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Abstract

Aging is evident in most tissues and organ systems, but the mechanisms of aging are difficult to
identify and poorly understood. Here, we test the hypothesis that aging results in uncorrected
defects in stem cell and/or niche function, which lead to system failure. We used the
spermatogonial stem cell (SSC) transplantation assay to determine the effect of aging on testis
stem cell/niche function in mice. Between 12 and 24 months of age, male mice experienced a
declining level of fertility associated with decreased testis weight, level of spermatogenesis, and
total stem cell content. However, when stem cells were consecutively passaged at 3-month
intervals to testes of young males, these stem cells continued to produce spermatogenesis for more
than 3 years. Thus, SSC self-renewal continues long past the normal life span of the animal when
the stem cell is continually maintained in a young niche/microenvironment. Moreover, these data
suggest that infertility in old males results from deterioration of the SSC niche and failure to
support an appropriate balance between stem cell self-renewal and differentiation.
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Introduction

Stem cells are present in most, if not all, adult tissues and are generally located on the
basement membrane, where they interact with surrounding stromal cells that produce a
protected region called the stem cell niche [1]. Aberrant regulation of the stem cell/niche
compartment can have dramatic consequences on tissue maintenance, which in some cases
may manifest as aging [2-4]. A fundamental question is whether aging results from
deterioration of the stem cell self-renewal capability, the niche regulatory function, or both.
An essential requirement for unequivocal evaluation is a functional assay in which stem cells
can be removed from their cognate young or aged niches, transplanted to a heterologous
recipient environment, and cause complete replacement of the dependent tissue or system.
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This prerequisite currently exists for only hematopoiesis [5], epidermis/hair [6], and
spermatogenesis [7, 8].

Because of the life-long replication of stem cells, it is tempting to speculate that they may be
immortal. However, one theory posits that stem cells have a finite replicalive potential that
becomes exhausted in old age [2—4, 9]. Indeed, when hematopoietic stem cells (HSCs) are
serially transplanted to lethally irradiated recipients, their regenerative capacity is exhausted
by the fifth passage, hematopoiesis is not restored to the normal state, and the stem cell
population never recovers to the level found in the unmanipulated animal [10, 11].
Consequently, the potential immortality of HSCs, the best characterized of adult stem cells,
has been questioned. In addition, studies of the stem cell/niche unit and clonal development
in the hematopoietic system are complicated because of the location of the HSC within the
medullary cavity.

Spermatogenesis is a productive self-renewing system that is maintained by spermatogonial
stem cells (SSCs) and exhibits age-related deficits that ultimately result in infertility. In the
testis, the SSC/niche compartment is readily accessible. In addition, the SSC transplantation
technique allows clonal evaluation of stem cell quantity and quality. Therefore, we used this
system to test the hypothesis that deficits in SSC number or function cause age-related
infertility in mice.

Materials and Methods

Donor Mice and Cell Collection

Donor testis cells were obtained from young, aging, and old ROSA26 mice (stock no.
002073; The Jackson Laboratory, Bar Harbor, ME, http://www.jax.org) that express the
Escherichia coii lacZ gene in all germ cells. For the serial transplantation experiments, donor
cells were obtained from 6-month-old crypt-orchid adult mice that express the green
fluorescent protein (GFP) transgene under the control of the chicken a-actin promoter/CMV
(cytomegalovirus) enhancer (stock no. 003291; The Jackson Laboratory), which drives
expression in all germ cells. The cryptorchid procedure was performed as previously
described and results in a 25-fold enrichment of SSCs [12]. Donor testis cell suspensions
were prepared by two-step enzymatic digestion, as previously described [13, 14]. The
Animal Care and Use Committee of the University of Pennsylvania approved all
experimental procedures in accordance with 7he Guide for Care and Use of Laboratory
Animals of the National Academy of Sciences (assurance no. A3079-01).

Recipient Mice and Transplantation Procedure

Recipient mice for SSC transplantation were W or C57BL/6 x 129/SvCP F1 hybrids (C57 x
129; The Jackson Laboratory). W mice are congenitally infertile and lack endogenous
spermatogenesis due to a mutation in the c-kit receptor tyrosine kinase gene [15, 16]. C57 x
129 mice were treated with busulfan (55-60 mg/kg, i.p.) at 4-6 weeks of age and
transplanted 6 weeks later. Busulfan-treated recipient testes are virtually devoid of
endogenous spermatogenesis. Donor testis cells were introduced by efferent duct injection
into the testes of recipient mice, as previously described [14].

Stem Cells. Author manuscript; available in PMC 2017 July 07.


http://www.jax.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ryu et al.

Page 3

Two to three months after transplantation, recipient mouse testes were collected and
evaluated for colonies of donor-derived spermatogenesis. Testes transplanted with ROSA26
(/ac2) donor testis cells were stained with X-gal (5-bromo-4-chloro-3-indolyl 5-b-
galactoside) to visualize blue, donor-derived colonies of spermatogenesis. In whole testes,
LacZ staining allows more accurate measurements than does GFP fluorescence. Colony
number and colony length were determined using a dissecting microscope (Leica
Microsystems, Bannockburn, IL, hup://www.leica.com).

For the serial transplantation experiments, green (GFP) donor spermatogenie colonies were
visualized using an epifluorescent microscope (Leica Microsystems) with a GFP filter cube
and a digital imaging system. This strain of mice was used because the testes do not require
fixing to evaluate donor SSC colonization. Thus, live stem cells could be recovered for
transplantation. After analysis, recipient testes were subjected to two-step enzymatic
digestion, as described above, and the resulting cell suspension was retransplanted into new
recipient mice.

Real-Time Polymerase Chain Reaction Analysis of Glial Cell-Derived Neurotrophic Factor
(GDNF) and GDNF Family Receptor-a-1 Expression

To evaluate gene expression in the naturally aging mouse testis, males were divided into
three groups based on age and testis weight: (a) young-fertile (2-4 months of age, 7= 6,
average testis weight of 92.5 + 2.2 mg), (b) aging-fertile (15-19 months of age, 7= 4,
average testis weight of 81.1 + 4.2 mg), and (c) aging-infertile (15-19 months of age, n= 4,
average testis weight of 32.1 + 0.9 mg). As a control, mature males treated with busulfan (60
mg/kg, n= 3, average testis weight of 24.7 £ 1.6 mg) were used to provide testes depleted of
all germ cells, including stem cells, but with functional niches. Total cellular RNA was
isolated using the Trizol method (Invitrogen, Carlsbad, CA, http://www.invitrogen.com), and
1 1g of RNA from each sample was reverse-transcribed to cDNA using random hexamer
primers and Superscript Il reverse transcriptase (Invitrogen). Quality of RNA samples was
determined by denaturing agarose gel electrophoresis and measurement of the 260/280 ratio.
Only samples with a 260/280 ratio of 1.8 or higher were used for reverse transcription.
Quality of the cDNA was determined by conventional polymerase chain reaction (PCR) for
GAPDH (glyseraldehyde-3-phosphate dehydrogenase). Realtime PCR analyses were
conducted using 20 ng of template cDNA/reaction and TagMan MGB assays for GDNF,
GDNF family receptor-a-1 (GFR-a-1), and GATA4 (Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com). Samples were run in triplicate, and the average Ct
(threshold cycle) values for GDNF and GFR-a-1 were normalized to GATA4. The AACt
method was used to provide a quantitative assessment of fold change compared with the
young-fertile animals.

Statistical Analysis

All statistical analyses were conducted using SPSS version 13 software (SPSS, Inc.,
Chicago, http://www.spss.com). Significant differences in average testis weight of males at
different ages were determined using the Piecewise linear model. Stem cell content in the
testes of young and aging males was analyzed with the general linear model, in which
significant differences between ages was determined using Tukey's honesdy significant
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difference multiple comparisons test. Colony number and length from serially transplanted
SSCs were analyzed using a linear regression and significant differences determined by
single-factor analysis of variance (ANOVA). Analysis for significant differences between
means in real-time PCR experiments was determined using the general linear model for
ANOVA, and multiple comparisons were conducted using Tukey's post hoc test.

Because the SSC transplantation assay allows quantitative evaluation of SSC number and
clonal expansion, we examined the effect of aging on the stem cell/niche unit in this system.
Male mice were maintained for periods up to 21 months in groups of four, prior to being
individually housed with females for 3 months before sacrifice, and if a male sired progeny
during this period, it was judged fertile. Males were considered infertile if no offspring were
produced during the 3-month period. As expected from previous studies on mice [17, 18],
male fertility was found to decline after approximately 12 months (Table 1). All males 12
months of age and younger were fertile; fertility deficits were evident between 14 and 18
months of age (only 4 of 11 males were fertile); from 20-24 months of age, all animals were
infertile. Consistent with the fertility results, testis weight was constant during the first 12
months of life (p=.16) but underwent a significant decrease during the subsequent 12
months (0 < .05; Fig. 1A). In an adult male, approximately 95% of testis weight arises from
the germ cells in the seminiferous tubules [19]. Therefore, as anticipated from the decline in
fertility and testis weight, the testes of older males were characterized by decreased number
of seminiferous tubules with spermatogenesis (Fig. 1B, spermatogenesis is defined by the
presence of multiple germ cell layers). However, the presence of SSCs is particularly
difficult to ascertain histologically, because they cannot be easily distinguished in the
seminiferous tubules and are extremely rare (one stem cell in 3,000-4,000 total testis cells

[19]).

To determine stem cell activity, testes recovered at each time point were digested to a single-
cell suspension and transplanted to testes of recipient males (~3 months of age) in which
endogenous spermatogenesis had been ablated by treatment with busulfan [7]. This assay
provides a quantitative estimate of the stem cell content, because each transplanted donor
stem cell generates a colony of spermatogenesis. Furthermore, clonal analysis is possible
because each colony represents the expansion of germ cells (stem and differentiating) from a
single transplanted SSC ([20]; Fig. 2A, inset). Based on the fertility data in Table 1 and
morphological data in Figure 1, the transplantation results were divided into three groups,
characterized as young (fertile, 2-12 months), aging (declining fertility, 14-18 months), and
old (infertile, 20-24 months). All young animals were fertile with normal-size testes (80.35
+ 11 mg; mean = SD, n= 26), whereas the aging group contained both normal and regressed
testes (40.8 + 22.5 mg, n = 14), and all males in the old group were infertile with regressed
testes (26.3 + 11.3 mg, n = 12). Both fertile and infertile animals were included in the aging
group to provide a representation of the entire population. Analysis of recipient animals 3
months after transplantation (Fig. 2A) revealed that young animals had approximately 18.9
+ 2.3 x 103 stem cells per testis (mean + SEM; see calculation in Fig. 2 legend). However,
there was a dramatic and significant age-associated decline in the number of stem cells per
testis, and only 3.7% of stem cells present in young males were recovered from the testes of
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the old males (20-24 months of age, 0.7 + 0.6 x 108 stem cells per testis, p = .002).
Interestingly, whereas there was a sharp decline in the number of stem cells recovered from
the testes of old males, the capacity of each remaining stem cell to produce a colony of
spermatogenesis remained robust beyond the time of reproductive decline, because stem
cells in old-infertile animals produced colonies of similar size (3.0 £ 0.3 mm) as those from
young-fertile animals (3.4 £ 0.1 mm, p=.089; Fig. 2B). If stem cells were aging, one would
expect to observe a decrease in colony length; thus, our results suggest that failure of stem
cell niche factors, rather than stem cells per se, are the primary cause of reproductive deficits
observed in old males.

The SSC niche is comprised, in part, of Sertoli cells and the factors they produce. GDNF, a
member of the transforming growth factor-g (TGF-g) super family, is produced by Sertoli
cells and signals through a receptor complex, including Ret receptor tyrosine kinase and
GFR-a-1, that are expressed by spermatogonia. Previous research has demonstrated that
both the GDNF ligand and GFR-a-1 receptor are required for normal regulation of SSC self-
renewal and differentiation [21, 22]. We examined the gene expression of GDNF in the
testes of males, as a potential measure of niche function, during aging using real-time PCR.
The data revealed a biphasic change in GDNF expression (Fig. 3). Relative to young-fertile
controls (2-4 months), aging-fertile animals (15-19 months) exhibited a 60% increase in
GDNF expression (p < .01), whereas in aging-infertile males (15-19 months) GDNF
expression was reduced to 73% of young-fertile control values (p < .01; Fig. 2). The initial
increase in GDNF expression in aging-fertile animals may reflect a compensatory response
by Sertoli cells to systemic age-related deficits (e.g., serum factors as recently described
[23]) or changes in other germ cell types. However, GDNF expression ultimately declines
and infertility appears in aging-infertile animals (Fig. 3). Interestingly, busulfan-treated
testes (4 months) that are also devoid of endogenous germ cells but are known to have
functional stem cell niches [7, 8] displayed a 430% increase in GDNF expression (o< .001).
This observation suggests that normal-functioning Sertoli cells in busulfan-treated males
respond to a loss of germ cells by increasing niche factor production. However, this same
response does not occur in aging-infertile testes (compare yellow and blue bars in Fig. 3),
suggesting a Sertoli cell (niche) malfunction. Decreased GFR-a-1 expression in aging-
infertile and busulfan-treated testes (p < .01) appears to reflect the lack of germ cells that
express this receptor.

To measure aging effects on the stem cell independent of the niche, SSCs from young (6
months of age), cryptorchid, GFP transgenic males were transplanted to young (3 months of
age), busulfan-treated recipient males. Cryptorchid donor males were used to enrich the
testis cell population for stem cells [12] and to standardize the starting cell suspension,
because cryptorchid donor males contain no differentiating germ cells [24, 25]. Three
months after donor cell transplantation, the recipient males were sacrificed and the testes
were examined for the length (Fig. 4A) and number (Fig. 4B) of green donor-derived
colonies of spermatogenesis. After analysis, testes from these recipients were digested to a
single-cell suspension, which was transplanted to the testes of new young recipient males.
This process was repeated seven more times at intervals of 91-104 days. Given that the age
of stem cells from the original cryptorchid male was 278 days at the time of analysis (6
months of age at transplant + 98 days to analysis), at the time of the last recovery and

Stem Cells. Author manuscript; available in PMC 2017 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ryu et al.

Page 6

analysis, the stem cells had been replicating for a total of 962 days or 32 months, always in
the SSC niche of a young, busulfan-treated male (age 3—6 months). Average colony length in
the first group of recipients was 5.4 + 0.3 mm (7= 11 recipients, 310 colonies) and
decreased to an average of 3.5 £ 0.1 mm (7= 60 recipients, 1,022 colonies) for the second to
eighth recipient (Fig. 4A). The initial longer colony length probably reflects the origin of the
stem cell population from cryptorchid testes in which differentiating germ cells that
modulate stem cell replication are absent. Thus, these cells may be poised for an initial rapid
expansion when placed in the permissive, busulfan-treated recipient testes. Most if not all
subsequent stem cells came from areas of active donor cell spermatogenesis in busulfan-
treated recipient testes, and in these transplantations donor cell-derived colony length
remained constant (3.5 + 0.1 mm, /2 = .003, p=.912).

Because colony length was determined at each passage, it was possible to calculate the
number of colonies generated per millimeter of green tubule in the subsequent transplant
(Fig. 4B). There was no significant change (/2 = .267, p=.235) in colonies generated per
millimeter of donor-derived spermatogenesis during the 32-month study; each millimeter of
donor testis tubule contained approximately seven stem cells (Fig. 4B). Although there is a
small, but insignificant, downward tendency of the regression line for stem cells per
millimeter of transplanted colony, the colony length does not change, consistent with a
previous SSC serial transplantation study [26]. Therefore, the question of whether the SSC is
immortal or just very long-lived remains open.

Stem cells are defined functionally by their capacity to self-renew and produce differentiated
daughter cells. Serially transplanted donor stem cells (eighth transplant, 962 days) produce
normal colonics of spermatogenesis when evaluated 3—4 months after the ninth transplant
(total age, 1,060 and 1,102 days), as evidenced by the presence of green colonies of
spermatogenesis (Fig. 5A) with multiple layers of green germ cells (Fig. 5B). Similarly,
when serially transplanted donor stem cells (ninth transplant) were injected into W recipient
mouse testes, which are genetically incapable of producing endogenous spermatogenesis,
complete donor spermatogenesis was generated with multiple germ cell layers and sperm in
the lumen of the seminiferous tubules (Fig. 5D).

Discussion

The separation of stem cell and niche function has been difficult for all adult stem cell
systems. A variety of factors have contributed to this problem, including inaccessibility of
the stem cell/niche unit, difficulty in identifying the rare stem cell, and variation in adequacy
of functional assays. The SSC transplantation system provided a powerful tool that allowed
us to demonstrate a dramatic decline in the number of functional stem cells in aging males.
This decline might be attributed to failure of the stem cell to self-renew or of the niche to
maintain stem cell function.

Although recent development of SSC culture techniques for the mouse indicates replication
with an increase in numbers occurs in vitro [21, 27], the period of maintenance reported has
been less than the life span of the mouse, and one cannot be certain that in vitro conditions

have not modified the stem cell and facilitated continuous replication. However, continuous
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self-renewal of the SSC in vivo without significant loss in number observed in our
experiments indicates that the cell is long-lived and potentially immortal. It is unclear
whether this longevity is a characteristic shared with other adult tissue stem cells or unique
to the germline, which is essential for species survival.

Stem cells are generally thought to be immortal, but this remains debatable. In the
hematopoietic system, serial transplant studies indicate that HSCs are long-lived, but not
immortal [10, 11]. However, it has been suggested that in those studies, the stress of
transplantation may have decreased the potential life span of stem cell function [28]. Our
experiments indicate that when SSCs are maintained, through serial transplantation, in a
young, busulfan-treated testis environment, they can replicate well beyond the normal time
of reproductive decline in vivo. These results are consistent with the observations of Ogawa
and coworkers [26] and suggest that it is the niche, and not the stem cell, that deteriorates in
the testes of aging males.

Finally, the SSC niche of aging males was directly assayed by Zhang and coworkers [29],
who recently demonstrated that SSCs from young, fertile males were unable to establish
colonies of spermatogenesis when transplanted into the testes of old, infertile males. A
possible decline in SSC function due to aging irrespective of the niche was also suggested by
Zhang et al. [29], because a decline in colony number and length was observed when SSCs
from 2-year-old atrophied testes were transplanted into young, busulfan-treated recipients. In
the current study, a similar finding for old testes was not observed (Fig. 2B), and colony
length remained constant for more than 2 years after serial transplantation (Fig. 4A),
suggesting that intrinsic aging of the SSC does not occur or proceeds more slowly than does
aging of the niche. Further research will be needed to resolve the difference between the two
studies.

Faithful GDNF signaling is required to maintain normal spermatogenesis in vivo [22] and is
the critical factor for sustaining SSC proliferation in vitro [21]. Therefore, the observed
fivefold increase in GDNF expression in the germ cell-depleted testes of busulfan-treated
males may reflect a response by Sertoli cells to stimulate new germ cell proliferation. Thus,
the busulfan-treated testis may be a particularly permissive environment for SSC
engraftment and colony expansion and may not directly reflect the normal physiological
microenvironment. However, our data indicate that, when continuously exposed to this
altered environment, SSCs can divide for a very long time and intrinsic or normal aging does
not occur. Thus, the theory that aging results from exhaustion of stem cell replicative
potential is not supported in the case of spermatogenesis when SSCs are continually exposed
to a high-GDNF environment. The biphasic GDNF expression in aging-fertile, as opposed to
aging-infertile, testes may reflect an initial response by Sertoli cells to a deteriorating
systemic milieu and/or stem cell/niche compartment (increased GDNF), followed by the
ultimate demise of the stem cell niche (decreased GDNF).

Conclusion

The results of the current study focused on spermatogenesis are consistent with the
observations of Conboy and coworkers [23], who demonstrated that aged liver and muscle
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stem/progenitor cells were rejuvenated upon exposure to young blood. Our studies suggest
that declining function of supporting cells that constitute the stem cell niche is the major
factor in age-related male infertility. This impaired function may be due to a lack of systemic
(e.g., endocrine hormones) or local (e.g., paracrine factors) components. Also, an inability of
the supporting Sertoli cells to respond to signals, such as a decline in FSH (follicle-

sti

mulating hormone) responsiveness, or intrinsically produce important molecules (e.g.,

GDNF) may be causative reasons. Because aging is a phenomenon that affects all self-
renewing tissues in the body and may result from defects in the local microenvironment,
niche therapy could provide an avenue to retard the aging process of critical tissues.
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Figure 1.
Testis weight and morphological appearance of normal spermatogenesis decrease with age.

(A): Testis weights (mg) were determined for male ROSA26 mice from 2-24 months of age.
(B): Histological evaluation of testes from aging mice. Left: Young males (4 months) had
complete spermatogenesis in all seminiferous tubules. Center: Testes of aging males (16
months) had tubules with spermatogenesis as well as empty tubules. Right: Spermatogenesis
was absent in the seminiferous tubules of old males (24 months). Stain = hematoxylin and
eosin. Scale bar = 100 gm.
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Figure 2.
Stem cell activity in mouse testes. (A, inset): Macroscopic appearance of recipient testis

transplanted with donor testis cell. Individual blue tubules indicate colonies of
spermatogenesis arising from donor spermatogonial stem cells (SSCs). The SSC
transplantation assay was used to evaluate stem cell activity in the testes of young (2-12
months), aging (14-18 months), and old (20-24 months) mice. Donor-derived colonies of
spermatogenesis are unequivocally identified in recipient seminiferous tubules because they
express a reporter gene (i.e., /ac2). Stem cell number (colony number) and kinetics of
colony expansion (e.g., colony length) can be evaluated. Bar = 2 mm. (A, graph): Testis
stem cell content for young (18.9 + 2.3 x103, 7= 12 experiments, 145 recipient testes),
aging (6.1 + 2.6 x103, 7= 7 experiments, 84 recipient testes), and old (0.7 + 0.6 7x103, n=
6 experiments, 68 recipient testes) ROSA26 mice (young vs, aging, p=.002; young vs. old,
p =.001; aging vs. old, p=.329). Total stem cell number per donor testis = colonies per 10°
cells transplanted x total cells recovered per donor testis 7 x 20 to account for
transplantation efficiency [30]. (B): Colony length (mm) from donor testis cells of young
(3.4 £ 0.1, n= 24 recipients, 248 colonies), aging (3.0 £ 0.1, 7= 12 recipients, 120
colonies), and old (3.0 £ 0.3, 7= 10 recipients, 128 colonies) males was determined in
recipients by using a dissecting microscope and digital imaging system (young vs. aging, o
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=.111; young vs. old, p=.089; aging vs. old, p=.977). No stem cell activity was recovered
from testes of 24-month-old males. Bars are mean + SEM
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Figure 3.

Real-time PCR analysis of GDNF and GFR-a-1 expression in the testes of young, aging,
and busulfan-treated mice, using TagMan MGB assays (Applied Biosystems). Young-fertile
animals (black bars) were 2—4 months old, and testes weighed 92.5 + 2.2 mg (/7= 6). Aging-
fertile animals (red bars) were 15-19 months old, and testes weighed 81.1 £ 4.2 mg (1= 4).
Aging-infertile animals (yellow bars) were 15-19 months old, and testes weighed 32.1 + 0.9
mg (n7= 4). Busulfan-treated animals (blue bars) were 4 months old, and testes weighed 24.7
+1.6 mg (n= 3). Data were normalized by comparison with the transcription factor GATA4,
which is constitutively expressed in Sertoli cells, and reported as fold change (mean £ SEM)
relative to the young-fertile control values. Asterisk indicates significant difference from
control. Abbreviations: GDNF, glial cell line-derived neurotrophic factor; GFR, glial cell-
derived neurotrophic factor family receptor; PCR, polymerase chain reaction.
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Figure 4.
Serial transplantation of mouse spermatogonial stem cells. In the primary transplant, donor

testis cells were obtained from 6-month-old, cryptorchid, green fluorescent protein (GFP)
mice. (A): Three months after transplantation, the testes of recipient animals were evaluated
for green colonies of donor spermatogenesis (inset, scale bar = 2 mm). After the initial
transplant, seven more serial transplants were performed, resulting in a final donor stern cell
age of 32 months (962 days). Colony number and colony length were recorded during each
serial transfer. The length (mm) of each green colony was determined using an
epifluorescent microscope, a GFP filter cube, and a digital imaging system. (B): Colonies
per millimeter is a retrospective value that is determined based on the number of colonies
produced per millimeter of green tubule observed in the previous transplant. Thus, there is
no value for the first transplant.
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Figure5.
Histological evaluation of retransplanted seminiferous tubules. Serially retransplanted

(eighth transplant, 962 days) donor spermatogonial stem cells produced normal colonies
(~3, 5, and 8 months after ninth transplant, total age 1,060, 1,102, and 1,216 days) of
spermatogenesis as defined by the presence of multiple germ cell layers and sperm in the
seminiferous tubule lumen of busulfan-treated (A, B) or W sterile (C, D) recipient mice. (A):
Whole-mount image of green colony of donor spermatogenesis (1,102 days). (B): Frozen
section through a colony of donor spermatogenesis (1,060 days). Fluorescent image showing
multiple layers of green donor germ cells is overlayed on the phase-contrast image of the
same section. The basement membrane is clearly visible on the left side of the section
(arrow), and the boxed area indicates the center of the seminiferous tubule. (C): Whole-
mount image of a green colony of donor spermatogenesis in a W recipient testis (1,216
days). (D): Cross-section through colony of donor spermatogenesis in (C). Complete
spermatogenesis can be seen with sperm tails in the lumen of the seminiferous tubule. Arrow
indicates sperm tails in the center of the seminiferous tubule. Scale bars =2 mm (A, C), 50

tm (B, D).
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Table 1

Fertility in aging male mice

Age (months)  Fertile/total
2 4/4
4 4/4
6 4/4
8 4/4

10 4/4
12 4/4
14 2/4
16 1/4
18 1/3
20 0/3
22 0/1
24 0/2

Four males (Fig. 1) were housed together and then mated individually with females 3 months before being sacrificed at the age indicated. Males in
the 2-, 4-. and 6-month groups were housed with females for shorter periods of time. Group size at 18 months and older was reduced by age-related

mortality.
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