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bility fur the au:urecy. completeness, or usefulness of any information, apparatus, product, or
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1.0 INTRODUCTION
Concern over reproductive toxins in the environment has created a need for methods
of testing for induced testicular damage. Sperm can serve as a biological dosimeter of
induced alteration. The frequency of sperm with malformed heads in mice and man
increases after exposure to most mutagens, carcinogens, and teratogens. Increases of the
frequency of abnormally shaped sperm may indicate induced genetic damage (32,33). The
usual methods for assessment of sperm defects, visual examination of morphological

features of sperm mounted on microscope slides or estimation of sperm Motility, are

subjective. Individuals may score reproducibly, but substantial variability exists among
technicians. Quantitative procedures are needed to provide objectivity and improve
reproducibility. Automation would enhance speed, could provide standardization and
should lead to improved archival libraries and data exchange and reirieval systems.
Advances in interpreting induced abnormalities in sperm require an improved means
to measure sperm characteristics. This report reviews the application of several methods
for automated, quantitative detection of shape changes, methods that are faster and more
sensitive than conventional visual techniques. Variability of sperm deoxyribonucleic acid
(DNA) content as a bioassay of genotoxic damage has been explored by us, and limitations
of the bioassay are discussed. New flow cytometric techniques that could lead to sexing
mammalian sperm have been developed during the course of this work and are described.
The goal of our studies is development of sensitive, noninvasive, statistically robust,
aralytical tools that can detect and quantify the frequency of altered sperm. These
methods would be applicable in screening protocols and in programs that monitor effects
of environmental contaminants. This approach is promising because the high rate of
analysis allows measurement of large numbers of sperm so that small changes of

frequencies might be detected.
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2.0 QUANTITATIVE MICROSCOPY OF SPERM SHAPE

Quantitative microscopy, employing the tools of image processing and pattern
recognition, 1: that branch of analytical cytology dealing with measurement of
immobilized, individual cells and subsequent characterization of populations of those cells
through statistical modeling. Research in this field began in the 1930's with Caspersson's
work on the nucleic acid content of cell nuclei and cytoplasm (2). In the 1960's, with the
availability of computers and a variety of sensitive, electro-optical transducers, a number
of studies on the quantitative characterization of cell images were begun (26). By the
early 1970's automated systems based upon the technigques of quantitative microscopy had
been developed to perform differential leukocyte counts and assess erythrocyte
morphology (12,34).

2.0.i Radiation-lnduced Abnormalities jn Sperm Head Shape

We have used quantitative microscopy to detect changes in sperm after varying doses
of testicular x~-irradiation (35). Our goal was to reduce subjectivity in the assessment of
sperm head morphology. We employed x-irradiation because of the relatively
uncomplicated dose-to-target determinations as compared to chemical mutagens. In this
study five groups of three mice received single testicular doses of x-irradiation at dosages
ranging from 0 to 120 rads. A random sample of 100 mature sperm per mouse was
analyzed 5 wk later to quantitate abnormal sperm head morphology as a function of
dosage. Cells were stained (15) with gallocyanin chrom alum (GCA) so that only the DNA
in the sperm head was visible. The ACUity quantitative mictoscope system at Lawrence
Livermore National Laboratory (35} was used to scan and digitize the sperm image at a
sampling density of 16 points per linear micrometer and with 256 possible brightness
levels per point. The contour of each cell was extracted by conventional thresholding

techniques on high-contrast images. For each contour 10 shape features were computed

to characterize the morphology of the cell.
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With rhe control group's distribution of shape features determining the variability of
a normal mouse sperm population, 95% limits on normal morphology were established. We
found that as dose increased, surface area of cells became smaller and shape features
indicated a significant trend toward circularity. With only the optimal 4 of the 10 shape
features extracted from the sperm images, a doubling dose of approximately 39 rads was
determined. That is, at 39 rads exposure the percentage of abnormal cells was twice the
percentage in the control population. Comparison to a doubling dose of approximately 70
rads obtained from a concurrent conventional visual procedure may indicate a greater
sensitivity of the image analysis method.

A companion study (17a) also suggests that quantitative methods can improve the
sensitivity of measuring the effects of x irradiation on sperm morphology. Quantitative
measurements made oir enlarged photographs of mouse sperm heads were related to
radiation dose. Using a Mahalanobis distance statistic to measure distance in a
multivariate space from a control group of measuremetr.ts reduced the doubling dose from
approximately 70 rad to 10 to 15 rad while keeping the percentage of abnormal sperm in
control mice at 3%, equal to the concurrent visual method.

2.,0.2 Influence of Chromosomal Translocations on Sperm Morphology

Certain chromosomal translocations (31) influence the morphology of sperm heads of
mice, e.g., T(14,15)6Ca. We used quantitative microscopy to determine whether we could
distinguish  mice with normal chromosomes from those carrying chromosomal
rearrangements, We examined sperm from control mice and from mice heterozygous or
homozygous for one of five chromosomal translocations. For each translocation a set of
100 sperm cells was chosen randomly from a heterozygote-bred mouse and from a

homozygote-bred mouse. Cne hundred control sperm cells were selected randomly from

each of two control mice. Cells were stained with GCA and the ACUity quantitative
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microscope system was used to scan the sperm cells at a spatial resolution and sampling
density of four points per micrometer. Each cell contour was extracted by conventional
thresholding techniques, and for each contour a variety of shape features were computed
to characterize the morphology of that cell. Two features that reflect roundness,
elliptical eccentricity and perimeter2 per area, yielded highly significant (P < 0.0001)
separation of the groups of mice. These preliminary studies suggest that quantitative
microscopy of sperm can be used to distinguish normal mice from certain translocation

heterozygotes and translocation homozygotes.

3.0 ANALYSES OF SPERM BY FLOW CYTOMETRY

Accurate, precise shape measurements of sperm are needed for fertility counseling,
genotoxic screening and occupational monitoring schemes. Information pertaining to
sperm head morphologyb is available from flow cytometric analyses. Flow cytometry,
another major tool of analytical cytology provides high analytical rate, precision, and
sensitivity. In flow cytometry, including fluorescence-activated flow sorting, sperm DNA
is stained typically with a fluorophore, the sperm are passed rapidly in single file through
one or more illuminating beams, and fluorescence is measured (Figure 1). Separation,
through use of flow cell-sorting technology, of large numbers of normal and malformed
sperm would provide material for biochemical analyses and might provide insight into
mechai-isms of sperm shaping and the consequences of morphologic abnormalities.
Computational confirmation of the potential of flow cytometric analysis of sperm shape

has been provided (13) but thus far experimental testing has been undertaken on only a

limited scale (1,8,22),
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3.1 SLIT-SCAN FLOW ANALYSIS OF SPERM HEAD SHAPE

We applied slit-scan flow cytometry (SSFCM) to classification of mammalian sperm
according to head shape (i). When analyzed for shape by SSFCM, fluorescently stained
sperm are moved lengthwise at approximately 8 m/s through an intense blue (1 W, 488 nm)
beam from an argon-ion laser that is shaped optically into a ribbon 2.5 x #0 um in
cross-section. The SSFCM measures the distribution of fluorescence in 50 to 100 narrow
strips across each sperm head. When these intensities are time-ordered the composite
fluorescence proiile is a measure of sperm head morphology. Measurements are made on

about 100 sperm/s and, thus, objective results with high statistical precisiocn are obtained

quickly.

Mouse,’,“rhamster, rabbit, and bull sperm were fixed with formalin and stained with an
acriflavine-Feulgen procedure (9). An average fluorescence profile was generated for
each species. Individual sperm were classified as morphologically normal or abnormal by
comparison of their profiles to the average profiles by test of sum of squared differences.

3.1.1 Interspecies Comparisons

The profile for each species has a characteristic shape (Figure 2}. Sperm heads of
roughly similar outline produce comparable fluorescence profiles. Mouse and hamster
sperm have hooked heads and SSFCM of their sperm yields skew profiles; the
paddle-shaped sperm of the bull and the rabbit produce more symmetric profiles. When
the average Swiss Webster mouse sperm profile was used as a control and a threshold of
fit was set to include 95% of mouse sperm profiles, then only 5% of hamster and 0% of
rabbit and bull sperm profiles fit within this threshold. Bull and rabbit sperm, which are
difficult to differentiate visually are distinguished by this method. With the average

rabbit sperm profile as the control, only 15% of bull sperm were within a threshold that

included 95% of rabbit sperm.
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3.1.2 Eiffects of X-Irradiation on Mouse Sperm

Caudal epididymal sperm were collected from AKDZF | mice that had received a
single dose of x-irratiation to their testicles 35 days earlier. Doses were G, 100, 300, 450,
600, or 900 rads. The SSFCM profiles were analyzed to determine the frequency of
atypical sperm for each dose; the sperm also were scored visually for morphological
abnormalities by trained, independent observers. The frequency of aiypical sperm
estimated by SSFCM correlated remarkably (r = 0.99) with frequencies of abnormally
shaped sperm estimated by microscopic analysis (1). The sensitivity of the SSFCM assay
was slightly lower than that of visual scoring, but in this study only 100 sperm were
assayed by SSFCM per dose. In recent studies (10) between 500 and 1000 sperm per dose

were analyzed with SSFCM and sensitivity of the SSFCM assay was equal to or better than

the visual assay of sperm shape.

3.2 HIGH RESOLUTION DNA CONTENT MEASUREMENTS

As mammalian sperrn are haploid and incapable of DNA synthesis, they should have a
narrow distribution of DNA content. However, ear!y flow cytometric analyses (9)
revealed a peak of fluorescence with a shoulder (Figure 3), a pattern often seen with
cycling somatic cells. Sperm with fluorescence intensities from either the peak or the
shoulder gave the same skew distribution when subsequently analyzed by flow sorting.
The skew distributjon has been ascribed to an artifact of measurement (7,22,30) secondary
to the extremly compacted, flat sperm nuclei. The dense nucieus has a high refractive
index and necessitates special staining protocols (25) for quantitation of sperm DNA. The
problems of measuring flattened nuciei, i.e., cellular orientation, are overcome (Figure %)
by a commercial flow cytometer, the ICP22 (Ortho Instruments, Westwood, MA), that is
largely insensitive to cell orientation or by a specially built orienting flow cytometer

(OFCM) that orients the sperm during measurement (4,25,30).
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The difficulty of measuring sperm DNA content with a flow cytometer with
orthogonal geometry complicated the studies of Sarkar et al.,, (27,28) in their
investigations of population heterogeneity in human sperm DNA content. They obtained
broad asymmetric peaks with coefficients of variation (CV) for normal men ranging from
9 to 20%. The asymmetry of the peaks was attributed to subpopulations of sperm bearing
either X or Y chromosomes and the variability to diminished control of DNA constancy in
spermatogenesis (in contrast to greater constancy during the replication of somatic
cells). They also found that carriers of balanced translocations were oligospermic and
showed a wide dispersion of modal sperm DNA content. These are unexplained findings.
Reciprocal events in the alternate form of segregation, which occurs predominantly in
male carriers of balanced translocations, should not alter the modal DNA value nor should
they be associated with oligospermia. It is more likely that the Sarker observations
(27,28) are attributable to poor resolution caused by the artifact just described as well as
staining and instrument variability.

The cytotoxicity of ionizing radiation has been studied (l1) with murine
spermatogenesis as an in vivo biologic dosimeter. Changes of the frequency distribution
of cellular DNA content of whole testis preparations were analyzed by {low cytometry. A
linear increase of the CV of DNA content of cells irradiated as spermatocytes, &
dose-dependent arrest of differentiated spermatogonia, and an induction of diploid sperm
were observed. However, a shoulder on the dose-effect curve of the irradiated
spermatocytes limited the value of the method in the low-dose (< 100 rad) range. Evenson
et al., (5) found that the DNA of misshapen sperm nuclei from unexposed bulls, mice, and
humans has decreased resistance to thermal denaturtion. Many morphologically normal

nuclei derived from subfertile donors were also abnormally sensitive to thermal

denaturation of their DNA. Sperm DNA is readily denatured following exposure tO
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chemical mutagens and carcinogens (Evenson, personal communication 19 July 1983).
Thus, tlow cytometry of sperm DNA content might provide a measure of damage in the
genetic material of male germ cells following exposure of an individual to a mutagen,

carcinogen or teratogen. We have used several flow cytometric techniques to measure

the relative DNA content of sperm (25).

3.2.1 Mutagen Induced DNA Content Variability

Accuracy of our measurements was established (25) by resolution of X- and
Y-chromosome-bearing sperm in normal mice (Figure 3a) and those with the Cattanach 7
to X translocation (3) (Figure 5b) by two protocols. Additional details are given in the
following sections on measuring and separating X- and Y-sperm. Staining sperm with
4-6-diamidino-2-phenylindole (DAPI) and measuring fluorescence in an ICPC22 flow
cytometer is one protocol we used; the other is measuring ethidium bromide mithramycin
(EBMI) stained cells in the OFCM. Quantitative agreement of the response among these
two protocols and another that uses acriflavine-Feulgen stain measured with the OFCM
reduces the probability that the response is a staining artifact.

Caudal epididymal mouse sperm collected 35 days after acute localized exposure of
testes to x rays show dose-dependent increases of the CV of fluorescence distributions of
DNA content (Figure 6). Comparison of dose response curves obtained with protocols that
overcome optical and cytochemical difficulties in different ways leads to the conclusion
that the response is due to x ray induced DNA content variability (24).

In the range between 0 and 600 rads the dose dependence of the square of CV of the
DNA content variability, CVIZD, is described by CVlZD = Bx+ sz, with
0<B <0.23 x lO-2 and C = (0.44 + 0.06) x 10-4. The dose x is measured in rads, and
CVD is expressed in percent (24). Computer modeling of the shapes of the fluorescence
distributions shows :hat at 600 rads 30 to 40% of the sperm have abnormal DNA stain

content. Som« have deviations as large as two whole chromosomes, but it is not clear

whether they are due to whole chromosome nondisjunction, a finer fragmentation of the

genome, or an effect of the irradiation on DNA-stain stoichiometry.
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Aged mice, 27 to 30 mo old, show no increased response relative to 3 mo old controls,
and the CV for unexposed animals is independent of age. Benzola)pyrene (B{(a)P) and
mitomycin C (MMC) cause abnormalities of sperm shape but no measurable variability of
DNA content. This can be interpreted as a control for morphologic effects on the flow
measurement of DNA content. Because the x ray dose response has a small slope at low
doses and B(a)P and MMC cause no detectable response in DNA content, the sensitivity of
this technique is low, and its utility for detecting mutagen exposure will be limited to
agents that produce aneuploidy in sperm. Using another species with fewer chromosomes
than the mouse might help optimize detection of exposure-induced errors in DNA content.

3.2.2 X- and Y-Chromosome-Bearing Sperm

The DNA content of spermatids from chromosomally normal mice (17) and from mice
carrying Cattanach's translocation (16) has been measured by flow cytometry. These
studies, which report two peaks essentially analogous to those in our study (Figure 5), help
substantiate our belief that the two peaks in our study (25) represent X- and
Y-chromosome-bearing sperm. The ability to obtain excellent resolution of the two peaks
is useful for other biological applications. For example, using sperm selection methods to
influence the sex ratio of agriculturally important animals would have profound genetic
importance and marked economic impact. Garner et al., (6) have quantified X- and
Y -chromosome-bearing sperm from ram, rabbit, boar, and bull semen using a slight
modification of the method in the mouse studies. Although we have yet to resolve the X
and Y subpopulations of human sperm, Otto et al. (20) have demonstrated such
subpopulations and found a DNA difference between them of 3.4%. Qur measurements of
cockerel sperm predictably praoduced one narrow peak as the cockerel is the homogametic

sex.
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Flow cytometry, when used for X-Y sperm discrimination, ex.loits the only
established difference between X- and Y-sperm; i.e., the quantity of DNA in the sex
chromosome. The small differences of X-Y peak separations seem to repres :nt the actual
DNA content difference of the chromosomes but could be caused by more sustle effects,
e.g., differences of base composition of the DNA. Even small differencas of base
composition of the sex chromosomes could be magnified by the preference o1 DAPI for
adenine-thymine base pairs (29). Nonetheless, although the observed fluorescence would
not be proportional to the total DNA content of the sperm, the two peaks stiil would
represent X and Y sperm.

Analyses of bimodal frequency distributions by fitting two Gaussian distributions to
the data showed that fluorescence intensity of the peaks differed by 3.9, 3.7, 4.1, and
3.9% for bulls, boars, rams, and rabbits (6J. In four replicate analyses of semen frem 25
bulls representing 5 breeds, the average area for the Y-peaks was 50 + 0.5%, as typified in
Figure 7. The X-Y peak differences did not vary within breeds but varied among breeds.
Sperm from Jersey bulls had larger X-Y peak differences (P < 0.001) than sperm from
Holstein, Hereford, and Angus bulls; sperm from Brahman bulls had smaller X.Y
differences (P < 0.004). In this context it is interesting to note that the Y-chromosome in
Brahman cattle is a small acrocentric while that in the other breeds is a smal
metacentric said by some (13a) to arise as a pericentric inversion of the ac.  =ntric Y.

The work of Garner et al., (6) shows that flow cytometry can assess the relative DNA
content of sperm from domestic animals (data not presented here) and determine the
natural ratio of X- to Y-chromosome-bearing sperm in fresh semen of at least five species
and cryopreserved bull and boar semen. Moreover, it suggests that the ability to
determine relative populations of X~ and Y-chromosome-bearing sperm in a semen sample

would provide a quick, accurate method to determine the success of a proported
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sperm selection technique. The practical abiiity to influence the sex ratio of progeny
would have profound impacts on the livestock industry. Not only is flow cytometry useful
for Assessment of enrichment but it also may be used to develop new methods of
separating X~ and Y-sperm and to provide quality control for enrichment techniques that
reach commercial application.

3,2.3  Separation of Heterogametic Sperm

Development of semen-based sex selectiori techniques has been impeded by the
difficulty of identifying differences that might serve as a basis for enrichment or
preferential inactivation of X- or Y-sperm. Appropriately adapted flow sorting
instrumentation can be used to separate sperm based on DNA conterit. These sperm could
be used to search {or phenotypic differences that might be exploited for hulk separation
of viable cells. However, current staining techniques (25) adequate to resolve a 3 to #%
difference in mean DNA content require decondensation of the highly compact sperm
nucleus with proteolytic enzymes, substantially altering many biochemical components
and generally disrupting sperm structure. The larger the difference in DNA content
between the sex-determining sperm populations, the more biochemically conservative a
staining protocol can be and still resolve the populations. For the vole, Microtus oregoni,
this difference is about 9%, more than double that of most mammals (18).

M. oregoni is unusual in that it is a gonosomic mosaic (19); the gonadal and somatic
cells have different chromosomal constitutions. Male somatic cells are XY, but
spermatogonia are OY. Thus, one of thie sperm populations contains the Y chromosorne
and the other, called "O", contains no sex chromosome. In this animal only Y-linked genes
are candidates for coding for markers that differentiate the two sperm classes. This may
not be different from other mammals as there is evidence that the X chromsome normally

is inactivated during spermatogenesis (14).
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In what we believe to be the first verified sperm separation in a mammal (23), caudal
epididymidal sperm from trapped M. cregoni were dispersed for flow sorting, stained with
DAPI, and sorted after preparation according to three protocols: 1) Papain and
dithioerythritol treatment to decondense the chromatin (25). Sperm tails and other
cytoplasmic structures also are removed. This procedure yields good DNA centent
resolution (Figure 8). 2) Sonication followed by fixation in 80% ethanol. This also
removes tails, but staining precision is considerably reduced. 3) Fixation of intact cells in
10% phosphate buffered formalin. Sperm tails are not removed and resolution is reduced
further. Sorting rates in these experiments were on the order of 30 cells/s for each
fraction.

Purity of the sorted fractions was deterrined by restaining the sperm according to
protocol |, measuring the sperm of each fraction in the ICP22, and computer fitting 2
pair of normal distributions to the resulting data. The relative areas of the two fitted
curves give the relative Y and O populations in each fraction. Figure 9a shows
measurement of the O fraction sorted from the sonicated ethanol fixed cells; the Y
fraction is shown in 9b. Their photographic superposition, which should be compared to
Figure 8, is shown in Figure 9c. Analysis shows 95, 87, and 82% purity of O fractions for
protocols 1, 2, and 3. Purities of Y frac*ions were 72, 83, and 80%.

Two problems currently prevent insernination of sorted sperm: low sorting rates and
lytic staining techniques. Even if vital staining techniques are developed and the sorting
rate is increased to about 103sperm;’s, use of sorted sperm for Al will not be widespread
because several million cells per insemination are required. Application to in vitro
fertilization, where the required number of sperm is significantly lower, is more probable.

For the immediate future, flow sorting of M. oregoni sperm offers the possibility of

directly addressing the question of haploid expression of sex chromosome genes. A
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genetic marker might permit bulk separation of viable speri::, perheos with an antibody to
bind one population to a column while allowing the other to pass through. 1f there is a
Y-specific M. oregoni marker that is conserved across species, it would have general
application to mammalian sex selection. In the absence of a common Y-specific marker,

extension to other species will require sorting of biochemically preserved sperm differing

in DNA content by 3 to 4%.

4.0 CONCLUDING REMARKS

Male germ cells respond dramatically to a variety of insults and are important
reproductive dosimeters, Semen analyses are very useful in studies on the effects of
drugs, chemicals, and environmental hazards on testicular function, male fertility and
heritable germinal mutations. The accessability of male cells makes them well suited for
analytical cytology. We might automate the process of determining sperm morphology
but should not do so solely for increased speed. Rather, richer tangible benefits will
derive from cytometric evaluation through increased sensitivity, reduced subjectivity,
standardization between investigators and laboratories, enhanced archival systems, and
the benefits of easily exchanged standardized data. Inroads on the standardization of
assays for motility and functional integrity are being made. Flow cytometric analysis of
total DNA content of individual sperm is an insensitive means to detect exposure to
reproductive toxins because of the small size and low frequency of the DNA content
errors. Flow cytometry can be used to determine the proportions of X- and

Y-~chromosome-bearing sperm in semen samples.
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FIGURE CAPTIONS

Schematic of a fluorescence-activated flow sorter showing orthogonal axes
of sample flow, laser beam illumination and fluorescent light detection.
Fluorescently stained particles to be sorted are carried in a fast-moving jet
of fluid past an optical detection system that responds to fluorescent light.
The jet carrying the particles subsequeniiy breaks up into individual
droplets. Those droplets that contain a desired particle can be

electronically charged and deflected into a separate receptacle.

Average slit-scan flow cytometric profiles for sperm from fout mammals.
The flow cytometer used in these studies is not construced as shown in
Figure l. The solid line is a sample average; the dotted lines represent | 5D
from the average. Sperm from each animal yield an average profile with a

distinct length and shape (1).

Fluorescence distributions of flat sperm heads from six mammals stained by
the acriflavine-Feulgen procedure for DNA content show similar
asymmetric shapes with skew to the right. Flow cytometer had orthogonal
geometry as in Figure |. Modal channel numbers are not indicative of the

relative DNA content of the sperm (9).

Special measurement techniques are required for sperm. (a) Measuring DNA
content of flat, condensed mammalian sperm in orthogonal flow cvtometers

results in distorted frequency distributions. When the edge of the sperm is



Figure 5.
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toward the detector a high fluorescence is recorded; when the flat side is
toward the detector, a low fluorescence is recorded; intermediate
orientations produce intermediate values. (b) Flow chamber of the orienting
flow cytometer: shaping the end of the sample injection tube and using a
rectangular flow orifice cause the sample stream to be drawn into a thin
ribbon. The hydrodynamic forces encountered by the ilat sperm cause them
to be preferentially orient=d in the plane of the ribbon. The output of the
orifice enters a cylindrical quartz tube of quiescent liquid (not shown) where
the cells are illuminated by a laser beam. (c) Flow chamber of the
epi-illumination flow cytometer (Ortho ICP 22): The sperm flow upward
along the optical axis towards the microscope objective (N. A. = 1.25).
Hydrodynamic forces cause them to orient with their longitudinal axis
parallel to the flow. The emitted light reaching the photomultiplier is not
affected by the random rotational orientation of the nuclei because the
optics are radially symmetric. A peak in the fluorescence signal occurs as
the nuclei move through the focal plane and is the basis of the photometric
measurement. The wash fluid rapidly temoves the nuclei from the camber

after measurement. From Pinkel (21).

The DNA content of Y-sperm is measured accurately. Fluorescence
distributions of EBMI stained sperm from normal mice (a) and those with the
Cattanach 7 to X translocation (b). The separation of the peaks is
determined by fitting a pair of normal distributions to the data. The
separations agree with the differences expected from measurements of the

individual chromosomes (25).
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The observed x-ray dose response is the same for three measurement
techniques. The square of the coefficient «f variation of the fluorescence
distribution, CVZD, increases with radiation for the three protocols. Each
symbol represents an independent determination. The colid line is the least

squares fit of a second order polynomial (second equation) to the data (21).

Resolution of bull X~ and Y~sperm populations. For computer analysis the
distribution obtained from flow cytometric measurement was truncated to
the channels of fluorescence intensity shown and fitted with a pair of
Caussian distributions. Each of the two distributions is representec by sm='l
dots {. . .) and their sum by the solid line (—). The actual number of sperm
per channel are shown as large dots (+), The only restriction placed on the
computer fit was that the coefficients of variation be identical. There were
51% of the sperm in the Y peak (lower intensity) and 49% in the X peak.

The difference in modal fluorescence intensity of the two peaks was 3.94%

(21).

The "O" and Y sperm populations are clearly resolved in M. oregoni and the
9,1% difference in modai fluorescence intensity of the two peaks (21)
corresponds closely to the 8.8% expected based on length of chromosome

measurements made by Moruzzi (18).

R |
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Verification of sorting purity of M. oregoni sperm. Sperm prepared with
protocol 2 were sorted into two fractions. After sorting, the putatively
enriched fractions were restained using protocol | and analyzed in the
ICP22. Analysis of the O- and Y-fractions are shown in (a) and (b)
respectively. The photographic superposition (c) of the peaks should be

compared to ° (21).

|

|



Focusing ~3
lens

\

High voltage
deflection plates_\

|

Cell
suspension

v

Photomultipliers

in
~ Standard
: Beam splitter FACS Electronic
filter slots signal
)~ I(')bjective processing
ens

Solid-state
scattered light

Droplet charging
signal

</

Central
stream
catch-tube

-

Collection
receptacle

B.L. Gledhill
Fig. 1



7 *814
TTTUPeId *1'4

jauuey)

uqqey

asNowW Jaisgap) SSIMS

{(snun Asesnigie) Ansualuj

DL




BT W WV TR NPT 15

Number of cells per channel

5000 '

2500 — —

t

'\

H

I ,

— ‘;—— CV=47% —
i

Lo
L}

4
'M
MIILII

- -’f CV = 4.5% —

] p—

100 60 100 100
5000 = 0 1 7 R ) ]tﬁﬁ*l L L Y I B R
A )
\‘ Rabb't 0 Bull { | Stallion
‘1 ¢
| ' ] )
' 'l cv=6.1%
2500 |— &—- CV =4.3% ~ b= - cv=49% —i ——*;! K-— e
[ \
. o
ro /
0 ‘/l‘ l 1 & 1 i L L lj’ l ] 1 ) ) J
60 100 140 180 60 100 140 60 100

Channel number, fluorescence intensity

B.L. Gledhill
Fig. 3



(a) )
Fluorescence /'r] )g& Flug

'-
detector / e,
. cl_'é' e
| g = Sperm ®
E 3
=
2 O J
~
Brightness
(b) Cell orientation (c) Coaxial measurement
Coverglass Objective
\_\ //{ﬁ@
Rinse — =

\\\\

ySheathy-4 [l $ NN
Sample

B.L. Gledhill
Fig. 4




Number of cells

(a)

Normial mouse

500

250 —

—] 3.3% |

(3.2% expected)

v

\

N
L ~
-~

.......

180 190

200

(b)

400

200

0

Cattanach translocation

B T I J
|—
. N (5.1% ex‘pected) \\
L/] //I\\ [N
180 190 200

Fluorescence intensity

B.L. Gledhill
Fig. 5




20

| T T —[ i g
10 — B

| l [

0 200 400 600
Dose (rads)

2
CVg5

B.L. Gledhill
Fig. 6

® Acriflavine
Feulgen-OFCM

0O EBMI-OFCM
O DAPI-ICP22

cv? = CV% + cV2D(x)
CV3 (x) = Bx + Cx?

B <0.23 X 1072

C = (0.44 + 0.06) X 1074




] s bestend ¢ A L ot st

Number of cells

280 300

Fluorescence intensity

B.L. Gledhill
Fig. 7



Number of cells

300

200

100

Y 49%
"0 51%
A 91%

I ] |

1 :

1 :

{ :

4 -

1 | N |
150 300 450

Fluorescence intensity

B.L. Gledhill
Fig. 8




6 813

TITYpeTo " 1°d

A}isuajul 9ouaasaion| 4

05t 00€

oy WTy

uonisodiadng

0Gi 0

oSt 00¢ 0GlL 0 oSt 00€
T T LI TN T
4 |
uonaesy A uoies ,.0,,
(9)
| 1 ] | |

o

§]189 JO Jaquinp

0SlL

(8)




DISCLAIMER

This dacament was prepared &s an account of wock sponsored by an agency of
the United States Government. Neither the United States Goverament nor the
University of California nor any of their employees, makes any warranty, ex-
press or implied, or assumes any legal liability or responsibility for the ac-
curacy, compl or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial products, process, or service
by trade name, trademark, manufacturer, or otherwise, does nut mecessarily
constitute or imply its endorsement, recommendation, or favaring by the United
States Government or the University of California. The views tnd opinions of
authors expressed herein do not necessarily state ar reflect thosz of the United
States Gavernment thereof, and skail ot be used for advertising or product en-
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