Remodeling of the postnatal mouse testis is
accompanied by dramatic changes in stem
cell number and niche accessibility
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Little is known about stem cell biology or the specialized environ-
ments or niches believed to control stem cell renewal and differ-
entiation in self-renewing tissues of the body. Functional assays
for stem cells are available only for hematopoiesis and spermato-
genesis, and the microenvironment, or niche, for hematopoiesis is
relatively inaccessible, making it difficult to analyze donor stem cell
colonization events in recipients. In contrast, the recently devel-
oped spermatogonial stem cell assay system allows quantitation of
individual colonization events, facilitating studies of stem cells and
their associated microenvironment. By using this assay system, we
found a 39-fold increase in male germ-line stem cells during
development from birth to adult in the mouse. However, colony
size or area of spermatogenesis generated by neonate and adult
stem cells, 2-3 months after transplantation into adult tubules, was
similar (~0.5 mm32). In contrast, the microenvironment in the
immature pup testis was 9.4 times better than adult testis in
allowing colonization events, and the area colonized per donor
stem cell, whether from adult or pup, was about 4.0 times larger
in recipient pups than adults. These factors facilitated the resto-
ration of fertility by donor stem cells transplanted to infertile pups.
Thus, our results demonstrate that stem cells and their niches
undergo dramatic changes in the postnatal testis, and the micro-
environment of the pup testis provides a more hospitable envi-
ronment for transplantation of male germ-line stem cells.

In the body, there are several types of self-renewing tissues,
including bone marrow, epidermis, intestinal epithelium, and
testis. These tissues contain stem cells that self-renew and
produce daughter cells continuously to repopulate the tissue
with progenitor and differentiated cells throughout life. Studies
on stem cell biology have been difficult because they require a
functional assay that exists only for hematopoietic stem cells
(HSCs) and spermatogonial stem cells (1-4). Generally, a stem
cell is present in a special cellular organization called a niche,
which provides a microenvironment designed to maintain the
proliferation or survival of stem cells (5). In a niche, the stem cell
has a high probability of self-renewal and divides rarely. When
a stem cell divides, it has been proposed that only one daughter
can remain in the niche, and the other cell will be committed to
differentiate unless another niche is available. The niche must
provide factors that maintain stem cells and exclude factors that
induce differentiation (5-8). By definition, if space with the
necessary microenvironment were limited, the number of stem
cells also would be limited (5). Although the niche theory was
proposed originally to explain the behavior of transplanted
hematopoietic stem cells (5), this theory now has been extended
to stem cells in several organs (6-9), and the niche is thought to
be involved in the transdifferentiation of stem cells (10). Thus,
the niche in self-renewing tissues controls the proliferation and
commitment of stem cells and plays a critical role in stem cell
biology.

Currently, the important role of the niche has been studied
most thoroughly for HSCs, for which partial in vitro reconstitu-
tion of the stem cell microenvironment is possible (11). It was
shown that HSCs must be in direct contact with stromal cells to
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facilitate survival, growth, and differentiation when they are
cultured in vitro (12). If they are prevented from attaching to
stromal cells, they die. Thus, the survival and proliferation of
stem cells depends on close association with specific support
cells, and these in vitro studies have contributed to the current
concept of the niche. Recent reports provide insight into the
Drosophila germ cell niche, in vivo (6-8), but little is known
about how stem cells interact with the niche in mammals. These
investigations have been hampered in hematopoietic tissues
because of the relative inaccessibility of the stem cell and its
environment in vivo, and even less is known about the niche for
other stem cell tissues for which a functional assay is not
available.

Testis seminiferous tubule epithelium is the only other self-
renewing tissue in which there is a functional assay for stem cell
activity. In the mouse, spermatogenesis begins immediately after
birth. The only germ cell in the newborn mouse testis is the
prospermatogonia, which is located in the center of the semi-
niferous tubule (13, 14). By 6 days postpartum (PP), these cells
migrate to the basement membrane and produce undifferenti-
ated type A spermatogonia, which begin to differentiate in a
stepwise manner (15). Spermatozoa are not found in the sem-
iniferous tubules until ~35 days PP. During this period, the
testicular microenvironment also undergoes significant changes.
The Sertoli cell, a major somatic cell type in the seminiferous
tubule, is known to interact with germ cells to provide essential
support for successful spermatogenesis (16). Soon after birth,
immature Sertoli cells begin to proliferate and continue to divide
until 10-12 days PP (16). At this time, proliferation ceases and
tight junctions form between neighboring Sertoli cells, which
constitute the blood-testis barrier and compartmentalize the
seminiferous tubule into basal and apical regions (16). Thus,
formation of the spermatogonial stem cell niche takes place
during a very short postnatal period and is accessible for study.
In contrast, hematopoiesis begins before birth, and interaction
between stem cell and niche is established in the fetus, which
complicates analysis of the process.

As an additional advantage to the study of spermatogenesis, an
assay to assess stem cell number and activity of donor testis cell
populations has been developed recently (3, 4). In this technique,
donor cells are injected into the seminiferous tubule of an
infertile recipient male that lacks endogenous spermatogenesis.
Transplanted spermatogonial stem cells generate colonies of
spermatogenesis in recipient seminiferous tubules, and the re-
sulting spermatozoa transmit the donor haplotype to offspring
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(3, 17). By definition, stem cells are the only cell type that can
produce this result. Each colony seems to represent proliferation
and differentiation from a single stem cell (18), and the number
of colonies produced is indicative of the number of stem cells in
the donor population (19). A particular advantage of this
technique is that transplanted cells are introduced directly into
and restricted to the testis; thus, individual colonization events
can be counted and the kinetics of colony expansion quantitated
after transplantation. Therefore, this technique not only pro-
vides an assay system for the identification of spermatogonial
stem cells, similar to the stem cell assay for HSCs (1), but also
allows clonal analysis of each transplanted stem cell in associa-
tion with its differentiated products (18, 19). Using the sper-
matogonial stem cell assay as a functional endpoint, we sought
to investigate differences that might exist between stem cells
in young and adult animals, and whether accessibility to the
stem cell niche or microenvironment changes during postnatal
development.

Materials and Methods

Donor Mice and Cell Collection. Neonate (day 0-2 PP), pup (day
5-12 PP), and cryptorchid adult (14-20 wk of age) donor testis
cells used for the first experiment were isolated from the
transgenic mouse strain B6;SJL-TgN(c177lacZ)227Bri (The
Jackson Laboratory), which contains a zinc finger (ZF) pro-
moter coupled to the Escherichia coli lacZ (E. coli lacZ) struc-
tural gene. This mouse strain is designated ZFlacZ, and the
transgene is expressed in round spermatids (20). Donor cells
used for the second experiment were isolated from the Fn
progeny (designated ROSA26) of B6.129S7-Gtrosa26 (The Jack-
son Laboratory) males and C57BL/6 females. These mice
express the E. coli lacZ structural gene in all cells of the
seminiferous tubule (14, 21). Transplanted donor cells that
express 3-galactosidase from both strains can be stained by using
the substrate 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-gal).

Cryptorchid testes were produced as described and lack all
differentiated germ cells by the time of donor cell collection, 2-3
months after the cryptorchid operation (22). Single-cell sus-
pensions from neonate, pup, and cryptorchid adult donor testes
were produced by enzymatic digestion (3, 23, 24). Isolated cells
were suspended at concentrations ranging from 2 to 30 X 10°
cells per ml in Dulbecco-modified Eagle’s medium, supple-
mented as described (24), and maintained at 5°C throughout the
procedure. Cell concentration must be adjusted for each exper-
iment so that individual colonies can be distinguished easily and
then counted.

Recipient Mice and Transplantation Procedure. In the first experi-
ment, C57BL/6 X SJL F1 hybrid mice (B6/SJL), treated i.p. with
busulfan (44 mg/kg) at 4—-6 wk of age, were used as immuno-
logically compatible recipients of ZFlacZ donor cells (3). In the
second experiment, ROSA?26 testis cells were transplanted into
immunologically compatible W>*/W"¥ or W¥/W pup and adult
recipients, designated W (refs. 17 and 25; The Jackson Labora-
tory), that lack spermatogenesis because of a mutation in the
gene for the c-Kit receptor (26). Adult recipient mice were
anesthetized by Avertin injection (640 mg/kg, i.p.). Pup recipi-
ents were placed on ice to cause hypothermia-induced anesthesia
(27). Approximately 10 ul of donor-cell suspension was intro-
duced into each testis of adult recipients for experiment 1. For
the W mice used in experiment 2, 4 ul were injected into each
adult and 2 wpl into each pup recipient testis. Two to three
experiments were performed for each donor cell type, and at
least seven recipient testes were analyzed per recipient group.

Analysis of Recipient Testes. Recipient testes were collected 3 (first

experiment) or 2 months (second experiment) after donor-cell
transplantation, stained with X-gal to visualize donor-derived
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spermatogenesis (19, 28), and analyzed by a computer-assisted
imaging system (18). A donor spermatogonial stem cell is
defined by its ability to produce a blue-staining spermatogenic
colony in a recipient testis. Other types of testis cells do not
generate colonies of spermatogenesis, and endogenous recipient
testis cells do not express the lacZ transgene. The ability to
spread along the seminiferous tubule was determined by mea-
suring the blue area (mm?) per colony (18). Colony number and
colonized area were normalized to 10° cells injected.

The purpose of our analyses was to determine whether there
were any statistically significant differences among neonate, pup,
and adult donors, and between pup and adult recipients with
respect to the number of colonies per 10° cells (Figs. 1B and 24)
and total colony area (mm?; Fig. 1B) or blue area per colony
(mm?; Fig. 2B). To account for the repeated measures on each
animal (from left and right testes), generalized estimating equa-
tions methodology was used to model each outcome (29). This
methodology accounts for the correlation between the repeated
measures within an animal and does not delete any animal
having some missing repeats (as a repeated-measures ANOVA
would do).

To determine whether infertile recipient males could be made
fertile as a result of the transplantation procedure, pup and adult
W recipient testes were injected with adult cryptorchid ROSA26
donor cells (6 X 10* cells per testis) and mated with nontrans-
genic female mice. At least 3 litters and 26 progeny were
produced from each fertile recipient mouse and were analyzed
for B-galactosidase activity by staining with X-gal. Approxi-
mately 5 months after transplantation, all remaining breeding
males were killed and their testes were analyzed histologically to
determine the extent of spermatogenesis.

Results

Stem Cell Number Increases During Postnatal Development. The first
experiment was designed to evaluate the relative stem cell
number from donor testes of three different developmental ages,
neonate, pup, and adult. Donor testis cells from ZFlacZ trans-
genic mice express lacZ starting at the round spermatid stage of
spermatogenesis and beyond. Importantly, Sertoli cells from
ZFlacZ mice do not express the transgene (20). Therefore, if a
few colonies of proliferating Sertoli cells from neonate and pup
donors were formed, they would not be stained. Testes collected
from ZFlacZ donor mice increased in size (Fig. 14 Top) and
weight (Fig. 14 Legend) during development from neonate to
pup to cryptorchid adult. However, the seminiferous tubules of
all these ages were devoid of differentiated germ cells and,
therefore, were enriched relatively for spermatogonial stem cells
(Fig. 14 Bottom). The weight of testes and the number of cells
that could be recovered per testis increased significantly during
development (Fig. 14 Legend; P = 0.001).

The results shown in Fig. 1B indicate a significant stepwise
increase in stem cell concentration (colonies per 10° cells
injected) and colonized area (blue area, mm?) during testis
development. The number of functional spermatogonial stem
cells per testis (colonies per 10° cells X cells per testis, legends
Fig. 1 A and B) increased 39-fold during development (P <
0.005) from neonate (21.3) to pup (136.2) to adult (839.6).
Although neonate stem cells produced larger colonies (0.63 =
0.04 mm? per colony, mean = SEM, P < 0.001) than pup (0.44 =
0.04 mm? per colony) or adult (0.46 + 0.02 mm? per colony), all
these colony sizes fell within the range (0.35-0.65 mm? per
colony) found in previous studies (28, 30).

Niche Accessibility in Seminiferous Tubules Decreases During Postna-
tal Development. In the second experiment, a two by two factorial
design was used in which donor cells from pup or cryptorchid
adult ROSA26 testes were transplanted into pup or adult W
recipients. The W recipient provides the best model to compare
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Fig. 1. Determination of spermatogonial stem cell number in neonate, pup,
and cryptorchid adult ZFlacZ donor testes by transplantation into busulfan-
treated adult B6/SJL recipients. (A) Macroscopic (Top) and histological (Bot-
tom) appearance of ZFlacZ donor testes. Neonate (day 0-2 PP), pup (day 6 PP),
and cryptorchid adult testes are shown left, middle, and right, respectively.
Neonate testes weighed 0.94 = 0.1 mg, and 0.62 X 108 = 0.14 cells were
recovered per testis. Pup testes weighed 4.1 = 0.1 mg, and 0.98 X 106 = 0.17
cells were recovered per testis. Cryptorchid adult testes weighed 24.1 = 0.9
mg, and 1.82 X 10° + 0.04 cells were recovered per testis. There are many more
interstitial cells in testes as they mature from neonate to adult that are
removed during testis cell recovery (see Materials and Methods). Testis weight
and cell recovery data were based on n = 6. Testes from all donor ages were
similarly devoid of differentiated germ cells and therefore show no X-gal
staining. Arrows indicate germ cells. [Bars = 2 mm (Top) and 20 um (Bottom
Inset).] Testes were stained with X-gal, sectioned, and counterstained with
nuclear fast red. (B) Colonization of recipient testes by donor testis cells from
developmental ages in A. Approximately 1-3 X 10° cells were injected into
each testis. Spermatogonial stem cell number and colony expansion are
determined by the number of individual blue colonies of spermatogenesis
(black bars) and total blue area (open bars) per 10° cells injected, respectively.
The number of colonies produced per 10° cells from neonate, pup, and
cryptorchid adult were 3.4 + 0.4, 13.9 = 2.8, and 46.1 + 3.5, respectively, and
blue area was 2.22 = 0.30 mm?, 7.21 = 1.95 mm?, and 22.34 = 2.23 mm?,
respectively (mean = SEM; n = 22 for neonate and pup; n = 23 for cryptorchid
adult).

pup to adult recipients because they lack all stages of differen-
tiating germ cells, but they are capable of generating spermat-
ogenesis and offspring from transplanted testis cells (17). Germ
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Fig. 2. Evaluation of recipient environment (pup vs. adult) and its effect on
donor spermatogonial stem cell colonization. Pup (day 5-12 PP) and cryp-
torchid adult ROSA26 donor testis cells were transplanted into pup or adult W
recipients (WY/W or W>*/WV). Donor pup testes weighed 2.34 + 0.37 mg, and
1.18 X 106 = 0.17 X 108 cells were recovered per testis. Cryptorchid adult donor
testes weighed 22.18 = 0.59 mg, and 1.15 X 106 = 0.17 X 10° cells were
recovered per testis. Testis weight and cell recovery data were based on n =
4. Degree of colonization, 2 months after transplantation, is represented by
number of individual blue colonies per 10° cells injected (A), and by blue area
(mm?2) per colony (B). Black bars represent pup donors and open bars represent
adult donors. Note that regardless of donor, pup recipients had more colonies
per 105 cells (A) and a greater area (mm?) per colony (B). Values are means +
SEM; n = 5-14.

cells in wild-type pups cannot be destroyed totally by busulfan
treatment; therefore, pup recipients would develop endogenous
spermatogenesis and confound the transplantation results.
ZFlacZ donor testis cells are not immunologically compatible
with the W recipients; therefore, ROSA26 donors were used. In
contrast to the neonate, pup donor-testis cells produce few
Sertoli cell colonies, and they generally can be distinguished by
morphology.

Stem cell-derived spermatogenic colonies from ROSA26
adult donor testes were 2.0 times (107.5 vs. 53.6 colonies per 103
cells) more frequent than those formed from pup donor testes
in pup recipients and 2.8 times (13.8 vs. 4.9 colonies per 10° cells)
more frequent in adult recipients (Fig. 24). A similar relation-
ship exists (2.0-fold in pup recipients and 2.74-fold in adult
recipients) between the number of spermatogonial stem cells per
testis (colonies per 10° cells X cells per testis, Fig. 24) from adult
and pup donors, because the cell recovery for these two donor
ages was almost identical in this mouse strain. Blue area formed
per colony (a measure of colony size) from ROSA26 pup stem
cells was 1.3 times (2.42 vs. 1.88 mm?) larger than that formed
from adult donor cells in pup recipient testes and 1.2 times (0.59
vs. 0.50 mm?) larger in adult recipient testes (Fig. 2B). In contrast
to these modest differences between donor cell types, host
environment (recipient age) had a dramatic impact on coloni-
zation by spermatogonial stem cells, regardless of donor age
(Fig. 24 and B). ROSA26 pup donor cells colonized pup testes
10.9 times (53.6 vs. 4.9 colonies per 10° cells) more frequently
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Fig. 3. Macroscopic and histological comparison of pup and adult W recip-
ient testes after transplantation of adult cryptorchid ROSA26 donor cells.
(Top) Donor cells were transplanted into the testes of 5-9-day-old pup W
recipients. (Bottom) Donor cells were transplanted into the testes of adult W
recipients. Recipient testes stained with X-gal 2 months after transplantation
of donor cells are shown (Left). Blue color represents donor-derived spermat-
ogenesis. Testes stained with X-gal ~5.5 months after donor cell transplan-
tation are shown (Center). Note greater X-gal staining and degree of donor-
derived spermatogenesis in pup recipient. (Bar = 2 mm.) Histological sections
from recipient testes ~5.5 months after transplantation are displayed (Right).
Insets: Note normal appearance and organization of germ cells and the
presence of spermatozoa in the center of a pup seminiferous tubule, and the
absence of spermatogenesis in a tubule from an adult. Stain, Nuclear Fast red.
(Bar = 50 um.)

than adult testes, and adult donor cells colonized pup testes 7.8
times (107.5 vs. 13.8 colonies per 10° cells) more frequently than
adult testes. The blue area formed per colony from ROSA26 pup
stem cells was 4.1 times (2.42 vs. 0.59 mm?) larger in pup than
adult recipients, and the blue area from adult cryptorchid donor
cells was 3.8 times (1.88 vs. 0.50 mm?) larger in pup than adult
recipients (Fig. 2B). Because the statistical analysis indicated no
significant interaction between donor cell type and recipient
environment type, the data for donors (pup and adult) and
recipients (pup and adult) could be combined to determine the
significance of differences. The number of colonies formed from
adult cryptorchid donor cells (combining recipient types) was 2.4
times (mean of 2.0 and 2.8) more than that formed from pup cells
(P = 0.125); and the blue area per colony from pup donor cells
(combining recipient types) was 1.25 times (mean of 1.3 and 1.2)
greater than that for adult cryptorchid (P = 0.091). In contrast,
the number of colonies formed in pup recipients was 9.4 times
(mean of 10.9 and 7.8) that in adults (P = 0.007), and the blue
area per colony in pup recipients was 4.0 times (mean of 4.1 and
3.8) that in adults (P < 0.001). Taken together, these data on
number of colonies and blue area per colony demonstrate that
the pup seminiferous tubule environment provides more colo-
nization foci (niches) and allows greater colony expansion than
the adult tubule.

W Pup Recipients Become Fertile from Donor Stem Cells. Morpho-
logical examination of W pup and adult recipient testes 5
months after transplantation of cryptorchid adult ROSA26
donor cells (Fig. 3, Table 1) demonstrated that pup recipient
testes had complete spermatogenesis in about 77% of semi-
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Table 1. Evaluation of spermatogenesis and fertility in W pup
and adult recipient mice

Testis Percent

Recipient Recipient weight, Daysto positive Days to first

mouse* aget mg*  analysis® tubulesT progeny!

4819R P 87 175 86 (116/132) 77
L ND

4870R P 56.2 157 86 (75/87) 80
L ND

4871R A 20.5 162 16 (19/120) NP
L 25.3 35 (28/79)

4872R A 18.6 155 27 (24/90) NP
L 24.3 31(37/121)

4900R A 27.7 155 48 (63/131) NP
L 30.6 38 (36/94)

4901R A 34.4 155 57 (58/102) NP
L 28.6 34 (71/211)

4948R P 40.8 133 41 (47/115) 84
L 60.4 93 (88/95)

4949R A 25 133 27 (38/139) NP
L 21.7 25 (29/118)

4950R A 18.1 133 9.2 (10/109) NP
L 28.4 22 (32/144)

*R, right testis; L, left testis.

P, pup; A, adult.

*Average weight of W pup recipient testes (61.1 = 9.6 mg) was significantly
greater than adult recipient testes (25.3 = 1.4 mg, P < 0.0001). ND, not
determined; 4819L was fibrous and could not be analyzed; 4870R was not
injected with donor cells.

SDays from transplantation to analysis.

TSeminiferous tubule cross sections with sperm heads were considered to be
positive for complete spermatogenesis. Pup recipients had complete sper-
matogenesis in 77% of tubules compared to 31% for adult recipients. Values
in parentheses are the number of cross sections with complete spermato-
genesis over the total examined.

IDays from transplant to first progeny (fetuses or pups); NP, no progeny.

niferous tubules. In contrast, the adult recipients had complete
spermatogenesis in only 31% of tubules, and 53% of tubules
were completely devoid of germ cells. Spermatogenesis in the
recipient testes could come only from donor stem cells because
the W recipients are incapable of generating spermatogenesis
from the defective endogenous stem cells. Four pup and six
adult W recipient mice were housed with wild-type B6/SJL
females to determine whether fertility would result from
transplantation of ROSA26 cryptorchid adult testis cells.
Three pup recipients sired offspring within 84 d posttrans-
plantation (Table 1), including two pup recipients that had
spermatogenesis in only one testis (Table 1, 4879 and 4870).
One pup recipient was found to have a hernia and abnormal
testes; therefore, it was excluded from consideration. None of
the adult recipient animals were fertile up to the time of
analysis, at least 133 d posttransplantation. At the time of
sacrifice, ~5.5 months after transplantation, fertile pup recip-
ient testes were significantly larger (61.1 £ 9.6 mg) than adult
recipient testes (25.3 = 1.4 mg, P < 0.0001), reflecting the
greater degree of donor-derived spermatogenesis in pup re-
cipients (Fig. 3, Table 1). The lacZ transgene was transmitted
to 44% (41/93, not shown) of the F1 progeny, approximately
the percentage predicted by normal Mendelian genetics
(50%), because the donor ROSA26 mice are hemizygous for
the lacZ transgene.

Discussion

Studies with donors of different developmental ages demon-
strated a remarkable 39-fold increase in spermatogonial stem
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cell number in the testis from newborn to adult. The number
of stem cells in the adult represents 5 to 6 doublings of the
original population in the neonate, and stem cells from a single
adult ZFlacZ cryptorchid testis produced 840 colonies. Pre-
vious studies have demonstrated that cryptorchid and wild-
type testes contain a similar number of stem cells (22), and
morphological studies of adult wild-type mouse testes identify
about 2 X 10* putative stem cells per testis (31, 32). Assuming
100% harvesting efficiency, only about 4.2% of this number
generates colonies of spermatogenesis in the transplantation
assay. These data suggest that only 1 in 20 adult stem cells
colonize a recipient, which is in agreement with our previous
estimates (30). In hematopoiesis, it has been estimated that
between 1 in 5 and 1 in 20 available stem cells may function in
reconstitution assays (33).

Prospermatogonia of the neonate testis, identified by their
morphology and position in the center of the seminiferous
tubule, demonstrated an even lower ability than adult stem cells
to colonize recipient testes. The neonatal mouse testis contains
~20,000 prospermatogonia (34). Because 21.3 colonies resulted
from the cells of one neonatal testis, only about 0.1% of
prospermatogonia produced colonies. Thus, these putative stem
cells are much less efficient in a functional assay than adult stem
cells. Previous studies have indicated a high level of apoptosis
among prospermatogonia and undifferentiated spermatogonia
in neonatal testes (35-38), and some of the cells not undergoing
apoptosis are thought to develop directly into differentiating
spermatogonia (39, 40). On the basis of these earlier studies, it
seems that at least 50% of the prospermatogonia are lost (35).
Our studies indicate that a very low percentage of the remaining
cells can function as stem cells, and that the number of functional
stem cells increases about 6.4-fold by 5-12 days PP, and another
6.2-fold in the adult, on a per-testis basis. On a per-cell basis, the
number of functional stem cells increases 13.4-fold from neonate
to adult (Fig. 1B). This increase is in contrast to hematopoietic
tissues where it is considered that long-term reconstituting stem
cells are almost 7 times more frequent in fetal liver than in adult
bone marrow (33).

Similar to the results of the first experiment, we observed a
developmental increase (2.74-fold) in the number of spermato-
gonial stem cells per testis between pup and adult ROSA26
donors, based on colonization data in adult W recipients. This
increase is somewhat less than the 6.2-fold increase observed for
ZFlacZ mice, perhaps reflecting donor and recipient differences
in these experiments. Spermatogenic colony size (blue area per
colony) from ROSA26 pup donors was slightly, but not signif-
icantly, larger (1.2-fold) than adult donors. ZFlacZ pup and adult
donors also produced colonies of similar size.

Although ROSA26 adult and pup donor cell populations
demonstrated a 2.4-fold difference in stem cell concentration
(combining data from adult and pup recipients) and a 1.25-fold
difference in colony size (blue area per colony), there was a
dramatic change in the seminiferous tubule environment
between pup and adult W recipients. About 9.4 times as many
colonies were found in pup testes as adult testes, and the area
per colony was 4.0 times larger in pups. This relationship
between pup and adult recipients was true regardless of donor
age, demonstrating that there is no advantage to transplanting
donor cells into a host of similar age. The observed increase
in colony number in pup vs. adult recipients may result from
the absence of Sertoli cell junctions before 10-12 days PP (16),
allowing the stem cell easier migratory access to the seminif-
erous tubule basement membrane. The greater area of sper-
matogenesis per colony may be influenced by the increase in
seminiferous tubule length that occurs as the testis becomes
larger, as well as niche proliferation, possibly resulting from
multiplication of Sertoli cells during maturation and growth of
the testis. Other factors facilitating colony formation and
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spread, such as hormonal and growth factor differences,
probably are involved also in producing a unique growth
environment in the prepubertal testis (41). In hematopoietic
tissues, similar factors must regulate stem cells and their
interaction with niche, but the systems may not respond
identically. In hematopoiesis, the relationship between stem
cells and niche may depend more on developmental age.
Hematopoietic reconstitution studies, using W fetuses as re-
cipients, demonstrated that adult bone marrow HSCs contin-
ued to express adult-stage-specific genes and had a generally
lower capacity for self-renewal than did fetal liver HSCs (42).
Moreover, early yolk sac cells were found to reconstitute
newborn animals but not adults (43, 44). Although these
findings suggest that a unique microenvironment or niche,
perhaps related to developmental age, is required for stem cell
function in hematopoietic tissues, the results of our second
experiment indicate that spermatogonial stem cells are more
flexible in their niche requirement.

The superiority of pup compared with adult recipients was
confirmed in a remarkable manner when the animals were
maintained for a longer period and mated with females. The
3 pup recipients sired progeny in less than 3 months, whereas
none of the 6 adult recipients became fertile. The speed as well
as the efficiency of offspring production from pup recipients
is notable. The production of progeny in less than 3 months is
comparable to the age at which control wild-type males first
produce offspring. It is remarkable that only a few hundred
stem cells, less than 2% of the adult number, were required to
produce fertile males when the recipients were W pups. A
similarly small number of stem cells from testes of adult Steel
mice, which are devoid of differentiating germ cells (17, 22),
could produce fertility in about 50% of adult W recipients (17).
However, in that study, the weights of recipient testes were
significantly lower than observed in the present study, and
fertility occurred only after 5 months.

The testis is an ideal model to study stem cell-niche
interaction for several reasons. First, a stem cell transplanta-
tion technique is available that allows identification of indi-
vidual colonies arising from single stem cells. Second, the
kinetics of colony differentiation can be determined indepen-
dently for each stem cell (clonal analysis). Third, the micro-
environment or niche, including the external hormonal bal-
ance, can be manipulated easily. No other self-renewing tissue
has such favorable characteristics to permit study of stem
cell-niche interaction and the formation of differentiating cell
populations. We took advantage of these unique characteris-
tics to address fundamental questions of stem cell biology
during development. We demonstrated a dramatic increase in
the number of spermatogonial stem cells per testis during
postnatal development, but found little change in colony size
resulting from stem cells derived from young and adult mice.
In the second experiment, a unique recipient (W) was used to
allow assessment of donor and recipient age effects. The
seminiferous tubule microenvironment of the immature pup
was dramatically better than the adult in terms of the number
of colonization foci and the expansion of each colony, regard-
less of donor age.
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