,
as such lesions are incompatible with the ultimate function
of these cells [23, 24, 37]. The early apoptotic wave may
result in early elimination of defective germ cells in which
DNA alterations have occurred through chromosomal
crossing over during the first meiotic division [23, 24, 37].

Several lines of evidence indicate that UCHL1 associates
with monoubiquitin and that the monoubiquitin pool is re-
duced in gad mice relative to wild-type mice {18, 19, 22].
Furthermore, testes from UCHL1-deficient gad mice [22]
and mice carrying the K48R mutation in ubiquitin [38]
show resistance to cryptorchid-induced apoptosis, suggest-
ing that ubiquitin is critical for modulating testicular germ
cell death. Normally, damaged proteins are polyubiquitin-
ated and degraded via the ubiquitin-proteasome system;
however, if damaged proteins are -not degraded as easily
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FIG. 6. A) Abnormal morphology of spermatozoa from gad mice. Sper-
matozoa were collected from the cauda epididymidis of 10-wk-old gad
mice. Head defects {open arrows) and midpiece defects (closed arrows)
are indicated. Magnification X400. B) immunocytochemistry of UCH-L1
and ubiquitin in wild-type and gad mice. UCHL1- and ubiquitin-positive
spermatozoa (closed arrows) and normal spermatozoa (both negative, ar-
rowheads) in wild-type mice are indicated. The inset shows an the image
of spermatozoa from gad mice. Magnification X1000.
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when monoubiquitin is either mutated or reduced [22, 38],
then germinal cells may become resistant to programmed
death. Our results with the gad mouse suggest that ubiquitin
induction is important for regulating programmed germinal
cell death that is normally observed during the first round
of spermatogenesis. We have now shown that immature tes-
tes from gad mice are resistant to the massive wave of
germinal cell apoptosis during the first round of spermato-
genesis. The increased resistance of UCHL1-deficient germ
cells to apoptosis-inducing conditions in vivo and in vitro
suggests that UCHLI is involved in spermatogenesis (Figs.
3 and 4). The activity of the ubiquitin-proteasome system
may be required for specific transitions between multiple
developmental cellular processes and sequential apoptosis
during spermatogenesis [6, 7, 39]. In addition, the ubiqui-
tin-proteasome system is required for the degradation or
modification of numerous germ cell-specific proteins during
different phases of spermatogenesis [39-41].

Early apoptosis in testicular germ cells is regulated by a
complicated signal transduction pathway. The testes contain
high levels of TRP53, Bcl2 family, and caspase-3 proteins,
which are targets for ubiguitination [29-31, 42-45]. How-
ever, the involvement of the ubiquitin system in the regu-
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FIG. 7. Kinematic analysis of spermatozoa from the cauda epididymidis
of 10-week-old wild-type and gad mice. A) Sperm motility. MSP, Per-
centage’ of motile spermy; PMP, Percentage of progressively motile sperm
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tained for each parameter in wild-type mice (n = 7; * P < 0.05).
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latory mechanisms of germ cell apoptosis has not been
identified. A previous study showed that UCHL 1-deficient
gad mice express high levels of antiapoptotic proteins (Bel2
family and XIAP) in the testis following cryptorchid-in-
duced stress [22]. Alterations in the carefully maintained
balance between the expression of apoptosis-inducing and
apoptosis-protecting proteins may c¢onstitute one mecha-
nism underlying the suppression of germ cell apoptosis ob-
served in gad mice [46]. The decreased levels of TRPS53,
Bax, and caspase-3 observed in gad mice in this study are
consistent with the suppression of germ cell apoptosis. In
addition, the expression of the antiapoptotic protein Bel-xL
increased earlier in gad mice compared with wild-type
mice. Therefore, the control of the apoptotic wave probably
depends on variations in the balance between Bax and Bcl-
xL {23, 47]. Analysis of the first round of spermatogenesis
over time demonstrated a striking and massive wave of ap-
optotic germinal cells in 14-day-old mice (Fig. 3). High
levels of UCHLI protein were also observed at this age
(Fig. 1) [20]. This early apoptotic wave was suppressed in
the testes of gad mice, which had an abundance of germ
cells compared with wild-type mice (Fig. 2). Moreover, the
suppression of germ cell death is consistent with our pre-
vious report on cryptorchid stress injury in gad mice [22].
The testes of gad mice showed a phenotype similar to that
of Bax-deficient mice or those overexpressing Bc/2 or Bcl-
xL [23, 25, 26]. Also, the testes of Trp53~~ mice exhibited
a similar phenotype involving decreased germ cell apopto-
sis and an increased number of germ cells [48].

In the present study, we also characterized spermatozoa
in gad mice with regard to the following reproductive end-
points: 1) the weight of reproductive organs, 2) the con-
centration of sperm cells, and 3) the motility and morphol-
ogy of spermatozoa collected from the cauda epididymidis.
The weight of cauda epididymidis from gad mice was sig-
nificantly lower compared with that from wild-type mice.
The concentration of sperm cells was also significantly low-
er, and most motility parameters of spermatozoa collected
from the cauda epididymidis were affected in gad mice
(Fig. 7). The significant decline in progressive forward mo-
tility, VAP, VSL, and VCL indicates that UCHL deficien-
cy affects not only the ability of spermatozoa to move in
the forward direction but also their vigor. In addition, the
percentage of morphologically abnormal spermatozoa was
significantly higher in gad mice (Table 1 and Fig. 6A).

Sperm production in the testis is a regulated balance be-
tween germ cell division and germ cell loss [26, 49], and
there is emerging evidence that the ubiquitin-proteasome
system may be central to the coordination of this process.
For example, during spermatogenesis, the general activity
of the ubiquitin-proteasome system is high, probably re-
flecting the requirement for massive degradation of cyto-
plasmic and nuclear proteins [6, 7, 50, 51]. Additionally,
mutation of the ubiquitin-conjugating enzyme HR6B results
in impaired spermatogenesis during nuclear condensation
in spermatids [39, 41]. We found the fact that UCH-LI
associates with monoubiquitin in several lines of gad mice
[18, 19, 22]. Furthermore, both proteins are expressed
abundantly and at comparable levels in testis and the epi-
didymis [11, 13, 14], suggesting that the functions of two
proteins are important during spermatogenesis. Ubiquitin is
present in defective spermatozoa, and proteins in these cells
become ubiquitinated during epididymal passage (Fig. 6B)
[11, 14, 33, 52, 53]. Furthermore, ubiquitination in the ep-
ididymis may trigger apoptotic mechanisms that recognize
and eliminate abnormal spermatozoa [49, 54, 55].

Further study is required to elucidate the functional sig-
nificance of the association between UCHL1 and ubiquitin
during spermatozoa maturation in the epididymis. However,
our observations suggest that UCHL1 may function to reg-
ulate sperm production and to ubiquitinate proteins in de-
fective spermatozoa. Our present study demonstrates that
UCHL1-deficient gad mice are resistant to the wave of ger-
minal cell apoptosis that occurs during the first round of
spermatogenesis and that these mice have defects in sperm
production, motility, and morphology. These results suggest
that UCHL1 functions in the early apoptotic wave during
the first round of spermatogenesis and in the control of
sperm quality during sperm maturation.
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Abstract

Chromosomal structure within the nucleus influences various biological processes such as transcription and replication. Telomeres are
located at the end of eukaryotic chromosomes and they can be a decisive factor for correct chromosomal positioning. To gain new insight into
telomere dynamics, we examined telomere length and positional changes during spermatogenesis using improved fluorescence in situ
hybridization (FISH) and in situ telomeric repeat amplification protocols (TRAP) on histological sections. FISH revealed teloniere length and
chromosome position within nuclei change dynamically. Telomere extension occwrred during spermiogenesis. In situ TRAP analysis verified
clevated telomerase activity in elongating spermatids. Together, these data show that elongated spermatids have longer telomeres than
precursor spermatogenic cells. This observation indicates that telomere elongation in haploid cells occurs after meiosis and in the absence of
genomic replication. Analyses of testes from telomerase null mice further support the significance of telomere dynamics during
spermatogenesis and the existence of an alternative telomere extension pathway.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

Telomeres are DNA-protein complexes located at the
ends of linear eukaryotic chromosomes. They protect
chromosomes from terminal fusions or degradation that
typically occurs during the DNA replication cycle, and
thus, are essential for genomic and genetic stability of cells
(de Lange, 2002; Ducray et al., 1999; Felder et al., 2003;
Greider, 1996; Wong and Collins, 2003). In mammals,
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telomere DNA contains tandem repeats of a hexanucleotide
(TTAGGG) sequence. The number of telomeric repeats
(telomere length) is known to be important for inheritance
of genomic structure and is primarily maintained by
telomerase activity during the cell cycle. Mammalian
telomerase is a protein-RNA complex composed of a
catalytic subunit, telomerase reverse transcriptase (Zerc;
Blasco et al., 1995), and a telomerase RNA component
(Zert; Nakamura et al., 1997) that directs the addition of
telomeric repeat sequences to the end of the chromosome.
Since telomerase activity is progressively down-regulated
during terminal differentiation, the reduction of telomeric
repeats can be observed during the normal development of
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somatic tissues (Greenberg et al., 1998; Greider and
Blackburn, 1996; Prowse and Greider, 1995). Telomerase
null (Jere™") mice exhibit decreased fertility, progressive
defects in several organs, and shortened life span after
several generations because of telomere shortening (Blasco
et al., 1997; Lee et al., 1998). On the other hand, cells that
acquire immortality like cancer, maintain telomerase activ-
ity and avoid telomere loss, even after multiple rounds of
cell division (Hiyama and Hiyama, 2002). In general,
sufficient telomere length must be maintained for cells to
continually proliferate and to sidestep cellular senescence.
Thus, telomerase activity is required to ensure that genomic
structure is properly maintained during successive cycles of
reproduction and development in eukaryotes.

Extensive studies in yeast have revealed that telomeres
are responsible for conveying important positional cues for
chromatin formation and arrangement within nuclei. These
arrangements significantly affect transcription regulation
and cellular proliferation (Andrulis et al., 1998; Gasser,
2002). Telomeres gather in peripheral regions of the nucleus
where they form several clusters (Gotta et al., 1996),
silencing genes at subtelomeric regions (Guarente, 1999).
In mammals, the spatial arrangement of chromosomes is
also important (Cremer and Cremer, 2001; Dietzel and
Belmont, 2001; Gerlich et al., 2003; Grosveld, 1999).
Although telomere position most likely is regulated accord-
ing to developmental phase, the significance of these
positional cues remains unclear in higher eukaryotes.

To study the higher organization of nuclear and
chromosome structure, we inproved the Q-FISH (quantita-
tive fluorescence in situ hybridization) technique, which
enabled us to simultaneously observe the localization and
the quantity of telomeres within histological sections
(Meeker et al., 2002). In addition, we developed an in situ
TRAP assay, which allowed us to detect telomere extension
activity in histological sections with single-cell resolution.
This assay can be used diagnostically to detect the early
appearance of immortal cells in organs. In the present study,
we used these techniques to observe telomere dynamics
during spermatogenesis, a process in which telomere
dynamics is relatively well known.

In mice, spermatogenesis undertake within seminiferous
tubule and can be divided mainly into three phases
according to cell state (Leblomd and Clermont, 1952)—
proliferative, meiotic, and spermiogenic phases. During the
proliferative phase, spermatogonial cells multiply via
mitosis to form immature primary spermatocytes called
preleptotene spermatocytes. In the meiotic phase, prelepto-
tene spermatocytes undergo meiosis to produce leptotene,
zygotene, pachytene, and finally diplotene spermatocytes;
these cells are distinguishable by their chromosomal states.
Meiotic DNA replication takes place in preleptotene
spermatocytes and chromosomal unraveling takes place in
leptotene spermatocytes. Homologous chromosomes pair up
in zygotene spermatocytes and chromosomes thicken and
recombine in pachytene spermatocytes. Diplotene sperma-

tocytes undergo the first set of meiotic divisions to form
secondary diploid spermatocytes, which further undergo a
second meiotic division to generate spermatids. In the
spermiogenic phase, these haploid spermatids mature into
sperm after 16 steps of differentiation. Round spermatids
form during steps 1-7, clongating spermatids during steps
8-12, elongated spermatids during steps 13-16, and finally
mature sperm form (Russell et al., 1990). Cross-section of
seminiferous epithelium shows specific combination of cells
on the sperm maturation steps (Russell et al., 1990). A set of
cell association by logical sequence of maturation step is
defined as the cycle of seminiferous epithelium and 12
different stages of seminiferous epithelia are recognizable
according to combination of maturing spermatogenic cells.
A section of seminiferous epithelium contains specific
spermatogenic cells in 3-4 different maturation steps, for
example, stage I seminiferous epithelium contains early
pachytene, step 1 round spermatids, and step 13 elongated
spermatids (Russell et al., 1990).

In addition to confirming previous reports (Achi et al.,
2000; Meyer-Ficca et al., 1998; Pfeifer et al.,, 2001,
Scherthan et al., 1996; Zalenskaya and Zalensky, 2002,
2004), we found several novel aspects of telomere dynamics
during spermatogenesis.

Materials and methods
Mice

Male C57/B6 mice (4 and 12 weeks of old), telomerase
null mice (Terc™~ mice; FVB/N background; 8 months of
old) and control mice (Terc+"'_ mice; FVB/N background;
8 months of old) were used. All mice were anesthetized
with 2, 2, 2-tribromoethanol before using.

FISH analysis

Mouse testes were surgically taken out and fixed with
methacarn fixative, embedded in paraffin, and sectioned.
Cross-sections (10-25 wm) were deparaffinized then
incubated at 90°C with pre-treatment citrate buffer
(developed with Nacalai Tesque, Inc., Japan.) containing
10 mM EDTA, 0.05% NP40, and 0.05% Triton X-100.
After washing, sections were denatured with 70% for-
mamide/2 X SSC at 100°C for 3 min, dehydrated in cold
ethanol for 3 min, incubated with 0.2 pg/ml rhodamine-
labeled telomeric PNA probe of (TTAGGG); in HYBRID-
SOL VII (Oncor, USA) at 50°C for 12 h, and washed with
0.01x SSC at 50°C. Nuclei were counterstained with
SYTE-Green (Molecular Probes, USA). Some sections
were sequentially reacted with anti-PCNA monoclonal
antibody (Oncogene Research Products, USA) and Alexa
Fluor™ 633-labeled secondary antibody (Molecular
Probes, USA). FISH images and immunostained images
were obtained with an LSM-510 confocal laser microscope
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(Carl Zeiss, Germany) by sequential scanning and ana-
lyzed with adjunctive software attached to the LSM-510.

Terminal restriction fragment (TRF) lengih analysis

Genomic DNA prepared from brain, liver, kidney, testis,
and sperm of B6 male mice was digested for 16 h with
Hinfl. A 10-ug sample of digested DNA was separated in
1% agarose gels with the CHEF-DR III pulse field system
(Bio-Rad, UK), and separated DNAs were transferred onto
positively charged membranes. The membrane was hybri-
dized at 37°C to a biotin-labeled oligonucleotide probe of
(TTAGGG)3, and TRF length was detected by a LAS-3000
imaging system (Fuji Photo Film, Japan) using CSPD
(Tropix, USA).

Quantitative analysis of FISH images

After adjusting background noise using the public
domain NIH Image program (developed at the U.S. National
Institutes of Health and available on the Intemet at http://
rsb.info.nih.gov/nih-image/), we calculated the fluorescence
intensity of telomeres within each nucleus in the FISH
images.

In situ TRAP assays

Mouse testes were surgically taken out and fresh adult
mouse testes were embedded in O.C.T. compound and
cross-sectioned into 4 wm-thick sections. Sections were
dried for a few hours prior to incubation in telomerase
reaction buffer (100 ul) containing 20 mM Tris-HCI (pH
8.3), 1.5 mM MgCly, 63 mM KCl, | mM EGTA, 50 uM
dNTP, 0.1% bovine serum albumin, and TS-primer (5 -AAT
CCG TCG AGC AGA GTT-3'). They were then fixed in a
neutral buffered 10% formalin solution. Sections were
washed with 0.01 M PBS, dehydrated, and dried. Elonga-
tion products were detected by PCR with dNTP containing
digoxigenin-11-dUTP and a pair of TS- and CX-primers (5'-
CCCTTA CCC TTA CCC TTA CCC TAA-3'). In situ PCR
was performed with TaKaRa PCR Thermal Cycler MP and
TaKaRa Slide Seal for in situ PCR (TaKaRa, Japan) in a
final volume of 20 ul. Fifteen cycles of in situ PCR were
carried out at 94°C for 30 s and at 60°C for 30 s. After
washing with 0.01 M PBS, the sections were reacted with
anti-digoxigenin-POD antibody (Roche Diagnostics, USA),
and signals were visualized with 0.05% 3,3 -diaminobenzi-
dine tetrahydrochloride in 0.01 M PBS and 0.01% H,0,.
The sections were stained with hematoxylin for nuclear
counterstaining.

Immunohistochemistry
Mouse testes were surgically taken out and fixed with

methacarn fixative, embedded in paraffin, and sectioned.
Cross-sections (4-5 um) were deparaffinized, then incu-
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bated with anti-TERT (2C4) monoclonal antibody (Abcam,
UK). Immunoreactive elements were visualized with Alexa
Fluor™ 488-labeled secondary antibodies. Nuclei in some
sections were counterstained with propidium iodide (Molec-
ular Probes, USA). Stained images were obtained with an
LSM-510 confocal laser microscope and analyzed with
adjunctive software attached to the LSM-510.

Lectin histochemistry

Cross-sections (4-5 um) were deparaffinized, then
incubated with either biotin-labeled SBA lectin (HONEN,
Japan), a legume lectin that specifically recognizes tetra-
meric GalNAc/Gal. Immunoreactive elements were visual-
ized with Alexa Fluor™ 488-labeled streptavidin. Nuclej in
some sections were counterstained with propidium iodide
(Molecular Probes, USA). Stained images were obtained
with an LSM-510 confocal laser microscope and analyzed
with adjunctive software attached to the LSM-510.

Results
Dynamic behavior of telomeres during spermatogenesis

Laser scanning microscopy and fluorescence in situ
hybridization (FISH}) techniques have revealed quantitative
information on telomere length and positional information
of telomeres within the nucleus (Henderson et al., 1996;
Molenaar et al., 2003). To study telomere dynamics during
spermatogenesis, we performed FISH on testis sections
using a rhodamine-labeled peptide-nucleic acid (PNA)
telomeric probe. After the elongated spermatid stage, the
chromosomes of late spermatogenic cells become tightly
packed with protamine, a histone-like protein, and such
compaction of chromatin probably prevents the hybrid-
ization of probes with protocols previously reported (data
not shown; Franco et al, 2002; Gonzalez-Suarez et al.,
2000; Meeker et al., 2002). We were able to improve
hybridization by developing a new pre-treatment citrate
buffer for our sections (Figs. 1A-X), and observe the
dynamies of telomeres in seminiferous tubules (Figs. 1A-
C), in seminiferous epithelia (Figs. 1D-R) and in individual
spermatogenic cells (Figs. 15-X).

Several reports have described the position of telomeres
within the nucleus of spermatogenic cells. We have isolated
testes from C57BU/6 male mice in 12 weeks of age for our
study. During proliferation and mid-meiotic phases (i.e.,
spermatogonia to leptotene spermatocyte stages), telomeres
disperse throughout the nucleus (arrowheads in Figs. 11, L,
O, U). Later in the meiotic phase, during the early zygotene
spermatocyte stage, telomeres temporarily move to one pole
of the nucleus (data not shown; Franco et al., 2002) before
spreading to all peripheral parts of the nucleus in the late
zygotene spermatocyte stage (arrowhead in Fig. 1R; Franco
et al, 2002). Immediately thereafter in the pachytene
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.- - oy

telomeres

Nu telomeres merged Nu telomeres merged

Fig. L. FISH analysis of testis sections from sexually mature mice. (A, D, G, ], M, P, 8, V) Signals represent nuclear counterstaining with SYTE-Green. (B, E,
H. K, N, Q, T, W) Signals represent telomeres. (C, F, L, L, O, R, U, X} Merged images. Green-signals represent nuclear counterstaining with 8YTE-Green and
red signals represent telomeres. {(A~C) Images of seminiferous tubules at stage [V, (D-R) Images of seminiferous epithelia. (D-F) Seminiferous epithelia at
stage 1. Early pachytene spermatocytes (P-SPC indicated by arrow in F), step | round spermatids (R-SPD indicated by asterisk in F), and step 13 elongated
spermatids (E-SPD indicated by star in F) are present. (G-1) Seminiferous epithelia at stage 1V. Intermediate spermatogonia (SPG indicated by arrowhead in 1),
pachytene spermatocytes (P-SPC indicated by arrow in 1), step 4 round spermatids (R-SPD indicated by asterisk in ), and step 15 elongated spermatids (E-SPD
indicated by star in 1) are present. (J-L) Seminiferous epithelia at stage VIIL Preleptotene spermatocytes (PL-SPC indicated by arrowhead i L), pachytene
spermatocytes (P-SPC indicated by arrow in L), step 7 round spermatids (R-SPD indicated by asterisk in L), and step 16 elongated spermatids (E-SPD indicated
by star in L) are present. (M-O) Seminiferous epithelia at stage X. Leptotene spermatocytes (L-SPC indicated by arrowhead in O), late pachytene
spermatocytes (P-SPC indicated by arrow in O), and step 10 elongating spermatids (Eg-SPD indicated by star in O) are present. (P—R) Seminiferous epithelia at
stage XIL Zygotene spermatocytes (Z-SPC indicated by arrow in R), secondary spermatocytes (2nd-SPC indicated by arrowhead in R), and step 12 elongating
spermatids (Eg-SPD indicated by star in R) are present. (S-X) Highly magnified images of seminiferous epithelia. (S-U) Basement membsane side of
seminiferous epithelia at stage V1L Preleptotene spermatocytes (PL-SPC indicated by arrowhead in indicated by U), pachytene spermatocytes (P-SPC indicated
by arrow in U), and step 7 round spermatids (R-SPD) are present. (V-X) Lumen side of seminiferous epithelia at stage VIL Step 7 round spermatids (R-SPD
indicated by asterisk in X) and step 16 elongated spermatids (E-SPD indicated by star in X) are present. (A-C) Scale bar = 50 pm. (D-X) Scale bar = 10 pm.
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spermatocyte stage, telomeres remain in peripheral areas of
the nucleus until the diplotene stage (arrows in Figs. 1F, I, L,
O, U; Scherthan et al., 1996). In the secondary spermatocyte
stage, telomeres leave the periphery (arrow in Fig. 1R).
Then, in the round spermatid stage, most telomeres
assemble around the nucleolus in the center of the nucleus
(asterisks in Figs. IF, 1, L, X; Meyer-Ficca et al.,, 1998).
After the elongating spermatid stage, telomeres disperse
again (stars in Figs. 1F, I, L, R, X), simultaneously with the
fading of the nucleolus. These observations are in good
agreement with previous works (Meyer-Ficca et al., 1998;
Pfeifer et al., 2001; Scherthan et al., 1996; Zalenskaya and
Zalensky, 2002, 2004).
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During spermatogenesis, dynamic rearrangements of
telomeres are not restricted to changes only in position.
Using this improved method, we found that the intensity of
FISH signals representing individual telomeres started to
decrease in pachytene spermatocytes (compare arrow in Fig.
LF and arrows in Figs. 11, L, O) and remained low until the
end of step 7 of spermiogenesis (i.e., round spermatid stage)
(asterisks in Figs. 1F, I, L). Telomeric signals began to
increase simultaneously with the elongation of spermatids
(stars in Figs. 10, R), and plateaved during the elongated
spermatid stage (stars in Figs. IF, I, L). Signal intensity most
likely reflects the number of telomeric repeats in a cell; thus,
signal intensity can also reflect the length of telomeres.
Elongated spermatids, which are haploid cells, display more
intense FISH signals than pachytene spermatocytes, which
are tetraploid cells, indicating that elongated spermatids
contain longer telomeres.

In summary, telomeres become shorter during the
pachytene spermatocyte stage (arrows in Figs. 1F, I, L,
O). During late spermatogenesis, telomeres began to extend
(i.e., elongating spermatid stage) (stars in Figs. 10, R) so
that elongated spermatids possessed extremely long telo-
meres (stars in Figs. 1F, I, L). To investigate quantitative
changes in telomere length, we measured the intensity of
FISH signals in each cell type. In the nucleus of a pachytene
spermatocyte located in the stage V seminiferous epithe-
lium, telomeric signal intensity was about two thirds of that
measured in pachytene spermatocytes located in stage [
seminiferous epithelium; this intensity level remained
unchanged through stage X (Fig. 2A). On the other hand,
telomeric signal intensity of an elongated spermatid was
about two times stronger than that of a round spermatid
located in stage V seminiferous epithelium (Fig. 2B).

To compare the signal intensities measured in pachytene
spermatocytes (4N} with those measured in spermatids
(IN), we calculated a scaled intensity by dividing the
intensities of pachytene spermatocytes by four; this scaled

Fig. 2. Quantitative analysis of FISH image and comparison of telomere
length in tissues from immature and mature mice. (A) Telomeric signal
infensity of individual pachytene spermatocytes in stages 1 (P1; n = 29),
V (P5; n = 12). VHL (P8; n = 14), and X (P10; n = 11) seminiferous
epithelia. (B) Telomeric signal intensity of individual round spermatids
(R; n = 20) and individual elongated spermatids (E; # = 21) in stage V
seminiferous epithelia. (C) Telomeric signal intensity of the haploid state.
Individual pachytene spermatocytes in stages | (P1), V (P5), VIL (PR),
and X (P10) seminiferous epithelia, and individual round spermatids (R)
and individual elongated spermatids (E) in stage V seminiferous epithelia.
*P < 0.01. (D) TREF length analysis of brain, liver, kidney, and testis from
sexually immature (4 weeks of age) and young sexually mature (12 weels
of age: YM) mice, and of sperm from young sexually mature mice. (E)
Effect of 2-ME on TRF length analysis of testes from a young sexually
mature mouse. (F) Hematoxylin-stained testis section from an immature
mouse. No elongated spermatids were observed in the seminiferous
epithelia. (G) Hematoxylin-stained testis section from a mature mouse. All
types of spermatogenic cells, including elongated spermatids, were
detected in seminiferous epithelia. Active spermatogenesis was also
observed. (F—@G) Scale bar = 50 um.
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intensity corresponds to the signal intensity for haploid
cells. This comparison indicated that decreased telomeric
signal intensity in pachytene spermatocytes (in the stage V
seminiferous epithelium) remained unchanged until the
round spermatid phase. During the next stage of develop-
ment, telomere extension occurred within elongating sper-
matids. As a result of this extension, FISH signals in
elongated spermatids were about 2 times stronger than those
in round spermatids and 1.5 times stronger than those in
pachytene spermaiocytes found in stage I seminiferous
epithelium (Fig. 2C). We believe that the change of signal
intensity did not result from variable probe accessibility to
different cell types by two reasons. First, decrease of signal
intensity oceurs within pachytene spermatocyte phase,
between pachytene spermatocytes from stage I and stage
V seminiferous tubule, and chromatin structure does not
change through these stages. Second, the signal intensity
measured from the pachytene spermatocyte phase of stage V
seminiferous epithelium through the round spermatid phase
were more or less equivalent, even though the nuclear
structures of cells present during these phases were greatly
altered. Importantly, these findings indicate that the telo-
meres of haploid cells elongate after meiosis and in the
absence of genomic DNA replication.

It has already been reported that telomere length is
maintained in germ cells by telomerase activity (Hastie et
al., 1990). We tested the terminal restriction fragment (TRF)
lengths of genomic DNA derived from various tissues,
including male germ cells, from sexually immature (post-
natal age of 4 weeks) and young sexually mature (12
weeks). Chromosomal DNA in elongated spermatid and
sperm is tightly packed with protamines (sperm-specific
histone-like proteins) and this highly condensed DNA resist
against standard isolation protocol. Since protamines form
complexes by disuifide bonds (Biggiogera et al., 1992)
hydrolyzable by 2-mercaptoethanol (2-ME), we isolated
DNA with 2-mercaptoethanol (2-ME)-treated tissues and
measured TRFs with these DNA samples. In brain, liver,
and kidney, telomeres slightly shortened with age or were
nearly the same length (Fig. 2D), as previously reported
(Prowse and Greider, 1995). On the other hand, telomeres
from mature testes, which contained all types of spermato-
genic cells (Fig. 2(G), were longer than those from sexually
immature testes (Fig. 2D), which lack elongated spermatids
and mature sperm (Fig. 2F). In adult mice, we found mature
sperm among cells that have longer telomeres. This agrees
well with the observation that isolated sperm have long
telomeres and that TRF hybridization signals localized only
to these mature sperm in adult testes (Fig. 2D) (Hastie et al.,
1990). As noted above, DNA sampies from 2-ME untreated
testes mainly composed by the DNA from spermatogonia to
elongating spermatid and nearly lack DNA fraction from
elongated spermatid and sperm, we next compared TRFs in
DNA from untreated and 2-ME-treated testes. Though the
TRFs from sexually immature mice were nearly the same
length between untreated and 2-ME-treated testis, TRFs of

2-ME-treated testes exhibited longer than those from
untreated testes from 12 weeks age adult mice (Fig. 2E).
These results clearly indicate that telomere elongation takes
place in elongating spermatids stage of adult testis, and
agrees well above observations of telomere dynamics on
seminiferous epithelia by FISH protocol (Figs. 1iF, I, L).
Telomeres are considered to be the structural basis for

. chromosomal architecture and movement, and their rear-

rangement may be the driving force for sequential changes
in chromosomal configuration that occur during cell
division. During the zygotene stage of meiosis, chromo-
somes frequently adopt bouquet-like formations that rapidly
disappear before the pachytene stage (Pfeifer et al., 2001,
2003). The appearance and disappearance of these bouquet-
like structures correspond, respectively, to the assembling of
telomeres at the pole of the nucleus and the subsequent
dispersing of telomeres throughout the peripheral parts of
the nucleus (Scherthan, 2001). After telomeres reduce in
length, they leave the peripheral parts of the nucleus: this
occurs in the transition from the diplotene to secondary
spermatocyte stages (arrow in Fig. 1R). This suggests that
telomere length importantly affects telomere movement.
Chromosomal rearrangements have been suggested to be
important for meiosis to complete properly.

Telomere extension activity in spermatogenesis

To assess enzymatic activity underlying telomere exten-
sion during the different stages of spermatogenesis, we
developed an in situ TRAP assay that could be implemented
using histological sections. This adaptation of the TRAP
assay, a useful method for measuring telomerase activity
(Kim et al., 1994), enabled us to observe enzymatic
activities underlying telomere extension in individual cells.
We detected clear signals in elongating spermatids (Fig.
3A), as well as in spermatogonia (Fig. 3B). Signal intensity,
however, was greater in elongating spermatids, supporting
our FISH findings that telomere extension occurs in these
spermatids. Signals faded in the next phase of spermato-
genesis and disappeared at the elongated spermatid stage
(Fig. 3B). These results agreed well with our FISH results
(stars in Figs. IF, I, L, O, R, X, C and 2B, C and 5). We
conclude that telomere rearrangements in haploid cells
occur before protamine-mediated chromatin condensation
(Biggiogera et al., 1992).

We also investigated telomerase catalytic subunit (TERT)
expression immunohistochemically and found TERT-immu-
nopositive signals in differentiated spermatogonia and in

‘early spermatocytes, cell types that occur during prolifer-

ative phases. Because these phases occur before telomere
shortening, these observations suggest that telomerase
activity is required for maintaining telomere length in
proliferative cells. We failed to observe TERT signals in
cells during phases that contain pachytene spermatocytes
and round spermatids. We detected TERT immunoreactiv-
ities in elongating spermatids at stage X of seminiferous
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Fig. 3. Telomerase activity and telomerase catalytic subunit (TERT) expression in mature mouse testes. (A-D) In situ TRAP analysis of testis sections from a
mature mouse. Brown signals (arrows) represent telomerase activity. Nuclei were stained with hematoxylin. (A) Seminiferous tubule at stage X. Strong signals
were detected in step 10 elongating spermatids. (B) Seminiferous tubule at stages 1V and VIL Signals were detected in mtermediate spermatogonia (stage 1V)
and preleptotene spermatocytes (stage V11). Few signals were detected in pachytene spermatocytes, round spermatids, or elongated spermatids. (C, D) Negative
control experiments for in situ TRAP. No signals were detected when samples were either preheated at 85°C (C) or pretreated with RNase (D). (E-J} TERT
immunohistochemistry of stage X seminiferous tubules (E-G) and seminiferous epithelia (H~I). (E, H) Green signals represent TERT expression. (F, I) Red
signals represent propidium iodide nuclear staining. (G, J) Merged image. (A-G) Scale bar = 50 wn. (H-I) Scale bar = 25 pum.
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Fig. 4. (A-D) FISH analysis and immunohistochemistry of stage X
seminiferous tubules. {A) Green signals represent SYTE-Green-stained
nuclei. (B) Red signals represent telomeres. (C) Blue signals represent
proliferating cells stained with anti-PCNA monoclonal antibody. (D)
Merped image. (A-D, F-1) Scale bar = 50 pm.

epithelium, cell types in which telomere extension occurs
(Figs. 3E-J). These observations also agree well with our
FISH (Fig. 10) and in situ TRAP assay (Fig. 3A) results.
Interestingly, not all elongating spermatids were TERT
immunoreactive, suggesting that TERT expression occurs in
a mosaic pattem in elongating spermatids, and that an
alternative telomere extension pathway is at work in some
elongating spermatids lacking TERT immunoreactivity.
Another important aspect of telomere extension in
spermatids is that telomeric DNA synthesis is not coupled

[
<
w2

with cell replication. By contrast, telomeric DNA synthesis
in mitotic cells is coupled with cell replication since
telomere extension in these cells occurs during the S-phase
(Masutomi et al., 2003; Zhu et al, 1996). By the time
spermatids are formed, it is well established that chromo-
somal replication and cell division have already finished. In
fact, we detected proliferating cell nuclear antigen (PCNA),
an S-phase marker, only in cells undergoing DNA repli-
cation, such as in spermatogonia and preleptotene sperma-
tocytes, and never in elongating spermatids (Figs. 4A-D).
Thus, the telomere extension activity in haploid cells can be
different from the conventional telomerase activity observed
in somatic cells during proliferation (Fig. 5).

Analysis of testes from telomerase-deficient mice

Telomerase mutant mice are capable of reproducing
during the first through fifth generations; however, after the
sixth generation, these mice become infertile, losing the
capability of reproducing (Blasco et al., 1997; Lee et al.,
1998). Thus, at some step during germ cell production in
these animals, a complementary mechanism for extending
telomeres must exist. We examined telomeric rearrangement
during spermatogenesis in second generation (G2) telomer-
ase (RNA component)-null (Terc'/") mice (Blasco et al.,
1997; Lee et al., 1998). Telomere length in elongated
spermatids from these mice varied such that some had long
telomeres, while others had short telomeres (Figs. 6A~H).
This indicates that telomere extension in elongating
spermatids is partially impaired in G2 Terc™™ mice (Fig.
6F). Histochemical analysis with soybean agglutinin (SBA),
a differential marker for elongated spermatids (Figs. 6I-K;
Martinez-Menarguez et al,, 1999), revealed fewer intact
sperm in Terc™~ mice (Figs. 6M, P) compared to that in
Terc™”™ mice (Fig. 6L). This was apparently not due to a
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Fig. 5. Schematic diagram of telomere dynamics during spermatogenesis. Large circles (Ihaki, green, blue, and azure) and crescents (navy blue) represent
nuclei of spermatogenic cells. Intermediate spermatogonia (In), type B spermatogonia (B), preleptotene spermatocytes (PL), leptotene spermatocytes (L),
zygotene spermatocytes (Z), pachytene spermatocytes (P), diplotene spermatocytes (D), secondary spermatocytes (2nd), round spermatids (steps 1-8),
clongating spermatids (steps 9—12), and elongated spermatids (steps 13~16). Telomeres are indicated as red dots within the nuclei. Blue and pink arrows
indicate the presence of telomere extension activity and DNA replication activity, respectively.
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Fig. 6. FISH analysis and lectin histochemistry of testis sections from a telomerase null mouse. (A—D) FISH analysis of stage V11l seminiferous epithelia from a
Tere'”™ mouse. (E-H) FISH analysis of stage VIl seminiferous epithelia from a G2 Terc ™ mouse. (A, E) Green signals represent SYTE-Green-stained
nuclei. (B, F) Red signals represent telomeres. (C, G) Merged images. (D, H) Visualization of telomeric signal intensity. Red indicates strong signals, yellow
moderate signals, and green weak signals. (I-M) SBA lectin-stained seminiferous tubules from a Terc' “~ mouse (I-L) and a G2 Terc™"™ mouse (M). (1-K)
Stage I seminiferous tubule. (L, M) Cross-sections of whole mouse testis. (1, L, M) Green signals represent SBA reactivities. (J) Red signals represent
propidium iodide nuclear staining. (K) Merged images. (N) Quantitative analysis of PCNA immunoreactivity in the testes of Terc'”™ and G2 Tere™™ mice
(PCNA). (0) Quantitative analysis of SBA reactivity in the round spermatids of Terc''™ and G2 Terc™™ mice (R-SPD). (P} Quantitative analysis of SBA
reactivity in elongating and elongated spermatids of Terc' = and G2 Terc™ mice (E-SPD). *P < 0.05; (A—H) Scale bar = 10 pum; (1-K) Scale bar = 50 pm:
(L. M) Scale bar = 500 pm.

reduction in proliferative spermatogenic cells, since the spermatids among these mice (Fig. 60), suggesting that the
number of PCNA-immunoreactive cells was basically the maturation step between the round spermatid and elongated
same in Terc”™ and Terc™ mice (Fig. 6N). Moreover, spermatid stages was partially impaired in Terc™™ mice.
there was no significant difference in the number of round Although Terc™ mice had fewer intact sperm containing
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extended telomeres than their wild-type or Terc™ litter-
mates, they still produced elongating spermatids that had the
capacity to extend telomeres successfully, thus forming
intact sperm and allowing the animal to maintain fertility.
This suggests that alternative, non-Terc, telomere extension
activity (Bryan et al., 1997; Dunham et al., 2000; Niida et
al., 2000; Reddel, 2003) is at work in these mice and that
this alternative system is capable of partially complementing
the telomerase defect in Terc™ ™ mice.

Discussion

Many genes at work in biological processes are regulated
in a cell-specific manner. Recently, it has been proposed that
the three-dimensional structure of chromosomes within the
nucleus is important for cellular activities (Kosak and
Groudine, 2004). Telomeres can be one obvious positional
cue responsible for the nuclear arrangement of chromo-
somes. In the present study, we used improved Q-FISH and
in situ TRAP assays to investigate telomere dynamics
during spermatogenesis. The movement of telomeres we
observed agreed well with those described previously
(Meyer-Ficca et al., 1998; Pfeifer et al., 2001; Scherthan
et al.,, 1996: Zalenskaya and Zalensky, 2002, 2004).
Application of this improved Q-FISH technique on testis
tissue sections allowed us to observe the full spectrum of
telomere dynamics in developing spermatogenic cells,
starting from the beginning of spermatogenesis (stage I) to
the end of spermatogenesis (stage XII).

During different steps of spermatogenesis, fluctuations
were observed in telomere signal intensity, reflecting
changes in telomere length. We also observed some novel
events: telomere shortening occurs in pachytene spermato-
cytes and subsequent telomere amplification occurs in
elongating spermatids. Our data from TRAP assays and
TERT immunohistochemistry were in good agreement and
consistently supported these findings. In the present study
using mice, telomerase activity disappeared during the
pachytene spermatocyte phase, whereas in rat (Achi et al.,
2000), telomerase activity persisted throughout spermato-
genesis, This apparent discrepancy can be explained by
species or methodological differences. Although the sig-
nificance and mechanisms of this fluctuation remain elusive,
the telomere movement and telomere length may correlate
each other. Telomere shortening during pachytene sperma-
tocyte phase can be important in subsequent moving
telomeres away from the nuclear periphery, since longer
telomeres probably make the moverhent more difficult.

Telomerase activity (as measured with TRAP) and TERT
immunoreactivity simultaneously increased in elongating
spermatids, which is in good agreement with the increased
intensity of telomere signals. As a consequence of this
increased telomerase activity, sperm have extremely long
telomeres. It is possible that germ cells require long
telomeres to prepare for several rounds of successive

replication after fertilization despite the absence of new
transcription products during replication. Thus, we propose
that extra-long telomeres in sperm are important for
determining the individual life span of genetic descendants,
although there is no clear description on female germ cells
yet. This hypothesis is supported by the finding that sperm
from G2 and G3 Terc™™ mice exhibit lower ratios of
fertilization and higher frequencies of early developmental
failure in comparison with sperm from Terc™™ mice (Liu et
al., 2002), even though active spermatogenesis can be
detected in Terc™ ™ mice up to the fourth generation (Lee et
al., 1998). The observation that telomere extension activity
is preserved during germ cell production, even in the
absence of the telomerase complex, strongly suggests the
existence of alternative telomere synthetic pathway(s)
(Bryan et al., 1997; Dunham et al, 2000; Niida et al,
2000; Reddel, 2003) and the importance of telomere
extension for proper sperm formation. Together with our
data on the number of properly generated sperm, these
findings indicate that impairment of telomere synthesis may
cause multiple defects, starting in spermiogenesis to early
development.

TERT immunoreactivities revealed that an authentic
telomerase complex is not present in all elongating
spermatids, even though telomere extension seems to have
taken place in all the elongating spermatids by FISH
analyses we examined. This discrepancy further indicates
that alternative telomere extension activity is at work during
spermiogenesis, even in wild-type animals. It has been
suggested that one alternative way telomeres lengthen is by
recombination and intertelomeric copying of DNA (Dun-
ham et al., 2000). In this hypothesis, the nuclear gathering of
telomeres that occurs in elongating spermatids is required
for extension, since the close positioning of telomeres
greatly raises the chance of intertelomeric recombination.
This process requires DNA-directed DNA polymerases.
Elongating spermatids possess several DNA polymerases,
probably for repair and recombination events (data not
shown) (Garcia-Diaz et al., 2000; Ogi et al., 2001; Plug et
al., 1997).

In the present report, we described two powerful
techniques to analyze the nuclear organization of telomeres,
to compare the approximate lengths of telomeric repeats,
and to map the position of telomeres within the nucleus.
First, the improved FISH technique carried out on histo-
logical sections permits the correlation of cell stage and
corresponding chromosomal state during development. In
yeast, it is well known that the relative position of telomeres
within the nucleus impacts the transcription state of genetic
loci (Andrulis et al., 1998). However, in mammals, the role
of telomere dynamics and position is less understood since
contradictory observations have been reported (Ferguson
and Ward, 1992; Luderus et al., 1996). Although some
stages of telomere dynamics have already been partially
described (Meyer-Ficca et al.,, 1998; Pfeifer et al., 2001;
Scherthan et al., 1996; Zalenskaya and Zalensky, 2002,
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2004), by implementing these improved techniques, we
were able to determine that changes in telomere position and
length occur in a dynamic continuum.

The in situ TRAP assay permits detection of telomere
synthesis activity at the resolution of a single cell within
histological sections. Application of the in situ TRAP assay
is not restricted to the study of chromosomal organization.
Because it is well known that most immortal cells exhibit
telomerase activity and show positive TRAP reactions, we
expect that the in situ TRAP assay can be a very powerful
tool to rapidly identify and localize tumors and cancers to
specific cell types. Valuable information on tumor cell
morphology, as well as on telomerase activities in individual
cells, can be simultaneously collected. Moreover, the in situ
TRAP technique is highly sensitive. In our experiments, we
were able to detect telomerase activity in cells located in
interstitial areas of the mouse testis; such low-level activity
would have been missed with conventional TRAP assay
techniques. In addition, the in situ TRAP assay will
contribute greatly to verifying the validity of various
medical treatments as well as to the development of
customized cancer drugs to treat individual cases of cancer.
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BACKGROUND: Stem cells interact closely with their microenvironment or niche, and abnormalities in niche
compromise the self-renewing tissue. In testis, for example, Sertoli cells interact with germ cells, and defects in
Sertoli cells compromises spermatogenesis, leading to male infertility. However, it has not been possible to restore
spermatogenesis from endogenous stem cells in infertile testis with environmental defects METHODS AND
RESULTS: When healthy Sertoli cells from infertile white spotting (W) mouse were transplanted into the semini-
ferous tubules of infertile Steel (SI) mouse testis that had defective Sertoli cells, spermatogenesis occurred from Sl
stem cells in the recipient testis. On average, 1.1% of the recipient tubules showed spermatogenesis. Furthermore,
in a microinsemination experiment with germ cells that developed in the testis, we obtained four normal offspring
from 114 successfully injected oocytes. CONCLUSIONS: This study demonstrates that defects in male germline
microenvironment can be corrected by Sertoli cell transplantation. Although further improvements are required
to enhance the low efficiency of spermatogenesis, the ability to correct environmental defect by niche transplan-
tation has important implications in developing new strategies for treating incurable disorders in self-renewing

tissues.
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Introduction

Spermatogenesis occurs within the seminiferous tubules,
which are composed of germ cells, Sertoli cells, and peritub-
ular cells. Although Sertoli cells comprise only 3% of the
total testis cell population (Bellvé, 1993), they are the only
somatic cells that interact directly with germ cells, thereby
constituting the primary cellular component of germline
niche (Spradling et al., 2001). Because they provide struc-
tural and nutritional support for spermatogenesis, the disrup-
tion of this crucial relationship results in male infertility. For
example, the lack of expression of membrane-bound Steel
factor on Sertoli cells in infertile Steel (SI) mutant mice pre-
vents the differentiation of spermatogonia that express c-kit
receptor, resulting in azoospermia (Flanagan et al., 1991). In
contrast, the germ cells in infertile white spotting (W) mice
have mutations in the c-kit receptor, causing a similar con-
dition (Geissler er al., 1988). However, when spermatogonial
stem cells from SI mice were transplanted into the testes of
W mice that had normal Sertoli cells, complete spermatogen-
esis occurred and offspring were produced from the trans-
planted Sl stem cells (Ogawa et al., 2000). Thus, the
interaction between Sertoli cells and germ cells is critical for

spermatogenesis, and the restoration of physiological inter-
actions between germ cells and Sertoli cells by germ cell
transplantation allows the complete differentiation of sperma-
togonial stem cells. Interestingly, a similar relationship exists
in other self-renewing tissues; defects in haematopoiesis and
melanogenesis in SI and W mutants can be rescued by the
transplantation of cell populations from Sl mice into W reci-
pient mice (McCulloch et al., 1965; Mayer and Green, 1968).
However, the reciprocal transplantation of cells from W mice
or wild-type mice into Sl recipients has failed to restore nor-
mal function (McCulloch er al., 1965; Mayer and Green,
1968), and it has not been possible to replace the defective
microenvironment to rescue stem cells in situ.

Recently, we have shown the feasibility of transplanting
Sertoli cells (Shinohara er al., 2003). Sertoli cells isolated
from the donor testis could colonize the seminiferous tubules
of the infertile recipient testis following microinjection. The
colonizing activity was enhanced significantly when the reci-
pient Sertoli cells were eliminated by cadmium treatment or
when the donor Sertoli cells were prepared from immature
testes in which the Sertoli cells were mitotically active. The
dissociated donor cells reaggregated after transplantation to
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form a seminiferous tubule-like structure (‘minitubule’), and
spermatogenesis was detected in the recipient testis.
Although these studies demonstrated spermatogenesis in the
tubule-like aggregates, it has not been possible to induce the
recovery of spermatogenesis from endogenous stem cells.
This was an important goal, since it is necessary to use
endogenous germ cells in the host to rescue infertility in
clinical situations. Our present results provide evidence that a
similar process of reorganization occuired in vivo with heter-
ologous testis cells in the seminiferous tubules of the recipi-
ent mice.

Materials and methods

Animals

Both WBB6F1-SI/SI® and WBB6F1-W/W" mice were purchased
from Japan SLC (Shizuoka, Japan). Single cell suspensions were
prepared from the testes of neonatal (0-2 day old) W and mature
(4—6 week old) Sl mice using a two-step enzymatic digestion as
previously described (Ogawa et al., 1997). In brief, the testis cells
were digested with 1 mg/ml collagenase (type IV; Sigma, St Louis,
MO, USA) for 15min, followed by digestion with 0.25% tryp-
sin/l mmol/l EDTA (both from Invitrogen, Carlsbad, CA, USA) for
10 min. The cell suspensions were filtered through nylon mesh with
a 30 wm pore size before transplantation.

For transplantation of the prepared testis cells, ~3ul of the
donor cell suspensions were injected into the seminiferous tubules
of the testes of each 4—6 week old Sl recipient mouse through the
efferent duct (Ogawa et al., 1997). The cells were injected at a con-
centration of 8.3 X 107 cells/ml. In some experiments, 4 weeks after
the transplantation of cells from W mice, the recipient Sl mice were
given an additional transplantation of 3 X 107 testis cells from
another S1 mouse. The injections filled 75—85% of the tubules in all
recipient testes. The estimated concentration of Sertoli cells was
~3.7% 10 cells/ml. In both cases, ~2.5 X 10° testis cells from W
mice (approximately equivalent to one-half W testis) were micro-
injected into the testes of each Si recipient.

A total of four experiments was performed. Eighteen Sl testes
received only W testis cells, and six Sl testes received both W and
additional Sl testis cells by injection into the seminiferous tubules.
All of the animal experimentation protocols were approved by the
Institutional Animal Care and Use Committee of Kyoto University.

Analysis

Two to 3 months after the transplantation, the mice were killed and
the testes were fixed with 10% neutral-buffered formalin and pro-
cessed for paraffin sectioning. Two histological sections were made
from each recipient testis with an interval of 12 pm between sec-
tions. All sections were stained with haematoxylin and eosin. Each
slide was viewed at a magnification of X400 to determine the extent
of spermatogenesis. The number of tubule cross-sections with or
without spermatogenesis, defined as the presence of multiple layers
of spermatogenic cells in the entire circumnference of the seminifer-
ous tubule, was recorded for one histological section from each
testis.

Microinsemination

Two recipients that had been transplanted with testis cells from W
mice were killed at 6 months after transplantation. The testes were
mechanically dissociated. and live spermatogenic cells were recov-
ered by repeated pipetting of the seminiferous tubules. Round
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spermatids, as identified by a small round nucleus with a uniquely
shaped chromatin mass, were microinjected into oocytes derived
from C57BL/6 X DBA/2 Fl mice. About 80% of oocytes survived
the injection procedure irrespective of the day of experiment. Micro-
insemination was performed as previously described using round
spermatids (Kimura and Yanagimachi, 1995). Embryos that reached
the 2-cell stage after 24 h in culture were transferred to the oviducts
of day 0.5 (the day following sterile mating) pseudopregnant (ICR)
females. Live fetuses retrieved on day 19.5 were raised by lactating
foster ICR mothers.

B
membrane-beund
St factor
Donor: ¢-Kit receptor
WIW" testis
Transplantation
Spermatozoa derived from
SUSI spermatogonia
Host:

SUSH testis

Figure 1. Overview of Sertoli cell transplantation. (A) Appear-
ance of infertile white spotting (W) and infertile Steel (SI) mouse
mutants. W (left) and Sl (right) have defects in hematopoiesis,
melanogenesis and gametogenesis attributable to defects in the c-
kit and SI genes respectively. Owing to defective melanogenesis,
the W and SI mutants have a white coat colour and are indistin-
guishable from each other on the basis of appearance, whereas
the wild-type C57BL6 mouse (middle) has a black coat colour.
(B) A schematic outline of Sertoli cell transplantation. The germ
cells in W mice have a defect in the c-kit receptor and cannot
transduce the signal from the Sl factor. On the other hand, the
Sertoli cells in Sl mice do not express the membrane-bound S
factor, and cannot induce normal germ cell differentiation. The
transplantation of W Sertoli celis into the Sl testis triggers sper-
matogenesis from the endogenous Sl germ cells, resulting in the
production of differentiated germ cells carrying defective Sl
genes.
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