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Effects of Heat Stress on Mouse Testicular Cells and Sperm
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ABSTRACT: Scrotal regions of mice were exposed to a 38.0, 40.0,
or 42.0°C (x0.1) H,O bath.for 60 minutes to determine the effects
of elevated temperatures on testicular celis and sperm chromatin
structure. Mice were kilied on various days after exposure, and ratios
of acridine orange-stained testicular cell populations were deter-
mined by flow cytometry. Testicular weights of mice exposed to
42.0°C decreased significantly day 1 (P .< 0.01) through 35 (P <
0.001). Also, a significant relative decrease in testicular hapioid celis
was seen on days 3-35 (P < 0.001) with a corresponding increase
in the diploid population (P < 0.001). Testicular analyses of mice
exposed to 38.0°C were not significantly ditferent from controt vai-
ues. Testis weights of mice exposed to 40.0°C were not affected,
but a relative decrease in percent haploid cells occurred on days 11
and 14 (P < 0.001). The sperm chromatin structure assay (SCSA)

was used to measure the susceptibility of cauda epididymal sperm

DNA to in situ denaturation at low pH. Caudal epididymides of mice
exposed to 42.0°C had no sperm. Caudal epididymal sperm from
mice exposed to 40.0°C were most susceptible to acid-induced DNA
denaturation on days 3 (P < 0.05), 7, 11, and 14 (all P < 0.001).
The 38.0°C exposed mice showed some minor sperm chromatin ab-
normalities at later time points (days 11-35). When compared to
sperm head momhology measurements, SCSA parameters were
more sensitive indicators of heat-induced sperm abnormalities.
These results show that mouse spemmatogenesis is disrupted by
scrotal exposure to environmental temperatures several degrees
over normal physiological temperature and, of more biological inter-
est, that some thermal ranges above normal aliowed production of
sperm with compromised nuclear chromatin structure.
Key words: Testicutar heat stress, SCSA.
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ensitivity of mammalian germ cells to environmental

heat has been well documented (Ulberg, 1958) with
the effects of hyperthermia being recorded for a variety
of species including mice (Meistrich et al, 1973b), rats
(Chowdhury and Steinberger, 1964), bulls (Casady et al,
1953; Vogler et al, 1991), rams (Mieusset et al, 1991),
and humans (Levine et al, 1990). Studies on rodents have
included experiments based on histological observations
(Collins and Lacey, 1969), testicular weight (Hand et al,
1979), testicular kinetics (Meistrich et al, 1973a), and de-
termination of testicularcell populations monitored by
flow cytometric (FCM) measurement of cellular DNA
stainability (De Vita et al, 1987).

Protein denaturation is the primary thermal-inactivation
process occurring during hyperthermia in contrast to al-
terations in DNA synthesis that occur following ionizing
radiation (Westra and Dewey, 1971). Spermatogenesis is
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a complex series of mitotic and meiotic cell divisions and
dramatic cell differentiation culminating in the production
of mature sperm cells (Russell et al, 1990). During sper-
miogenesis, the last phase of spermatogenesis, nuclear
histones are replaced by testis-specific variants, followed
by sperm-specific transition proteins, and eventually by
protamine molecules (Meistrich et al, 1978). Spermato-
cytes are the testicular population that appears to be most
sensitive to mild hyperthermia (Collins and Lacy, 1969;
Oakberg, 1955), but the processes involved in spermio-
genesis may also be adversely affected..

Acridine orange (AO) has been used in conjunction
with FCM measurements to monitor the effects of toxic
insults on mouse testicular cells and cauda epididymal
sperm (Evenson et al, 1986a, 1993; Evenson and Jost,
1993; Sailer et al, 1995). Acridine orange intercalated into
double-stranded DNA (dsDNA) fluoresces green, while
AO bound to single-stranded RNA or single-stranded
DNA (ssDNA) fluoresces red. By utilizing the metachro-
matic properties of AO (Darzynkiewicz, 1979), eight tes-
ticularcell populations can be resolved and monitored
(Evenson and Melamed, 1983; Evenson et al, 1986a). The
sperm chromatin structure assay (SCSA) uses AO to
monitor the susceptibility of sperm chromatin DNA to
acid-induced denaturation in situ (Darzynkiewicz et al,
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1976, Evenson et al, 1980, 1985; Evenson and Jost,
1994).

Prior experiments have shown the SCSA to be a sen-
sitive measure of sperm chromatin structure as related to
fertlity (Ballachey et al, 1987; Evenson et al, 1991) and
reproductive toxicology. Exposure of mice by i.p. injec-
tion to triethylenemelamine (Evenson et al, 1989), thiote-
pa (Evenson et al, 1986a), ethylnitrosourea (Evenson et
al, 1985), and hydroxyurea (Evenson and Jost, 1993)
caused alterations in the relative ratios of testicular-cell
populations indicative of damage to precursor spermato-
gonial stem cells and/or spermatogonia. Exposure to
methyl methanesulfonate (Evenson et al, 1993) caused
chromatin damage in elongated spermatids as well as in
epididymal sperm due to alkylation of protamine sulfhy-
dryl groups and subsequent DNA damage resulting in
dominant lethal mutations (Sega and Owens, 1983).

In the current study, we have utilized AO staining in
conjunction with FCM measurements to determine the
testicular populations most sensitive to hyperthermia and
to evaluate the utility of the SCSA for measuring thermal
effects on sperm chromatin structure. Temperatures in the
range of environmental to pathological (38.0-42.0°C)
were investigated at different time points after mouse
scrotal exposure to heat. Sperm head morphology analysis
(Wyrobek and Bruce, 1975) was used as a comparative
biomarker.

Materials and Methods

Mice

Five-to-six-week-old male B6C3F1/J mice (CS7TBL/6] X C3H/
HeJ) obtained from the Jackson Laboratory (Bar Harbor, Maine)
were acclimatized at our facility for 10 weeks prior to heat ex-
posure. Animals were housed in transparent polycarbonate cages
with stainless steel lids and pine shavings for bedding. Mice
were allowed access to Purina Certified Rodent Chow and deion-
1zed water ad libitum. Caged mice were kept in a 21 = 2°C
room on a 12 hour lighvdark schedule.

Hyperthermic Exposure and Cell Isolation

Mice were anesthetized with 100 mg/kg sodium pentobarbital
(Nembutal) and placed into custom-made styrofoam rafts with
holes for the scrotal region 10 protrude from the botiom. The
rafts were floated in a thermostatically controlled water bath. A
fan moved ambient air across the water surface to keep the un-
submerged portion of the animals cool. Testes were exposed 10
38.0°C, 40.0°C, or 42.0°C (all + 0.1) for 60 minutes. Cantrol
mice were anesthetized without exposure to elevated tempera-
tures. Three mice were thermally exposed for each time point
studied for each temperature level. The 38.0°C (n = 18) and
40.0°C (n = 15) thermally stressed mice shared the same con-
trols (n = 9). The 42.0°C (n = 21) thermally exposed mice were
evaluated with different control mice (n = 14).
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At vanous time points following heat stress (38.0°C. 3. 7. |1,
14, 28. and 35 days,40.0°C: 3. 7, 11, 14, and 35 days: 42.0°C:
I.3.7. 14, 21, 28, and 35 days), mice were anesthetized. killed
by cervical dislocation, and weighed. The testes and cauda epi-
didymides were surgically removed and testicular weights re-
corded. All tissues were kept on crushed ice (4°C) from the time
of dissection until FCM measurement of fresh testicular samples
or freezing (—100°C) of epididymal sampies for later analysis.

Testes or cauda epididymides were placed in 60 mm petri
dishes containing 1-2 ml Hanks' balanced salt solution (HBSS,
Gibco. Grand Island, New York) or TNE buffer (0.01 M Tris-
HCI. 0.15 M NaCl, 0.001 M disodium EDTA, pH 7.4), respec-
tively. The tissues were minced with curved surgical scissors to
liberate individual cells. Cell suspensions were pipetted into 12
X 75 mm conical tubes and the tissue fragments allowed to settle
for several minutes. The supernatant was gravity filtered through
53 um (testis) or 153 pm (epididymides) Nitex filters (Tetko
Inc., New York, New York). Testicular samples were analyzed
immediately, while filtered epididymal cell suspensions were
split into two aliquots and were frozen (—100°C) for later anal-
ysis. A single freezing and thawing of epididymal sperm has no
detrimental effect on SCSA data (Evenson et al, 1989, 1993,
1994).

Cell Staining With Acridine Orange

Two hundred microliter aliquots of fresh testicular- or thawed
(37°C) epididymal-sperm cell suspensions (1-2 X 10¢/ml) were
admixed with 0.40 ml of 0.1% Triton X-100, 0.15 M NaCl. and
0.08 N HCI, pH 1.2. Thirty seconds later, cells were stained by
adding 1.2 ml of staining solution containing 6 wg chromato-
graphically purified AO (Polysciences Inc., Warrington, Penn-
sylvania) per ml of AO buffer (370 ml of stock 0.1 M citric
acid, 630 ml of stock 0.2 M Na,HPO,, | mM disodium EDTA.
0.15 M NaCl, pH 6.0) (Darzynkiewicz et al, 1975; Evenson and
Jost. 1994). Triton X-100 was used in the first step of this pro-
cedure to permeabilize cell membranes, thereby, providing ac-
cessibility of DNA for AO staining. When excited by blue laser
light (488 nm) the fluorescence from AO-stained testicular cells
reflects the relative DNA (green fluorescence) vs. RNA (red fluo-
rescence) content (Darzynkiewicz, 1979; Evenson and Melamed.
1983: Evenson et al, 1986b).

Sperm Chromatin Structure Assay

Acridine orange staining and subsequent FCM measurement of
epididymal, vas deferens, or ejaculated sperm has been termed
the sperm chromatin structure assay (SCSA; Evenson, 1989,
1990; Evenson and Jost, 1994). Even though the low pH treat-
ment does not cause denaturation of histone-complexed DNA, it
apparently does cause partial denaturation of protamine-com-
plexed DNA in sperm having abnormal chromatin structure
(Evenson et al, 1985). Abnormal chromatin structure, defined
here as an increased susceptibility to acid induced denaturation
in sime. is quantitated by FCM measurement of the shift from
green native, dsSDNA) to red (denatured, ssDNA) fluorescence.
The extent of this shift is expressed by alpha t (a,) (Darzynkiew-
icz et al. 1975) and is the ratio of red 10 (red + green) fluores-
cence. Since normal mature epididymal-sperm cells contain vir-
wally no RNA (Monesi, 1965), red fluorescence is minimal (Ev-
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FIG. 1. Effects of scrotal heat on mouse testicular weights (least
squares means {LSMeans] * standard error of the mean [SEM)) as a
function of time following exposure. Control values are plotied as day 0.
Scrotal regions were exposed to 38.0°C, 40.0°C, or 42.0°C (all +0.1) for
60 minutes. Control mice were anesthetized without exposure to elevated
temperatures. Three mice were thermally exposed for each time point
studied for each temperature level. The 38.0°C (n = 18; days 3, 7, 11,
14, 28, and 35) and 40.0°C (n = 15; days 3, 7, 11, 14, and 35) thermally
stressed mice shared the same controls (n = 9). The 42.0°C (n = 21;
days 1, 3,7, 14, 21, 28, and 35) themnally exposed mice were evaluated
with different control mice (n = 14). Body and testis weights did not differ
between the two control groups. ** = P < 0.01; *** = P < 0.001.

enson and Melamed, 1983). Normal whole sperm cells treated
with RNAse or sonicated and purified sperm nuclei demonstrate
the same fluorescent pattern as untreated whole sperm cells, in-
dicating red fluorescence is due to ssDNA staining and not nu-
clear or cytoplasmic RNA (Evenson et al, 1985; Ballachey et al,
1987).

Alpha t is calculated for each sperm cell in a sample and
results are expressed as the mean (Xa,), standard deviation
(SDa), and percentage of cells outside the main population of
&, (COMPa,) for each sample. Measurement of normal sperm
produces a narrow o, distribution. A sperm population with de-
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natured, ssSDNA has a broader a, distribution hence larger Xa,,
SDa,, and COMPaq, values.

Flow Cytometry

Immediately after staining, cells were passed through the quartz
flow channel of a Cytofiuorograf 30 interfaced to a 2150 Data
Handler (Ortho Diagnostics Inc., Westwood, Massachusetts).
The flow cytometer had ultrasense optics and a Lexel 100 mW
argon ion laser operated at 35 mW with an excitation wavelength
of 488 nm. Recorded measurements were begun 3 minutes after
staining, which allowed time for equilibration of the sample
within the sheath flow. Data were collected on 5,000 cells per
sample at a flow rate of =200 cells per second. Red (F,,,) and
green fluorescence (F, s3) emitted from individual cells were
separated optically and the digitized signals, processed in area
mode (testicular cells) or peak mode (caudal sperm), were stored
as list mode files on a computer diskette. ’

Data Analysis

Testicular-list mode files were analyzed using the 2150 Data
Handler. Cauda epididymal-list mode files were converted to his-
togram files by the 2150 Data Handler and transferred via Mult-
link (Phoenix Flow Systems, San Diego, California) to an IBM
PC compatible computer and analyzed using Multi2D software
(Phoenix Flow Systems). Data were statistically analyzed using
the General Linear Model (GLM) procedure of the Statistical
Analysis System (SAS for Windows, 1996). Results were
graphed using Sigma Plot for Windows software.

Sperm Morphology Analysis

Filtrate containing cauda epididymal sperm was mixed 1:1 with
filtered 1% Eosin Y (H,0) for 30 minutes and smeared on mi-
croscope slides. Two slides per sperm sample were made and
allowed to air-dry overnight. Excess Eosin Y was removed by
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FIG. 2. Red- (RNA) vs. green- (DNA) fluorescence cytograms of acridine orange-stained testicular cells from a control mouse. Panel A shows three
major discernible populations: i.e., tetraploid, diploid, and haploid cells. Two subpopulations are resolved in the tetraploid and diploid populations.
S-phase cells are located between the tetrapioid and diploid populations. Panel B is a computer magnification of the haploid population from panel
A, resolving round, elongating, and elongated spermatids. The relative percentage of each cell type present was calculated from the number of cells

In each gated population.
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dipping slides briefly in methanol and again drying overnight.
Coverslips were applied using Permount (Fisher Scientific, Fair-
town, New Jersey) before microscopic examination. A Nikon
Optiphot light microscope with differential interference contrast
optics (100 X oil immersion) was used for the morphologic ex-
amination of sperm heads. The percent abnormal sperm heads
was calculated from counting three samples per time point for a
total of 1 X 10° sperm heads/sample (Wyrobek and Bruce,
1975).

Results

Controls

Control values are given as day O values in the plotted
figures. No testicular parameter (percentage haploid, dip-
loid, and tetraploid cells and percentage round, elongat-
ing, and elongated spermatids) differed significantly
across the days of the experiment within the control group
for 38.0°C and 40.0°C exposure or the control group for
42.0°C exposure; they also did not differ between the two
control groups. Body and testis weights did not differ
between the control group for 38.0°C and 40.0°C expo-
sure and the control group for 42.0°C exposure. For the
heat-stressed mice, each day was tested against the cor-
responding control group.

Body Weights

There were no significant changes in body weight for
mice exposed to 38.0°C or 40.0°C, while mice exposed
to 42.0°C were significantly different from controls (mean
= 34.4 g) on days 3 (26.8 g; 22%, P < 0.001), 7 (29.8
g: 13%, P <0.01), and 35 (37.8 g; 10%, P < 0.05). There
was a definite loss of weight between days ! and 3
through day 7 with recovery almost completed by day 14
(32.9 g; 5%, P = 0.12).

Testicular Weights

Testis weights of mice exposed to 38.0°C or 40.0°C were
not different from control values over the duration of the
experiment (Fig. 1). The 42.0°C exposed mice had dra-
matic testis weight losses during the entire experiment
(day 1, P < 0.01; days 3-35, P < 0.001).

Testicular Cells

Flow cytometry data consisting of two-parameter red-
(RNA) vs. green- (dsDNA) fluorescent cytograms of
AO-stained testicular cells were obtained for all control
and thermally stressed mice to assess changes in the ratios
of testicular-cell types. An example of data from a control
mouse is shown in Figure 2A; the eight discernible pop-
ulations represent two tetraploid, two diploid, three hap-
loid, and S-phase populations. Figure 2B is a computer
enhancement for the resolution of the haploid subpopu-
lations (round, elongating, and elongated spermatids).
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PIG, 3. Effects of scrotal heat on the major populations of acridine
orange-siained mouse testicular cells plotied over time following thermal
exposure. The values were determined from computer analysis of flow
cytormetric cytograms similar to that shown in Figure 2A. LSMeans =
SEM were plotted for tetraploid (A), diploid (B), and haploid (C) testicular
popuiations. Scrotal regions were exposed to 38.0°C, 40.0°C, or 42.0°C
(all £ 0.1) for 60 minutes. Control mice were anesthetized without ex-
posure to elevated temperatures and are plotted as day 0. Three mice
were thermally exposed for each time point studied for each temperature
level. The 38.0°C (n = 18; days 3, 7, 11, 14, 28, and 35) and 40.0°C (n
= 15; days 3, 7, 11, 14, and 35) thermally stressed mice shared the
same controis (n = 9). The 42.0°C (n = 21; days 1, 3, 7, 14, 21, 28, and
35) thermally exposed mice were evaluated with different control mice
(n = 14). Percentage haploid, diploid, and tetraploid celis did not differ
between the control group for 38.0°C and 40.0°C exposure and the con-
trol group for 42.0°C exposure. * = P < 0.05;** = P< 0.01;*" = P<
Q.001.

The relative percentages of the testicular-cell popula-
tions present over time after thermal stress was temper-
ature dependent (Fig. 3). Mice exposed to 38.0°C had
only slight differences from controls in the relative per-
cent of haploid (P < 0.05) and diploid (P < 0.01) pop-
ulations. All three testicular populations varied signifi-
cantly (P < 0.001) from control at 11 and 14 days when
scrotal areas were exposed to 40.0°C. Relative percent
haploids fell below control levels after day 11 with a cor-
responding rise in the relative percentage of diploid and
tetraploid cells. The greatest effect of testicular heat stress
was seen in 42.0°C exposed mice. The percent haploids
maintained a significant relative decrease (P < 0.001) day
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FIG. 4 Effects of scrotal heat on acridine orange-stained mouse tes-
ticular round (A), elongating (B), and elongated (C) spermatid popula-
tions (LSMeans = SEM) plotted over time after thermal exposure and
caicuiated from gated regions of computer generated flow cytometric cy-
lograms similar to those in shown in Figure 28. Control values are plotted
as day 0. Percentage round, elongating, and elongated spermatids did
not differ between the control group for 38.0°C and 40.0°C exposure and
the control group for 42.0°C exposure. * = P < 0.05;** = P < 0.01 "
= P < 0.001.

3 through day 35, resulting in a significant relative in-
crease in the percent of diploid cells (day 1; P < 0.05,
all others; P < 0.001). Relative percent tetraploids dif-
fered on all days except day 14,

Changes in relative percentage of the three haploid sub-
populations (round, elongating, and elongated spermatids)
were also temperature dependent (Fig. 4). The 38.0°C ex-
posure did not affect the percent round or elongated sper-
matids, and only minor differences were seen in the per-
cent elongating spermatid populations (P < 0.01). The
relative percentages of all three spermatid popuiations dif-
fered after 40.0°C and 42.0°C exposure (P < 0.001). Rel-
ative decreases on days 7, 11, and 14 for percent round
spermatids at 40.0°C €xposure resulted in relative increas-
es in the elongating and elongated spermatid populations.
The 42.0°C exposure caused the most changes in haploid
populations; significant initial decreases in percent round
spermatids on days 1, 3, and 7 and subsequent increases
on days 21, 28, and 35 occurred with percent elongating
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FIG. S. Flow cytometric green- (dsDNA) vs. red- (ssDNA) fluores-
cence cytograms (A, B) and o, histograms (C, D) from SCSA measure-

ever, for convenience of working with whole numbers, o, values are ex-
pressed in this study (see Fig. 6) as ranging from zero to 1,000.

and elongated spermatid
changes.

populations reflecting those

Caudal Sperm

SCSA data on Xa,, SDe,, and COMPq, were dependent
On exposure to temperature and time of recovery (Figs.
5, 6A-C). The caudal epididymides of the 42.0°C group
did not have adequate numbers of sperm for SCSA eval-
uation; thus. only the data from the 38.0°C and 40.0°C
groups are shown in Figure 6. The 38.0°C treated mice
exhibited SCSA values similar to the controls for most
days. The SDa, vaiues (Fig. 6B) showed the largest dif-
ference between controls and 40.0°C treated mice with a
significant increase in value by day 11 (P < 0.001) and
a return to control levels by day 35. COMPaq, (Fig. 6C)
showed a dose response that followed the same pattern
as seen with SDa, (day 3: P < 0.05; days 7, 1 !, and 14:
P < 0.001). Scrotal heat stress at 40.0°C did not cause
significant sperm head morphological changes until day
7 (P < 0.01; Fig. 6D). On day 14, 40.0°C exposure re-
sulted in 48% of sperm with abnormal head morphology
(7 X control), whereas 38.0°C exposure did not cause
more than 21% sperm head abnormalities (3 X control)
at any sampling time point.
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FiG. 6. Graphs of SCSA data (LSMean x SEM) including Xg, (A), SDa, (B), and COMPa, (C) calculated from a, histograms similar to those in
Figure 5. Figure 6D shows the effects (LSMean = SEM) of scrotal heat on sperm hesd morphology. A minimum of 1,000 sperm heads per time poinit
were evaluated for head morphology (three mice X 350 sperm heads per mouss). Scrotal regions were exposed to 38.0°C, 40.0°C, or 42.0°C (all
=0.1) for 60 minutes. Control mice were anesthetized without exposure 1o elevated temperatures. Three mice were themmally exposed for each time
point studied for each temperature level. The 38.0°C mice (n = 18) were killed on days 3, 7, 11, 14, 28, and 35, while 40.0°C mice (n = 15) were
killed on days 3, 7, 11, 14, and 35. The 42.0° (n = 21) thermally exposed mice did not have adequate numbers of sperm for SCSA evaluation. Controls
(n=9)are plottedas day 0.* = P < 0.05; " = P < 0.01; *** = P < 0.001.

Discussion

This study has shown altered spermatogenesis resulting
from mouse scrota exposure to an elevated temperature
(38.0°C to 42.0°C) water bath for 60 minutes. Increased
thermal stress in increments of 2.0°C showed very minor
disturbances (38.0°C), moderate alterations (40.0°C), and
severe disruption of spermatogenesis (42.0°C). Previoys-
ly, De Vita et al (1990) reported the onset of testicular-
weight recovery 28 days after scrotal heat exposure to
42.0°C, while our data spanning 35 days showed a recov-
ery for mice exposed to 40.0°C but not 42.0°C. These
decreases in testicular weight are likely due to depletion
of hyperthermia-sensitive cells from the testis that was
manifest in cauda epididymal samples from mice exposed
to 42.0°C.

Differences in spermatogenesis in response to thermal

stress were measured in this study by: 1) testicular-weight
loss, 2) changes in testicular-cell-type ratios, 3) sperm
head morphology, and 4) alterations of caudal sperm
chromatin structure, defined as an increased susceptibility
to DNA denaturation in situ. Acridine orange staining of
testicular samples indicated that damage was evident 1
day after exposure to 42.0°C. Significant relative increases
in the tetraploid (Fig. 3A) and corresponding decreases in
the diploid populations (Fig. 3B) are evidence of a dis-
fuption in spermatogenesis, leading to altered ratios of
testicular-cell types. Exposure to 42.0°C appears to have
affected cells at virtually all stages of spermatogenesis;
the effects of 40.0°C were more selective, and 38.0°C
showed no measurable alterations of testicular cell pop-
ulations. Thus, mild hyperthermia exposure did not dis-
rupt spermatogenesis, while higher temperatures had dif-
ferential effects. Previous reports have indicated that late
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spermatocytes are the cell type most susceptible to heat
exposure (De Vita et al, 1987, 1990), and our results from
mice exposed to 40.0°C concur. Even though the overall
relative percentage of haploid testicular cells is unchanged
until 11 days after exposure to 40.0°C, the relative per-
centages of round and elongated spermatids are altered 7
days post heat stress (Fig. 4A and 4C). By utilizing the
timetable of spermatogenesis proposed by Oakberg
(1956a,b) and Sega (1974), the affected round spermatid
population would have been at or prior to the spermato-
Cyte stages at the time of heat stress; interpretations, how-
ever, need to take into account the previous observations
of Meistrich et al (1973a) that elevated temperatures alter
the kinetics of spermatogenesis in mice, essentially in-
creasing the rate of cell differentiation.

Using AO to study testicular populations has the added
advantage of resolving the three haploid-cell populations
based on RNA content and the degree of chromatin con-
densation (Fig. 2). De Vita et al (1987, 1990), utilizing
only DNA stainability, were only able to distinguish two
haploid populations, round and elongating + elongated.
Changes in the haploid populations are not as evident
when studying only DNA stainability since a change in
the elongating population may be masked by a corre-
sponding change in the elongated population thus ap-
pearing normal on DNA-staining histograms.

Abnormal sperm chromatin structure was evident 3
days postexposure to 40.0°C (Fig. 6A and 6C). Cauda
epididymal sperm at this time point would have been tra-
versing the caput and corpus epididymides during expo-
sure to elevated temperatures. These cells undergo further
chromatin condensation including intra- and inter-molec-
ular S-S bonding between protamine cysteine-SH resi-
dues (Balhorn et al, 1984). Exposure to thermal stress
apparently led to alterations of chromatin packaging mea-
sured as an increased sensitivity to DNA denaturation in
stiu.

The SCSA appears to be more sensitive to damage
caused by elevated scrotal temperatures (40.0°C) than AO
staining of testicular samples or traditional sperm head
morphology evaluations. This increased sensitivity of the
SCSA vs. other toxicological endpoints has been seen in
previous studies, e.g., methyl methanesulfonate (Evenson
et al, 1993) and ionizing radiation (Sailer et al, 1995). In
this study on thermal exposure, both the COMPq, and Xa,
showed significant increases 3 days following 40.0°C ex-
posure, thus making these variables more sensitive end-
points than sperm head morphology. Along with in-
~creased sensitivity, the SCSA also yields more informa-
tion on the testicular populations affected by increased
temperatures. SCSA variables are elevated through day
14 for mice exposed to 40.0°C (Fig. 6), which corre-
sponds to all stages of spermiogenesis or spermatid de-
velopment (Oakberg, 1956a,b: Sega, 1974). Analysis of
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sperm with the SCSA as compared to morphology anal-
ysis with the light'microscope is rapid, objective, and sta-
tistically significant (5,000 cells per sample X 3 animals
X 2 subsamples = 30,000 cells analyzed vs. 1,000 cells
per time point for morphology analysis).
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