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ABSTRACT

Recently, it was found by two research groups that LY6A,
known widely in the stem cell community as stem cell antigen-
1 or SCA-1, is expressed on testicular side population (SP) cells.
Whether these SP cells are spermatogonial stem cells is a point
of disagreement and, therefore, the identity of the LY6A-positive
cells as well. We studied the expression pattern of LY6A in testis
by immunohistochemistry and found it to be expressed in the
interstitial tissue on peritubular myoid, endothelial, and spher-
ical-shaped peritubular mesenchymal cells. To address the ques-
tion whether LY6A has a function in spermatogenesis or testis
development, we studied the testis of Ly6a2/2 mice (allele
Ly6atm1Pmf). We found no morphological abnormalities or differ-
ences in numbers of spermatogonia, spermatocytes, Leydig cells,
or macrophages in relation to the number of Sertoli cells. There-
fore, we conclude that LY6A expression does not influence testis
development or spermatogenesis and that spermatogonial stem
cells are LY6A negative.

interstitial cells, Leydig cells, spermatogenesis, testis

INTRODUCTION

Spermatogenesis, the process during which spermatozoa
are formed after several steps of mitosis, meiosis, and dif-
ferentiation, begins with the spermatogonial stem cells.
Spermatogonial stem cells must self-renew to keep sper-
matogenesis going throughout life, and, on the other hand,
must give rise to differentiating cells to ultimately produce
spermatozoa [1]. The mechanisms by which stem cell fate
is regulated are still largely unknown. Research in this field
is hampered by the fact that there are only 35 000 sper-
matogonial stem cells in a mouse testis [2] and by the fact
that spermatogonial stem cells cannot yet be isolated from
the testis as a pure population.

Attempts to isolate spermatogonial stem cells were made
and considerable enrichment was reached by using surface
markers, such as integrin alpha 6, KIT, and integrin alpha
v [3]. Progress in the purification protocol has been possible
by the use of the spermatogonial stem cell transplantation
technique as an assay for these cells. Only true spermato-
gonial stem cells will be able to colonize and repopulate
depleted seminiferous tubules of recipient mice [4].
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Goodell et al. [5] were the first to discover that a small,
distinct subset of bone-marrow cells can easily be isolated
with fluorescence activated cell sorting (FACS) when mak-
ing use of the fact that these cells are able to quickly expel
the fluorescent dye, Hoechst 33342 (Hoechst). The isolated
cells were called side population (SP) cells, and they were
also found in other tissues, i.e., skeletal muscle [6], mam-
mary gland [7], brain [8], and liver [9]. It was suggested
that the SP cells are the most primitive and true stem cells
in each of these tissues.

The testis also contains SP cells [10–13]. Kubota et al.
[10] were the first to report the existence of SP cells in the
testis. Intriguingly, these authors did not find colonization
of recipient mouse testes with SP cells from adult crypt-
orchid mice. The surface markers they found on the SP
cells were also different from those present on spermato-
gonial stem cells. In contrast, Lassalle et al. [11] reported
that their isolated testicular SP cells were able to colonize
recipient mouse testes upon transplantation and hence were
spermatogonial stem cells. In addition, they showed that
the SP cells expressed Stra8 and integrin alpha 6, two ger-
minal cell markers [3, 14]. Similar results were obtained by
Falciatori et al. [12] by isolating SP cells from 20-day-old
mice. Interestingly, Lo et al. [13] found restoration of Ley-
dig cell numbers and testosterone levels in LH receptor-
knockout (LhrKO) recipients when SP cells were trans-
planted into the interstitial tissue of the testis. LhrKO mice
are infertile due to targeted disruption of LH/hCG [15].
Restoration of Leydig cell numbers and testosterone levels
in LhrKO mice after transplantation with SP cells indicates
that testicular SP cells include progenitors of Leydig cells.

Both Kubota et al. [10] and Falciatori et al. [12] looked
for expression of surface markers on testicular SP cells. The
marker they both found to be present on testicular SP cells
was the glycosyl phosphatidylinositol-linked cell-surface
glycoprotein, LY6A (also known as SCA-1). LY6A is fre-
quently used for isolation of hematopoietic stem cells. Sort-
ing with the specific E13-161.7 antibody yields a 100-fold
enrichment of hematopoietic stem cells out of bone marrow
[16]. Expression of LY6A is not restricted to hematopoietic
stem cells, it is also found on skeletal muscle stem cells,
mammary epithelium stem cells, kidney epithelial cells, os-
teoblasts, and vasculature of brain, heart, and liver [6, 7,
17, 18]. LY6A is encoded by the prototypic member of the
Ly-6 gene family, Ly6a, encoding two alleles (Ly6a.1 or
Ly6e and Ly6a.2) in a mouse strain-specific manner [17].
Thus, LY6A has also been referred to as Ly6A/E. In ad-
dition to differing by two amino acids, the two alleles dem-
onstrate differential tissue distribution due to differential
transcriptional or posttranscriptional regulation [19, 20]. In
Ly6a.2 mouse strains, including C57BL/6, essentially all
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bone marrow-repopulating cells are LY6A-positive com-
pared with 25% in Ly6a.1/Ly6e strains, such as BALB/c
[21]. Also, the number of LY6A-positive thymocytes and
peripheral T lymphocytes is different between different
mouse strains [21, 22]. In Ly6a2/2 mice, LY6A was found
to have important functions in regulating the repopulating
capacity of hematopoietic stem cells and the development
of committed progenitor cells, megakaryocytes, and plate-
lets [23]. Ly6a2/2 mice also exhibit defects in T cell sig-
naling [24] and self-renewal capacity of early mesenchymal
precursors [25], that give rise to adipocytes, osteoblasts,
chondrocytes, and muscle cells [26, 27].

In this paper, for the first time, the localization of LY6A
in the testis is described.

Furthermore, to determine a possible role of LY6A in
spermatogenesis or testis development, we studied the mor-
phology and numbers of various testicular cell types in
Ly6a2/2 mice.

MATERIALS AND METHODS

Animals

Ly6a2/2 mice (allele Ly6atm1Pmf) on the BALB/c background and
BALB/c wild-type littermates were generated as described before and
maintained at Mount Sinai Hospital, Toronto [24, 25]. FVB and C57BL/
6 mice were used and maintained according to regulations provided by
the animal ethical committee of the University of Utrecht, which also
approved the experiments.

Immunohistochemistry

For immunolocalization of LY6A, testes from adult mice of different
strains, FVB, C57BL/6, and BALB/c, were fixed in Bouin fluid. Five-
micrometer paraffin sections were mounted on 3-aminopropyl triethoxy-
silane (TESPA, Sigma, St. Louis, MO)-coated glass slides and dried over-
night at 378C. Endogenous peroxidase was blocked with 0.35% H2O2 in
PBS for 15 min. After blocking in 5% normal rabbit serum (Vector Lab-
oratories, Burlingame, CA), slides were incubated overnight at 48C with
1:200 LY6A/E antibody (E13.161.7 no. 553333 or D7 no. 557403; BD
Biosciences, Franklin Lakes, NJ) in 1% BSA in PBS (Sigma, St. Louis,
MO). Secondary biotinylated rabbit anti-rat antibody (BA-4000, Vector
Laboratories) was used 1:200 in 1% BSA in PBS for 1 h at room tem-
perature. Horseradish peroxidase avidin-biotin complex reaction was per-
formed according to the manufacturer’s protocol (Vector Laboratories).
Antibody was finally detected by diaminobenzidine (DAB; Sigma) in 50
mM Tris-HCl, pH 7.6. The reaction was amplified with cobalt-chloride
(0.025%) and nickel ammonium sulfate (0.02%). Sections were counter-
stained with nuclear fast red, dehydrated, and mounted with Pertex (Cell-
path Ltd., Hemel Hempstead, U.K.). For positive and negative controls,
Bouin-fixed kidney [28] and Ly6a2/2 mice testis were used, respectively.

Immunofluorescence

Immunolocalization of LY6A in adult mice testis was performed on
Bouin-fixed testes of different mice strains, FVB, C57BL/6, and BALB/
c. Five-micrometer paraffin sections were mounted on TESPA-coated glass
slides and dried overnight at 378C. Slides were incubated overnight at 48C
with 1:50 LY6A/E antibody (E13.161.7 no. 553333 or D7 no. 557403;
BD Biosciences) in 5% normal rabbit serum in Coons buffer (10 mM 5,5-
diethylbarbituric acid sodium salt, 145 mM NaCl, pH 7.4, 0.01% BSAc,
0.2% Triton x-100). Second, rabbit anti-rat (BA-4000; Vector Laborato-
ries), and third antibody, goat anti-rabbit Texas red, were used 1:100 in
coons and incubated for 1 h at room temperature. Sections were mounted
with VECTAshield (Vector Laboratories) and viewed on a Leitz DMIRB
fluorescence microscope (Leica, Voorburg, The Netherlands) interfaced
with a Leica TCS4D confocal laser scanning microscope (Leica, Heidel-
berg, Germany). Images were recorded digitally. For positive and negative
controls, Bouin-fixed kidney and Ly6a2/2 mice testis were used, respec-
tively.

Terminal Deoxynucleotidyl Transferase-Mediated
Deoxyuridine 5-Triphosphate-Biotin Nick End Labeling
on Ly6a2/2 Mice Testis

Detection of apoptotic cells was performed on 10- and 19-wk-old
Ly6a2/2 mice and wild-type littermates. Five-micrometer Bouin-fixed, par-
affin-embedded testis sections were boiled for 5 min in 10 mM citric buffer
(pH 6.0) at 988C and slowly cooled to room temperature. Endogenous
peroxidase was blocked with 3% H2O2 in MilliQ (MQ) for 5 min. Sections
were washed three times with PBS before a 60-min incubation in 5-tri-
phosphate-biotin nick end labeling (TUNEL) mix at 378C. TUNEL mix
consists of 0.3 U/ml calf thymus terminal deoxynucleotidyl transferase
(Amersham Biosciences, Freiburg, Germany), 6.66 mM/ml biotin dUTP
(Roche, Basel, Switzerland) in terminal transferase buffer (Amersham Bio-
sciences). TUNEL reaction was stopped by incubation in 300 mM NaCl,
30 mM sodium citrate in MQ for 15 min at room temperature. After
washing with PBS, sections were blocked with 2% BSA (Sigma) in PBS
at room temperature for 10 min. Sections were treated for 30 min at 378C
in a moist chamber with a 1:20 dilution of ExtrAvidin peroxidase antibody.
After three washes in PBS, detection was performed with DAB1 (Dako,
Glostrup, Denmark). Sections were counterstained with Mayer hematox-
ylin, dehydrated, and mounted with Pertex (Cellpath Ltd., Hemel Hemp-
stead, U.K.). The number of TUNEL-positive cells was counted in four
and three testes of 10- and 19-wk old-animals, respectively, and calculated
as number per 100 tubule cross sections. At least 100 tubules were count-
ed. Numbers were expressed as mean 6 SEM, and statistical analysis was
performed using the unpaired t-test.

Cell Counts
Five-micrometer sections were stained with periodic acid Schiff (PAS)

and counterstained with hematoxylin. Numbers of A spermatogonia, pre-
leptotene spermatocytes, Leydig cells, and macrophages were counted in
10- and 19-wk-old Ly6a2/2 and wild-type littermate testes. For 10- and
19-wk-old animals, four and three testes of either genotype were counted,
respectively. Cell numbers were expressed per 1000 Sertoli cells according
to the method of Heller et al. [29, 30]. Cell counts were performed until
at least 300 Sertoli cells were scored. All cell numbers were expressed in
mean 6 SEM, and statistical analysis was performed using the unpaired
t-test.

RESULTS

Immunolocalization of LY6A in the Testis

To investigate the localization of LY6A in the testis, we
performed both immunohistochemical and immunofluores-
cence studies with the monoclonal antibody, E13.161.7,
that recognizes LY6A in both Ly6a and Ly6e mouse strains.
With both techniques, a similar expression pattern was ob-
served. In C57BL/6 (not shown) and FVB (Fig. 1, A, D,
and G) wild-type mice, the cell membrane of most peritu-
bular myoid cells as well as endothelial cells (Fig. 1G) were
stained. In BALB/c mice some peritubular myoid, but no
endothelial cells were stained (Fig. 1, B, E, and H). In
addition, staining was often observed in spindle-shaped
peritubular mesenchymal cells (Fig. 1H) in the interstitial
tissue of all three mouse strains. No staining was present in
seminiferous tubules in any of the strains tested. Also, in
Leydig cells and macrophages, no staining could be ob-
served in any of the strains. As a negative control, testes of
Ly6a2/2 mice were used. No staining was observed in these
control sections (Fig. 1, C and F). For positive control, we
showed expression of LY6A in the renal vessels of the kid-
ney (Fig. 1I). Furthermore, using the D7 monoclonal anti-
body for both immunohistochemistry and immunofluores-
cence, the same expression pattern was observed as with
the E13.161.7 antibody (data not shown).

Morphology and Cell Counting in Ly6a2/2 Mice Testes

To address the question whether LY6A has a function in
spermatogenesis, we studied testes of 10- and 19-wk-old
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FIG. 1. Immunolocalization of LY6A in the testis of different mice strains. A–C) immunofluorescence staining of LY6A in FVB (A), BALB/c (B), and
Ly6a2/2 mouse testis (C). D–I) Immunohistochemical staining of LY6A in FVB (D), BALB/c (E), and Ly6a2/2 mouse testis (F). G–H) Higher magnification
of FVB (G) and BALB/c testis (H). Indicated are endothelial cells (arrowheads), peritubular myoid cells (arrow), and spherical-shaped peritubular
mesenchymal cells (asterisk). No staining is observed in the Leydig cells nor in the seminiferous tubules. I) Kidney; staining is observed in the renal
vessels [28].

FIG. 2. Morphology and apoptosis in
Ly6a2/2 testis. A) Ly6a2/2 mice testis. B)
The number of TUNEL-positive germ cells
6 SEM per 100 tubular cross sections of
Ly6a2/2 mice and wild-type littermates tes-
tis of 10 and 19 weeks.

Ly6a2/2 mice and wild-type littermates. PAS-stained tu-
bules cross sections of Ly6a2/2 mice appear normal, i.e., a
lumen is formed and all spermatogenic cell types are pres-
ent (Fig. 2A). To study this in more detail, we counted the
numbers of A spermatogonia and preleptotene spermato-

cytes in epithelial stages VII and VIII in 10- and 19-wk-
old animals and found no significant differences between
Ly6a2/2 and their wild-type littermates (Table 1). In the
interstitial tissue, we counted the numbers of Leydig cells
and macrophages in 10- and 19-wk-old mice. No significant
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TABLE 1. Number of A spermatogonia, spermatocytes, Leydig cells, and macrophages in Ly6a2/2 and littermates of 10 and 19 wk.a

Cell type

10 wk

Wild-type Ly6a2/2

19 wk

Wild-type Ly6a2/2

A spermatogonia
Preleptotene spermatocytes
Leydig cells
Macrophages

343 6 14
5478 6 217
1148 6 15
115 6 14

337 6 37
5963 6 196
1079 6 32
117 6 3

363 6 13
5603 6 420
1197 6 34
158 6 30

387 6 60
5857 6 89
1059 6 62
161 6 11

a Numbers are expressed as mean 6 SEM number per 1000 Sertoli cells.

differences in the numbers of Leydig cells or macrophages
were observed between Ly6a2/2 mice and their wild-type
littermates (Table 1).

Apoptosis in Ly6a2/2 Mice Testes

To determine if LY6A deficiency causes abnormal apo-
ptosis of germ cells, we performed a TUNEL assay on
Ly6a2/2 mice and wild-type testes. No significant differ-
ences were found between the numbers of apoptotic germ
cells in Ly6a2/2 mice and wild-type littermates (Fig. 2B).
In the interstitial tissue of both Ly6a2/2 and wild-type tes-
tes, we sporadically observed a TUNEL-positive Leydig
cell. No TUNEL staining was observed in the peritubular
myoid, endothelial, or peritubular mesenchymal cells.

DISCUSSION

The present data, for the first time, show that, in the
testis, LY6A is solely expressed in the interstitial tissue and
not in seminiferous tubules. In the three mouse strains test-
ed, we found LY6A to be expressed in peritubular myoid
cells and in spindle-shaped peritubular mesenchymal cells.
Furthermore, we found in both FVB and C57BL/6 but not
in BALB/c mice testis, LY6A to be expressed in endothelial
cells. Difference in expression pattern of LY6A between
different mouse strains is a known phenomenon. For both
lymphocytes and hematopoietic stem cells, LY6A expres-
sion was found to differ between haplotypes [21, 22]. There
are two allelic variants of Ly6a, Ly6e, and Ly6a.2, which
are under distinct genetic control, resulting in two haplo-
types, Ly6a and Ly6b, respectively. BALB/c encodes the
Ly6a haplotype, while C57BL/6 encodes the Ly6b haplo-
type [21]. This may well explain the difference in expres-
sion of LY6A in endothelial cells in C57BL/6 versus
BALB/c mice. Expression of LY6A was shown before in
vasculature of heart, brain, and liver in C57BL/6 mice [17].
The haplotype of FVB mice is not known, but our results
would now suggest that FVB mice have the Ly6b haplo-
type.

Testicular peritubular myoid [31], endothelial [32], and
peritubular mesenchymal cells [31] all originate from the
mesonephros. It was shown that the aorta-gonads-meso-
nephros (AGM) region is largely LY6A positive [33]. The
hematopoietic stem cells as well as endothelial cells also
arise from the AGM region [34, 35] and show LY6A ex-
pression [16, 17], suggesting a relationship between LY6A
expression and the embryonic origin. However, there are
also LY6A-positive cells that may not arise from the AGM
region.

The germ cells and thus the spermatogonial stem cells
originate from extraembryonic regions [36]. In this article,
we show that LY6A expression is absent in all germ cells,
including the spermatogonial stem cells. This is surprising
because stem cells of many other tissues are found to be
LY6A positive. However, satellite cells of striated muscle

tissue are also LY6A negative [37]. Furthermore, it was
already suggested by Kubota et al. [10] that spermatogonial
stem cells do not express LY6A on their surface.

LY6A is known to be expressed on SP cells of many
tissues, including hematopoietic system [16], mammary
gland [7], and skeletal muscle [6, 37]. Recently, four groups
showed the presence of SP cells in the testis [10–13]. While
Kubota et al. [10] found SP cells not be able to colonize
the testis of busulfan-treated recipient mice, the opposite
was found by Falciatori et al. [12] and Lassalle et al. [11],
indicating disagreement about the question whether or not
testicular SP cells are spermatogonial stem cells. The dif-
ferences between these findings may have various causes.
First, the groups use different types of donor mice, adult
versus immature, and cryptorchid versus noncryptorchid.
Second, for the isolation of SP cells, different protocols
were used with respect to tissue dissociation, Hoechst con-
centration, time and temperature of Hoechst incubation, and
stringency in the selection of SP cells (FACS gating). Re-
cently, it was described that these parameters should be
determined for each tissue tested because these factors all
affect yield, viability, and homogeneity of SP cells and dif-
fer per tissue [38]. Therefore, different cell populations can
be isolated by using different isolation protocols. Further
research should be performed to optimize the SP protocol
and to investigate whether there is a testicular SP that har-
bors spermatogonial stem cells.

Nevertheless Kubota et al. [10] and Lassalle et al. [11]
agree that testicular SP cells express LY6A brightly and
therefore it was important to identify the LY6A-positive
cells to unravel the confusion about the identity of testicular
SP cells.

Our results support the findings of Kubota et al. [10] that
LY6A-positive SP cells are not spermatogonial stem cells
because no staining for LY6A was observed in the semi-
niferous tubules, including spermatogonial stem cells. In-
terestingly, the present data support and extend the results
obtained by Lo et al. [13, 39], who showed restoration of
Leydig cell numbers and testosterone levels in LhrKO mice
after transplantation of SP cells into the interstitial tissue.
They conclude that Leydig cell progenitors are among the
SP cells. The present results indicate that spindle-shaped
peritubular mesenchymal cells, which are thought to be pro-
genitors of Leydig cells [40], express LY6A on their cell
membranes.

LY6A is not only useful as a surface marker, it also plays
an important role in the regulation of hematopoietic stem
cells [23] and mesenchymal progenitors [25]. Ly6a2/2 mice
exhibit an age-dependent osteoporosis phenotype due to a
primary defect in the self-renewal capacity of mesenchymal
progenitors [25]. Furthermore, they have defects in the re-
populating ability of hematopoietic stem cells upon com-
petitive and serial transplantation of hematopoietic stem
cells in lethally irradiated mice [23]. In contrast, we found
that development and morphological appearance of the



638 VAN BRAGT ET AL.

Ly6a2/2 testes were normal in 10- or 19-wk-old animals.
Also, the numbers of spermatogonia and preleptotene sper-
matocytes in stages VII/VIII of the epithelial cycle were
similar to those in wild-type mice. This suggests that sper-
matogonial proliferation in wild-type and Ly6a2/2 mice is
similar with respect to kinetics as well as the numbers of
spermatocytes produced. Furthermore, Leydig cell numbers
were not significantly different in 10- or 19-wk-old Ly6a2/2

mice and age-matched wild-type mice, indicating that Ley-
dig cells are normally formed and do not deplete until at
least 19 wk of age. However, turnover of interstitial cells,
including progenitors as well as adult Leydig cells, is low
[41]. Therefore, there might be depletion of peritubular
mesenchymal progenitors and Leydig cells in older mice.
Challenging of the Ly6a2/2 peritubular mesenchymal pro-
genitors, by transplanting them into the interstitium of
LhrKO recipients testis, might, however, reveal a function
of LY6A in the repopulating capacity of these cells.

Based on our results, we can conclude that LY6A-pos-
itive cells in the testis are not spermatogonial stem cells
but do include cells with morphological appearance of Ley-
dig cell progenitors. Furthermore, LY6A deficiency does
not influence testis development, spermatogenesis, or peri-
tubular mesenchymal cell and Leydig cell development.
The present results also indicate the importance of perform-
ing localization analysis in situ rather then just relying on
cell sorting and FACS analysis.
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