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4Department of Obstetrics and Gynecology, McGill University, Montréal, Québec, Canada

ABSTRACT

For decades male germ cells were considered unaffected by
aging, due to the fact that males continue to generate sperm into
old age; however, evidence indicates that germ cells from aged
males are of lower quality than those of young males. The
current study examines the effects of aging on pachytene
spermatocytes and round spermatids, and is the first study to
culture these cells in isolation for an extended period. Our
objective is to determine the cell-specific responses germ cells
have to aging and oxidative insult. Culturing isolated germ cells
from young and aged Brown Norway rats revealed that germ
cells from aged males displayed an earlier decline in viability,
elevated levels of reactive oxygen species (ROS), and increased
spermatocyte DNA damage, compared to young males. Further-
more, oxidative insult by prooxidant 3-morpholinosydnonimine
provides insight into how spermatocytes and spermatids manage
excess ROS. Genome-wide microarray analyses revealed that
several transcripts for antioxidants, Sod1, Cat, and Prdxs, were
up-regulated in response to ROS in germ cells from young males
while being expressed at lower levels in the aged. In contrast,
the expression of DNA damage repair genes Rad50 and Atm
were increased in the germ cells from aged animals. Our data
indicate that as germ cells undergo spermatogenesis, they adapt
and respond to oxidative stress differently, depending on their
phase of development, and the process of aging results in redox
dysfunction. Thus, even at early stages of spermatogenesis, germ
cells from aged males are unable to mount an appropriate
response to manage oxidative stress.
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INTRODUCTION

Advanced paternal age has been overlooked for decades but
is now recognized for the negative impact it has on fertility and
progeny. Many studies provide evidence that as men age the
quality of their germ cells deteriorates, with increasing levels of
DNA damage, resulting in a decline in male fertility [1–5]. By
the time a man reaches 38 yr of age, the spermatozoa he
produces displays on average three-times greater DNA damage
compared to that of a younger man [4]. Increasing concern over

paternal age has largely been due to mounting evidence that the
damage in germ cells of aged men contributes to diseases in
offspring, such as autism [6–8], achondroplasia [9], schizo-
phrenia [10], and attention-deficit/hyperactivity disorder [11].

Paternal aging is associated with abnormal spermatozoal
morphology and motility [12, 13], increased oxidative stress
[14], reduced antioxidant activity [15], and greater spermato-
zoal DNA damage [5, 16]. While evidence suggests that
spermatozoa from aging males display a reduced capacity to
respond to oxidative stress [15, 17], the effects of aging on
germ cells, as they progress through spermatogenesis, is not
known. Moreover, the responses of aged developing germ cells
to oxidative stress remain unclear, and even less is known
about germ cell-specific antioxidant mechanisms that play a
role in aging throughout the process of spermatogenesis.

Spermatogenesis is a highly dynamic process. Spermatogo-
nia undergo several mitotic divisions prior to entering meiosis,
where, as spermatocytes, they undergo two meiotic divisions
that result in the formation of haploid round spermatids.
Spermatids undergo extensive changes including chromatin
condensation and remodeling before being transformed into
spermatozoa. Given the continuous and dynamic nature of
spermatogenesis, germ cells generate copious amount of free
radicals or reactive oxygen species (ROS) as by-products of
cellular metabolism [18, 19]. While a certain quantity of ROS
is essential for normal cellular functions, such as cell signaling,
homeostasis [20], and processes such as capacitation that
allows the sperm to fertilize the oocyte [21], a major problem
arises when ROS are generated in excess. The accumulation of
free radicals can cause extensive damage to macromolecules,
including nucleic acids, proteins, and lipids [22]. Under normal
conditions, cells have sophisticated antioxidant defense
systems [23–25] that work in concert to protect developing
germ cells from exposure to excessive ROS; however, with
aging the natural balance between ROS and antioxidants is
disrupted [17, 25, 26].

Free radicals such as superoxide (�O
2

�) and hydroxyl (�HO)
are generated as by-products of the electron transport chain and
neutralized by cellular antioxidant enzymes. Several antioxi-
dant pathways work together to ensure the management of free
radicals [25–27]. Cytoplasmic antioxidant superoxide dismu-
tase 1 (SOD1) breaks down �O

2

� into hydrogen peroxide
(H

2
O

2
), which can then be further neutralized by enzymes such

as catalase (CAT), peroxiredoxins (PRDXs), glutathione
peroxidases (GPXs), and glutathione S-transferases (GSTs)
[25].

Previous studies have investigated oxidative stress and
aging-associated damage primarily in mature spermatozoa [15,
16] that have undergone compaction and are transcriptionally
and translationally inactive. This makes it critical to examine
germ cells in earlier phases of spermatogenesis to uncover
possible mechanisms responsible for altered germ cell quality
during aging. However, there is limited knowledge in this area,
with few studies investigating the effects of oxidative stress in
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early germ cells such as spermatocytes or spermatids [28, 29],
and fewer still examining germ-cell-specific responses without
supporting Sertoli cells. The presence of Sertoli nurse cells,
which provide nourishment, developmental factors, a protec-
tive barrier, and antioxidants, has masked germ-cell-specific
responses to oxidative stress. Consequently, we established a
novel model for culturing rat germ cells in isolation, which
unlike previous models enables long-term culture of germ cells,
without Sertoli cells, allowing for the study of antioxidant
defenses specific to each germ cell type.

To test the response of germ cells to oxidative stress, it was
essential to expose these isolated and cultured germ cells from
both young and aged rats to an oxidative insult. The prooxidant
3-morpholinosydnonimine (SIN-1) is a nitric oxide donor and
can cause cytotoxic effects on cells [30]; when administered to
cultured cells, it results in the continuous release of radicals:
�O

2

�, �HO, and peroxynitrite (ONOO�). Thus SIN-1 treatment
challenges cells to use their existing antioxidant defenses to
respond and protect themselves from oxidative damage. In
addition to this prooxidant, an antioxidant EUK-134
(chloro([2,20-[1,2-ethanediylbis [fnitrilo-jNg methylidyne]]-
bis[6-methoxyphenolato-jO]])-manganese), hereafter referred
to as EUK, was also administered. This salen-manganese
complex, is a low-molecular-weight synthetic compound that
shows both SOD and CAT activities, catalytically neutralizing
�O

2

� and H
2
O

2
, respectively [31]. EUK was used to investigate

how isolated germ cells respond to antioxidant exposure and
determine whether antioxidant treatment could prevent/allevi-
ate the negative effects of SIN-1 insult on germ cells.

We hypothesize that germ cells from aged males respond to
oxidative stress less effectively and display greater difficulty in
removing damaging ROS than those from young males,
rendering germ cells from older males more susceptible to
DNA damage. Furthermore, this model will provide a clearer
understanding of aging-related germ cell-specific alterations in
antioxidant status and the mechanisms activated in response to
oxidative stress.

MATERIALS AND METHODS

Animals

Male Brown Norway rats of 4 and 18 mo of age (6 animals per group) were
maintained on a 12L:12D cycle; food and water were provided ad libitum.
Young rats (4-mo-old) were purchased directly from Harlan (Indianapolis, IN),
while aged rats were purchased from Harlan via the National Institute of Aging
(Bethesda, MD). Eighteen months of age is the time point just prior to the onset
of germ cell loss and testicular atrophy [28, 29]. All animal handling and care
was done in accordance with the guidelines established by the Canadian
Council of Animal Care (McGill Animal Resources Centre Protocol # 4687).

Cell Isolation and Separation

Each rat was checked for the presence of regressed testes (,1.4g); only
those rats that did not have regressed testes were used in this study.
Spermatogenic cells were obtained through cell separation using the STA-PUT
velocity sedimentation technique as described by Bellvé et al. [32] and
modified by Aguilar-Mahecha et al. [28]. Briefly, the tunica albuginea was
removed along with any large blood vessels; the parenchyma was subjected to
enzymatic digestion at 348C first with 0.5 mg/ml collagenase (Sigma Aldrich
Canada, Oakville, ON, Canada) for 12 min in continuous agitation (120 cycles/
min). This was followed by sedimentation and washing with 0.5 mg/ml trypsin
(Type I, T8003; Sigma, St. Louis, MO) and DNase I (Type I, DN-25; Sigma)
for 16 min. After dissociation, cells were filtered through a nylon mesh (70 lm)
and washed with RPMI (RPMI medium 160; Invitrogen, Burlington, ON,
Canada) containing 0.5% bovine serum albumin (BSA). Cells were centrifuged
and filtered (50 lm), and 5.6 3 108 cells in 25 ml of 0.5% BSA/RPMI were
loaded into the velocity sedimentation apparatus (STA-PUT; Proscience, Don
Mills, ON, Canada) and separated on a 2%–4% BSA gradient in RPMI by
sedimentation at unit gravity. Fractions of pachytene spermatocytes and round

spermatids were identified by phase contrast microscopy. Fractions with an
average purity of . 85% (not less than 83%) were pooled.

Long-Term Culture of Isolated Germ Cells

Isolated pachytene spermatocytes, round spermatids, and elongated
spermatids were seeded onto 96-well culture plates (250 000 cells/well) in
5% CO

2
at 328C, in phenol-red-free media supplemented with 5% fetal bovine

serum (Sigma Aldrich) adapted from La Salle et al. [33]. Cultured cells were
photographed at various time points from 0 to 48 h following isolation (T0–
T48). Following each time point, aliquots of cells were collected, pelleted, and
stored at �808C until use.

Prooxidant and Antioxidant Drug Treatments

Isolated germ cells were treated with the following drugs: SIN-1 (Sigma
Aldrich Canada) and EUK (Cayman Chemicals, Ann Arbor, MI). Isolated germ
cells were treated with either media-only (controls) or 1 mM SIN-1 for 4 h with
additional treatment groups pretreated 30 min prior to prooxidant treatment
with 10 mM EUK (Table 1 and Supplemental Fig. S1; Supplemental Data are
available online at www.biolreprod.org). Following each treatment, an aliquot
of cells were collected, pelleted, and stored at �808C until use.

The drug concentrations were chosen according to previous studies [34–36]
and preliminary dose-response trials that indicated that a minimum of 1 mM of
SIN-1 was required to induce a ROS response without obvious signs of toxicity
in cultured germ cells; 1 mM SIN1-1 was previously used [34] and shown to
induce minimal lethality in cell lines [35, 36]. EUK-134 concentration of 10
mM was chosen to pretreat several groups of cultured germ cells because this
dose was previously shown to both alleviate ROS in vitro [37] and increase
longevity in vivo [38]. The window of treatment was chosen based on the
unaltered viability from T13–T17 in all cultured primary cells from both young
and aged rats.

Viability Assessment

Isolated and cultured pachytene spermatocytes and round spermatids were
assessed for viability using trypan blue exclusion from T0, when the cells were
plated to T48 (48 h from plating), and following treatments.

High Content Screening: Cellular ROS and Apoptosis
Analysis

Following culture and treatment, aliquots of isolated cells were incubated in
the nuclear stain Hoechst (2,50-bi-1H-benzimidazole, 20-[4-ethoxyphenyl]-5-[4-
methyl-1-piperazinyl]; Invitrogen, Burlington, ON) and flurogenic probe
CellROX DeepRed Reagent (Invitrogen) for 30 min at 328C; following
incubation, cells were washed in media and CellEvent Caspase-3/7 Detection
Reagent (which detects activated caspase-3 and caspase-7) was added, and the
cells were transferred to a 96-well Cell Carrier (PerkinElmer, Woodbridge, ON)

TABLE 1. List of treatment groups.

Treatment
groups* Treatment details Treatment descriptions

T0 0 h Cells analyzed after isolation
Control (media only)

T13 13 h Cells analyzed at beginning of
treatment

Control (media only)
T17 17 h Cells analyzed at end of treatment

Control (media only)
SIN-1 17 h Cells treated with prooxidant

1 mM SIN-1 (4 h)
EUK 17 h Cells pretreated with antioxidant

10 mM EUK (30 min)
Media only (4 h)

SIN-1þEUK 17 h Cells pretreated with antioxidant
and then treated with prooxidant

10 mM EUK (30 min)
1 mM SIN-1 (4 h)

* SIN-1, 3-morpholinosydnonimine; EUK, chloro([2,20-[1,2-ethanediylbis
[fnitrilo-jNg methylidyne]]bis[6-methoxyphenolato-jO]])-manganese.
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plate with an optically clear bottom. The plate was centrifuged at 1200 rpm at
48C for 5 min and immediately scanned by the Operetta HTS imaging system
(PerkinElmer, Woodbridge, ON, Canada) at 403 magnification with 11 fields
of view/well. Image analysis was done with Columbus 2.2 software
(PerkinElmer) where mean per well data were calculated, and the software
was used to analyze and quantify both cytoplasmic ROS and nuclear caspase3/
7 (for apoptosis) in both isolated cell types.

Meiotic Spreads

At the end of each time point and for each treatment, pachytene
spermatocytes were dropped using a pipette onto glass slides from a height
of ;20 cm. Two drops of 0.05% Triton X-100 (in distilled H

2
O) were added to

each slide for 10 min at room temperature followed by eight drops of fixative
(2% formaldehyde, 0.02% SDS, pH 8.0) per slide and incubated for 1 h in a
humidified chamber. The slides were dipped briefly six times in distilled-H

2
O

and allowed to air dry for 5 min before storing at �208C until use.

Spermatocyte DNA-Damage Detection: Meiotic Spread
Immunofluorescence

Following DNA double-strand breaks (DSBs), histone H2AX becomes
phosphorylated at serine 139 forming c-H2AX foci that then prompt cellular
responses for DNA repair [39]. c-H2AX has been well characterized in male
germ cells [39, 40] and visualized in meiotic spread where they appear
normally in the sex-body of pachytene spermatocytes (see Fig. 7A). To
visualize and be able to quantify c-H2AX foci on chromosome spreads, we
used an antibody to detect synaptonemal complex protein 3, (SYCP3), a
component of mammalian meiotic chromosome cores [41, 42].

The slides were defrosted by washing in PBS for 5 min and blocked with
blocking buffer (5% goat serum, 0.5% BSA, and 0.1% Tween-20) for 1 h at
room temperature. The primary antibodies anti-SYCP3 mouse monoclonal
(1:400; Abcam, Cambridge, MA) and anti-gamma H2AX (an active component
of the DNA damage response [43]) rabbit polyclonal (1:200; Upstate
Biotechnology, Charlottesville, VA) were diluted in blocking buffer and
incubated overnight in a humidified chamber at 368C. After three 5-min washes
in PBS, the secondary antibodies (goat anti-mouse Alexa-546 and goat anti-
rabbit Alexa-488, both 1:200; Molecular Probes, Invitrogen) were applied and
incubated for 1 h at room temperature. Following three further washes in PBS,
slides were incubated with 4 0,6-diamidino-2-phenylindole nuclear stain
(Sigma) at 1:1000 in PBS for 10 min before two final PBS washes. Finally,
the slides were mounted in Vectashield mounting medium (Vector Laborato-
ries, Burlington, ON). Images were taken using a multiphoton Leica TCS SP8
MP microscope. Blind counts of the number of foci falling on the synaptonemal
complexes were done for at least 50 pachytene spermatocytes from each rat.

RNA Extraction and Microarray

Total RNA was extracted from the pachytene spermatocyte and round
spermatid fractions (;1 3 106 cells) using TRIzol (Invitrogen), and RNA was
cleaned-up using RNeasy kit columns (Qiagen, Mississauga, ON, Canada). The
RNA concentration was determined using a Nanodrop 2000 (Nanodrop
Technologies, Wilmington, DE) and quality assessed using a Bioanalyzer 2100
Expert (Agilent Technologies, Santa Clara, CA). Gene expression analysis was
done using Agilent SurePrint G3 Rat GE 8x60K Microarray Kit. RNA (50 ng)
was reverse transcribed, and the cRNA was labeled and then hybridized onto
the microarray according to the manufacturer’s instructions (Agilent Technol-
ogies: One-Color Microarray-Based Gene Expression Analysis Protocol). The
raw data obtained were quantile shift normalized (Genespring v11.0, Agilent
Technologies). All data were placed in GEO (Accession No. GSE66976,
National Center for Biotechnology Information). Statistical significance
between the groups was tested by two-way-ANOVA using a P-value of ,

0.05 and the Benjamini-Hochburg post hoc test. Probe sets that were
significantly altered were further filtered using a minimum 2-fold difference.

Real-Time Quantitative Reverse Transcriptase-PCR

RNA was diluted to a working concentration of 2 ng/ll, and RT-PCR was
done using Power SYBR Green RNA-to-C

T
1-Step Kit according to the

manufacturer’s instructions on OneStepPlus Real-Time PCR System (Applied
Biosystems). PCR thermal cycling parameters were: 408C for 30 min and 958C
for 5 min (one cycle), 958C for 15 sec, and 608C for 30 sec (40 cycles).
Standard curves were generated using 0.1, 1, 10, and 100 ng/ml of RNA from a
control young mixed-germ cell sample in each run for quantification. RT-PCR
primers (Table 2) were ready-made Quantitect Primers (Qiagen) and those for
Rn18s were designed using Primer3 software (http://frodo.wi.mit.edu) and

provided by Alpha DNA (Montreal, QC; forward primer 50-CCTCCAATG
GATCCTCGTTA-30; reverse primer 50-AAACGGCTACCACATCCAAG-30).
The expression levels of all genes of interest were corrected using an
endogenous control, 18S rRNA; the relative ratio of mRNA expression of the
samples was determined. The results shown are the means from four rats per
group with each standard and sample being analyzed in duplicate.

Statistical Analyses

Results are expressed as means and standard errors of the mean. The
statistical tests used were: two-way ANOVA with Bonferroni multiple
comparison test (see Figs. 1, 10, and 11), one-way ANOVA with Bonferroni
multiple comparisons test (see Fig. 2), Student t-test (see Figs. 3–6), Kruskal-
Wallis with Dunn multiple comparisons test (see Figs. 7 and 8), two-way
ANOVA with Benjamini-Hochberg correction and Bonferroni multiple
comparison test (see Fig. 9). All analyses were done using GraphPad Prism
version 5 (Graph Pad Software Inc., San Diego, CA).

RESULTS

Decreased Survival of Aged Germ Cells in Long-Term
Culture

When first isolated, spermatocytes appeared spherical with
fairly large nuclei that contained dense aggregates. As they
progressed through time in culture, projections extended from
the spermatocytes, and the cells became more sickle in shape
from T4–T21, with dying cells and debris detected from T24–
T48 (Fig. 1A). Isolated spermatocytes from either young or
aged males display no significant difference in viability from
T0–T17. By T21 the viability of spermatocytes from aged rats
began to decline, and from T24–T48 their viability dropped
steeply to below 50%, while viability of spermatocytes from
young rats remained significantly higher at T24–48 (Fig. 1B).

Round spermatids appeared perfectly spherical with well-
defined nuclei. As they progressed through time in culture, the
nucleus moved from a centered to an apical position in the
cells, and very small projections were observed from T8–T24
(Fig. 1C). Isolated round spermatids displayed no age-related
decline in viability until T21, and a steady decline was further
observed in spermatids from aged rats compared to those from
young rats (Fig. 1D). Isolated elongated spermatids showed a
rapid decline in their viability by T4, which continued to drop
to levels below 70%, and 50% by T13 in elongating spermatids
from young and aged rats, respectively (Supplemental Fig. S2).
Due to their low viability, the culture of elongated spermatids
was discontinued.

Prooxidant SIN-1 Significantly Decrease the Viability of
Spermatids of Aged Animals

The sites of action of SIN-1 and EUK are shown in Figure
2A. Administration of 1 mM SIN-1 induced similar significant
decreases in viability of pachytene spermatocyte from young
and aged animals (Fig. 2B). EUK-only treatment showed no
effect, while the SIN-1 treatment effect was completely
prevented by pretreatment with EUK (Fig. 2B).

SIN-1 administration induced a significant decrease in the
viability of round spermatids from both young and aged
animals. Round spermatids from aged animals displayed a
significantly lower viability following SIN-1 treatment when
compared to that of young animals (Fig. 2C).

Elevated ROS in Isolated and Cultured Germ Cells of Aged
Animals

At both T13 and T17, pachytene spermatocytes from aged
animals show significant increases in ROS when compared to
those from young animals (Fig. 3A), with representative live-
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cell images displaying the cytoplasmic ROS (red) quantified
(Fig. 3C). Similarly, round spermatids from aged animals
display increased ROS in culture at T13 and T17 when
compared to those from young animals (Fig. 3, B and D).

Pachytene spermatocytes of young animals generate ROS
above control levels following SIN-1 and SIN-1þEUK

treatment, while with EUK-only, ROS levels remain at control
levels. Spermatocytes from aged animals show ROS levels
constantly higher than control levels (Fig. 4; orange dotted
line—untreated cells collected at T17). Age-related effects
were observed with EUK-only pretreatment, showing that
spermatocytes from young rats respond to EUK pretreatment

FIG. 1. The viability of isolated male germ cells with increasing time in culture. Morphology of cells through time in culture is shown with phase-contrast
images of spermatocytes (A) and spermatids (C) in culture. Bar¼25 lm. The viability of cultured isolated spermatocytes (B) and round spermatids (D) from
young and aged animals are plotted from 0 to 48 h. Error bars represent the SEM (n¼ 5–8); two-way ANOVA, Bonferroni post hoc test, *P , 0.05; **P ,

0.005.
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with control levels of ROS while EUK does not decrease the
high ROS levels measured in spermatocytes from aged rats
(Fig. 4, A and C).

Round spermatids from young and aged animals show
ROS levels falling below control levels following SIN-1
treatment, with age-related effects observed with EUK-only
treatment in which spermatids from young animals show
control-level ROS while EUK does not affect the high levels
of ROS measured in aged animal spermatids. Increased ROS,
above control levels, is detected with the SIN-1þEUK
treatment in spermatids from both young and aged animals

(Fig. 4, B and D). EUK may reduce/down-regulate the natural
cellular antioxidants in round spermatids, thus leaving the
round spermatids from aged animals unable to reduce ROS
following exposure to EUK.

Increased Apoptosis in Isolated and Cultured Germ Cells
from Aged Animals

Apoptosis levels were determined by measuring the mean
intensity of activated nuclear caspase3/7 per cell. Analyses of
both mean caspase3/7 nuclear intensity per cell per sample
(Fig. 5), and the percentage of apoptotic cells with nuclear
intensity above a set threshold (Supplemental Fig. S3), were
determined. Staurosporine treated positive control samples
displayed significantly high levels of apoptosis versus T13
and T17 (Fig. 5, A and B, and Supplemental Fig. S3, A and
C).

With increasing time in culture from T13 to T17, there
were no significant differences between levels of apoptosis in
spermatocytes (Fig. 5, A and C) and in spermatids (Fig. 5, B
and D). While the percentage of apoptotic cells was unaltered
from T13 to T17, a significantly higher percentage of
apoptotic spermatocytes were detected in aged versus young
animals (Supplemental Fig. S3A). SIN-1 treatment did not
have any significant effects on apoptosis levels in spermato-
cytes or spermatids from either young or aged animals (Fig,
6). However, further analyses of the results support out earlier
viability data (Fig. 2C) with spermatids from aged rats
showing a significantly increased percentage of apoptotic
cells (Supplemental Fig. S3A) following SIN-1 treatment.
Moreover, the combined stress of age and SIN-1 treatment is
most evident in the percentage of apoptotic spermatids from
aged animals.

Increased DNA Damage in Spermatocytes of Aged Animals

At T0, spermatocytes from both young and aged animals
show no significant difference in DNA damage. With
increasing time in culture, spermatocytes from young animals
show a trend of gradual increase in mean c-H2AX foci per
spermatocyte from T13 to T24, and this trend plateaus from
T24 to T48 (Fig. 7, A and B). In aged animals, spermatocytes
show a dramatic increase in mean c-H2AX foci per
spermatocyte with prolonged time in culture from T13 to
T48 (Fig. 7, A and B). Age effects are observed, with
spermatocytes showing significantly increased foci at T13 and
T48 in aged animals versus young.

SIN-1 Significantly Increases DNA Damage in
Spermatocyte of Aged Animals

A significant age effect was observed with increased c-
H2AX foci in the control (T17) samples of the aged animals
versus the young (Fig. 8). SIN-1 treatment increased the mean
c-H2AX foci per spermatocyte in young animals by 5.8-fold
compared to controls from young animals, and in aged animals
by 5.5-fold compared to controls from aged animals.
Furthermore a significant age effect was observed with
spermatocytes from aged animals showing 1.4-fold increase
in c-H2AX foci following SIN-1 treatment versus their
counterparts from young animals (Fig. 8). EUK-only-treated
spermatocytes of both young and aged rats displayed control
levels of c-H2AX foci, while SIN-1þEUK treatment showed
that pretreatment with EUK inhibited the SIN-1 induced
formation of high numbers of c-H2AX foci in both young and
aged animals.

FIG. 2. The viability of isolated and cultured germ cells following in vitro
prooxidant and antioxidant treatments. A schematic displays the
mechanisms of action by prooxidant SIN-1 and antioxidant EUK (A).
The control viabilities from T0–T17 show no changes (data not shown);
T17 values are shown as controls. SIN-1 reduces viability in both
spermatocytes (B) and spermatids (C) versus controls. Error bars represent
the SEM (n ¼ 5–8); one-way ANOVA with Bonferroni multiple
comparisons test; n ¼ 6; **P , 0.001; ***P , 0.0001.
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Genome-Wide Analysis Identifies Cell-Specific Regulation
of Antioxidants and DNA-Damage Responses to Oxidative
Stress and Aging

We assessed the impact of SIN-1 and EUK treatments on
isolated and cultured germ cells from young and aged animals
by examining genome-wide changes in transcript expression.
Principle component analysis (PCA) was used to reduce the
dimensionality of the gene expression data sets (n ¼ 4–5) and
make easier discernment between the general relationships of
groups (Fig. 9). A mixed germ cell (MGC) fraction consisting
of cells collected prior to germ cell separation was used as a
control sample loaded on each microarray slide to account for
slide to slide variation. From the PCA, it was clear that the
spermatocytes, round spermatids, and MGC controls had
distinct gene-expression signatures and occupied different
spaces within the PCA plot (Fig. 9A). Further analysis between
spermatocytes from young and aged animals also showed
distinct gene expression signatures between the two groups
(Fig. 9B), and similar distinct spaces within the PCA plot were
observed for round spermatids from young and aged animals
(Fig. 9C).

Microarray analyses indicated that 2123 transcripts were
significantly changed by at least 2-fold in spermatocytes during
aging (Fig. 10A), with 245 transcripts being exclusively altered
in spermatocytes of young rats, while 122 were altered in
spermatocytes of aged rats (Fig. 10A). In spermatids, 1930

transcripts were altered in response to aging (Fig. 10B), with 52
being expressed exclusively in spermatids from young animals
and 130 in spermatids of aged rats (Fig. 10B). The genes were
clustered into groups to identify which transcripts were
exclusively expressed in each treatment group for spermato-
cytes (Fig. 10, C and D) and spermatids (Fig. 10, E and F).
Further analyses of these . 2-fold significantly altered
transcripts indicated that 59 transcripts were exclusively
detected in the control group of spermatocytes of young
animals, while 48 transcripts were detected in spermatocytes
from aged animals (Fig. 10, C and D). In spermatids, 218
transcripts were exclusively detected in the control group from
young animals, and 58 transcripts were detected in the control
groups of aged animals (Fig. 10, E and F). In response to SIN-1
treatment in spermatocytes, four transcripts were exclusively
detected in young animals, while 237 transcripts were detected
in aged animals. Spermatids in contrast expressed 124
transcripts in response to SIN-1 treatment in young animals
and 264 transcripts in aged animals (for a complete list of genes
see Supplemental Table S1). EUK treatment induced 161
transcripts exclusively in spermatocytes of young animals and
77 transcripts in aged animals, while spermatids treated with
EUK expressed 18 transcripts exclusively in young animals,
and 63 transcripts in aged animals. Finally, the combined SIN-
1þEUK treatment induced 156 transcripts in spermatocytes
from young animals and 18 in aged animal spermatocytes, with

FIG. 3. The mean ROS intensity measured in isolated and cultured male germ cells. The mean ROS intensity measured at T13 and T17 in spermatocytes
(A) and spermatids (B), with representative images of spermatocytes (C) and spermatids (D) from young and aged animals. The images show ROS detected
with CellROX DeepRed Reagent as a red cytoplasmic fluorescence and nuclei visualized using Hoechst (blue). Error bars represent the SEM; Student t-test;
n¼ 4–6; *P , 0.05, **P , 0.01. Bar ¼ 25 lm.
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spermatids expressing 105 and 96 transcripts in young and
aged animals, respectively.

Analyses of the microarray yielded groups of both
antioxidants and DNA repair molecules that were significantly
altered between groups our treatment groups, we chose to
validate the expression of those genes that displayed significant
. 2-fold differences. The microarray results were validated
using quantitative reverse transcriptase-PCR (qRT-PCR) (Ta-
ble 2). While the antioxidants Cat and Prdx3 and 6 were highly
expressed in pachytene spermatocytes, higher expression of
Sod1 and Prdx4 was detected in round spermatids (Fig. 11).
Age had significant effects on the expression of antioxidants,
with lower expression of Sod1, Cat, and Prdx3 and 4 observed
in the spermatocytes from aged animals versus young. SIN-1
treatment maintained this observed age effect, and in the case
of certain antioxidants further decreased antioxidant expression
(Sod1, Prdx4) in the spermatocytes from aged animals. EUK
treatment did not alleviate the drop in antioxidants observed in
spermatocytes from aged animals; however, minor effects of
EUK treatment were noticed with Cat and Prdx3. The
expression of which was increased in both EUK and SIN-

1þEUK treated groups of spermatocytes from aged animals
(Fig. 11, C and E).

In round spermatids, the antioxidants Sod1 and Prdx3, 4,
and 6 showed a trend to be higher in aged animals compared to
young ones (Fig. 11. B, F, H, and J). SIN-1 treatment of round
spermatids uniformly resulted in decreased Cat in young and
aged animals, and this drop was not observed with EUK
pretreatment, which kept expression of Cat at control levels,
while the SIN-1þEUK treatment prevented the SIN-1-induced
drop in Cat expression (Fig. 11D). In response to SIN-1
treatment, Sod1 is decreased in spermatids of young animals,
while it remains at high levels in aged animals (Fig. 11B). EUK
treatment causes increased expression of Sod1, while SIN-
1þEUK treatments result in Sod1 at control levels of
expression, thus indicating EUK treatment prevents SIN-1
induced drop in Sod1 in spermatids of young animals (Fig.
11B).

In addition to antioxidant transcripts, several DNA-damage
response components were significantly altered in expression
with both age and treatment. In aged animals, pachytene
spermatocytes showed a trend to have higher Rad50 expres-
sion. Rad50, a structural maintenance protein and essential for

FIG. 4. The mean ROS intensity measured in isolated and cultured male germ cells following in vitro treatments. Mean ROS intensity measured in
spermatocytes (A) and spermatids (B) from young and aged animals treated with SIN-1, EUK, and SIN-1þEUK. The orange dotted line represents control
levels of ROS from untreated cells T17 (end time for all treatments). The representative images display spermatocytes (C) and spermatids (D) from young
and aged animals with CellROX DeepRed Reagent indicating cytoplasmic ROS (red) and nuclei visualized with Hoechst (blue). Error bars represent the
SEM; Student t-test; n ¼ 4–6; *P , 0.05, **P , 0.01. Bar¼ 25 lm.
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the repair of DSBs [44], was significantly increased only in
spermatocytes of aged animals with SIN-1 treatment, and the
expression of Rad50 was also high in EUK treated and SIN-
1þEUK treated spermatocytes of aged animals (Fig. 12A). In
addition, Ataxia-telangiectasia mutated (Atm), a DNA damage
sensor that activates signaling upon detection of DSBs/
apoptosis/genotoxic stress [45, 46], was highly up-regulated
in spermatocytes from aged animals. SIN-1 administration
causes down-regulation of Atm in spermatocytes of aged
animals, but EUK and SIN-1þEUK show no significant age-
related effects on Atm expression (Fig. 12C). 8-Oxoguanine
DNA glycosylase (Ogg1), a DNA repair enzyme responsible
for the excision of mutagenic bases by-product (8-oxoguanine)
that is a result of exposure to ROS [47], was significantly lower
in expression in SIN-1 treated spermatocytes of young animals
than in those of aged ones. EUK treatment reduced Ogg1
expression in spermatocytes of both young and aged animals
(Fig. 12G).

In round spermatids Rad50 and Atm were only dramati-
cally up-regulated in the SIN-1 treated spermatids of aged
animals (Fig. 12, B and D), with EUK and SIN-1þEUK
treatments reducing this expression to near control levels.
SIN-1 treatment down-regulates Ogg1 expression in sperma-
tids from young animals (Fig. 12H). A particular DNA-repair
component highly expressed in round spermatids is apurinic/
apyrimidinic endodeoxyribonuclease (Apex1), which encodes
a protein that plays a key role in repairing single-strand breaks

in response to ROS [48]. While spermatids from aged animals
show a trend to have higher Apex1 than those of young
animals, with SIN-1 treatment, Apex1 is increased in
spermatids from aged animals and decreased in spermatids
of young animals, resulting in a highly significant age effect
(Fig. 12F). Furthermore, X-ray repair complementing defec-
tive repair in Chinese hamster cells 1 (Xrcc1) encodes a
protein involved in repair of DNA strand breaks [49]; with
SIN-1 treatment, it is highly increased in round spermatids
from aged, but not young animals (Fig. 12J).

DISCUSSION

Aging reproductive tissues display lower levels of antiox-
idants [15, 50, 51] and higher levels of ROS [15]; this
imbalance contributes to increased cellular damage and other
detrimental effects observed with aging. Previous studies have
identified the susceptibility of spermatozoa to oxidative stress
[52] and the altered DNA repair in pachytene spermatocytes
[29] of aged animals; however, the distinct mechanisms that
spermatocytes and spermatids use to respond to oxidative stress
had previously not been investigated.

The present study analyzed young (4 mo) and aged (18 mo)
isolated rat spermatocytes and spermatids, and found that germ
cells isolated from young animals survived in culture for longer
periods than those from aged animals, while elongated
spermatids displayed very poor viability in culture (Supple-
mental Fig. S2). In aged animals, spermatocytes and round

FIG. 5. The mean apoptotic signal measured in isolated male germ cells with increasing time in culture. The mean apoptotic nuclear intensity (indicative
of activated caspase 3 and caspase 7) in spermatocytes (A) and spermatids (B) from young and aged animals at T13 and T17, with staurosporine treated
cells as a positive control for nuclear apoptotic intensity. The corresponding images show spermatocytes (C) and spermatids (D) with probe CellEvent
Caspase 3/7 appearing as a nuclear fluorescent signal and nuclei visualized using Hoechst (blue). Error bars represent the SEM; Student t-test; n¼ 4–6;
***P , 0.0001. Bar ¼ 25 lm.
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spermatids showed higher levels of ROS, with increased DNA
damage in spermatocytes (Fig. 7). Validation of genome-wide
antioxidants and DNA-repair components, following treatment
of these isolated and cultured germ cells with prooxidant SIN-1
and antioxidant EUK, identified the round spermatids of aged
animals as less capable of managing redox status following
oxidative insult (Figs. 11 and 12).

While this newly established long-term culture of isolated
spermatids and spermatocytes are useful models, both the
strengths and limitations of this method should be considered.
In this culture system, nonadherent germ cells are cultured,
free-floating, without the aid of supporting cells/gel-matrix,
which adds physical strain on the cells (normally supported by
Sertoli cells in vivo). However, the culture of these germ cells
in the absence of supporting cells was critical to understand
germ cell-specific responses to oxidative stress that can be
masked by other cells. Moreover, the culture of primary cells
differs significantly from that of immortalized cell lines, as
cultured primary cells do not have to adapt to the transforma-
tion vectors for immortalization and display greater variation
from animal to animal, as seen with our viability data (Figs. 1
and 2).

Additional strain on the cells cultured in this study can be
attributed to high oxygen tension. It should be noted that while
most cells are cultured under ambient oxygen tension (21%), it
has been suggested that the physiological oxygen tension for
cells in vivo may be as low as 2%–10% [53]. This commonly
used oxygen tension can be an additional oxidative stressor and

even cause cells to undergo premature aging [53–55]. Although
all of our cells were exposed to the same oxygen tension, it is
possible that aged cells may be further affected by oxidative
stress generated by high oxygen tension.

Since spermatocytes are transcriptionally active cells, we
expected a robust response from these cells towards
oxidative stress, while round spermatids were expected to
display a minimal response to oxidative insult because they
are further along the trajectory to differentiating into more
specialized spermatozoa. In addition, previous studies
showed round spermatids had relatively few oxidative
stress-related transcripts altered as a consequence of aging
[29]. However, in the current study where isolated round
spermatids were cultured, we identified a clear response of
these germ cells to oxidative insult. Given that antioxidants
work together in concert to neutralize ROS, the effect of
SIN-1 induced oxidative stress on the expression of major
antioxidant Sod1 and the downstream antioxidant Cat had to
be examined together. SIN-1 treatment had a clear effect
decreasing Cat expression in round spermatids regardless of
the age of the animals, with this decrease being prevented
with EUK (Fig. 11D). Previous observations in bovine liver
homogenate have reported SIN-1 induced reduction of CAT
enzymatic activity in a concentration-dependent manner [56].
Moreover, cytotoxicity studies show that SIN-1 induced
endothelial cell death was reduced following administration
of CAT [57].

FIG. 6. The mean apoptotic signal measured in isolated and cultured male germ cells following prooxidant and antioxidant treatment. The mean
apoptotic nuclear intensity is shown in spermatocytes (A) and spermatids (B) from young and aged animals following treatment with SIN-1, EUK, and SIN-
1þEUK. The orange dotted line represents control levels of apoptotic signal intensity measured from untreated cells T17 (end time for all treatments). The
corresponding images show spermatocytes (C) and spermatids (D) with probe CellEvent Caspase 3/7 appearing as a nuclear fluorescent signal and nuclei
visualized using Hoechst (blue). Error bars represent the SEM; Student t-tests; n ¼ 6; *P , 0.05, **P , 0.01. Bar¼ 25 lm.
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Taken together, these data suggest that round spermatids

from young animals respond to oxidative insult via regulation

of Sod1 and Cat, but that in aged animals, these cells are unable

to mount the same response. More specifically, in round

spermatids SIN-1 treatment results in the down-regulation of

Cat and decrease in CAT activity responsible for mopping-up

H
2
O

2
generated by SOD1 activity. Spermatids of young

animals respond to SIN-1 stress by reducing Sod1, and the

FIG. 7. DNA damage in isolated spermatocytes through time in culture. Meiotic spreads from young and aged animals showing c-H2AX foci (green) on
the synaptonemal complex marked with SYCP3 (red) in pachytene spermatocytes from T0 to T48 (A). Kruskal-Wallis with Dunn’s multiple comparisons
test (B); n¼ 6; *P , 0.05, ***P , 0.0001. Bar ¼ 10 lm.

TABLE 2. List of primers.

Gene Accession no. or sequence Quantitect primer no. or sequence

Sod1 NM_017050 QT00174888
Catalase NM_012520 QT00182700
Prdx2 NM_017169 QT00181496
Prdx3 NM_022540 QT00179375
Prdx4 NM_053512 QT00186123
Prdx6 NM_053576 QT01745765
ATM NM_001106821 QT01605072
Ogg1 NM_030870 QT00186641
Rad50 NM_022246 QT00191058
Apex1 NM_024148 QT00183281
Xrcc1 NM_053435 QT00186081
Rn18S S: CCTCCAATGGATCCTCGTTA* AS: AAACGGCTACCACATCCAAG*

* S, sense; AS, antisense.
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generation of H
2
O

2
in the cell, to cope with the SIN-1 induced

reduction of Cat. In contrast, spermatids of aged animals
continue to express high levels of Sod1, resulting in a
combination of high Sod1 and low Cat. This suggests
excessive H

2
O

2
, increased ROS-induced damage, and redox

imbalance in the spermatids of aged animals. These conclu-
sions are supported by studies of ATM-null mice, in which a
decrease in CAT and elevated SOD2 led to progressive
deterioration of the redox balance [58]. However, like all
biological systems, there are compensatory mechanisms that
come into effect; in this case our data suggests Prdxs could be
compensating for the reduced Cat.

Several Prdxs were significantly altered with Prdx3, Prdx4,
and Prdx6 being increased in SIN-1 treated spermatids of aged
animals when compared to young animals. These elevated
Prdxs may reflect a compensatory mechanism in response to
the SIN-1 induced down-regulation of Cat, and subsequent
redox imbalance. The high expression of Prdx4 in round
spermatids when compared to that of spermatocytes can be
attributed to its role in acrosome formation [59]; however, there
is speculation that certain isoforms of Prdx4 in sperm play a
role in antioxidant defenses [60]. The most compelling
evidence for the critical antioxidant role of these Prdxs is
revealed through their null mutation mouse models. Prdx3�/�

and Prdx6�/� have increased susceptibility to oxidative stress,
and most Prdx4�/� have severely reduced testis weight, testis
atrophy, and as a result, sterility [61].

While our previous studies have shown altered regulation
of DNA repair in spermatocytes of aged rats [29], this is the
first study to show evidence of altered DNA repair in
spermatids of aged rats in response to stress. This evidence
provides additional support to indicate that a redox dysfunc-
tion is observed in round spermatids of aged animals that
show increased expression of Rad50 and Atm following SIN-

1 treatment. Considering that Atm is activated by oxidative
stress and in the presence of DSBs [45, 62], the complex
interplay of antioxidants and DNA repair pathways suggests
that as aging disrupts one pathway it will inevitably affect the
other. Atm-null mice suffer from increased oxidative damage
mediated by nitric oxide (NO) [58], as NO readily reacts with
�O

2

� resulting in the formation of a highly toxic oxidant
ONOO� [63]. The high expression of Atm observed in SIN-1
treated spermatids from aging animals suggests that the
generation of ONOO� within these spermatids could be
contributing to the decrease in viability (Fig. 2) and
stimulating the increase of Prdxs.

Additional repair components Xrcc1 and Apex1, involved in
the non-homologous end-joining pathway and repair of DNA
damage associated with oxidative stress [64], respectively, are
up-regulated in SIN-1 treated spermatids from aged animals,
but remain low in young animals. Xrcc1 is involved in DNA-
repair in mouse round spermatids [49]; our data suggest that
this is a major mechanism by which spermatids may respond to
oxidative stress. Spermatids are known to repair slowly in
comparison to other germ cells [49], and the non-homologous
end-joining pathway is an error prone process [47]. Therefore
the repair of damage is often incomplete, and, since the process
of apoptosis is not activated to eliminate these damaged germ
cells, the resulting damage can be transmitted to the next
generation.

Complementing these results is Ogg1, a DNA glycosylase
that excises the most frequent mutagenic oxidative base lesion,
which shows decreased expression in spermatids from young
animals while it remains high in aged animals. These results
corroborate previous studies [29] and suggest that increased
and excessive DNA damage in spermatids of aged animals
results in a greater demand for repair in aged versus young in
spermatids.

FIG. 8. DNA-damage in isolated spermatocytes after prooxidant and antioxidant treatment. Representative images of foci next to y-axis display c-H2AX
foci in spermatocytes. Graphs shows mean c-H2AX foci per spermatocyte from young and aged animals following SIN-1, EUK, and SIN-1þEUK
treatments. Kruskal-Wallis with Dunn multiple comparisons test; n ¼ 6; *P , 0.05, ***P , 0.0001. Bar ¼ 10 lm.
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These data suggest that spermatids from aged animals do
not cope with oxidative stress as effectively as spermatocytes
from young animals. The compounded effects of age with

administered oxidative stress exacerbate the limited antioxidant
response of spermatids. These finding have also made clear that
certain antioxidants are highly expressed in round spermatids,

thus indicating that early germ cells without the support of
Sertoli cells can mount cell-specific responses to oxidative
stress.

In conclusion, our results demonstrate that increased
oxidative stress, defined as increased ROS and decreased
antioxidant defenses, are observed in isolated and cultured

pachytene spermatocytes and round spermatids of aged
animals. Furthermore, we show that these cells can mount
their own response to an administered oxidative insult in

culture, both in terms of antioxidant production and DNA
damage repair activation. The method of isolated germ cell
culture we have established in this study has also allowed us

FIG. 9. Principle component analysis (PCA) showing the distribution of samples on a three-dimensional plot. All groups of samples show clear
distinctions with mixed germ cell (MGC) controls, spermatocytes, and spermatids clustering together (A). Spermatocytes plot (B) shows that young and
aged animal’s spermatocytes occupy distinct spaces, and spermatids (C) also show young and aged animals in distinct clusters. PCA key indicated colors
of the various treatment groups.
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to determine that spermatids from aged animals display a
dysfunctional redox response when compared to those of
young animals. We have provided evidence that as germ cells
of aged animals undergo spermatogenesis they display a
progressive loss in their ability to mount the same antioxidant
defense mechanisms than those in their young counterparts.
Although these studies have begun to provide new insight
into how spermatogenic cells respond to the effects of aging

and oxidative stress challenge, further studies are required to
decipher the complex mechanisms that allow ROS to be
eliminated and DNA damage to be repaired in both pachytene
spermatocytes and round spermatids. Shedding light on the
underlying mechanisms of how aging deteriorates germ cell
quality, and leads to redox dysfunction, can provide greater
insight into preventative and therapeutic approaches to
maintain germ cell quality.

FIG. 10. Genome-wide analyses of isolated and cultured germ cells. Gene expression was examined, and genes with P , 0.05 and � 2-fold change
detected in each experimental group were displayed in Venn diagrams. The numbers of genes significantly altered in spermatocytes (A) and spermatids (B)
from young versus aged animals. The effects of various treatments—control, SIN1, EUK, and SIN1þEUK—on the number of genes significantly altered �
2-fold in spermatocytes (C) and spermatids (E) of young animals and spermatocytes (D) and spermatids (F) of aged animals. Two-way-ANOVA with
Benjamini-Hochberg correction; n ¼ 4–6 per treatment group.
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FIG. 11. Validation of antioxidant response in spermatocytes (A, C, E, G, I) and spermatids (B, D, F, H, J) from young and aged animals following in vitro
prooxidant and antioxidant treatment. Histograms representing gene expression of antioxidants: Sod1 (A, B), Cat (C, D), Prdx3 (E, F), Prdx4 (G, H), and
Prdx6 (I, J) using qRT-PCR; 18S was used as an internal control in qRT-PCR quantification. Two-way-ANOVA with Bonferroni multiple comparisons test
were used; n ¼ 4; *P , 0.05, **P , 0.01, ***P , 0.0001.
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FIG. 12. Validation of DNA-damage repair response in spermatocytes (A, C, E, G, I) and spermatids (B, D, F, H, J) from young and aged animals
following in vitro prooxidant and antioxidant treatment. Histograms representing gene expression of antioxidants: Rad50 (A, B), Atm (C, D), Apex1 (E, F),
Ogg1 (G, H), and Xrcc1 (I, J) using qRT-PCR; 18S was used as an internal control in qRT-PCR quantification. Two-way-ANOVA with Bonferroni multiple
comparisons test were used; n ¼ 4; *P , 0.05, **P , 0.01, ***P , 0.0001.
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