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The effects of the mutagenic agent ethylni-
trosourea (ENU) on spermatogenic function
and sperm chromatin structure were studied
by flow cytometry and the results compared
with sperm head morphology measurements.
Groups of mice received daily exposures rang-
ing from 0 to 75 mg/kg body weight x 5 days
and were sacrificed 28 days later. Fresh testic-
ular cell suspensions and epididymal sperm
were stained with acridine orange (AO) and
measured by flow cytometry. Sperm nuclei
were isolated, fixed, rehydrated, and then
either subjected to thermal stress or not prior
to staining with AO. Body weights were un-
affected by the chemical exposure while the
testicular weights were reduced by about 50%.
Two-parameter (DNA, RNA) flow cytometry
measurements showed a dose-response rela-
tionship in the loss of certain cell types, par-
ticularly the elongated spermatids, from the
testes of treated animals. Flow cytometric
analysis of both heat-stressed and non-heat-
stressed nuclei showed a relationship between
dosage and the coefficient of variation of

ot {red/(red + green fluorescence)} measure-
ments of AQ stained nuclei, thereby demon-
strating that alterations of chromatin
structure occurred in response to ENU. En-
zymatic digestions with RNAse, DNAse, and
nuclease S; suggest that the increase in red
fluorescence is due to an increase of single-
stranded DNA induced by heat or acid treat-
ment of chemically altered chromatin struc-
ture. The lowest daily dosage used (5 mg/kg)
caused no significant changes in ratios of tes-
ticular cell types, a questionable increase in
abnormal sperm head morphology and a de-
tectable change in chromatin structure ex-
pressed as «;. This report shows that our
technique for assaying sperm nuclear chro-
matin structure appears to have the same level
of sensitivity to ENU induced nuclear altera-
tions as the sperm head morphology test.

Key terms: Flow cytometry, sperm head mor-
phology, toxicology, testis, chromatin struc-
ture

The production of sperm represents one of the most
dramatic examples of cellular proliferation and differ-
entiation in any mammalian organ system. Although
many biological parameters have been related to male
fertility, sperm morphology is frequently used to assay
testicular function. Sperm head morphology, consistent
with nuclear morphology, is genotype specific (28), and
is directed by genes on both the autosomes and sex
chromosomes (2,41). Heritable changes in sperm head
morphology can be induced by radiation andralkylating
agents and followed quantitatively through successive
generations (22,38,40).

Wyrobek and Bruce (42,43) developed a mouse model
assay system to study the mutagenic and/or carcino-
genic potential of chemicals using sperm head morphol-
ogy as an end point. This test is relatively rapid and is

considered very useful in the assessment of potentially
toxic chemicals, since 100% of known mutagens tested
were correctly identified as positives (44). Thus, demon-
stration of elevated levels of sperm abnormalities follow-
ing exposure to a physical or chemical agent raises the
possibility that the agent is inducing mutations in the
germ cells (33,39).

Recently, we have developed a flow cytometric (FCM)
assay of sperm chromatin structure (8) to determine the
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inherent stability of sperm nuclear DNA to thermal
denaturation in situ and have found this assay to be
useful in measuring effects of disease, diet, chemother-
apy, and other factors on sperm nuclear chromatin struc-
ture (7,10,12). The work reported here on effects of
ethylnitrosourea (ENU) and other ongoing research ef-
forts (11) are testing the hypothesis that flow cytometric
analysis of sperm samples from mice exposed to muta-
genic and carcinogenic chemicals by the same protocol
of Wyrobek and Bruce can rapidly detect chemically
induced sperm defects and provide additional informa-
tion not available by the sperm morphology test. Our
two-parameter flow cytometric analysis for ratios of tes-
ticular cell types (14) present after chemical exposure is
much more rapid than screening histology sections by
light microscopy and provides more information than
the one parameter FCM analysis more commonly used
(33).

MATERIALS AND METHODS
Animal Care and Chemical Exposure

Five- to eight-week-old F; male mice (C57BL/6J fe-
male X C3H/HedJ male) were obtained from the Jackson
Laboratory (Bar Harbor, ME) and kept for about 5 weeks
prior to chemical exposure. These mice, having an aver-
age body weight of about 25 gm, were randomly sepa-
rated into five groups of seven per group. The mice were
housed in plastic cages with wire mesh tops and allowed
free access to Purina Certified Rodent Laboratory Chow
(No. 5002) and deionized water. Room temperature was
maintained at 21 + 2°C; lighting was on a 0700- to
1900-h schedule. The mice received 0.5-ml i.p. injections
of phosphate-buffered saline (PBS; control) or dosages of
ENU (Pflatz and Bauer, Stanford, CT) ranging from 5 to
75 mg/kg body weight in PBS each day for 5 consecutive
days. Repeat and additional experiments at South Da-
kota State University utilized a different shipment of
ENU received 6-8 months prior to use; this older stock
of ENU apparently did not have the same activity as
the stock used at Sloan-Kettering Research Institute,
since an approximately 50% higher dose was needed to
produce the same biological effects. Injections were made
within 1 h after preparation of the ENU solutions.

Sample Preparation

Twenty-eight days following the last chemical expo-
sure, the mice were killed by cervical dislocation and
weighed. The testes were surgically removed, weighed,
and placed into Hanks Balanced Salt Solution (HBSS)
at 4°C. At least one testis from each animal was minced
with scissors to form a cellular suspension that was
passed through 53-um nylon mesh (Tetko, Inc., New
York, NY) wedged between the end of a tuberculin sy-
ringe and the plastic protective cap (tip removed with
wire cutter). The caudal epididymides were also re-
moved, placed into TNE (0.01 M TRIS, 0.15 M NaCl,
and 1 mM EDTA, pH 7.4), minced with scissors, and the
suspension was pipetted in and out of a Pasteur pipette
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several times prior to filtering through 153-um nylon
mesh, as above.

After aliquots of epididymal sperm were removed for
AO staining and morphology assays, the remainder of
each dosage group was pooled and prepared for thermal
denaturation of sperm nuclei by the following steps, all
done at 0-4°C. Sperm were suspended in a total volume
of about 12 ml TNE and pelleted at 12,500 x g for 10
min. The process was repeated and the resulting pellet
resuspended in 3.6 ml of TNE buffer and transferred to
a Falcon plastic test tube (No. 3033) which was im-
mersed in an ice water slurry.

The sample was then sonicated with a Bronwill Bio-
sonik IV Sonicator (VWR Scientific Inc., Minneapolis,
MN) equipped with a 3/8-in diameter probe and operat-
ing at a power setting of 50 on the low-range power;
alternatively, a model 185 Bronson Sonifier was used at
a power scale of 3.5 with the same results. This sonica-
tion step raises the temperature of the sonicate from 4°
to 12°C. After 30 sec of cooling in the same ice bath, the
cells were sonicated at the same power range for an
additional 30 sec. The sonication procedure disrupts so-
matic cells and separates sperm heads from tails; elec-
tron micrographs of these sperm nuclei show they were
intact with partially disrupted nuclear membranes (data
not shown). The sonicate was admixed with 1.2 ml of
60% sucrose (w/w) in 0.01 M TRIS-HCI (pH 7.4) and 2
mM EDTA, layered over 9 ml of the same sucrose solu-
tion in 16-ml Sepcor polycarbonate tubes with caps (Sep-
aration Science Corp., Stratford, CT), and centrifuged at
27,500 X g in a Sorvall HB4 rotor for 1 h. After the
supernatant was removed by vacuum aspiration, the
pellet was resuspended in 1.0 ml of 0.15 M NaCl, 5 mM
MgCl,, and 0.02 M TRIS-HCI (pH 7.4), forcefully ex-
pelled from a Pasteur pipette into a glass test tube
containing 9.0 ml of an ice cold 1:1 mixture of 70%
ethanol and acetone, and stored at —20°C (8).

Cell Staining
Acridine orange (AQO) staining of fresh cells

Two-step AO staining. Within an hour after sample
preparation, testicular cells and epididymal sperm were
stained by the two-step AO technique (5) and measured
by flow cytometry; briefly, about 2—4 x 10° cells in 0.20-
ml buffer were admixed with 0.40 ml of 0.1% (v/v) Triton
X-100, 0.08 N HCI, and 0.15 M NaCl for 30 sec, followed
by the addition of 1.2 ml AO staining solution [0.20 M
NayHPO,, 0.1 M citric acid buffer (pH 6.0), 1 mM EDTA,
0.15 M NaCl, and 6.0 pg/ml chromatographically puri-
fied AO (Polysciences, Inc., Warrington, PA)].

The differential staining of double-stranded DNA ver-
sus single-stranded nucleic acids (DNA or RNA) is due
to the metachromatic properties of AO: the dye flu-
oresces green (Fs30) when intercalated into double-
stranded nucleic acids (31) and exhibits red (Fggg) fluo-
rescence when bound to single-stranded polymers
(3,25,26). AO stained normal, mature sperm fluoresce
primarily green but at about one-tenth the level of so-
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matic cells due to their haploid DNA content and a high
level of chromatin condensation that restricts the dye
binding to DNA (9,17). Because mature sperm do not
contain any significant amounts of RNA, the differential
staining of sperm reflects predominantly a ratio of dou-
ble- to single-stranded DNA.

For FCM measurements of testicular samples, red and
green photomultiplier tube (PMT) gains were initially
set to include all cell types ranging from tetraploids to
elongated spermatids. The sample was then remeasured
at higher PMT gains to include only round, elongating,
and elongated spermatids. Samples were measured from
at least three randomly chosen mice in each group.
Epididymal sperm were also stained in exactly the same
way and measured by flow cytometry, recording on list
mode red and green fluorescence or by use of a computer
program converting the fluorescence values to total flu-
orescence and «; {o; = red/(red + green)}.

One-step AO staining. Isolated nuclei were stained
directly with the AO staining solution described below
for thermal denaturation. For staining whole sperm,
0.1% Triton X-100 was added to the staining solution to
permealize the cell membranes (5).

Thermal Denaturation of Fixed Nuclei

After storage at —20°C for time periods of overnight
to several months, the fixed nuclei from each dosage
group were pelleted at 4800 X g for 10 min. Following
careful aspiration of the supernatant, nuclei were resus-
pended in 12 ml of “heating buffer” consisting of 2 x
1073 M sodium cacodylate, 10~* M EDTA and 40%
ethanol (pH 6.0). After 30 min to allow for equilibration,
each nuclear suspension was transferred to a Sorvall
glass test tube and centrifuged for 10 min at 16,000 x g
in a Sorvall HB4 rotor; the pellets were again resus-
pended in 1 ml of heating buffer. For the unheated
sample, a 0.20-ml aliquot was admixed with 2.0 ml of
staining buffer consisting of 0.15 M NaCl, 5 mM MgCl,,
0.02 M TRIS-HCI (pH 7.4), and 8.0 pug/ml AO (8), and
measured after 3 min by FCM. For the heated sample,
an aliquot with increased volume (0.40 ml to compen-
sate for loss of volume and nuclei sticking to the test
tube during the heating process) of suspended nuclei
was transferred to a Falcon plastic test tube (No. 3033).
This tube was placed into a boiling water bath for 5.0
min, then cooled in an ice water slurry for 15 sec prior
to the addition of 2.0 ml of the above AO staining solu-
tion. Samples were measured 3 min later by FCM.

Flow Cytometry

Samples were measured either in an Ortho FC200
Cytofluorograf (Ortho Diagnostics, Inc., Westwood, MA)
interfaced to a Nova 1220 minicomputer (located in the
Department of Investigative Cytology, Sloan-Kettering
Research Institute) or in a Cytofluorograf II interfaced
to an Ortho Diagnostics 2150 data handling system (lo-
cated in the Department of Chemistry, South Dakota
State University). Both flow cytometers were equipped
with a Lexel 100 mW argon ion laser. Some experiments
were done once at SKI and repeated at least once, in
addition to new experiments, at SDSU. Data shown in
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Figures 1-8 and 10-14 were derived at SKI; data shown
in Figures 9, 15, 16 and Tables 1 and 2 were derived at
SDSU.

Green and red fluorescence values were measured for
each cell and the ratio of red/red + green) fluorescence
was determined by software protocols written for that
purpose. The data were based on 5,000 to 10,000 cells
per sample.

Enzyme Digestions

Sperm nuclei were isolated and purified through a
sucrose gradient as described above, resuspended in 0.15
M NaCl, 5 mM MgCl,, and 0.02 M TRIS-HCI (pH 7.4),
then split into aliquots that were either: 1) fixed in 70%
ethanol:acetone (1:1), 2) stained with AO by the one- or
two-step method, or 3) pelleted again and resuspended
in an appropriate buffer for enzymatic digestion. The
following solutions were used for enzymatic digestion: 1)
pancreatic ribonuclease A (Cooper Biomedical, Inc., Mal-
vern, PA), 1.5 x 103 units per ml in HBSS; alternatively,
1.5 x 10° RNAse units/ml were added to a suspension of
whole cells after staining by the two-step AO proce-
dures; 2) bovine pancreatic DNAse I, chromatographi-
cally purified (Sigma Chemical Co., St. Louis, MO), 200
Kunitz units per ml in HBSS; 3) nuclease S, (Cooper
Biomedical, Inc.), 1.5-2.0 x 10° units per milliliter in
0.06 M sodium acetate (pH 4.6), 0.10 M NaCl and 2 mM
ZnCly; and 4) combination of DNAse I and RNAse at
concentrations listed above in HBSS. Enzymatic diges-
tion of nuclei (1-2 x 10%ml) was done at 37°C for 1-3 h
as detailed below.

Electron Microscopy

Small testicular biopsies excised with a razor blade,
and pelleted epididymal sperm samples were fixed with
2.5% glutaraldehyde in PIPES (Polysciences, Inc., War-
rington, PA) buffer (4°C) for 1.5 h, rinsed briefly with
buffer, and then postfixed with 2% osmium tetroxide
for 1 h. Following a water rinse, the samples were de-
hydrated with a graded series of ethanol, followed by
propylene oxide and embedding in Epon 812 by routine
procedures. After polymerization of the Epon at 37°C
overnight, 60°C for 1 day and 90°C for an additional
day, thin sections were cut with a Porter-Blum MT2
Sorvall ultramicrotome equipped with a diamond knife.
These sections were stained with 0.5% uranyl acetate in
absolute methanol followed by lead citrate and then
examined in a JOEL 100B electron microscope operat-
ing at 80kV.

Sperm Head Morphology

An aliquot of each epididymal sperm suspension was
admixed (10:1) with freshly filtered 1% Eosin Y (H50).
After 30 min, two smears were made for at least three
samples per group. After air drying, slides were briefly
rinsed in methanol to remove excess stain, air dried
again, and mounted in Permount mounting medium.
For each suspension, a minimum of 1,000 sperm heads
were scored by the morphology criteria of Wyrobek and
Bruce (42) using a light microscope under a 100 X oil
objective lens (total 1,000 x) and a blue-green filter.
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RESULTS
Body and Testicular Weights

Figure 1 shows that exposure to cumulative dosages
of ENU ranging from 0 to 250 mg/kg body weight did
not have a significant effect on total body weight 28
days after the last exposure. In contrast, the chemical
exposure induced an approximate 10% decrease of testic-
ular weight at the lower cumulative dosages (25 and 50
mg/kg) and a greater than 50% decrease at the highest
concentration (250 mg/kg).
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F1G. 1. Effects of ENU on mouse body and testicular weights. Each
point is the mean weight (+ SD) from seven individual animals 28
days after last exposure. For the points at 0 dosage, the shorter SD bar
corresponds to body weight.

Testicular Fine Structure

The destructive action of ENU on testicular structure
can be seen in Figure 2B and compared to testicular
structure of a control mouse in Figure 2A. The seminif-
erous tubules of ENU treated mice demonstrated a dra-
matic decrease of spermatids and maturing sperm. For
the cell types remaining however, this ultrastructural
analysis did not reveal any specific cytological damage
at 28 days post-treatment.

FCM Analysis of Testicular Samples

Testicular cell suspensions from at least three ran-
domly chosen mice per group were stained by the two-
step AO method and measured by flow cytometry to
determine the correlated red and green fluorescence lev-
els as shown in Figure 3. Incubation of fresh cellular
suspensions with Type VII collagenase, Type XI pro-
tease and/or DNAse I (all enzymes from Sigma Chemical
Co., St. Louis, MO) did not significantly change the
cellular staining distributions (data not shown). Note in
both the scattergrams and frequency histograms the
significant shift in the ratio of cell types as a conse-
quence of chemical exposure. Figure 4 is a plot of com-
puter derived values showing a significant relative
decrease in 1N cells and a concomitant relative increase
in the ratio of 2N and 4N cells.
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Four types of 1N cells can be discerned by the two-step
AO technique in contrast to only three seen by DNA
specific stains (33). In this experiment, the small per-
centage of mature testicular sperm were excluded and
only round, elongating and elongated spermatids were
evaluated. In order to more accurately determine the
relative percentage of 1N cell types, the red and green
PMT gains were increased after each measurement rep-
resented in Figure 3. Figure 5 shows the scattergrams
and frequency histograms for these measurements. The
control sample (0 mg/kg) demonstrates the predominant
round spermatid population and a minor population with
similar green but reduced red fluorescence, shown pre-
viously (14) to represent DNA and RNA, respectively.
Note the dramatic loss of elongated spermatids in re-
sponse to ENU exposure (Fig. 5,6).

Effect of ENU on Caudal Epididymal Sperm

Sperm head morphology. Using the technique of Wy-
robek and Bruce (42), sperm nuclei (including those
heads broken free from tails) were classified as having
either normal or abnormal morphology. The mean val-
ues of measurements from three or more mice per group
show a near linear response to dosage (Fig. 7) with an
increase from a 5% background to 6% at the lowest
dosage and 21% at the highest dosage. In this experi-
ment, a great amount of variation existed between ani-
mals at the highest concentration. A repeat experiment
(data not shown but represented in Figs. 15 and 16 and
Tables 1 and 2) showed a much lower standard deviation
of the percentage of abnormal sperm: a) control, 2.5 +
0.5; b) 250 mg/kg, 10.5 + 2.9; ¢) 375 mg/kg, 20.8 + 1.5.

Electron Microscopy of Epididymal Sperm

Epididymal sperm were examined by transmission
electron microscopy to determine whether ENU induced
alterations of chromatin structure could be visualized.
Observation at magnifications up to 100,000 X of at
least 50 sperm isolated from mice treated with 125 and
250 mg/kg ENU showed no visible alterations of nuclear

.chromatin structure relative to control, untreated mice.

Figures 8A and B are electron micrographs of sperm
from treated and untreated animals, respectively. In
both cases, the nuclear chromatin structure appears
similar, i.e., is amorphous in character due to the highly
condensed nature of sperm chromatin, upon which ENU
exposure had no visible morphological effect.

FCM Analysis of Caudal Epididymal Sperm

Differential AO stainability of fresh sperm, fresh and
fixed nuclei. Figure 9 shows the differential stainability
of whole fresh epididymal sperm, fresh and fixed iso-
lated nuclei stained by the one- or two-step AO staining
procedure. Note that fresh isolated sperm nuclei have
slightly higher green, red, total fluorescence and o val-
ues than do whole sperm. Fluorescence measurement of
a sperm cell is highly sensitive to the orientation of the
head, due to the high refractive index and flat shape of
the nucleus. When analyzed in a flow cytometer with
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Fic. 2. Effects of ENU on testicular fine structure. A) control; B)exposed to 250 mg/kg ENU.

(S) spermatogonium, (PS) primary spermatocyte, (RS) round spermatid, (SP) sperm. Bars equal

5 pm.

orthogonal geometry, varying orientations among cells
result in an elongated scattergram signal, as described
by Gledhill et al. (19) and noted in Figure 12. Our com-
parisons of green fluorescence frequency histograms for
whole sperm and isolated nuclei indicate that altera-
tions in the orientation of nuclei versus intact cells at
the time of measurement likely cause the inerease in
fluorescence values. It is also possible that there is
slightly greater accessibility of AO to the DNA in iso-
lated nuclei than in whole sperm, which would contrib-
ute to higher fluorescence values.

The two-step AO procedure, which includes exposure
to 0.08 N HCI treatment for 30 sec, increases green, red,
and total fluorescence by a factor of about 1.3 relative to
the one-step. The increase of green and red fluorescence
is apparently due to acid displacement of proteins and

moderate DNA denaturation.

Fixation of nuclei in 70% ethanol:acetone (1:1) fol-
lowed by rehydration (as described in Materials and
Methods) reduces green, red, and total fluorescence of
two-step AO stained samples by 36, 66, and 41% respec-
tively, relative to unfixed nuclei.

The oy values of whole sperm and isolated nuclei are
similar, whereas for fixed nuclei they are somewhat
reduced due to a greater percentage drop in red than
green fluorescence.

Effect of ENU on AO Stainability of Fresh Epididymal
Sperm

Epididymal sperm were stained by the two-step AO
technique and measured by FCM. For convenience of
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Fic. 3. Computer-drawn two-parameter (F53g versus F 5 ggo) scatter-
grams of the distribution of individual AO-stained testicular cells from
control and ENU-treated mice. To the right of each scattergram are
the green and red fluorescence frequency distribution histograms.
Green fluorescence channels correspond to the tetraploid (62-75); dip-
loid (32-40); round and elongating spermatids (15-22); elongated sper-
matids (9-15). Epididymal sperm would be represented at about channel
5.

analysis, the measurements were displayed as total flu-
orescence versus o which avoids the vertical distribu-
tion being tilted to the right as seen when green versus
red fluorescence is displayed. Thus, this distribution
permits a definition of vertical and horizontal limits for
normality and abnormality of staining.

Two shifts in the sperm population are evident from
the scattergrams shown in Figure 10. First, in a dose-
dependent fashion, the populations shifted to higher o
values indicative of a higher ratio of single-stranded
DNA (8,25). Addition of 1,000 units/ml of RNAse to
these detergent AO treated samples did not significantly
change the staining pattern after 20 min incubation
(data not shown). Also, incubation of ethanol-fixed, re-
hydrated samples with RN Ase for 20 min did not signif-
icantly change the staining profile, suggesting that these
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altered patterns are not due to residual RNA in the cell.
Light microscopy did not reveal an increased presence
of cytoplasmic droplets. (See below for additional enzy-
matic digestion experiments.)

The second apparent shift was the appearance of a
population with a lower total fluorescence, ranging be-
tween channels 15 and 25 on the ordinate. A small
percentage of this cell type is seen in the control sample
and an increasing percentage with higher ENU
exposure.

Figure 11 is a plot of the computer-derived coefficient
of variation (CV) of the ¢ values from the experiment
in Figure 10. Note the significant increase in the CV of
a; in a dose-response manner.

Effect of ENU on resistance of sperm chromatin to
thermal stress. The effect of ENU on sperm chromatin
structure was also evaluated by subjecting isolated nu-
clei to thermal stress and measuring red and green
fluorescence in AO stained nuclei. Figure 12 displays a
series of scattergrams showing two independent mea-
surements of unheated and heated nuclei stained with
AO and measured by FCM. Note the high degree of
repeatability between the two sets of measurements. At
the higher concentrations of ENU, it is obvious that
there is a wider distribution in the AO staining patterns
in the heat-treated samples. This change, expressed as
frequency histograms of «;, can be seen in Figure 13.
Figure 14 expresses the changes in the coefficient of
variation of «;. In this experiment, the mean oy did not
significantly vary; however, the CV significantly in-
creased as dose increased. Note the measurable increase
of the CV of o at the lowest dosage of ENU.
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FI1G. 4. Effect of ENU on the relative proportion of 1N-4N cell types
present in testicular cell suspensions. The means and standard devia-
tions were derived from measurements (experiment in Fig. 3) on cells
from one testis obtained from each of three randomly chosen individual
animals per group.
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F1G. 7. Effects of ENU on caudal epididymal sperm head morphol-
ogy. A minimum of 350 sperm heads from each of three slides repre-
senting three mice were scored for normal/abnormal morphology. Each
point represents the mean of the three slides; the vertical lines show
the standard deviations.
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Fic. 8. Electron micrographs of thin sections of caudal epididymal
sperm isolated from: (A) control mouse, or (B) a mouse exposed to 250
mg/kg ENU. Bars equal 1 um.
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staining by the one- or two-step AO method. The line above each bar indicates the standard
deviation. For whole sperm n = 4 (2 measurements on each of 2 samples); for isolated nuclei n
= 2 (2 measurements on one sample).

Table 1
Mean Fluorescence Values of Purified Unfixed Mouse Caudal Epididymal Sperm Nuclei Following
Incubation With or Without RNAse and DNAse I

ENU Green Red Total o
dosage® Enzyme treatment (Fs30)  F >e00 Fszo + F > 600 F> 600/F530 + F> 600
0 No enzyme 56.8° 1852 75.3P 0.25¢ 5.54
RNAse 56.7 177 744 0.24 6.6
(-02° (—4.3) (-12) (- 4.0
DNAse I 49.3 28.3 77.6 0.36
(-13.2) (+53.0) (+3.1) (+ 44.0)
DNAsel + RNAse 465 35.6 82.1 043
(—18.1) (+924) (+ 9.0 (+ 72.0)
250 No enzyme 54.0 16.6 70.6 0.23 10.3
RNAse 56.3 17.6 73.9 0.24 10.7
(+43) (+6.0 T (+47) (+44)
DNAse I 48.2 33.0 81.2 0.40
(- 10.7) (+98.8) (+ 15.0) (+ 739
DNAsel + RNAse 485 31.7 80.2 0.39
(-102) (+91.0) (+ 13.6) (+ 69.6)
375 No enzyme 54.2 18.2 724 0.25 12.2
RNAse 55.6 <« . 202 75.8 0.26 13.3
(+26) (+110 (+4.7 (+ 4.0)
DNAse I 48.5 29.6 78.1 0.38
(- 10.5) (+ 62.6) +179) (+ 52.0)
DNAse I + RNAse 46.9 33.9 80.8 0.42
(- 13.5) (+ 86.3) (+ 11.6) (+ 68.0)
2mgENU/kg of body weight.
bMean channel of frequency histogram; range: 0-100.
°Range: 0-1.0.
4CV of ay.

¢Values in parentheses are percentage change from “no enzyme” treatment of same ENU dosage.
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Fic. 10. Relationship between red and green fluorescence emission of epididymal sperm
stained by the two-step AO procedure and the exposure level of ENU.

Effects of RNAse and DNAse I digestion on AO stain-
ability of fresh epididymal sperm nuclei from mice ex-
posed to ENU. Figure 15 and Table 1 show the effects of
various nuclease incubations on the fluorescence of
freshly isolated sperm nuclei stained by the two-step AO
method. In agreement with the data in Figure 12, the
mean «; of isolated nuclei did not change significantly
in response to ENU; the CV of «;, however, increased in
a dose-response relationship. RNAse incubation alone
did not significantly change green, red, or total fluores-
cence values nor oy mean or CV values. Thus, the in-
crease of CV of o in response to ENU was not
significantly influenced by RNAse incubation; this
agrees with the lack of effect on red fluorescence of
RNAse treatment of whole sperm stained by the two-
step AO procedure (as noted for experiment in ¥ig. 10).

As seen in Figure 15 and Table 1, and as consistently
observed in other unpublished data, DNAse I pretreat-
ment of isolated nuclei or permeablized cells reduced
green fluorescence and increased red fluorescence. For
dosage groups of 0, 250, and 375 mg/kg the mean green
fluorescence decreased by 3-15% and the mean « in-
creased by 44-74%. Thus, the major change after DNAse

I treatment was an increase of red fluorescence. To in-
vestigate whether this increase might be due to DNAse

digestion making the dye more accessible to hypotheti-
cal intranuclear RNA, RNAse was added to the DNAse
I incubation mixture and incubation was continued for
another hour, after which time samples were measured
by two-step AO staining. For all three dosage groups, no
decrease of red fluorescence or o was observed below
that of the DNAse I incubation sample alone; in the 0
and 375 mg/kg dosages, these values actually increased,
most likely due to continued DNAse I digestion.

To further investigate the nature of red fluorescence
after thermal stress, fixed nuclei were heated at 100°C
for 5 min by our routine procedure and then pelleted
and resuspended in nuclease S; buffer with or without
nuclease Sy. After incubation for 2 h at 37°C, aliquots
were removed and stained with the AO staining mixture
routinely used for heated nuclei. Note in both Figure 16
and Table 2 that nuclease S; digestion under these con-
ditions did not reduce red fluorescence; in fact, all mea-
surements showed an increase of green and red
fluorescence mean values. The nuclease S; preparation
was not guaranteed to be free of protease activity, and
other studies have shown S; preparations to have pro-
tease activity (23). Protease digestion occurring during
S; incubation would be expected to contribute to in-
creased green and red fluorescence (9).
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Table 2
Mean Fluorescence Values of Purified Fixed Mouse Caudal Epididymal Sperm Nuclei After Thermal
Denaturation and Subsequent Incubation With or Without S; Nuclease

ENU Enzyme Green Red Total oy
Dosage # treatment (F530) F > 600) (Fs30 + F> 600 (F > g00/F530 + F> 600
0 No enzyme 40.5° 11.0° 51.5° 0.21°
S; Nuclease 51.2 13.8 65.0 0.21
(+ 2647  (+25.5) (+ 26.2) (©)
250 No enzyme 44.3 13.5 57.8 0.23
S, Nuclease 50.4 17.2 67.6 0.25
(+ 13.8) (+ 27.4) (+17.0) (+ 8.7
2mgENU/kg of body weight.

bMean channel of frequency histogram; range: 0-100.

°Range: 0-1.0.

9Values in parentheses are percentage change from “no enzyme” treatment of same ENU dosage.
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FiG. 11. Relationship between the computer derived coefficient of
variation (CV) of o of two-step AO stained whole epididymal sperm
and dosage of ENU exposure (from experiment in Fig. 10). Each point
represents the mean of measurements on sperm isolated from three
randomly chosen individual mice per group. The vertical lines show
the standard deviations.
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DISCUSSION

The effects of ENU, a powerful carcinogen and muta-
gen (24,36), on mouse testicular function have been mea-
sured by classical criteria using light and electron
microscopy and compared with flow cytometric evalua-
tion of the same samples. ENU had no significant effect
on body weights of the mice, whereas it caused up to a
50% loss of testicular weights, indicating the sensitivity
of the testis to the action of this chemical.

Loss of testicular weight is reflected in the specific loss
of haploid cells as determined by morphological and
FCM measurements. These FCM measurements require
only several minutes per fresh testicular sample; thus,
an analysis of chemically induced alterations of testicu-
lar cell type ratios can be rapidly obtained. In contrast

to single parameter FCM measurements of DNA stained
testicular cells that identify only three to four cell types,
the two-step AO technique identifies five or more popu-
lations in a testicular cell preparation (14). Elongated,
elongating, and round spermatids, as well as mature
sperm, can easily be distinguished due to differences in
RNA content and DNA stainability. The diploid popula-
tion is considered here as only one of the five poulations,
but it contains both germ and somatic cells. It is appar-
ent from the F > 600 (RNA) frequency histogram in
Figure 3 that the diploid population (channels 32-60;
250 mg/kg) consists of two major populations that could
be sorted for further analysis.

Examination of the data shown in Figures 5 and 6
revealed a dramatic loss of haploid germ cells from the
testes of ENU treated mice. Rodriguez et al. (34) have
concluded that ENU damages spermatogonia but not
spermatocytes, spermatids, or spermatozoa and that the
loss of cells with time is only a result of damage to
spermatogonia. If so, then the damage apparently in-
cludes the mechanisms involved in differentiation from
a round spermatid to an elongated spermatid. Alterna-
tively, ENU may also damage differentiating spermato-
gonia and spermatids, as evidenced by mutations
recovered among the progeny of males exposed to ENU,
at which time the fertilizing sperm would have been
differentiating spermatogonia or early spermatocytes
(35) or spermatids (32). -

‘ENU caused a significant increase in caudal epididy-
mal sperm head morphology abnormalities similar to
levels induced by other strong mutagens (44). The mech-
anisms responsible for these changes are not under-
stood, nor are the relationships between genetic controls
of sperm shaping in nontreated animals and abnormali-
ties induced by chemical treatment. Furthermore, the
effect of altered head shapes on fertility is unclear, since
not only do certain inbred strains of mice have different
and specific head shapes (2), but lines vary widely in
frequency of abnormal sperm head shapes, ranging from
3 to 656% in ohe survey of inbred strains and F; hybrids
(41). Hybrids generally have lower levels of abnormali-
ties than either parental line. Also, sperm head shape is
not a direct reflection of the integrity of the chromosome
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Fic. 12. Effect of thermal denaturation on mouse sperm nuclear samples were measured, they were again randomly selected to be
DNA in situ following exposure to ENU. The five samples (pool of measured before heating and after heating. The total elapsed time
sperm nuclei from 4 mice/group) were rehydrated and then randomly after rehydration and the last measurement was about 4 h, showing
selected to measure the AO-stained unheated sample followed by mea- the stability of the nuclei in buffer. Note the reproducibility of the
suring an aliquot of the same sample after heating. After the five staining patterns.
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complement, since the frequency of abnormal sperm
head morphology has been shown not to be proportional
to the frequency of sperm known to contain translocated
chromosomes and partial or total chromosomal duplica-
tions and deficiencies (41). Perhaps related to these ob-
servations, previous studies on the effects of alkylating
chemotherapeutic drugs on human testicular function
have shown that in some cases virtually the only cell
type present in patients’ semen was round spermatids
(12). Whether this phenomenon was due to general drug
interference with induced damage to specific genes re-
sponsible for development beyond the round spermatid
stage is not known; however, an occurrence of round-
headed spermatozoa in two human brothers (29) sug-
gests that morphology defects have a genetic origin.

Previous observations (8) have generally indicated that
normally shaped mammalian sperm nuclei usually flu-
oresce green when stained with AO but often fluoresce
red if the nucleus is misshaped. Recent studies by Even-
son et al. (6,11) have shown a correlation between abnor-
mal sperm head morphology and an increased sensitivity
to denaturation of nuclear DNA in situ, i.e., fluorescing
red after AO staining. This observation may be related
to that of Gledhill et al. (18), who noted that misshapen
sperm nuclei from subfertile bulls incorporated a higher
level of 2H-Actinomycin D than normally shaped neigh-
boring nuclei. Thus, it seemed reasonable to hypothesize
that chemically induced abnormally shaped sperm would
tend to fluoresce red after staining with AO. The work
reported here shows that ENU induces both an in-
creased percentage of abnormally shaped sperm and an
increase in the CV of o values of the same sperm popu-
lation either stained by the two-step AO or subjected to
thermal stress prior to AO staining. Although the red
fluorescing sperm were not sorted to determine the cor-
relation between abnormal shapes and color of fluores-
cence, general observations of the stained samples under
a fluorescence microscope indicated a high percentage of
the abnormally shaped nuclei were red while normally
shaped nuclei were green; some normally shaped nuclei
were red. Further evaluation with the fluorescent micro-
scope is difficult, since fading of fluorescence and adsorp-
tion of the AO to the glass slide make scoring inaccurate.

Figure 10 also shows a dose-dependent increase in a
population of cells with a lower green fluorescence. Since
this population was not seen in samples of isolated nu-
clei (Figure 12), it is a possible artifact induced by
changes in whole sperm morphology. Future work will
sort out this population and characterize it.

The difference in sperm chromatin structure that shifts
the AO fluorescence from green to red is most likely
related to an increased sensitivity for double-stranded
DNA to denature to single-stranded DNA under the
thermal stress and staining conditions. The nature of
the chemically induced changes that produce this sensi-
tivity is not understood. However, it should be noted in
the two-step AO staining of epididymal whole sperm
(Fig. 10), isolated nuclei (Table 1), or heated isolated
nuclei (data derived from Fig. 12) that the total fluores-
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FiG. 15. Effect of DNAse I and/or RNAse digestion on red and green fluorescence of two-step
AO stained fresh epididymal sperm nuclei obtained from mice treated with 0, 250, or 375 mg/
kg ENU. The left and right hand columns display computer generated (plot program courtesy
of Dr. Peter Rabinovitch) frequency histograms of «; and red fluorescence values respectively.

The values correspond to those in Table 1.

cence of sperm did not increase with increasing dose.
Therefore, additional sites for DNA staining apparently
do not become available in response to ENU treatment.
These sites are potentially available, however, since
mouse sperm treated with a disulfide reducing agent
and protease will bind up to five times more AO than
untreated sperm (9). Thus, it seems likely that the ab-
normally shaped sperm have the same protein’ constitu-
ents and level of disuifide bonding and that the primary
difference is a higher proportion of DNA susceptible to
interaction with AO and resulting in an increased ratio
of red fluorescence. It is of interest that the shape of the
curve for the CV of «; derived from the two-step AO
staining procedure is similar to that derived from the
thermally denatured samples. The first step of the two-
step AO procedures is a 30-sec treatment with a buffer

containing 0.08 N HCl and 0.1% Triton X-100, which
would also tend to partially denature the DNA.

Obviously, a key question is the nature of the chemi-
cally induced shift to red fluorescence. Among possibili-
ties to consider are:

1. ENU interference with RNA metabolism, including
alkylation of RNA, so that AO is staining abnormally
residual RNA. This is an important consideration since
in other studies (unpublished) we have observed in whole
sperm cells that abnormal retention of red fluorescing
material can be removed by sonication and/or RNAse
treatment. The increased red fluorescence observed here
is not due to this phenomena, however, since sonication
and/or RNAse digestion did not reduce the level of red
fluorescence in whole sperm, fresh or fixed nuclei. Fur-
thermore, if significant amounts of RNA were present,
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F1G. 16. Computer generated frequency histograms of o, and red fluorescence values of fixed
epididymal sperm nuclei obtained from mice exposed to either 0 or 250 mg/kg ENU, and then
subjected to heat denaturation. Following heat denaturation, the nuclei were incubated for 2 h
with nuclease S; prior to staining with AQ and measuring by FCM.

the total fluorescence would have increased with dosage,
which was not observed. Also note in Figure 3 that no
testicular cell population obtained from ENU-treated
mice had higher green or red fluorescence values than
those from the control, indicating that DNA and RNA
content was not increased in testicular cells. In agree-
ment, light- and electron-microscopy studies of epididy-
mal sperm showed no increase in cytoplasmic droplets
and no evidence of nucleolar-like bodies.

Caution must be exercised in interpretation of enzyme
digestion studies on sperm nuclei, since mature sperm
chromatin is condensed to a level that permits only 20%
of the available DNA sites to be stained with AO rela-
tive to AO stained round spermatids (9). Although a
number of factors relate to the accessibility of various
molecules to intranuclear sites, considering the small
size of AO (MW = 302), larger molecules such as RNAse
(MW = 13,700), nuclease S; MW = 32,000-36,000) and
DNAse I (MW = 31,000) may be excluded to a much
greater extent.

2. ENU-induced breaks in DNA. ENU is a potent
alkylating chemical that results in germ cell DNA
strand breaks (37). However, since exposure to ENU was
28 days prior to measurements, it seems likely that

repair would have been completed by this time; for ex-
ample, most MMS-induced DNA strand breaks in mouse
testicular cells are apparently repaired by 72 h (30).
Conversely, repair of DNA strand breaks has in some
cases been shown to take weeks (15). If some residual
breaks remained in ENU-treated cells, heat- or acid-
induced partial denaturation of DNA in situ would likely
be increased and result in increased red fluorescence
after AO staining. In this regard, it is of interest that
DNAse I digestion dramatically increases nuclear red
fluorescence, most likely due to AO interaction with
newly exposed single-stranded segments. Conversely,
clinical studies (6,7,12,14) argue against single-stranded
DNA breaks as the only reason for increased red fluores-
cence, because a number of observations on patient
sperm chromatin showed a high level of denaturation
when there was no compelling reason to hypothesize
that sperm DNA contained single-stranded breaks.

3. AO interaction with depurinated DNA. Alkylated
regions of DNA are recognized by a complex enzyme
system that excises the modified base from the DNA
strand, degrades it, and resynthesizes the damaged sec-
tion to reconstitute the complementary DNA strands
(30). One might speculate that if the repair process were
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not completed prior to nuclear condensation, depuri-
nated regions might exist that could hypotheticaly inter-
act with AO to produce red fluorescence. However, no
evidence exists to indicate ENU-altered sperm DNA
remains depurinated 28 days after alkylation.

4. Abnormal chromatin composition and/or condensa-
tion. DNA in somatic cells and early stages of spermio-
genesis denatures at lower temperatures and to a much
greater extent than in mature sperm (17,23). Thus, if
disease or chemical exposure caused a lack of transition
of histones for sperm-specific protamines this should
interfere with condensation and lead to an increased
susceptibility to denaturation, i.e., red fluorescence. Such
a defect should also result in increased green (up to
fivefold) and total fluorescence, which has been observed
in human clinical samples (6), but was not observed
here.

Through a number of detailed studies, the structure of
mammalian sperm chromatin is becoming better under-
stood; however, it is still difficult to speculate on possible
alterations that result in increased red fluorescence after
AOQ staining. Some studies on mammalian sperm chro-
matin suggest a nucleosome-like model (4), while other
more convincing evidence favors a non-beaded, rela-
tively smooth chromatin fiber that is formed during the
histone to protamine transition in spermatids (27,1). Us-
ing x-ray studies, Wilkins (41) demonstrated that sperm
nuclei were essentially crystalline aggregates of nucleo-
protein. A recent and elegant study by Balhorn (1) sug-
gests protamine is restricted to the minor groove of
DNA, and neutralization of the phosphodiester back-
bone causes a compaction of the nucleochromatin
structure.

On a speculative note, it is possible that the DNA in
the condensed crystalline form may require “flexible
Jjoints,” perhaps consisting of pyrimidine clusters along
the DNA in order to accomodate the right packing. In-
ference for such flexible joints can be drawn from work
on bacteriophage T, (20), salmon sperm (16), and ham-
ster cells (13). Perhaps such hypothetical flexible joints
do not become appropriately packaged as a result of
abnormal spermiogenesis in response to chemicals, dis-
ease, or other factors, and these sites may be more sus-
ceptible to denaturation and interaction with AO. Also,
DNA alkylation forming triesters with the phosphates
of the DNA backbone (21) may, if not removed, possibly
interfere with appropriate DNA-protein interactions
necessary for normal chromatin condensation.

Although nuclease S; did not decrease red fluores-
cence (Fig. 16), we favor the view that some DNA was
partially denatured but that it was renatured prior to
AO staining and/or nuclease S; cannot effectively pene-
trate the highly condensed chromatin of fixed nuclei. In
a somewhat similar type of experiment, but using differ-
ent methods, Hunter et al. (23) favored the view that
heat treatment of testicular sperm produces very little
single-stranded DNA for enzymatic removal rather than
the potentially denatured DNA is inaccessible to nu-
clease S;.

EVENSON ET AL.

The increased red fluorescence in acid- or heat-treated
sperm cells obtained from ENU-exposed mice is appar-
ently not due to residual RNA. Thus, we conclude from
the data available at this time that the increased nu-
clear red fluorescence is due to DNA being more suscep-
tible to partial denaturation in situ because of residual
DNA damage or chromatin packing alterations.

Even though a number of parameters related to chem-
ically induced sperm nuclear abnormalities are not
understood, it is clear from these data that flow cytome-
try provides a very rapid means to assess damage to
germ cell chromatin induced by toxic chemicals. These
phenomena are not limited to ENU but occur in re-
sponse to other mutagens, e.g., benzo(a)pyrene, ethyl
and methyl methanesulfonate, and do not occur with
other chemicals, e.g., caffeine (11 and unpublished data).
Furthermore, these data demonstrate that two-parame-
ter analysis (DNA, RNA) of testis samples provides a
very rapid means to assess the ratio of cell types present
following chemically induced cell kill and/or kinetic al-
terations of spermiogenesis.
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