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Abstract

Spermatogenesis in man starts with spermatogonial stem cells (SSCs), and leads to the production of sperm inw64 days, common to old

and young men. Sperm from elderly men are functional and able to fertilize eggs and produce offspring, even though daily sperm

production is more than 50% lower and damage to sperm DNA is significantly higher in older men than in those who are younger.

Our hypothesis is that the SSC/spermatogonial progenitors themselves age. To test this hypothesis, we studied the gene expression profile

of mouse SSC/progenitor cells at several ages using microarrays. After sequential enzyme dispersion, we purified the SSC/progenitors

with immunomagnetic cell sorting using an antibody to GFRA1, a known SSC/progenitor cell marker. RNAwas isolated and used for the

in vitro synthesis of amplified and labeled cRNAs that were hybridized to the Affymetrix mouse genome microarrays. The experiments

were repeated twice with different cell preparations, and statistically significant results are presented. Quantitative RT-PCR analysis was

used to confirm the microarray results. Comparison of four age groups (6 days, 21 days, 60 days, and 8 months old) showed a number of

genes that were expressed specifically in the older mice. Two of them (i.e. Icam1 and Selp) have also been shown to mark aging

hematopoietic stem cells. On the other hand, the expression levels of the genes encoding the SSC markersGfra1 and Plzf did not seem to

be significantly altered by age, indicating that age affects only certain SSC/progenitor properties.
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Introduction

Age has a deleterious effect on most tissues and organs,
eventually leading to system failure. However, the
mechanisms of aging in the various systems have been
difficult to investigate and fully comprehend. Although
men appear to be fertile until very late in life, there are
definitely genetic defects in the offspring due to DNA
damage and increased mutation rates that are associated
with advanced paternal age (Tsitouras 1987). Quan-
titative studies of sperm parameters in men younger than
35 years or older than 55 years have shown that sperm
motility and semen volume are inversely related to age,
while sperm concentration is unaffected (Eskenazi et al.
2003, Levitas et al. 2007). Furthermore, histological
studies have shown that age is associated with a decline
in the number of Leydig and Sertoli cells, a thickening of
the basement of the seminiferous tubules, and an
increase in arrested divisions of germ cells (Tsitouras
1987). In addition, studies using the Brown Norway rat
as a model for male reproductive aging have shown that
advanced paternal age (24 months) has a significant
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effect on the frequency of neonatal death in the litter,
although there seems to be no significant effect on
fertility (Tsitouras 1987).

The relation between age and sperm DNA damage has
been studied in men by Singh et al. (Tsitouras 1987).
Sperm with damaged DNA were found at a significantly
higher frequency in men aged 36–57 years than in those
aged 20–35 years. In addition, a number of reports have
suggested an association between advanced paternal
age and a variety of genetic syndromes in the offspring,
including schizophrenia, achondroplasia, Apert syn-
drome, autism, Down syndrome, and Marfan syndrome
(Glaser et al. 2000, 2003, Cantor et al. 2007, Croen et al.
2007, Kolevzon et al. 2007). However, a common
confounder in these reports is that the age of the mother
is also advanced (O40 years), and thus, it is difficult to
isolate the paternal influence. The best documented
studies suggesting a link between paternal age and
adverse outcomes in the offspring come from two Israeli
groups (Malaspina et al. 2001, Reichenberg et al. 2006).
In both these studies, there is a significant association
between paternal age and schizophrenia or autism, even
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after controlling for maternal age and other confounding
factors, i.e., gender of offspring, education, and socio-
economic status. Taken together, an increase of threefold
for schizophrenia and fivefold for autism has been
demonstrated for the offspring of fathers aged 50 years or
older. Similarly, Wilkin et al. (1998) reported 154 new
mutations of three different genes – FGFR3, FGFR2, and
RET – causing six genetic disorders – Apert, Crouzon,
and Pfeiffer syndromes, multiple endocrine neoplasias
2A and 2B, and achondroplasia, which all have a
paternal origin.

Recently, Desai et al. (2009) reviewed the advances
toward the understanding of the mechanism behind
decreasing sperm quality with age in men, suggesting
that reactive oxygen species (ROS) production is a
possible cause (Cocuzza et al. 2008). Oxidative stress
may result in unfavorable, physiological changes in the
reproductive organs, including the epididymis and
accessory glands (Sloter et al. 2006). Damage to the
epididymis may affect normal sperm maturation pro-
cesses. Reduced semen volume caused by damaged
accessory glands is another physical manifestation of
oxidative stress (Kidd et al. 2001, Levitas et al. 2007).
Finally, it was reported that oxidative stress compromised
normal chromatin packaging and integrity in the
spermatozoa of Brown Norway aged rats, suggesting a
direct effect of ROS production on male fertility (Zubkova
& Robaire 2006).

Stem cells are present in most adult tissues, and in the
testes, the spermatogonial stem cells (SSCs) are located
on the basement membrane, interacting with surround-
ing Sertoli cells that produce the stem cell niche. To
achieve optimal tissue maintenance, the niche has to be
strictly regulated (Kostereva & Hofmann 2008, de Rooij
2009). Aberrant regulation of the stem cell/niche
compartments could be the result of aging, leading to
compromised stem cell renewal capability and, there-
fore, tissue failure. The effect of aging on SSCs and their
niche has been previously addressed by two groups that
used similar experimental designs but reached some-
what contradicting results (Ryu et al. 2006, Zhang et al.
2006). Ryu et al. (2006) who used the SSC trans-
plantation technique to assay stem cell number and
function in young (2–12 months), aging (14–18 months),
and old (20–22 months) mice observed a decline in
fertility after mating them with females and in testis
weight of the mice aged 14 months or older, as well as a
high percentage of seminiferous tubules devoid of sperm
in aging and old males (16–24 months). Interestingly,
expression of Gfra1 could be only detected in young and
aging fertile animals and not in the aging infertile
animals. In addition, the number of functional stem cells,
as assayed by transplantation into busulphan-treated
recipient testes, was 3–4 times lower in mice aged 14–18
months than in those aged 2–12 months, while in mice
older than 20 months, the SSC activity was nearly absent.
However, no significant difference was observed
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between the different age groups of the donors, when
the size of the established colonies was compared in the
recipient testis, or when serial transplantations were
performed in young busulphan-treated testes. Taken
together, the results of this study supported the notion
that stem cells are long-lived and potentially immortal,
and that declining function of supporting cells that
constitute the stem cell niche might be a major factor in
age-related male infertility. This conclusion, however, is
not supported by the results reported by Zhang et al.
(2006), who demonstrated that a decline in SSC function
due to aging is independent of the niche, as they observed
a decline in colony number and length when SSCs from
2-year-old atrophied testis were transplanted into young,
busulphan-treated recipients. They also noted that SSCs
from young, fertile males were unable to establish
colonies of spermatogenesis when transplanted into
the testes of old, infertile males. The difference between
the two studies remains to be resolved. However, in
both the above-mentioned studies, there was a decline in
SSC function in the aged mice.

Similarly, Leydig cells have been shown to be affected
by age, by both intrinsic and extrinsic factors, leading to
reduced testosterone production, as reviewed recently by
Chen et al. (2009). Although it is not clear whether the
Leydig stem cells are also affected by age, experiments
using Brown Norway rats demonstrated that the ster-
oidogenic capacity of the Leydig cells is reduced by
about 50% in aged rats, and provided evidence that ROS,
derived from the mitochondrial electron transport chain,
steroidogenesis, and/or macrophages, might cause
damage to Leydig cell membrane lipids and proteins by
altering the redox environment of the aging Leydig cells,
and that this, in turn, might result in the reduced LH
signaling that characterizes aged Leydig cells. Reduced
LH signaling results in decreased cAMP production, less
efficient steroidogenesis, and reduced cholesterol trans-
port, all of which are observed in aged Leydig cells.
Although it is not clear whether the Leydig cells are part
of the SSC niche, the selective position of the SSC niches
in proximity to the interstitial tissue that has been
observed in mammalian testicular sections (Yoshida
et al. 2007) has led to the hypothesis that factors coming
from outside the seminiferous tubules must determine
either directly or indirectly via the Sertoli cells whether
self-renewal or differentiation of an SSC will be favored at
a particular site of the tubule (de Rooij 2009). In support
of this model, colony-stimulating factor 1 (CSF1)
produced by the Leydig cells has been shown to promote
self-renewal or in vitro proliferation of SSCs (Ryan et al.
2001, Kokkinaki et al. 2009, Oatley et al. 2009).

In the present study, our aim was to investigate
whether age differences among fertile male mice reflect
differences in gene expression profiles of their sperma-
togonial stem/progenitor cells. The A-single spermato-
gonia are the SSCs, and they give rise to the A-paired
(Apr) and A-aligned (Aal) spermatogonia. The Apr and the
www.reproduction-online.org
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Aal are the progenitor spermatogonia giving rise to
more differentiated cell types. The SSCs as well as some
Apr and Aal possess the GFRA1. Therefore, we compared
the gene expression of SSC/progenitors isolated from
mice belonging to four different age groups: 6 days old
(immature), 21 days old (young), 60 days old (young
adult), and 8 months old (older fertile adult). The 6-day-
old mice contain type A spermatogonia, but lack more
differentiated germ cell types. SSC/progenitors were
purified from the germ cell population with immuno-
magnetic cell sorting with the antibody to GFRA1,
an established SSC/progenitor marker (de Rooij &
Grootegoed 1998, Hofmann et al. 2005).
Results

Decline in spermatogonial stem/progenitor cell number
in the testes of the 8-month-old mice

We used immunomagnetic cell sorting (magnetic
activated cell sorting; MACS) with anti-GFRA1 to separate
the spermatogonial stem/progenitor cells from the testes
of mice from four different age groups (6 days, 21 days,
60 days, and 8 months old). We used eighty 6-day-old
mice, forty 21-day-old mice, twenty 60-day-old mice,
and twenty 8-month-old mice in each isolation, and we
6-day-old 21-day-old 60-day-old

Cell number
before MACS

(×106)
7.5 30 200

Number of
GFRA1 positive
cells after MACS

(×106)

0.06 0.2 1.5

Percentage of
cells staining

with anti-GFRA1

97%
(S.D.: 2.0%)

90%
(S.D.: 5.0%)

88%
(S.D.: 3.0%)

Percentage of
SSC/progenitor

cells in the tissue

0.78%
(S.D.: 0.02%)

0.60%
(S.D.: 0.03%)

0.66%
(S.D.: 0.02%) (

(b)

(a) A B C D

A' B' C' D'
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repeated the isolations twice. No cell freezing was
involved. The dissection of the testes from the mice, the
enzymatic digestion of the testes, and the immunomag-
netic cell sorting were performed on the same day.
Following the overnight antibody incubation, RNA was
isolated from the sorted cells the next day. RNA samples
from each age group were frozen at K80 8C until they
were used for the microarray experiment. The number of
cells used in each preparation and the number of cells in
the positive fraction after immunomagnetic cell sorting
were measured on a hematocytometer, and are shown in
Fig. 1. In addition, immunostaining with anti-GFRA1 on a
sample (w1/10) of the positive fraction was performed
(Fig. 1), and the positively staining cells were also
counted. Specifically, we counted a total number of
500 DAPI-stained cells from the GFRA1-positive fraction
of each preparation, and calculated the percentage of
those that were also positive for anti-GFRA1 after
immunostaining. The S.D. from the two different cell
isolations was also calculated (Fig. 1). We then estimated
the percentage of SSC/progenitor cells in the tissue using
the following formula: (Number of GFRA1-positive cells
after MACS/Cell number before MACS)!Percentage of
cells staining with anti-GFRA1!100 (%). Although
the calculated percentage of SSC/progenitor cells was
8-month-old

160

0.12

87%
(S.D.: 2.0%)

0.065%
S.D.: 0.001%)

Figure 1 (a) GFRA1-positive cells isolated by
immunomagnetic cell sorting from 6-day- (A, A 0),
21-day- (B, B 0), 60-day- (C, C 0) and 8-month-old
mouse testes, and stained with goat anti-GFRA1
and anti-goat-FITC. Nuclei were stained by DAPI.
GFRA1-positive cells are shown in A–D, and
merged with DAPI in A 0, B 0, C 0, and D 0 respectively.
Scale barsZ10 mm. (b) Cell numbers before MACS
in each age group, number of GFRA1-positive cells
after MACS, percentage of cells stained with
anti-GFRA1, and the estimated percentage of
SSC/progenitor cells in the tissue. For example, the
percentage of SSC/progenitors for the 6-day-old
testis is (0.06/7.5)!0.97!100Z0.78%. S.D. from
the two different cell isolations are also shown.
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approximately the same (0.6–0.7% of the total number of
cells) between the 6-, 21-, and 60-day-old mice, we
observed a significant decrease (w10!) in the 8-month-
old age group (Fig. 1).
Comparison of the gene expression profiles of
GFRA1-positive and GFRA1-negative cells in the
different age groups by microarray analysis

Evaluation of the microarray experiments

The fidelity of microarray experiments relies on their
reproducibility. Therefore, principal component analysis
(PCA) mapping was performed on the microarray data
obtained from two independent experiments, with
samples representing different cell isolations, to test the
similarity of the results derived from each of them. For
each age group, this analysis showed that the duplicate
GFRA1-positive experiments map closer to each other
than to the GFRA1-negative experiments. Therefore, the
gene expression profile that we identified for the GFRA1-
positive cells in each of the four age groups is reliable.
Finally, the GFRA1-positive cells of the 8-month-old age
group map closer to the GFRA1-positive cells of the
60-day-old age group than to those of the 6-day-old or
21-day-old age group, which may reflect the gene
expression changes during development and aging.
The PCA mapping is shown in Fig. 2.
180
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66

28

8mo

21d

60d
–10

6d

–47

–85

–123

–161

–200
–220 –181–143–109–67 –30 8

–220–175–131–4304480132176

–87

46 84 122 160

Figure 2 PCA mapping for the microarray data. The gene expression
data for each cell type are represented by different colors. GFRA1-
positive cell gene expression is illustrated in red, and GFRA1-negative
cell gene expression is illustrated in blue. The elliptical lines represent
the four age groups, 6 days old (6 d), 21 days old (21 d), 60 days old
(60 d), and 8 months old (8 mo). Duplicate red and blue circles
represent the two different microarray experiments, representing
different RNA isolations. In the 21-day-old age group, the duplicate
experiments were almost identical. In all the groups, the gene
expression profile of the GFRA1-positive cells appears distinct from
that of the GFRA1-negative cells.
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Differentially expressed genes between the different
age groups

As ‘differentially expressed’, we defined the genes that
were 1) over-expressed in the GFRA1-positive versus the
GFRA1-negative cells, with at least a twofold increase,
within the same age group, and 2) present in the GFRA1-
positive cells of one, two, and three but not four age
groups. Although we have optimized the isolation of
GFRA1-positive cells from adult mice with immunomag-
netic cell sorting, we could not absolutely exclude
contamination from other cell types in the adult and
old age groups. Therefore, we chose to compare the gene
expression levels between the GFRA1-positive and
GFRA1-negative cells within each age group and not
between age groups to minimize the risk of contami-
nation from genes expressed in the contaminating cell
types that would appear as ‘over-expressed’ in the adult
and old age groups versus the immature group, where
they are normally not expressed. Based on the above-
mentioned criteria, 3321 Affymetrix probes correspond-
ing to 2819 different genes were shown to be differen-
tially expressed among the four age groups by the
microarray analysis (Supplementary Table 2, see section
on supplementary data given at the end of this article).

Confirmation of microarray results by
quantitative RT-PCR

Our goal for the microarray analysis is to determine
age-related changes in gene expression of spermatogo-
nial stem/progenitor cells. To confirm the microarray
results, we chose a number of genes that based on the
microarray were over-expressed specifically in the
GFRA1-positive cells of the 8-month-old age group
(Gene set 1), or over-expressed in the GFRA1-positive
cells of the immature testis and not in the 8-month-old
age group (Gene set 2). Gene set 1 included the genes of
G protein-coupled receptor-116, -146, and -56 (Gpr116,
Gpr146, and Gpr56), as well as growth factor receptor-
bound protein 2 (Grb2), intercellular adhesion molecule
1 (Icam1), LIM and senescent cell antigen-like domains
containing 1 (Lims1), Lin-52 Caenorhabditis elegans
homolog, selectin P (Selp), and triple functional
domain (Trio). Gene set 2 included the genes of
Gpr107, protein tyrosine kinase-binding protein
(Tyrobp), similar to MAD homolog 4 in Drosophila
(Smad4), membrane-spanning 4-domains, subfamily A,
member 7 (Ms4a7), and mannose receptor C type 1
(Mrc1). Notably, Gpr107 and Gpr146 were selected
based on their fold change between GFRA1-positive and
GFRA1-negative cell populations in the 6-day-old and
8-month-old mice respectively (fourfold for Gpr107
and threefold for Gpr146). Both these genes had a
P value higher than the threshold of 0.05 (0.08 for
Gpr107 and 0.07 for Gpr146), and thus, are not included
in Supplementary Table 2. In addition, three of the above-
mentioned genes (Icam1, Selp, and Smad4) were
www.reproduction-online.org
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Table 1 Genes showing differential expression of spermatogonial stem cell/progenitor cells among the four mouse age groups, confirmed by
real-time quantitative PCR.

Gene name Gene symbol 6 days 21 days 60 days 8 months

G protein-coupled receptor 107 Gpr107 C K K K
G protein-coupled receptor 116 Gpr116 K K K C
G protein-coupled receptor 146 Gpr146 K K K C
G protein-coupled receptor 56 Gpr56 K K K C
Growth factor receptor-bound protein 2 Grb2 K K K C
Intercellular adhesion molecule 1 Icam1a K K K C
LIM and senescent cell antigen-like domains 1 Lims1 K K K C
Lin-52 homolog (C. elegans) Lin52 K K K C
Selectin, platelet Selpa K K K C
Triple functional domain (PTPRF interacting) Trio K K K C
TYRO protein tyrosine kinase-binding protein Tyrobp C C K K
Similar to MAD homolog 4 (Drosophila) Smad4a C K K K
Membrane-spanning 4-domains, subfamily A, member 7 Ms4a7 C C C K
Mannose receptor, C type 1 Mrc1 C C K K

aThe genes that were also found to mark aging hematopoietic stem cells (see Discussion).
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selected because they have been reported as affected by
age in hematopoietic stem cells (HSCs; see Discussion).
The same pattern of differential expression that was
observed using microarray for all the 14 genes that we
tested was also confirmed by quantitative RT-PCR
(qRT-PCR; Table 1), using RNA from three independent
cell isolations of the GFRA1-positive cells from the testes
of each of the four age groups. Detailed qRT-PCR results
are shown in Supplementary Figure 1, see section on
supplementary data given at the end of this article.

We also tested the expression of known
SSC/progenitor cell markers (i.e. Gfra1, Plzf, and
Pou5f1) by qRT-PCR. Gfra1 and Plzf levels of expression
did not show significant differences between the four age
groups, which is in agreement with the microarray
results, while the expression of Pou5f1 was higher in the
6-day-old SSC/progenitors than in the other three age
groups. However, Pou5f1 was not shown as differentially
expressed by the microarray analysis (Table 2 and
Supplementary Figure 1).
Discussion

A significant number of recent studies support the notion
that stem cells age. Most recently, Choi & Artandi (2009)
reported that melanocyte stem cells undergo DNA
damage during aging, which results in cell death due
to premature differentiation. In addition, Geiger &
Rudolph (2009) reviewed the effect of aging on HSCs
in mice, and concluded that aging is associated with a
reduction in both HSC frequency and function. Aged
HSCs demonstrate reduced differentiation toward the
lymphoid lineage. The effect of aging in spermatogenesis
Table 2 The expression of mouse spermatogonial stem cell/progenitor cell

Gene name Gene symbol

GDNF family receptor a1 Gfra1
Promyelocytic leukemia zinc finger Plzf
POU domain, class 5, transcription factor 1 Pou5f1

www.reproduction-online.org
has been recently reported for Drosophila. Boyle et al.
(2007) showed that the number of male germline stem
cells (GSCs) decrease in older flies due to a decline in
self-renewal factors. Furthermore, Cheng et al. (2008)
reported that the decline in spermatogenesis observed in
older male flies can be attributed to the inability of GSCs
to maintain the correct centrosome orientation during
asymmetric divisions, which significantly reduces the
number of functional GSCs. Although the molecular
mechanisms underlying the aging of stem and progenitor
cells are still unclear, it seems that DNA replication
defects and loss of transcriptional and epigenetic control
are common aging mechanisms.

Gene expression studies of spermatogonial stem/
progenitor cells have been performed in both immature
and young adult mice, and have led to the character-
ization of their molecular phenotype. The GDNF
receptor GFRA1 has been shown to mark mouse
spermatogonial stem/progenitor cells by our group and
others, and also to be required for the self-renewal of
SSCs (Meng et al. 2000, Hofmann et al. 2005, Naughton
et al. 2006, He et al. 2007). In order to reveal the
downstream molecules affected by GDNF, Oatley et al.
(2006) performed a gene expression study of cultured
SSCs in the presence or absence of GDNF and identified
six genes affected by GDNF, and thus important for the
self-renewal and survival of SSCs, i.e. B-cell CLL/
lymphoma 6, member B (Bcl6b), early growth response
2 (Egr2), early growth response 3 (Egr3), Ets variant 5,
ERM (Etv5), LIM homeobox 1 (Lhx1), and tetraspanin 8
(Tspan8). POU5F1 (OCT-4), a marker of pluripotent stem
cells (Nichols et al. 1998), was also shown to be a
nuclear marker for spermatogonial stem and progenitor
marker genes tested by real-time quantitative PCR.

6 days 21 days 60 days 8 months

CCC CCC CCC CCC
CCC CCC CCC CCC
CC C C C
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cells (Ohbo et al. 2003, Ohmura et al. 2004, Braydich-
Stolle et al. 2005), and it is required for the self-renewal
of mouse SSCs (Dann et al. 2008). PLZF is another
nuclear transcription factor that has been shown to mark
mouse SSCs and progenitors (Buaas et al. 2004, Costoya
et al. 2004), while CD49f, also known as integrin a6
(ITGA6), THY1 (CD90), and GPR125 are surface markers
for mouse SSCs and progenitors (Shinohara et al. 1999,
Kubota et al. 2003). Various high-throughput gene
expression studies have also identified molecules
important for SSCs and their progenitors, such as
procollagen type I a2 (COLA2) and matrix metallo-
peptidase 2, which were identified by our group both by
serial analysis of gene expression (Wu et al. 2004) and by
microarray analysis of GFRA1-expressing cells in the
immature mouse testis (Kokkinaki et al. 2009). In the
latter study, we also identified the receptor of the CSF1,
CSF1R, to be highly over-expressed in the SSC/
progenitor cells of the immature mouse testis than in
the nonstem cells, and also showed that CSF1 could
stimulate spermatogonial cell proliferation in vitro.
Interestingly, the positive effect of CSF1 on mouse SSC
self-renewal was recently confirmed by Oatley et al.
(2009). Finally, the most complete developmental gene
expression study of mouse spermatogenesis at ages
ranging from day 0 to day 56 post partum was performed
by Shima et al. (2004). They provided a thorough
resource of gene expression data by analyzing specific
patterns of gene expression and identifying clusters of
transcripts enriched or specific for each testicular cell
type, describing both somatic and germ cells. However,
none of the above-mentioned gene expression studies
has used animals older than 2 months.

Therefore, the current study focuses on the identifi-
cation of genes that are expressed in spermatogonial
stem/progenitor cells and show an age-related pattern of
expression. The major difficulty for this study was to
exclude contamination of the GFRA1-positive fraction
from spermatocytes and/or spermatids that could create
false differentially expressed genes between the adult
Table 3 DNA damage-, oxidative stress-induced and DNA repair genes ove
cell/progenitor cells.

Probe ID Gene symbol Description

1450971_at Gadd45b Growth arrest and
1444184_at Alkbh3 alkB, alkylation re
1441568_at Osgin2 Oxidative stress-in
1453539_at Alkbh8 alkB, alkylation re
1428306_at Ddit4 DNA-damage-ind
1451751_at Ddit4l DNA-damage-ind
1450935_at Ercc5 Excision repair cro
1437447_s_at Ercc1 Excision repair cro
1429850_x_at Alkbh4 alkB, alkylation re
1451928_a_at Rad18 RAD18 homolog

aFold change represents the change in transcript levels between GFRA1-po
significant change has been observed by microarray analysis for these gene
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or old and the immature testes, due to the absence of
those cell types in the latter. To minimize this problem,
we optimized our cell sorting technique of the adult and
old mice testicular cells, with additional washing steps
and an additional passage through the column. However,
we recognize that even a higher than 85% purity does not
necessarily exclude the possibility of contamination
from spermatocyte and spermatid genes in our results,
and understand the need to confirm our results by other
methods, as we did for a number of the identified genes.
Moreover, we were able to identify genes that have also
been shown to be affected by age in other types of stem
cells. We identified genes that were down-regulated (e.g.
Gpr107, Tyrobp, Smad4, Ms4a7, and Mrc1) and genes
that were up-regulated (e.g. Gpr116, Gpr146, Gpr56,
Grb2, Icam1, Lims1, Lin52, Selp, and Trio) in the
8-month-old mice. Several of these have been identified
in other age-related gene expression studies of stem cells.
Specifically, Selp was also noted to be up-regulated with
age by Chambers et al. (2007) in a comparative gene
expression study of HSCs isolated from young and old
mice. SELP is a cell surface adhesion molecule that serves
as a marker for physiological stress, such as inflam-
mation, aging, and cardiovascular disease (Chambers
et al. 2007). Similarly, ICAM1, a transmembrane
glycoprotein that regulates the key signaling pathways
associated with cell-to-cell interactions (Rahman et al.
2000), is up-regulated with aging, common in our study
and that of Chambers et al. (2007). Notably, ICAM1
protein levels have also been shown to increase in
cultured human pulmonary artery endothelial cells by
aging (late passage) and induction of inflammation
response by tumour necrosis factor a, resulting in an
age-dependent transmembrane signaling disorder (Zhou
et al. 2006). In addition, LIN52, which is up-regulated in
the spermatogonial stem/progenitor cells of the old mice,
has also been found as a component of a multisubunit
protein complex that acts as a transcriptional repressor of
cell-cycle-dependent genes in quiescence (Litovchick
et al. 2007). On the other hand, membrane-spanning
r-expressed in the 8-month-old mouse spermatogonial stem

Fold changea

DNA-damage-inducible 45b 11.8
pair homolog 3 (Escherichia coli) 7.7
duced growth inhibitor family member 2 5.0
pair homolog 8 (E. coli) 3.7
ucible transcript 4 3.3
ucible transcript 4-like 3.0
ss-complementing rodent repair deficiency 5 2.6
ss-complementing rodent repair deficiency 1 2.5
pair homolog 4 (E. coli) 2.5
(S. cerevisiae) 2.4

sitive and GFRA1-negative cells in the 8-month-old age group. No
s in the other younger age groups.
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4-domains, subfamily A, member 7 (MS4A7) which was
found to be down-regulated in the aging spermatogonial/
progenitor cells, is also known to be involved in the
proliferation of human blastocyst inner cell mass cells,
progenitors of human embryonic stem cells (Brink et al.
2008), suggesting an age-induced decline in stem cell
proliferation. It has also been realized that the molecular
mechanism of aging involves DNA damage due to the
accumulation of ROS and also a stimulation of the DNA
repair mechanisms in response to the damage (Johnson
et al. 1999). In our study, we found molecules that are
known to be involved in DNA repair (e.g. ERCC1,
ERCC5, and RAD18) or induced by DNA damage (e.g.
GADD45B) or oxidative stress (OSGIN2) to be speci-
fically up-regulated in the 8-month-old SSC/progenitor
cells (Table 3), probably indicative of the first signs of
aging in the fertile mice. It would be interesting to
monitor the expression of these genes at more advanced
ages, and perhaps to correlate infertility with reduced
expression of DNA repair genes. In conclusion, the genes
that have been identified in this study may be a useful
resource to aid in the understanding of the effect of aging
on mammalian spermatogenesis and probably enhance
regenerative efforts of aged testis in the future.
Materials and Methods

Isolation of germ cells from mouse testes

Male Balb/c mice that were 6 days old, 21 days old, 60 days
old, and 8 months old (Charles River Breeding Laboratories,
Wilmington, MA, USA) were killed by carbon dioxide
inhalation in accordance with the protocols approved by the
Georgetown University Animal Care and Use Committee.
Briefly, the testes were decapsulated and minced in ice-cold
DMEM–F12. Leydig cells, other interstitial cells, and peritub-
ular myoid cells were eliminated by a first enzymatic
digestion with collagenase IV (1 mg/ml) and DNase I
(2 mg/ml) at 34 8C for 10 min and extensive washes with
DMEM to obtain only the seminiferous tubules devoid of myoid
cells. Germ cells and Sertoli cells were isolated by a second
enzymatic digestion using collagenase IV (1 mg/ml), DNase I
(2 mg/ml), hyaluronidase (1.5 mg/ml), and trypsin (1 mg/ml)
under the same conditions. The resulting cell suspension,
containing mainly germ cells and Sertoli cells, was cultured for
2 h on fetal bovine serum-coated dishes to further eliminate
contamination of Sertoli cells by differential plating. For the
differential plating, 3!106 cells were plated on each petri dish
of 10-mm diameter.
Separation of SSCs by immunomagnetic cell sorting

Germ cells isolated by enzymatic dispersion of the testes were
resuspended in 1 ml of DMEM containing 10% Nu-serum
(BD Biosciences, San Jose, CA, USA) and incubated with 25 ml
(200 ng/ml) of rabbit anti-GFRA1 antibody (H-70, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 16 h at 4 8C with
continuous rotation. The cells were washed three times with
www.reproduction-online.org
ice-cold PBS containing 0.5% BSA and 2 mM EDTA (wash
buffer), and were then resuspended in 80 ml of the wash buffer
and incubated with 20 ml of goat anti-rabbit IgG MicroBeads
(Miltenyi Biotech, Auburn, CA, USA) for 20 min at 4 8C with
rotation. The labeled cells were first filtered through a 30-mm
pore size mesh (Miltenyi Biotech) to remove cell aggregates,
and were then immediately sorted through a separation MS
column attached to a MiniMACS separator (Miltenyi Biotech).
GFRA1-positive cells, the magnetically labeled cells, were
retained within the column, whereas nonlabeled cells passed
through the column and were collected as the GFRA1-negative
cell fraction. To increase the purity of the separation, the
column was washed three times with 500 ml of wash buffer. In
order to collect the GFRA1-positive cells, the column was
removed from the magnetic separator, and 1 ml of wash buffer
was added to the reservoir. The positive cell fraction was
separated once more through a second MS column to achieve
high purity. GFRA1-positive and GFRA1-negative cells were
counted on a hematocytometer and used immediately for RNA
isolation. Two independent cell isolation experiments were
performed for each age group.
RNA isolation

Total RNA was extracted from the cells using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s protocol. The
RNA samples were treated with RNase-free DNase I (Qiagen)
to remove traces of genomic DNA. The concentration and
quality of total RNA were determined using the NanoDrop-
1000 Spectrophotometer.
cDNA synthesis and target preparation

cDNA was synthesized from 30 ng total RNA and amplified
using the Ovation Biotin RNA Amplification and Labeling
System, version 1.0 (NuGEN Technologies, San Carlos, CA,
USA, Cat no: 2300-12). The amplified cDNAs were purified
using the Zymo Research (Orange, CA, USA) Clean and
Concentrator-25 columns and, subsequently, fragmented and
biotin labeled using the reagents of the Ovation system.
The biotin-labeled and fragmented cDNAs were purified
using the DyeEx 2.0 Spin kit (Qiagen, Cat no: 63204). Finally,
their yield and purity were measured by absorbance at
260, 280, and 320 nm. Only cDNA samples showing an
OD260–OD320/OD280–OD320 ratio higher than 1.8 were used
for microarray hybridization.
Hybridization on mouse genome 430 v.2 cDNA arrays
(Affymetrix, Santa Clara, CA, USA)

Each of the arrays used contains over 39 000 mouse transcripts.
Each of the transcripts is represented on the array by multiple
probes to ensure maximum accuracy and reproducibility of the
hybridization results. The sequences from which these probe
sets were derived were selected from GenBank, dbEST, and
RefSeq. The sequence clusters were created from the UniGene
database (Build 107, June 2002), and were then refined by
analysis and comparison with the publicly available draft
Reproduction (2010) 139 1011–1020
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assembly of the mouse genome from the Whitehead Institute
for Genome Research (MGSC, April 2002). The Affymetrix
protocol for eukaryotic sample and array processing (http://
www.affymetrix.com/support/technical/manual/expression_
manual.affx) was followed by staining, washing, and scanning
of the arrays. Briefly, the fragmented cDNA probe (0.011 mg/ml)
was mixed with 50 pM of the control oligonucleotide B2 and
1.5, 5, 25, and 100 pM of each of the eukaryotic hybridization
controls (bioB, bioC, bioD, and cre respectively). Herring
sperm DNA (0.1 mg/ml), BSA (0.5 mg/ml), 10% DMSO, and
1! hybridization buffer were also added at a total volume of
200 ml (49 format array), and the mix was heated to 99 8C for
5 min before it was applied to the arrays which had been
pre-hybridized with 1! hybridization buffer for 10 min at
45 8C. The hybridization was performed for 16 h at 45 8C with
60-r.p.m. rotation. Arrays were washed on Affymetrix’s
GeneChip Fluidics Station 450 using a primary streptavidin
phycoerythrin (SAPE) stain, subsequent biotinylated antibody
stain, and secondary SAPE stain, following the EukGE-WS2v5
protocol. Arrays were scanned on Affymetrix’s GeneChip
Scanner 3000 7G with AutoLoader. Scanned images obtained
by the Affymetrix GeneChip Operating Software (GCOS) v1.4
were used to extract raw signal intensity values per probe set on
the array and calculate detection calls (absent, marginal, or
present). All raw chip data were scaled in GCOS to normalize
signal intensities for interarray comparisons.
Statistical analysis

Raw signal intensity and detection call data obtained per array
from the GCOS were uploaded into the Partek Genomics Suite
software (Partek Inc., St Louis, MO, USA) for statistical analysis.
The t-tests were applied to locate genes whose expression
levels are statistically significant in differentiating expression
between GFRA1-positive and GFRA1-negative cells in each of
the four age groups (6 days, 21 days, 60 days, and 8-months
old). To check the overall general trends of expression over the
two cell populations and compare the results of the two
different experiments for each cell population, PCA was
performed. For each cell population, genes that had a
maximum P value !0.05 and false discovery rate !0.01
were selected. From these gene lists, those genes that showed
consistent fold changes above a minimum threshold (O2-fold
increase or decrease) were identified as ‘differentially
expressed’ between the GFRA1-positive and GFRA1-negative
cell populations. Finally, we compared the genes that were
over-expressed in GFRA1-positive cells between the four age
groups applying the above-mentioned criteria.
RT, qPCR and data analysis

For the qRT-PCR analyses, the SuperScript III First-Strand
Synthesis System (Invitrogen) was used to perform RT with
500 ng of the oligo-dT primer and 25 ng of total RNA from
GFRA1-positive and GFRA1-negative germ cells isolated from
the four different age groups of mouse testes. The RNA was
treated with RNAse-free Dnase I (Qiagen) to remove traces of
genomic DNA. Reactions were performed in duplicates; RT
enzyme was added in one of the two, with the other serving as
Reproduction (2010) 139 1011–1020
a negative control for the presence of genomic DNA in the
samples. Primers were designed for real-time qPCR using the
PrimerQuest tool (www.idtdna.com/Scitools/Applications/
Primerquest/, Integrated DNA Technologies, San Diego,
CA, USA). All primers had similar length (22–24 nucleotides)
and w50% GC content, and melting temperatures (Tm)
were 58–60 8C (Supplementary Table 1, see section on
supplementary data given at the end of this article). To avoid
false positive results due to contamination by genomic DNA,
we chose to design the primers spanning at least one intron in
the genomic sequence, which was possible in most cases,
except for genes Gpr146, Actb, and Pou5f1 for which the
primers were designed on the same exon. The expected PCR
product sizes for all the primer sets that were designed were
100–120 bp. Real-time qPCR was carried out in triplicates on
an ABI7900HT (Applied Biosystems, Foster City, CA, USA).
Reactions were performed in 96-well plates at a final volume of
25 ml. PCR mixture contained 1! QuantiTect SYBR Green PCR
master mix (Qiagen), 6 pmol of each primer, and 1 ml of the RT
reaction product. Cycling parameters shared for all genes were
95 8C for 15 min, followed by 40 cycles at 94 8C for 15 s, 58 8C
for 30 s, and 72 8C for 30 s. Finally, a temperature-determining
dissociation step was performed at 95 8C for 15 s, 60 8C for
15 s, and 95 8C for 15 s at the end of the amplification phase.
For all primer combinations, PCR product authenticity was
assessed by gel electrophoresis. To normalize the data obtained
from different RNA samples, the mouse b-actin gene (Actb) was
used as an internal control. For the construction of a standard
curve, a quantified cDNA (mouse testis-derived Biobank cDNA
purchased from PrimerDesign Ltd, Southampton, UK) was used
as a template for all the primer sets that were assayed and for
b-actin at an initial concentration of 4 ng/ml and three serial
dilutions (1/10, 1/100, and 1/1000).

QPCR data were collected using SDS 2.2 software (Applied
Biosystems), and used to estimate the cycle threshold (Ct) for
each reaction replicate. Once Ct for all replicates was obtained,
analyses were conducted using Qgene software (Muller et al.
2002). Briefly, for each primer combination, the amplification
efficiency (E) was determined as EZ1(K1/slope), where the slope
was estimated by plotting the Ct in a serial dilution of cDNA. To
compare the mRNA levels among different age groups, the
normalized expression (NE) of each target gene (assayed in
triplicates) was related to Actb reference gene expression levels
by the formula: NEZ ðEtargetÞ

Ct target=ðErefÞ
Ct ref. For each gene,

differences in expression levels among the different age
groups were analyzed by one-way ANOVA. Differences
were considered statistically significant at P!0.05.
Immunostaining

Small fraction of cells (500–1000 cells/slide) were attached
on microscope slides using the Cell Adherence Solution
(Crystalgene Inc., Commack, NY, USA), fixed with 4%
paraformaldehyde, and stored at 4 8C until they were used for
immunostaining. The cells were then blocked with 10%
normal donkey serum in 1!PBS and 0.1% Tween-20 for
1 h. The primary antibody, goat anti-GFRA1 (Santa Cruz
Biotechnology Inc.), was diluted at 1:100 in 1!PBS containing
1% BSA and 0.1% Tween-20, and was incubated at 4 8C
www.reproduction-online.org
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for 12 h. The fluorescence-conjugated secondary antibody
(donkey anti-goat FITC, Jackson Immunoresearch, West Grove,
PA, USA) was diluted 1:250 in 1!PBS containing 1% BSA and
0.1% Tween-20, and was incubated at room temperature for
1 h. Nuclei were stained fluorescently with DAPI.
Supplementary data

This is linked to the online version of the paper at http://dx.doi.
org/10.1530/REP-09-0566.
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