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study question: Do the luminal ﬂuids of the epididymis and the vas deferens contribute to sperm chromatin fragmentation (SCF) in mice?
summary answer: The luminal ﬂuids of both organs are required for activating SCF in mice, but the vas deferens luminal ﬂuid does this
more efﬁciently than that of the epididymis.

what is known already: Mice sperm have the ability to degrade their DNA in an apoptotic-like fashion when treated with divalent
cations in a process termed SCF. SCF has two steps: the induction of reversible double-strand DNA breaks at the nuclear matrix attachment sites,
followed by the irreversible degradation of DNA by nuclease. Single stranded DNA breaks accompany SCF.
study design, size, duration: Luminal ﬂuids from two reproductive organs of the mouse (B6D2F1 strain), the epididymis and vas
deferens, were extracted and tested for SCF activation with divalent cations using four different combinations of the sperm and the surrounding
luminal ﬂuids: (i) in situ—sperm were kept in their luminal ﬂuid and activated directly; (ii) reconstituted—sperm were centrifuged and resuspended
in their luminal ﬂuid before SCF activation; (iii) mixed—sperm were centrifuged and resuspended in the luminal ﬂuid of the other organ; (iv) no
luminal ﬂuid—sperm were centrifuged and reconstituted in buffer. All four experiments were performed without (controls) and with divalent
cations (resulting in SCF). For each experimental condition, two different mice were used and the analyses averaged.

participants/materials, setting, methods: DNA damage by SCF was analyzed by three different methods, the sperm
chromatin structure assay (SCSA), terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) analysis and ﬁeld inversion
gel electrophoresis.
main results and the role of chance: In all three assays that we used, the vas deferens luminal ﬂuid was much more efﬁcient in
stimulating SCF in the sperm from either source than that of the epididymis (P , 0.0001). Vas deferens sperm were capable of initiating lower
levels of SCF in the absence of luminal ﬂuid (P , 0.0001).

limitations, reasons for caution: Analyses were performed in only one species, the mouse, but we used three separate assays
in our analysis.

wider implications of the findings: The data suggest that the luminal ﬂuid of the male reproductive tract interacts with sperm
during their transit providing a mechanism to degrade the DNA. We hypothesize that this is part of an apoptotic-like mechanism that allows the
reproductive tract to eliminate defective sperm. The SCF model also allowed us to identify differences in the types of DNA lesions that the three
tests can identify, providing important background information for the use of these tests clinically.
study funding/competing interest(s): Funding was obtained from the National Institutes of Health, USA Grant HD060722
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Introduction

nuclease (Boaz et al., 2008). This is similar to apoptotic mechanisms
that degrade eukaryotic DNA (Li et al., 1999; Widlak et al., 2000; Solovyan et al., 2002). The DNA degradation by SCF in sperm isolated from
the vas deferens is greater than that of epididymal sperm, and is not
fully reversible (Fig. 1A). We initially followed SCF by gel electrophoresis
that can only detect double-stranded DNA breaks (dsDSBs), but recently we found that single-stranded DNA breaks (ssDSBs) are also induced
by SCF, and for ssDSBs there was little difference between epididymal
and vas deferens sperm (Ribas-Maynou et al., 2014).
Here, we examined the role of the luminal ﬂuids in the induction of SCF
using three different analyses. We used ﬁeld inversion gel electrophoresis
(FIGE) to follow dsDSBs. We quantiﬁed the differences in DNA damage by
SCF in mouse epididymal and vas deferens sperm using the sperm chromatin structure assay (SCSAw) (Evenson et al., 1999; Evenson, 2013) and the
terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling
(TUNEL) assay (Smith et al., 2013). The data suggest that the luminal
ﬂuid is important for inducing SCF, and that sperm acquire the ability to initiate SCF as they mature in the male reproductive tract.

Methods
Animals
B6D2F1 (C57BL/6J X DBA/2) mice were obtained from the National
Cancer Institute (Raleigh, NC, USA). Mice were kept in accordance with

Figure 1 FIGE analysis of SCF. (A) In situ sperm chromatin fragmentation (SCF): epididymal (lanes 1 – 3) and vas deferens (lanes 4 – 6 sperm were induced
to undergo SCF by incubation with Mn2+ and Ca2+ in the presence of their luminal ﬂuid, without (lanes 2 and 5) or with subsequent EDTA treatment to
reverse the double-stranded DNA breaks (dsDSBs) (lanes 3 and 6). Lanes 1 –6 are reproduced from Yamauchi et al. (2007a). Control, untreated samples
are shown in lanes 1 and 4 (B) reconstituted SCF: epididymal sperm were washed and resuspended in luminal ﬂuid from the epididymis (lanes 3 and 4) or vas
deferens (lanes 5 and 6) then induced to undergo SCF, without (lanes 3 and 5) or with subsequent EDTA (lanes 4 and 6). Vas deferens sperm were resuspended in luminal ﬂuid from the epididymis (lanes 7 and 8) or vas deferens (lanes 9 and 10) then induced to undergo SCF, without (lanes 7 and 9) or with
subsequent EDTA (lanes 8 and 10). Control, washed sperm from the epididymis (lane 1) and vas deferens (lane 2). (C) Sperm-induced to undergo SCF
without luminal ﬂuid: epididymal (lanes 1 – 3) and vas deferens (lanes 4 – 6) sperm were induced to undergo SCF without (lanes 2 and 5) or with (lanes
3 and 6) subsequent EDTA treatment. For each lane in the gel, two experiments were performed using one mouse each. Only one experiment is shown.
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Mammalian sperm DNA is the most compact eukaryotic chromatin
known (Balhorn, 1982; Ward and Coffey, 1991), yet it is susceptible to
damage during its formation in spermiogenesis (Evenson et al., 1980;
Said et al., 2004; Perez-Crespo et al., 2006; Sakkas and Alvarez, 2010;
Grenier et al., 2010) and by other agents, such as reactive oxygen
species (ROS), in fully mature spermatozoa (Aitken et al., 2013). Some
reports have suggested that mature sperm contain apoptotic-like
mechanisms that respond to environmental stimuli (Taylor et al., 2004;
Grunewald et al., 2005). Aitken et al. have proposed that sperm are in
a perpetual state of near-apoptotic induced death that needs to be
held at bay (Pujianto et al., 2010). They have also demonstrated that
mammalian sperm have the ﬁrst part of a DNA repair mechanism that
could be completed after fertilization in the oocyte (Smith et al., 2013).
When taken together, these data suggest that rather than being inert,
the mature sperm cell retains some control over the integrity of its DNA.
When mouse epididymal or vas deferens sperm are incubated with divalent cations in the presence of the luminal ﬂuid in which they normally
exist, they are induced to degrade their DNA into loop-sized fragments
in a two-step process that we have termed sperm chromatin fragmentation (SCF) (Yamauchi et al., 2007a,b). The DNA is ﬁrst degraded to 25 –
50 kb fragments, a process that can be reversed with EDTA, suggesting
cleavage by topoisomerase II or a similar enzyme. Under certain conditions, this degradation proceeds to an irreversible digestion by another
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the guidelines of the Laboratory Animal Services at the University of Hawaii
and those prepared by the Committee on Care and Use of Laboratory
Animals of the Institute of Laboratory Resources National Research Council
(DHEF publication no. [NIH] 80-23, revised 1985). The protocol for animal
handling and the treatment procedures were reviewed and approved by the
Institutional Animal Care and Use Committee at the University of Hawaii.
Mice were housed in standard cages with ﬁve or less mice per cage prior
to being sacriﬁced for the experiments. In all experiments, male B6D2F1
mice that were 6 weeks to 2 months old were used. Mice were purchased
from Charles River (Hollister, CA, USA).

Preparation of sperm

Live/dead assay for SCF
Sperm from the epididymis or vas deferens were resuspended in mHCZB as
described above, then treated without (control) or with 10 mM MgCl2 and
10 mM CaCl2 for 30 min at 378C, then assayed using the Live/Dead
Sperm Viability Kit (L-7011) from Invitrogen (Grand Island, NY, USA)
according to manufacturer’s speciﬁcations.

Analysis of sperm DNA degradation by FIGE
Plasma from the caudal epididymides and vas deferens of 8-week-old
mice was extracted separately and suspended in mHCZB (Yamauchi
et al., 2007a,b) to a ﬁnal concentration of 108 sperm/ml. The suspension was mixed with agarose to a ﬁnal concentration of 1% agarose and
poured into molds making 5 mm thick plugs. The plugs were incubated
at 378C in TKB supplemented with 10 mM MnCl2 and 10 mM CaCl2 for 0,
15 min, 1 h or 4 h to initiate SCF or DNA degradation. For each time
point, one plug was incubated in digestion buffer at 558C to stop the reaction and one plug was incubated for 30 min with 30 mM EDTA to religate topoisomerase-induced strand breaks before stopping the reaction
(Shaman et al., 2006). After the reaction, the plugs were incubated in digestion buffer (10 mM Tris, 5 mM EDTA, pH 7.8, 100 mM NaCl, 0.5%
SDS and 20 mM dithiothreitol (DTT)) at 538C for at least 30 min
before placement in a 1% agarose gel for FIGE. For each experiment,
sperm from one mouse was used. To reduce the number of mice used,
sperm from the vas deferens and epididymis were taken from the same
mouse. For this experiment, 22 mice were used because the experiment
was repeated two times.

After the different treatments described above, a small aliquot of each sample
was taken for the analysis by gel electrophoresis and the rest of the sample
was diluted to 500 ml TKB, ﬂash frozen in an EtOH/dry ice bath and
shipped to SCSA Diagnostics on dry ice overnight for analysis. After the
arrival of the mouse sperm samples, they were transferred to a liquid nitrogen
tank until time of measurements. Each individual sample was removed,
thawed in a 37.08C water bath for 30 s, and then an aliquot was transferred
to TNE buffer (0.01 M Tris:0.15 M NaCl:0.001 M EDTA, pH 7.5) at 48C to a
ﬁnal concentration of 1 – 2 × 106 sperm/ml. A total of 200 ml of this
sperm suspension was admixed with 400 ml of a solution containing
0.08 N HCl:0.15 M NaCl:0.1% TX at 48C. The sperm were stained 30 s
later by adding 1.20 ml of staining solution containing 6 mg/ml AO (acridine
orange, chromatographically puriﬁed, Polysciences, Inc., Warrington, PA,
USA):0.2 M Na2HPO4 :0.1 M citric acid (pH 6.0):1 mM NaEDTA:0.15 M
NaCl; so that the AO/DNA-P molar ratio was ≥2 (Darzynkiewicz et al.,
1975). The acid/AO stained sample was placed in an Ortho Diagnostics,
2140 ﬂow cytometer (FCM) sample chamber and sample ﬂow was initiated
to bring the sheath ﬂow and sample ﬂow to equilibrium by 2 min. Then 5000
sperm were analyzed at an event rate of 100– 200 events/s. If the event rate
was above 250 events/s, a new sample was prepared to ensure full equilibrium between the AO dye and sperm. The data were analyzed for the percentage of sperm with measurably increased red ﬂuorescence (sperm with
fragmented DNA) and those with high DNA stainability (HDS). For this experiment, one mouse was used for each of nine groups, and the experiment
was repeated one time. Each preparation was analyzed two times.

SCSAw raw and SCSAsoftw computer
re-oriented data
Sperm DNA data are seen as dot plots on the FCM oscilloscope screen. Each
of the 5000 dots represents a single sperm that is characterized by the
amount of green ﬂuorescence in increments of 1/1024 (Y axis on a scale
of 0 – 1024 units) and the amount of red ﬂuorescence (X axis on a scale of
1 – 1024 units). The total ﬂuorescent population on the X/Y axes is seen as
cigar shaped due to the asymmetric shape and high density of the sperm
head and measurements in a ﬂow cytometer with orthogonal axes of laser
beam and collecting lenses. This presents a potential problem in determining
the exact amount of green and red ﬂuorescence per sperm. Therefore, we
process the sample ﬁle through our SCSAsoftw software (SCSA Diagnostics,
Brookings, SD, USA) to re-orientate the data as total DNA stainability versus
DNA fragmentation index (DFI: red/red + green ﬂuorescence) that produces the total sperm signals as a vertical population from which a frequency
histogram is accurately derived. Importantly, a ‘reference sperm sample
constant’ is ﬁrst established. For this sample and its replicates, the mean
red ﬂuorescence values are set at 125/1024 channels and green ﬂuorescence values at 425/1024 channels. Then all experimental samples are
measured at those same photomultiplier tube values (+5 channels). All experimental data are relative to this constant. The histogram signal is then
divided up to represent sperm with non-denatured DNA (Box 1), moderate
level of DNA denaturation (Box 2), high level of DNA denaturation (Box 3)
and total %DFI (Box 2 + Box 3). The horizontal line at the top of the cigar
shaped sperm signal is the threshold for the HDS population that represents
sperm with an increase of dsDNA staining due to abnormally altered chromatin structure (see (Evenson et al., 2000) for example). All samples were measured four times and the mean and SD of those two values are calculated.

TUNEL assay
The protocol was based loosely on that by Smith et al. (2013). Epididymal and
vas deferens spermatozoa were collected separately in TKB with 0.25% TX,
resuspended by gentle pipetting and treated for 1 h at 378C, as described
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Mice were sacriﬁced by cervical dislocation, and epididymal and vas deferens
sperm were collected separately in tris potassium cholride buffer (TKB)
(100 mM KCl, 25 mM Tris, pH 7.5), or mHCZB (Yamauchi et al., 2007a,b)
buffer (81.62 mM NaCl, 4.83 mM KCl, 1.18 mM KH2PO4, 5 mM CaCl2,
20 mM HEPES, 1 mM L-glutamine, 28 mM sodium lactate, 0.29 mM
sodium pyruvate, 5.55 mM glucose), resuspended by gentle pipetting and
incubated for 1 h at 378C under four different conditions: controls were incubated without any additional chemicals; for SCF, 10 mM MnCl2 and 10 mM
CaCl2 were added from stock solutions (1 M each); for SCF reversal
(termed SCF-EDTA) 10 mM MnCl2 and 10 mM CaCl2 were added from
stocks (as for SCF) and after the 1 h incubation EDTA was added from a
500 mM stock to100 mM ﬁnal concentration and the sample was incubated
for another 30 min 378C. After treatment of sperm with divalent cations, all
sperm were immotile. A separate series of sperm samples diluted in TKB
were set aside for washed sperm samples. These samples were centrifuged
brieﬂy at 700 × g and their supernatants were collected into separate tubes.
Then the pelleted sperm samples were washed two times with TKB, and
resuspended in either TKB + 0.25% Triton X-100 (TX) (sperm, alone), or
supernatant from the same (reconstituted) or other (mixed) preparations
+0.25% TX and incubated for 1 h at 378C.

SCSAw protocol
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Statistical analysis
Statistical analysis was performed using GraphPad Prism software. Each
group in the SCSA and TUNEL assays was compared with every other
group using Student’s t-test. (GraphPad is a web-based resource, available at GraphPad.com). A value of P , 0.05 was considered statistically
signiﬁcant.

used SCSA and the TUNEL assay to quantify the extent of DNA
damage in SCF. Both techniques identify ssDSB and dsDSB. For each
assay, treated sperm for controls and SCF-induction were prepared
two times from different mice, and each sample was analyzed two times.
Representative samples for the DFI, the percentage of cells with measureable DNA damage, of the SCSA analysis for both epididymal and vas
deferens spermatozoa are shown in Fig. 2. Epididymal sperm show only a
slight increase in DFI when induced to undergo SCF (Fig. 2A and B).
When vas deferens sperm are induced to undergo SCF, virtually all the
sperm accumulate signiﬁcant DNA damage (Fig. 2C and D). The
average DFI values for these conditions are shown in histogram form in
Fig. 3a –d. Note that treatment with EDTA did not reverse SCF-induced
DNA breaks in either epididymal or vas deferens sperm (Fig. 3e and f).
EDTA only reverses some dsDNA breaks (Fig. 1A, lane 3) but not
ssDSBs. Since the SCSA test detects both dsDSBs and ssDSBs, it is
likely that the amount of ssDSBs is much greater than dsDSBs, and therefore overwhelms the signal. The differences between epididymal and vas
deferens sperm SCF were highly signiﬁcant (Fig. 3c and d, Supplementary
data, Table SII). The HDS values, which measure the extent of chromatin
decondensation or aberration in packaging, did not vary greatly in these
or any subsequent treatments never reaching above 12% (Fig. 4 and Supplementary data, Table SIII). This suggests that SCF does not induce
global architectural changes in chromatin structure.
These ﬁndings were veriﬁed with the TUNEL assay. Our positive
control for the TUNEL assay using DNAseI to induce DNA breaks
resulted in a strong positive signal, comparable with the strongest SCF
signal we obtained (Supplementary data, Fig. S1). Representative examples are shown in Fig. 5. Once again, SCF-induced vas deferens sperm
preparations had a higher percentage with signiﬁcant DNA breaks than
SCF-induced epididymal sperm (Fig. 6b and d: P , 0.0001 for comparisons between Fig. 6b and d; Supplementary data, Table SIV). In this case,
however, there was less of a difference between SCF-induced epididymal
and vas deferens control sperm samples. The TUNEL assay, like the
SCSA, quantiﬁes both ssDSB and dsDSB, so no reversal with EDTA
was expected, and was not seen.

Results
Sperm viability when SCF is induced
The SCF that we induce in mouse sperm with divalent cations most likely
activates a pathway in the majority of healthy sperm that is normally
reserved for the degradation of damaged cells in the male reproductive
tract. We tested whether the induction of SCF results in sperm cell death
using the live/dead assay. We found that both epididymal (18.0 + 8.4%,
mean + SD) and vas deferens sperm (16.7 + 6.7%) had statistically
signiﬁcantly higher percentages of dead sperm (P , 0.0001) than the
controls (78.0 + 7.4% and 64.6+ 6.5%, respectively). There was no
difference between the two controls, or between the two SCF treated
samples (Supplementary data, Table SI).

SCF in vas deferens sperm is more severe than
that of epididymal sperm
Our previous analysis of SCF by FIGE suggested that there were many
more DNA breaks in SCF-induced vas deferens sperm than in
SCF-induced epididymal sperm (Fig. 1A, Lanes 1 –6 are reproduced
from Yamauchi et al. (2007a,b). However, because FIGE only identiﬁes
dsDSBs and SCF also induces ssDSBs (Ribas-Maynou et al., 2014), we

SCF is largely mediated by the luminal
ﬂuid of the reproductive tract
To induce SCF, the luminal ﬂuid that contains the sperm is extracted from
the epididymis or the vas deferens and diluted with TKB, and the suspension is then incubated with divalent cations. We have already demonstrated that SCF induction degrades vas deferens sperm DNA much
more than epididymal sperm and we tested whether this activity was
an intrinsic property of the sperm or mediated by the luminal ﬂuid in
which the sperm reside. We centrifuged the sperm from the diluted
luminal ﬂuid from each organ, kept the supernatants and washed the
sperm at least two more times. We then reconstituted the epididymal
sperm with the diluted luminal ﬂuid from either the epididymis or vas deferens, and did the same with vas deferens sperm. We found that the
luminal ﬂuid from the vas deferens induced a much greater DNA degradation in epididymal sperm that the epididymal ﬂuid (compare lanes 3 and
5 in Fig. 1B), essentially making it appear identical to SCF of vas deferens
sperm, either in situ (Fig. 1A, lane 5) or reconstituted (Fig. 1B, lane 9).
Conversely, epididymal luminal ﬂuid retarded the degradation of DNA
in vas deferens sperm (compare lanes 7 and 9, Fig. 1B), though epididymal luminal ﬂuid did not reduce SCF in vas deferens sperm to a level
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above for SCF. After the treatments, sperm were centrifuged brieﬂy, the
supernatants were removed and the sperm were washed one time with
TKB. Because we modiﬁed previous methods for TUNEL analysis, we
treated mouse sperm with DNAse I to induce DNA breaks as a positive
control. Sperm were suspended in TKB or 0.25% TX. The solution was
brought to 20 mM MgSO4, 0.5 mM CaCl2 and 40 U/ml of DNAseI (New
England Biolabs, Ipswich, MA, USA) was added. The suspension was incubated for 1 h at 378C. All control and experimental samples were then resuspended in TKB with 2 mM DTT and incubated for 45 min at room
temperature. After washing one time with phosphate buffered saline
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2PO4, 1.8 mM KH2PO4: PBS), the
sperm were ﬁxed with 2% paraformaldehyde for 15 min on ice, washed
three times with PBS and either stored in PBS with 0.1 M glycine at 48C or
processed immediately. The sperm were centrifuged brieﬂy (700 g) and
resuspended in fresh permeabilization buffer (0.1% TX in 0.1% sodium
citrate) for 2 min on ice. The TUNEL staining was then performed using
the In Situ Cell Death Detection Kit (Roche, Indianapolis, IN, USA) following
manufacturer’s instructions. Brieﬂy, the cells were split into three separate
tubes and treated as follows: no stain controls were incubated in PBS;
label-only controls were incubated in label solution and the experimental
samples were incubated in enzyme with label solution for 1 h at 378C in a humidiﬁed chamber. The sperm were then washed three times for 5 min in PBS
and analyzed by a ﬂuorescence-activated cell sorter (FACS). At least 100 000
cells were assessed for TUNEL-positive (ﬂuorescein isothiocyanate (FITC))
signal on BD FACSAria and analyzed using FACSDiva software (BD Biosciences, San Jose, CA, USA). Each experiment was performed at least
three times. For this experiment, one mouse was used for each of nine
groups, and the experiment was repeated two times. Results are shown as
a TUNEL:label ratio of percentage FITC-positive cells.
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Figure 2 Examples of DNA fragmentation index (DFI) plots for sperm chromatin structure assay (SCSA). Four examples of epididymal and vas deferens
sperm in their luminal ﬂuid without reconstitution. (A) Epididymal sperm control; (B) epididymal sperm induced to undergo sperm chromatin fragmentation (SCF); (C) vas deferens sperm; (D) vas deferens sperm induced to undergo SCF. Data are presented as DFI dot plots (native versus fragmented
DNA) and the corresponding frequency histograms demarked as non-fragmented DNA (Box 1), moderate level DNA fragmentation (Box 2) and high
level of DNA fragmentation (Box 3).
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ﬂuid. Control, untreated epididymal (a) and vas deferens (b) sperm. SCF induced epididymal (c) and vas deferens (d) sperm. SCF reversed with EDTA
epididymal (e) and vas deferens (f) sperm; (g – l) reconstituted SCF: sperm were washed and reconstituted in the luminal ﬂuid from the same organ; (g)
Control, untreated epididymal sperm; (h) control, untreated vas deferens sperm; (i) SCF induced epididymal sperm; (j) SCF induced vas deferens
sperm. (k – n) Mixed SCF: sperm were washed and resuspended in the other organ’s luminal ﬂuid: (k) control, epididymal sperm mixed with vas deferens
luminal ﬂuid; (l) control, vas deferens sperm mixed with epididymal luminal ﬂuid; (m) epididymal sperm mixed with vas deferens luminal ﬂuid then induced to
undergo SCF; (n) vas deferens sperm mixed with epididymal luminal ﬂuid then induced to undergo SCF. (o– r) Sperm induced to undergo SCF in the absence
of luminal ﬂuid: sperm were washed and resuspended in TKB; (o) control, epididymal sperm; (p) control, vas deferens sperm; (q) SCF induced epididymal
sperm; (r) SCF induced vas deferens sperm. For each bar in the graph, n ¼ 4, and one mouse was used for two experiments. The lines above the bars
represent SD. Each experiment was compared with every other experiment in Student’s t-test, and these values are shown in Supplementary data,
Table SII. The most relevant comparisons are shown as brackets above the bars. These are: (i) SCF in epididymal sperm (c) differs from control (a),
and both of these differ from control epididymal sperm incubated with vas deferens ﬂuid (k) and from epididymal sperm induced to undergo SCF with
vas deferens ﬂuid (m) (P , 0.05 for all four comparisons); (ii) vas deferens sperm control (b) differs from vas deferens SCF (d) (P , 0.0001); (iii) epididymal
sperm induced to undergo SCF (c) has signiﬁcantly less DNA damage than vas deferens induced to undergo SCF (d) (P . 0.0001); (iv) vas deferens sperm
induced to undergo SCF (d) has much more DNA damage than vas deferens sperm induced to undergo SCF in the presence of epididymal ﬂuid (l)
(P , 0.0001); (v) vas deferens sperm can undergo SCF without any luminal ﬂuid present (r) but has signiﬁcantly less DNA damage than vas deferens
sperm with luminal ﬂuid (d) (P , 0.0001).

comparable with epididymal sperm SCF. This latter point is clear when
comparing the reversal with EDTA. The dsDSBs of epididymal sperm
induced to undergo SCF whether in situ (Fig. 1A, lane 2) or reconstituted
(Fig. 1B, lane 3) completely reverse when treated with EDTA (Fig. 1A,
lane 3 and Fig. 1B, lane 4, respectively). However, vas deferens sperm
induced to undergo SCF in the presence of epididymal luminal ﬂuid did
not reverse completely (Fig. 1B, lane 6).
With SCSA we saw a similar effect. When epididymal sperm are
reconstituted with vas deferens luminal ﬂuid then induced to undergo
SCF (Fig. 3k), the number of sperm with measureable DNA lesions is
much higher than with epididymal luminal ﬂuid (Fig. 3c and i; P , 0.05,
for comparisons between Fig. 3k and c, or Fig. 3k and i; Supplementary
data, Table SI). Conversely, the vas deferens sperm have much fewer

DNA lesions when induced to undergo SCF in the presence of epididymal luminal ﬂuid (Fig. 3n) than with vas deferens luminal ﬂuid (Fig. 3d and j;
P , 0.0001 for comparisons between Fig. 3d and k, or Fig. 3j and k; Supplementary data, Table SI). This effect was much greater with the SCSA
test than was visible by FIGE, and this was probably because SCSA quantiﬁes both ssDSBs and dsDSBs, while FIGE is only sensitive to dsDSBs.
Nevertheless, both assays clearly show that vas deferens luminal ﬂuid
induces greater levels of SCF than epididymal ﬂuid, regardless of the
source of the sperm.
This effect, however, differed with the TUNEL assay. In this case, the
number of epididymal sperm induced to undergo SCF in the presence of
vas deferens luminal ﬂuid (Fig. 6m) was greater than with epididymal
luminal ﬂuid (Fig. 6c and I; this did not reach statistical signiﬁcance,
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Figure 3 SCSA analysis of SCF. Percentage DFI of SCF by the SCSA Assay. (a – f) In situ SCF: sperm samples were isolated and diluted with their luminal
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Supplementary data, Table SIII), but still less than vas deferens SCF
(Fig. 6d and j, P , 0.05; Supplementary data, Table SIII). Thus, while it
is clear that in the TUNEL assay vas deferens luminal ﬂuid increased
the levels of DNA damage in SCF, there was some activity that was
more associated with the source of the sperm. The apparent discrepancy
between the source of the luminal ﬂuid and extent of SCF between the
FIGE analysis and SCSA test versus the TUNEL assay suggests that
these three measures of DNA integrity in sperm detect different types
of lesions. This will be addressed in the Discussion section.

Vas deferens sperm acquire the ability to
degrade their DNA through SCF
While it is clear that the luminal ﬂuid contributes to the stability of sperm
DNA, the TUNEL analysis also suggested that vas deferens sperm are
more susceptible to DNA degradation by SCF. We therefore tested
the ability of the sperm cells, alone, to cleave their chromatin when incubated with divalent cations. When sperm were isolated and washed ﬁve
times to remove the luminal ﬂuid then incubated with divalent cations,
epididymal sperm DNA was largely intact (Fig. 1C, lane 2) but vas deferens sperm DNA was degraded to a similar extent as epididymal SCF
(compare Fig. 1C, lane 5 with Fig. 1A, lane 2). This suggested that vas deferens sperm have acquired the ability to induce DNA degradation even in

the absence of the luminal ﬂuid, although to not as great an extent. Note
that in this case, the vas deferens SCF was reversible (Fig. 1C, lane 6) suggesting that DNA degradation was limited to the topoisomerase-like
degradation previously reported (Shaman et al., 2006). Both the SCSA
test (Fig. 3q and r) and the TUNEL assay (Fig. 6q and r) conﬁrmed this
ﬁnding.

Discussion
SCF occurs in condensed chromatin
The SCSA test allowed us to test a long-held hypothesis of ours that SCF
occurs in the fully condensed sperm chromatin. The HDS of SCSA is a
measure of the compaction of the sperm chromatin, and this did not
change signiﬁcantly over all the conditions tested (Fig. 4). In many
cases, the SCF treated sperm had lower HDS values than the controls
(for example, compare Fig. 4a and b with c and d, respectively). Moreover, the vas deferens sperm consistently had lower HDS values than
the epididymal sperm, even though the latter digested its DNA less.
Thus, there is no correlation between chromatin compaction and the
level of degradation by inducing SCF. This is an important concept
because of the level of sperm DNA degradation. Mammalian sperm
DNA is so tightly packaged that nucleases cannot digest most of the
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Figure 4 Chromatin condensation measurements by SCSA. High DNA staining (HDS) by the SCSA for all samples. All samples are exactly as labeled for
Fig. 3. For each bar in the graph, n ¼ 4, and one mouse was used for two experiments. The lines above the bars represent SD. None of the values for any
experiment was larger than 12%, so HDS is not considered a major factor in SCF. Each experiment was compared with every other experiment in Student’s
t-test, and these values are shown in Supplementary data, Table SIII. There were several statistically signiﬁcant differences in these data, although in almost
every case, HDS decreased with SCF. The two controls (a and b) were not statistically different (P ¼ 0.5726). In each of the three controls where the sperm
were manipulated, epididymal sperm had a slightly higher HDS value than that of vas deferens sperm (g and h, P ¼ 0.0064; k and l, P ¼ 0.0047; o and p,
P ¼ 0.0023). In the last two SCF experiments where the sperm were manipulated, epididymal sperm had higher HDS values than vas deferens sperm (m and
n, P ¼ 0.0003; q and r, P ¼ 0.0023).
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DNA (Hud et al., 1995; Sotolongo et al., 2003; Vilfan et al., 2004). The
fact that SCF so completely digests the DNA without decondensing
the chromatin suggests that the DNA fragmentation is intimately
related to the chromatin structure.

SCF reaction in sperm. Third, sperm acquire the ability to initiate the
ﬁrst step of SCF during their transit through the epididymis to the vas
deferens. We have previously suggested that the luminal ﬂuid contains
a sequestered nuclease, possibly in epididymosome-like structures
(Frenette et al., 2006; Schwarz et al., 2013; Akintayo et al., 2015) that
are part of an apoptotic-like mechanism that allows for the activation
of sperm self-destruction if the sperm cell is damaged in some way.

SCF depends on the luminal ﬂuid for complete
activity, but the sperm acquire the ability to
initiate SCF during it transit through the
male reproductive tract

Three types of lesions in SCF and their
relation to sperm chromatin structure

Each of the three tests, we used in this work conﬁrmed that much of the
activity in SCF depends on the presence of the luminal ﬂuid. Epididymal
sperm that were washed and resuspended in TKB could not be induced
to undergo SCF, and vas deferens sperm only initiated the ﬁrst step of
SCF without luminal ﬂuid. Moreover, in all three analyses, incubation of
epididymal sperm with vas deferens luminal ﬂuid increased the level of
DNA damage by SCF over that seen when the epididymal luminal ﬂuid
was used. Conversely, in the FIGE and SCSA analyses, DNA damage in
vas deferens sperm SCF was much reduced when the vas deferens
luminal ﬂuid was replaced with epididymal luminal ﬂuid. (We believe
that the apparent discrepancy of the TUNEL analysis on this point is
due to steric hindrance of TdT, as discussed below)
These data suggest three properties of SCF. First, the luminal ﬂuid of
both the epididymis and the vas deferens can induce SCF in sperm.
Second, the luminal ﬂuid of the vas deferens induces a much stronger

We have identiﬁed three types of DNA breaks in SCF: ssDSBs
(Ribas-Maynou et al., 2014), reversible dsDSBs, and non-reversible
dsDSBs (Sotolongo and Ward, 2000; Shaman et al., 2006). The data
suggest that the reversible dsDSBs are also the ‘hidden’ dsDSBs that
remain attached to the sperm nuclear matrix and are therefore not
detected by conventional neutral Comet Assays (Ribas-Maynou et al.,
2014). It is likely that the reversible dsDSBs are caused by topoisomerase
II or similar enzyme (Shaman et al., 2006). The irreversible dsDSBs are
probably caused by nucleases that enter from the luminal ﬂuid
(Shaman et al., 2006; Boaz et al., 2008; Dominguez and Ward, 2009).
The ssDSBs may also be caused by the nucleases, but are probably
also generated by ROS that are released from the mitochondria in
damaged sperm (Aitken and Baker, 2004; Aitken and De Iuliis, 2010;
Smith et al., 2013). Because SCF occurs in mature sperm with no treatment other than nonionic detergent and divalent cations, the distribution
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Figure 5 Examples of terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) Analysis for SCF. Four examples of epididymal
and vas deferens sperm in their luminal ﬂuid without reconstitution. (A) Epididymal sperm control; (B) epididymal sperm induced to undergo SCF; (C) vas
deferens sperm and (D) vas deferens sperm induced to undergo SCF.
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of these different types of lesions is dependent on, and somewhat
limited by, the structure of the sperm chromatin.
Our model for sperm chromatin includes most known elements
of sperm DNA compaction. The large majority of sperm DNA, 90 –
99% depending on the species (Tanphaichitr et al., 1978; Hammoud
et al., 2009; Brykczynska et al., 2010), is sequestered by the protamines
into crystalline-like toroids that are relatively insensitive to nuclease and
other forms of DNA damaging agents (Hud et al., 1995). Each protamine toroid is connected by sections of chromatin that are nuclease sensitive, the toroid linkers (Ward, 2010). These linkers include matrix
attachment regions (MARs) by which the DNA is attached to the
sperm nuclear matrix. Thus, there are three major fractions of sperm
chromatin structure with different accessibilities (Fig. 7). The protamine
bound DNA is relatively insensitive to external insults, but would be
expected to be somewhat susceptible to attack by ROS, and possibly
some nucleases. The toroid linker regions would be the most sensitive
to nuclease attack. We suggest that many of the ssDSBs are therefore
located in the protamine toroids. We hypothesize that some of

the ssDSBs and most of the irreversible dsDSBs are located in this
region. The MARs are most likely the site of the reversible dsDSBs
of SCF, just as they are in somatic cell apoptosis (Li et al., 1999;
Solovyan et al., 2002).

TUNEL and SCSA identify different DNA
lesions in SCF
Gel electrophoresis is able to detect both types of dsDSBs but cannot
detect ssDSBs. Unlike the FIGE analysis, both the SCSA and TUNEL
assays detect ssDSBs and dsDSBs. But what role, if any, does the chromatin structure play in the ability of these two tests to detect DNA lesions
created by SCF? The TUNEL assay requires the enzyme terminal deoxynucleotidyl transferase (TdT) to add dUTP to nicked or broken DNA
ends (Gavrieli et al., 1992). However, because of the high degree of compaction of sperm chromatin, its requirement for TdT almost certainly
restricts its access to a limited fraction of the in situ DNA. In sharp contrast, the SCSA assay requires only AO, a small planar molecule (MW
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Figure 6 TUNEL analysis for SCF. The TUNEL label ratio for each sample. Samples are labeled exactly as for Fig. 3. For each bar in the graph, n ¼ 2, and
one mouse was used for one experiment. The lines above the bars represent SD. Each experiment was compared with every other experiment in Student’s
t-test, and these values are shown in Supplementary data, Table SIV. The most relevant comparisons are shown as brackets above the bars. These are: (i)
SCF in epididymal sperm (c) differs from control (a) (P , 0.0005); (ii) vas deferens sperm control (b) differs from vas deferens SCF (d) (P , 0.0001); (iii)
epididymal sperm induced to undergo SCF (c) has signiﬁcantly less DNA damage than vas deferens induced to undergo SCF (d) (P . 0.0001); (iv) vas deferens sperm induced to undergo SCF (d) has no statistically different level of DNA damage than vas deferens sperm induced to undergo SCF in the presence
of epididymal ﬂuid (l) (P , 0.5943); (v) vas deferens sperm that undergoes SCF without any luminal ﬂuid present (r) has the same level of DNA damage as vas
deferens sperm with luminal ﬂuid (d) (P , 0.8).
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265), much smaller than any protein, suggesting that it would detect lesions
in a broader fraction of the compact sperm chromatin (Evenson et al.,
1999; Evenson, 2013). Both the SCSA and the TUNEL assay are currently
used for assessing DNA damage in sperm. The SCSA assay was the pioneering sperm DNA fragmentation assay (Evenson et al., 1980, 1985) followed by the sperm TUNEL assay (Henkel et al., 2003; Sharma et al.,
2013). The SCSA has been the most extensively used assay for human
(Evenson et al., 1980, 1999; Virro et al., 2004) and animal (Ballachey
et al., 1987; Evenson, 1999) fertility studies, as well as human (Rubes
et al., 2005) and animal (Evenson et al., 1986; Sailer et al., 1995) toxicology
studies. The TUNEL assay has been used mostly for human fertility
(Sharma et al., 2013) and chromatin structure studies (Sutovsky et al.,
2002; Smith et al., 2013). Both the TUNEL and SCSA would be expected
to detect all three types of lesions, albeit with some limitations, discussed
below. Based on our model of sperm chromatin structure (Sotolongo
et al., 2003; Ward, 2010), we previously suggested that the detection of
DNA lesions by both the SCSA and TUNEL assays would be limited to
the toroid-linker regions between the protamine bound toroids of
sperm chromatin (Shaman and Ward, 2006). In this work, we were able
to directly test the potential similarities of these two tests using the
same model for sperm DNA damage, and discovered a signiﬁcant

difference prompting us to modify our model for the types of DNA
damage they can detect in sperm (Fig. 7).
We found a discrepancy between the SCSA and TUNEL assays when
sperm were mixed with luminal ﬂuid from the other organ (compare
Fig. 3k –m with Fig. 6k –m). Both assays indicated that vas deferens
SCF was more severe than epididymal SCF, and that vas deferens
sperm digested their DNA to a greater extent than epididymal sperm
in the absence of luminal ﬂuid. However, the SCSA assay showed a
much higher DFI in epididymal sperm mixed with vas deferens luminal
ﬂuid (Fig. 3m) as compared with vas deferens sperm mixed with epididymal ﬂuid (Fig. 3n). The TUNEL assay, conversely, indicated a higher level
of DNA damage in vas deferens sperm regardless of the type of luminal
ﬂuid used (Fig. 6m and n). We suggest that this discrepancy is related to
the chromatin structure. Because TUNEL requires the enzyme TdT to
label the DNA breaks, it will probably have access only to the toroid
linker regions (Fig. 7A). Since these toroid linker regions are accessible
by nucleases (Sotolongo et al., 2003) they should also be accessible to
TdT and certainly to AO. This is the region where SCF is initiated, and
the part of the chromatin where SCF-induced sperm induce DNA
breaks in the absence of luminal ﬂuid. Because sperm acquire the
ability to degrade their own DNA as they migrate through the
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Figure 7 Model for the abilities of SCSA and TUNEL to detect sperm DNA damage. (A) Sperm DNA is organized into protamine toroids that are linked
by nuclease sensitive linkers. (B) The terminal deoxynucleotidyl transferase (TdT) enzyme would be expected to be able to access these linker regions, but
not the toroids. (C) The SCSA assay ﬁrst denatures DNA with acid at sites of existing single and double DNA strand breaks, which also extracts the histones
(minimal in mice). Acridine orange then stains the double stranded DNA green and single stranded DNA red. Because it is a very small molecule, it would be
expected to access most parts of the sperm chromatin. This model is a modiﬁed version of a previously published diagram (Shaman and Ward, 2006).

2735

Sperm chromatin fragmentation requires luminal ﬂuid

reproductive tract, vas deferens sperm are more susceptible to SCF activation. Therefore, because the TUNEL assay is focused on the toroid
linker because of steric hindrance, the DNA damage it detects will be
more related to the source of the sperm than on the luminal ﬂuid. On
the other hand, the SCSA assay is not limited by steric hindrance of an
enzyme, and could detect DNA damage at least on the outer ﬁbers of
the protamine toroid. It is likely that SCF induces ssDSBs created by a
combination of nucleases and ROS, so they would probably be dispersed
throughout the sperm genome and present in the protamine toroids.
SCSA would then detect a greater level of DNA damage. Our data indicate that the full effect of SCF requires the luminal ﬂuid, and our data also
suggest that the level of ssDSBs is greater than dsDSBs in SCF. Therefore,
when DNA damage is detected outside the protamine linkers, the major
factor for SCF is the luminal ﬂuid, not the source of the sperm.
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It is important to stress that the SCF that we have induced by treating
sperm with divalent cations is an experimental activation of what we
believe is a normal physiological process. It is probable that the
normal, physiological mechanism for SCF-type DNA degradation in
sperm is a discrete molecular pathway that has yet to be unveiled. The
work in this manuscript veriﬁes that it does exist, and that it is largely controlled by the luminal ﬂuid of the vas deferens and to some extent that of
the epididymis with a contribution from the sperm that is acquired during
maturation. After treatment of sperm with the divalent cations used to
induce SCF, all sperm were immotile and therefore not capable of
normal fertilization. We hypothesize that the SCF that we induce experimentally with cations activates a mechanism for the inactivation of the
sperm DNA by degradation that is similar to apoptosis. We suggest
that the vas deferens has a mechanism to identify dead or functionally deﬁcient sperm and degrade their DNA to ensure that they do not participate in fertilization. However, much further work will be needed to
identify this mechanism.

Conclusions
We used three different assays to assess a model for sperm DNA
damage during SCF. We found that sperm acquire the ability to
degrade their DNA as they move through the male reproductive tract,
and that the luminal ﬂuid plays an important role in the SCF mechanism.
SCF is also a useful model to understand the different types of lesions that
sperm DNA damage assays detect. We recently demonstrated how SCF
could be used to identify a new type of lesion we termed hidden dsDSBs
(Ribas-Maynou et al., 2014). Here, we provided evidence that the
TUNEL assay is useful for detecting lesions in the toroid linker regions,
which may also be the sites of DNA synthesis in the zygote (Shaman
et al., 2007), while the SCSA assay is useful for detecting a broader
range of DNA damage.
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