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ambiguities, at least in part, come from the fact that

our current concepts about the spermatogenic stem

cells have been primarily based on the accumulation of

detailed morphological analyses of normal and damaged

testes, together with functional analyses of the cells

during regeneration, transplantation, or in mutant animals

(de Rooij, 1973; de Rooij and Russell, 2000; Kanatsu-

Shinohara et al., 2003b; Meistrich and van Beek, 1993;

Meng et al., 2000; Oakberg, 1971; Ogawa et al., 2003;

Tegelenbosch and de Rooij, 1993; van Keulen and de

Rooij, 1973). On the other hand, cell behavior in the normal

situation has not been assessed convincingly enough to

provide an experimental basis for assessing stem cell

functions. In order to overcome this limitation and to as-

sess the cellular composition of the stem cell system, un-

differentiated spermatogonia (or subpopulations of them)

need to be identified, and their fates need to be analyzed

without disrupting the normal architecture of the testes.

However, undifferentiated spermatogonia are very small

in number, and their identification has long been based

on their morphological characteristics revealed after

fixation and staining (Chiarini-Garcia and Russell, 2001;

de Rooij and Russell, 2000), while genes specifically

expressed in them have not been known until recently

(Aponte et al., 2005).

We have identified Ngn3 (neurogenin3) as one of the first

such reported genes. Ngn3 expression is restricted to

a small number of cells with undifferentiated spermatogo-

nia characters, and all of the spermatogenic cells in the

mature testes are descendents of the Ngn3-expressing

spermatogonia (Yoshida et al., 2004, 2006). Undifferenti-

ated spermatogonia-specific genes, such as Ngn3, c-Ret,

and Plzf, represent basically the same population with

morphological features of Asingle, Apaired, and Aaligned sper-

matogonia. However, their expressions do not completely

overlap, suggesting a yet unknown heterogeneity of un-

differentiated spermatogonia other than the numbers of

chained cells (Buaas et al., 2004; Costoya et al., 2004;

Meng et al., 2000; Yoshida et al., 2004, 2006; and data

not shown).

In this study, in order to throw light on the functional

compartments of the undifferentiated spermatogonia

that constitute the spermatogenic stem cell system, the

behaviors and abilities of the Ngn3-positive spermatogo-

nia were examined. A pulse-label system for this popula-

tion was established by means of targeted expression

of a tamoxifen-dependent Cre recombinase under the

upstream sequence of the Ngn3 gene. Based on this, the

fates of these spermatogonia were investigated in un-

disturbed testes as well as upon regeneration and trans-

plantation.

RESULTS

Pulse-Labeling of the Ngn3-Positive

Undifferentiated Spermatogonia in Adult Mice

In order to address the behavior of the Ngn3-positive

undifferentiated spermatogonia within the normal testes

environment, we developed a pulse-labeling system
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(Figure 1). CreERTM, a tamoxifen-inducible version of the

Cre recombinase (Hayashi and McMahon, 2002), was

expressed in the Ngn3-expressing cells under the control

of the Ngn3 upstream sequence (Ngn3/CreERTM, Figures

1A, 1C, and 1D) (Yoshida et al., 2006). In the double trans-

genic mice with the CAG-CAT-Z reporter (Araki et al.,

1995), tamoxifen administration is expected to activate

CreERTM transiently and thereby delete the CAT gene

and cause expression of LacZ under the CAG promoter

(Figure 1B). In Ngn3/CreERTM;CAG-CAT-Z adult males,

a number of LacZ-positive cells appeared after tamoxifen

administration, while they were not detected in the

mock-injected testes (Figures 1E and 1F). Such labeled

cells typically made clusters of 1, 2, 4, 8, or 16 cells (Fig-

ures 1G–1J). Use of the CAG-CAT-EGFP reporter gene

(Kawamoto et al., 2000) allowed visualization of the cells’

morphology and revealed that they were interconnected

by intercellular bridges (Figures 1K–1M). Therefore, a label

was successfully introduced into Ngn3-positive undiffer-

entiated spermatogonia in adult mice by a tamoxifen

pulse. Because the recombination is irreversible and

inheritable, the progeny of the labeled cells can be traced

regardless of their Ngn3 expression status after labeling.

Throughout this study, the tamoxifen injection protocol

was fixed so that a constant level of partial labeling was

achieved.

Actual Stem Cells and a Transit-Amplifying

Compartment within the Labeled Undifferentiated

Spermatogonia

We first analyzed the fates of the pulse-labeled undiffer-

entiated spermatogonia during the normal rounds of

spermatogenesis. Ngn3/CreERTM;CAG-CAT-Z transgenic

mice were tamoxifen pulsed at 2 months of age

(Figure 2A). After 1 month, a large number (�2000 per

testis) of clusters of LacZ-positive cells were observed

all along the seminiferous tubules (Figure 2B). In most

clusters, labeled cells were observed as grouped sperma-

tids within the inner layers of the seminiferous tubules,

while peripheral spermatogonia were mostly devoid of

the label (Figures 2C and 2D). Most of these clusters

disappeared within another 2 months (Figure 2E), indicat-

ing that they differentiated into mature spermatozoa and

were released from the seminiferous epithelium. Consid-

ering that completion of spermatogenesis takes �40

days from the initial step of differentiating spermatogonia

(Russell et al., 1990), and that the effect of tamoxifen is

estimated not to last beyond several days (Supplemental

Discussion 1; see the Supplemental Data available with

this article online), these clusters represent the labeled

undifferentiated spermatogonia that proliferate and differ-

entiate, but do not self-renew, which is compatible with

the concept of transit-amplifying cells (TA cells; alter-

natively transiently-amplifying or dividing transit cells).

On the other hand, a small fraction of the labeled cells

did persist beyond 3 months and form an average of

6.1 ± 0.7 discrete patches per testis (n = 15) (Figure 2E).

Examination of cross-sections revealed that all stages of

the spermatogenic cells were positive for LacZ in these
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Figure 1. Pulse-Labeling of the Ngn3-

Positive Undifferentiated Spermatogonia

(A) Schematic representation of the Ngn3/

CreERTM transgene; the CreERTM-SV40 polya-

denylation signal unit (CreERTM-pA) was fused

to the 6.5 kb upstream sequence of the mouse

Ngn3 gene. Black boxes, Ngn3 exons; X, XbaI

recognition site (Gu et al., 2002).

(B) Principle of the cell fate tracing. In the

absence of tamoxifen, LacZ is not expressed

due to the intervening CAT gene. Upon tamox-

ifen administration, CreERTM will be activated

and will excise the CAT gene floxed by loxP

sequences, resulting in irreversible turning on of

the LacZ expression under the CAG promoter.

(C and D) In situ hybridization of the adjacent

sections of the adult Ngn3/CreERTM transgenic

mouse testes with (C) Ngn3 and (D) Cre

probes, indicating their overlapped expression

(arrows). The scale bar is 100 mm.

(E and F) Tamoxifen (TM)-dependent appear-

ance of the LacZ-positive cells in the seminifer-

ous tubules (arrowheads). Whole-mount X-gal

staining of adult Ngn3/CreERTM;CAG-CAT-Z

transgenic mouse seminiferous tubules 2

days after (E) tamoxifen (0.5 mg/body on 5

consecutive days) or (F) mock injections.

(G–J) Whole-mount seminiferous tubule X-gal

staining of an Ngn3/CreERTM;CAG-CAT-Z

transgenic adult mouse 2 days after a single

tamoxifen injection (2 mg). Arrowheads indi-

cate the LacZ-positive cells. The scale bar is

100 mm.

(K–M) Detailed morphology of the labeled cells observed in Ngn3/CreERTM;CAG-CAT-EGFP mouse seminiferous tubules, 2 days after tamoxifen

injection (2 mg/body 3 2 times). An interconnection with an intercellular bridge defines these cells as Asingle, Apaired, Aaligned-4, and Aaligned-8, as

indicated. The scale bar is 50 mm.
areas (Figures 2F and 2G), indicating that these patches

were derived from pulse-labeled spermatogonia that con-

tinued to produce differentiating cells while maintaining
Developme
their own population during the chase period. Therefore,

these cells can be referred to as the ‘‘actual stem cells’’

as proposed (Potten and Loeffler, 1990). Their low
Figure 2. Fate of the Pulse-Labeled

Spermatogonia after 1 or 3 Months

(A) The experimental schedule. Ngn3/

CreERTM;CAG-CAT-Z double transgenic mice

were tamoxifen pulsed (TM) at 2 months of

age. After 1 or 3 months, their testes were

processed for X-gal staining.

(B–G) Appearance of the X-gal-stained

seminiferous tubules (B–D) 1 or (E–G) 3 months

after the tamoxifen pulse. Arrowheads in (E)

indicate the small number of resultant discrete

patches of LacZ-positive cells. (C) and (F) are

magnified views of (B) and (E), respectively,

while (D) and (G) are respective typical cross-

sections of the tubule regions containing the

LacZ-positive cells. The scale bars are 2 mm

for (B) and (E), 200 mm for (C) and (F), and

100 mm for (D) and (G).
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