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I. INTRODUCTION 

Among the signatures of reproductive toxicity of chemical and physical 

agents are alterations in morphology and/or DNA content of sperm. Sperm based 

assays for reproductive effects are attractive because of the potential for 

obtaining samples for monitoring human populations. Visual analysis of sperm 

morphology has been used for many years as one component of semen assessment. 

More recently it has been found that shape abnormalities are induced by 

exposure of animals to a wide range of agents (27,28) and there is evidence 

for elevated levels of abnormally shaped sperm in men exposed to drugs or 

chemical agents in the work place (29). Experienced observers are consistent 

in classifying sperm according to shape but classification criteria may differ 

among them. Additionally there are important aspects of sperm shape which 

humans can't discriminate well. These considerations have led to efforts to 

develop quantitative morphologic analysis procedures. These procedures lend 

themselves to automation, so that once their value is established the time 

required for large numbers of analyses may be greatly reduced. 

DNA content errors in germ cells have been detected by cytological 

techniques (12,21,22) at specific points during spermatogenesis such as 

roeiosis, and the consequences of the errors have been determined by post 

fertilization karyotype analysis (3,4,6,7,12,14), Recently flow cytometric 

measurements have been able to detect radiation induced DNA content errors in 

sperm (19) and spermatids (10,11), yielding information where it was 

previously unavailable. 

In this article I will revievr some flow-cytometric and image analysis 

procedures under development for quantitative analysis of sperm morphology. I 

will also summarize the results of flov-cycometric DNA-content measuremer, 
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sperm from radiation exposed nice, relate these results to the available 

cytological information, and discuss their potential dosimetric sensitivity. 

2. SPERM HEAD MORPHOLOGY 

Mammalian sperm have thin planar heads attached to a long tail. 

Morphologic abnormalities nay occur in both. Procedures for quantitatively 

classifying sperm shape range from simple measurements of head length (13) to 

complex descriptions of both head and tail (28), To illustrate the 

possibilities and problems of this work I will summarize two image analysis 

and one flow cytometric study of changes in mouse sperm head shape induced by 

x-ray exposure. 

2.1 Image-Analysis Studies 

Quantitative assessment of changes in sperm head shape due to toxic 

exposure requires establishing of a set of measurements of cell features which 

ave sensitive to the changes. Parallel experiments by Moore et al. (16) 

(called MBKW in what follows) and Young et al. (30) (called YGLW) illustrate 

two methods of approaching this problem. Both stiidies analyzed sperm from the 

same mice, which had been exposed to testicular x-ray doses of 0, 30, 'JO, 90, 

and 120 rad. The three mice in each dose group were killed 5 weeks after 

exposure and smears of sperm from the cauda epidydimides were prepared. MBKW 

stained the smears with the protein stain eosin which allowed visualization of 

the whole sperm head. YGLW used the DNA stair, gallocyanin chrome alum which 

stained the nucleus. Since the sperm head is almost entirely nucleus the 

visible sperm shapes were basically the same in these two studies. Five 

hundred eosin stained sperm from each mouse were visually classified as normal 

or abnormal (5) so that the image analysis results could be compared with a 
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doss-response curve generated by an experienced human observer. MBKW took 

photomicrographs (8500x) of 50 randomly selected sperm per mouse and manually 

measured 9 linear features believed to describe sperm head shape (Fig. 1) as 
2 well as areaj perimeter, and perimeter /area* TCLW used a microscope-based, 

computer image-analysis system in which the outlines of the sperm nuclei were 

defined using a thresholding technique (Fig. 2). They then computed 10 

general descriptions of cell shape. These included area, perimeter, 

perimeter /area, and 7 others describing the curvature, roughness, and 

deviation from circularity of the sperm nuclear outline. No measurements of 

linear or diagonal dimensions were included. Thus only 3 of the measured 

features in the two studies were the same. 

Visual scoring of sperm heads is based on classifying each as normal or 

abnormal, and perhaps recognizing several different classes of abnormalities. 

Quantitative measurements allow the establishment of rigorous criteria for 

this classification and also make it possible to study changes in each dose 

group as a whole. The simplest way to describe a group is with the average 

values and variances for the measured features. The results obtained in the 

two studies were different. MBKW found no significant changes in the means of 

their measurements, but did find an increase in the variances in the highest 

dose groups. On the other hand, YGLW found changes in the mean values of some 

features but did not report changes in the -'arianceB. In the three features 

measured in common, there is disagreement on their behavior. 

Sensitivity was greatly improved in both studies by combining individual 

measurements into a statistical measure called the Mahalonobis distance, M. 

This describes the "distanct" in the multidimensional feature space by which a 

cell or experimental population departs from a reference population. The 
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distance is measured in units related to the variance and covariance of the 

measurements in the reference population. Explicitly, 

M = (Y - Y )' S _ 1 (Y - Y ) (1) 
c c 

where Y is a vector whose elements are the measured features on a particular 

cell, Y is the mean value of the feature vector, for the reference 

population (the ' indicates the transpose of the vector) and S ia the 

inverse of the covariance matrix for the reference population (YGLW calculated 

S by pooling both the exposed and reference populations). 

MBKW applied Eq. (1) to each Bpernt head in each dose group using the zero 

dose sperm for the reference population. They found that the mean M for each 

dose group increased with dose but that more sensitivity could be achieved by 

classifying each sperm as normal or abnormal based on its M value. This was 

done by defining those with M larger than some critical value as abnormal. 

Figure 3 shows a series of dose-response curves obtained in this way. A 

choice of ~ .45 for the critical value approximately duplicates the 

visually obtained dose-response curve. Choosing lower values yields steeper 

slopes at the expense of classifying more sperm in the unexposed group a6 

abnormal. 

The dose-response curves of Fig. 3 were based on all 11 features. MBKW 

then searched all possible subsets of combinations of 1, 2, ... etc. features 

to see which yielded the greatest sensitivity to exposure. Searches of this 

type hsve to be carried out by directly testing all of the possible 

combinations, in this case 2047. The search was constrained in two ways. 

First the critical value of M was chosen such that at zero dost 3% of the 
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sperm were classified as abnormal, in agreement with the visual scoring. 

Second, the resulting dose-response curve was required to be well fitted by a 

straight line. These, subsets were then compared on the basis of the slopes of 

their dose-response curves. It was found that several subsets yielded greater 

slopes than the complete set of all 11 features. Thus "noise" in some of the 

features was obscuring response in the others. The features L„, L,, Dj, 

and area (Fig, 1) appeared in most of the high-slope subsets and thus appear 

to be more sensitive to radiation exposure than the others. The doubling dose 

(the dose required to double the percentage of abnormal sperm in the control 

group) for these subsets was less than 25 rad compared to about 70 rad for 

visual scoring. Sperm-by-sperm comparisons of visual and quantitative 

classification indicate thut the additional sensitivity of the latter comes 

from changes in the area and diagonal measurements, quantities not easily 

judged by eye. 

YGLW applied Eq. (1) to the sperm populations as a whole, using the mean 

values of the features of the sperm from each mouse and thus calculating a 

single M for the sperm from that animal. No classification of individual 

sperm as normal or abnormal was reported. The resulting dose response curve 

was fitted by an equation of the form M = a D + c, where M is the 

Mahalonobis distance at dose D, c is the zero dose intercept, a is a constant, 

and 3 < b < 4. 

Several issues raLsed by these studies remain unresolved. Application of 

the calculation of YGLW to the measurements of MBKW would have found 

essentially no response to dose since the means of their measured features 

were very nearly dose-independent. MBKW found it most sensitive to classify 

individual sperm based on their M value and searched for and found 
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dose-response curves that were well fitted by a straight line. YGLW found a 

cubic or quadratic behavior of H for the groups and reported no attempt to 

riassify individual sperm. Experience with visual scoring has found 
1.5 

dose-response curves increasing approximately as B where D is the dose. 

The differences in the shape of the curves may be related to the different 

information captured by Che measured features in each case. This issue is 

important since the sensitivity of the assay at low doses depends on the slope 

of the curve at D = 0; the larger the exponent the larger the dose required to 

measure a response. 

Methodological improvements might also resolve some of the differences 

between the quantitative studies. It is important to establish the sampling 

density required to adequately describe sperm head shape in digital images. 

It is also important that automatic procedures for finding the sperm head 

outline be carefully monitored to be sure that the acquired image is that of a 

single sperm lying flat on the slide and that the computer-found perimeter not 

contain artifactual deviations due to debris near the cell being measured. 

This is especially important in rodent sperm because their hooked shape (Fig. 

1) results in a normal outline with regions of high curvature. While these 

studies point up issues that require resolution, they indicate the potential 

of quantitative sperm head maasurements to improve the sensitivity and 

objectivity of morphological classification. They allow a rigorous definition 

of classification criteria and the testing for those features most affected by 

exposure to toxic agents. 

2.2 Flow Cytometry 

Slit-scan flow cytometry has been used to obtain one-dimensional 

morphological information about cells and chromosomes. Benaron et al. (2) 
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have applied it to the detection of Jt ray induced sperm head shape 

abnormalities. In their work sperm whose nuclei were stained with a 

fluorescent DNA specific dye were scanned as they flowed through an 

elliptically focused laser beam whose dimension along the direction of flow 

(2,5 urn) was much less than the length ("7 urn) of the nucleus (Fig. 4). 

The hydrodynaraic forces associated with the flow oriented the sperm so that 

they flowed either head or tail first through the beam. Because of the 

optical effects peculiar to sperm (see Section 3) data were only accepted from 

sperm which were oriented such that their plane was approximately normal to 

the axis of the fluorescence collection lens. This was judged by the 

brightness of the integrated fluorescence signal (cells in the peak of 

Fig. 6a). Fluorescence intensity was recorded every 20 ns so that about 50 

measurements defined the profile of the fluorescence pulse. The information 

contained in the pulse profile is the DNA content in a series of strips across 

the cell. Its relation to cell shape as seen by a human observer and the 

image analysis techniques discussed above is indirect. For example, the slit 

scan signal is sensitive to thickness variations in the nucleus which were not 

determined in the o':her studies (but could have been). 

A sperm head was classified as normal or abnormal by comparing tha shape 

of its fluorescence profile, the sequence of 50 or so individual measurements 

(a(i)}, with a standard profile {b(i)1 obtained by averaging the 

profiles of 100 spera from a control population. The departure from standard 

was quantified by the sum of the squares of the differences (SSD) of the two 

sets of numbers 

SSD = 1. [a(i) - b(i)] 2. (2) 
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Sperm with an SSD value above a chosen threshold were defined as being 

different from the standard. 

A comparison of the flow and visual scoring of sperm from mice exposed to 

testicular radiation doses between 0 and 900 rad is shown in Fig. 5, The 

curve depends on the choice of SSD threshold and the one shown corresponds to 

the value that gives highest correlation with visual scoring. The difference 

in the background rates of sperm classified as abnormal may be due to a number 

of factors such as inadequate control of cell orientation during measurement 

or to actual shape variability, such as nuclear thickness, to which visual 

observers are not sensitive. Further work is needed to define these factors 

and perhaps to develop other methods of processing the profiles to define 

morphological differences. For example, small differences in the iength of a 

sperm nucleus are weighted heavily in the SSD calculation because of the 

steepness of the fluorescence profile at the ends of the sperm head (Fig. 4). 

While the information contained in the flow profiles is less complete than 

that used for visual and quantitative image analysis, the potential for high 

analysis rates inherent in flow cytometry may compensate Tor che poorer 

resolution. Slit scanning may also capture aspects of sperm shape variability 

missed by other techniques. 

3. DMA CONTENT 

The incidence of sperm with abnormal DNA content increases after exposure 

of males to various chemical and physical agents. Two general classes of 

abnormalities have been of interest. The first consists of polyploid sperm, 

the most prevalent of which are diploid. The second includes errors of much 

smaller magnitude such as chromosomal translocations or abnormal chromosome 
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number due to nondisjunction. The size spectrum of the latter results in 

variability of the DNA content in the sperm population. Diploid sperm occur 
-3 -4 in mammals with frequencies on the order of 10 to 10 and in special 

_2 
cases as high as 10 (1,9). Diploid sperm incidence has '*een shown to be 

elevated by exposure of animals to radiation and certain chemicals (23,25). 

Manual scoring of such an assay is laborious because of the low fre uency of 

occurrence. In section 3.1 I will describe one application of flow cytometry 

to determine the incidence of diploid mouse sperm as ,a function of x-ray lose. 

The smaller DNA content errors can be detected during spermatogenesis by 

examination of the condensed chromosomes at the cell divisions (12,21,22). 

Karyotype analysis after in vitro or in_ viy^ fertilization can be used Co 

determine the incidence of sperm with chromosomal abnormalities which complete 

spermatogenesis and are capable of fertilization (3,4,6,7,12,14). In special 

cases particular chromosomes can be visualized in spermatids and sperm by 

exploiting their unique staining propertirs and so that errors in their 

freequency may be recognized (23,24). Flow-cytometric techniques capable of 

measuring PNA content of sperm and spermatids with sufficient accuracy to 

detect these errors have recently been developed (15,20). In sections 3.2 and 

3.3 I will discuss these measurements, compare the information obtained from 

them with that obtained from cytologic techniques, and finally speculate on 

the sensitivity of flow measurements in animals other than the mouse. 

Measurements of induced DNA content variability in mouse spermatids is 

discussed by U, Hacker elsewhere in this volume (10) and in Ref. 11. 

3.1 Diploid Sperm 

Flow-cytomettic detection of diploid sperm requires discrimina'-'on oi true 

diploid cells from doublets of normal sperm, whose frequency is difficult to 
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reduce below 12. Our approach has been to index sort suspected diploid sperm 

and confirm thei- status by quantitative microscopic examination. These 

measurements, which are still preliminary, were made on sperm from mice 

collected 35 days after local testicular x-ray exposure. Sperm were stained 

with the acriflavine-Feulgen technique (20) and each object with a diploid 

fluorescence intensity was single-drop index sorted in a rectangular array on 

an agarose coated microscopa slide. The stain stayed in the cell after the 

drop dried. Since the sorter was not equipped to fully compensate for the 

optical problems of sperm measurement (Fig. 6) the sort windows were chosen to 

cover the wide range of expected diploid intensities. Each drop was then 

examined on a quantitative fluorescence microscope. If a drop contained a 

single sperm that cell was a candidate for being diploid. Its fluorescence 

intensity was then measured for confirmation. A preliminary dose response 

curve is shown in Fig, 7. Slate the error bars can be reduced by counting 

m c e cells, these measurements can be made very precise. At high doses there 

is a several order of magnitude increase in the incidence of diploid mouse 

sperm, roughly in agreement with the spermatid data of Tates (23,25), but at 

low doses the response is very flat. Because of the limited number of 

measurements performed so far, it is not certain this apparent threshold 

behavitr is correct. Confirmation of this dose response relation requires 

more measurements. 

3.2 Sperm DNA Conttit Variability 

Flow-cytomecric DNA contend measurements of sperm are complicated by the 

highly condensed state of the nucleus (26). This makes accurate fluorescent 

staining for DNA difficult and results in a high index of refraction. The 

index of refraction coupled with the flatness of the cell make6 fluorescence 
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measurements sensitive to the orientation of the cell with respect to the 

excitation beam and the detectors (Fig. 6a), Thus special staining and 

optical techniques are required for accurate measurement (20). Two techniques 

have demonstrated the capability to overcome the optical problems. One 

hydrodynamically orients the sperm heads (Fig. 6b), and the other, for example 

the commercially available ICP 22 flow cytometer (Ortho Instruments) measures 

the cells while they are flowing along the optical axis (Fig. 6c). To solve 

the staining problems, proteolytic decondensation of the nucleus is usually 

employed. With these techniques the X and Y sperm populations of many species 

can be clearly resolved (8) and in one case separated (18), While this 

resolution is occasionally achieved with human sperm (17) it is very 

infrequent presumably because the chromatin of human sperm is less uniformly 

condensed than that of other species. 

A flow-cytoinetrically obtained dose-response curve describing the increase 
1 

in DNA content vuriablity, CV-, as s. function of x-ray dose for mouse 
2 sperm is shown in Figure 8 (19), CV- is the doBe-dependent component of 

the square of the coefficient of variation of the sperm fluorescence frequency 

distributions. For this experiment sperm were collected 35 days after 

testicular exposure. Measurements on sperm collected less than three weeks 

after exposure show no response, indicating the DNA content errors occur 

before or during meiosis. Sperm collected 10 weeks or more after exposure 
2 

also showed no increase in CV_. Measurements with a variety of staining 

protocols and two types of flow cytometers were compared to be certain that 

artifacts due to the difficulties of sperm measurement were adequately 

overcome. 
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The dose response curve is well described by the equation 

CV 2 = BX + CX 2 (3) 

where X is the dose in rad. The coefficients B and C found by fitting the 

data are B ^ 0.23 X 1 0 - 2 , C - (0.44 + 0.06) X 10~\ Note that the 

slope of the curve is small at low doses and nay even be zero. Thus this 

technique is not sensitive to detecting low radiation exposures. As shown 

below, this is consistent with other estimates of radiation induced aneuploidy 

in sperm. Modeling of the shapes of the fluorescence distributions indicates 

that errors equivalent in magnitude to two whole chromosomes occur at the 

higher doses and that by 600 rad 30 to 40* of the sperm have abnormal DNA 

content. Exposure to benzo(a)pyrene and mitoraycin-C (MMC) show no increase of 

(-V up to lethal doses. The MMC result is consistent with fetal 

karyotype determinations (6). 

Assuming that at low doses the DNA content errors result from single 

chromosome nondisjunction, that the response is linear with dose, and that the 

probability of nondisjunction is the same for each chromosome, these 

measurements allow putting an upper bound on the aneuploidy induction rate in 

sperm which reach maturity. Due to celt death during spermiogenesis this 

should be smaller than or equal to the probability of nondisjunction 

determined immediately after meiosis (sperm count was reduced about 30% by a 
2 2 100 rad exposure). For single nondisjunction, CV = fCV where f is 

2 . . 
the fraction of aneuploid sperm and CV. is the square of the coefficient 
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of variation of the DNA distribution of all sperm with a single chromosome 

aneuplsidy. For the assumed linear response, 

f = 2p X N (4) 

"here X is the dose in rads, N is the haploid number of chromosomes and p is 

the probability of a nondisjunction per chromosome per rad in spern which 

reach maturity. Using the linear term of equation ?, 

CV* = 2 p X N CV 2 £ 0.23 x 10" 2 X. (5) 

2 For the mouse N = 20 and CV. » 27 in units where CV is specified in 

percent (Table l). Thus p £ 0.2 x 10~ . 

For comparison we can calculate meiotic nondisjunction probabilities from 

cytological measurements and postfertiliaation probabilities from analysis of 

early embryos. Again assuming a linear response, the fraction of aneuploid 

cells f is given by 

f = 2pNX (6) 

where p is the probability of nondisjunction per chromosome per rad, N is the 

haploid number of chromosomes, and X is .the dose in rads. Prom the data of 

Szemere and Chandley (22), p - 10 for mfiiotic metaphaBe II at 100 rad 

in the mouse; and from Tates et al. (23,25) 0.25 x 10 £ P £ 1 0 r o r 

the sex chromosomes in spermatids of the vole M. oeconoaous at 100 rads. The 

frequency of aneuploidy in early mouse embryos whose fathers vere exposed to 
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x rays and raitomyein-C was barely neasureable (6). For the radiation exposure 
-6 p .< 10 . Thus the flow cytometric results are conoistent with other 

determination!, of the nondisjunction rate. The fact that the sensitivity of 

all these detection methods is low is fundamentally due to the low probability 

of radiation induced nondisjunction• Cytological methods, which allow direct 

visualization of the chromosomes and individual counting of the errors, have 

the greatest potential sensitivity but require high effort. 

The above comparison has been predicated on the assumption that the DNA 

content errors are due to whole chromosome aneuploidies. The flow cytometric 

results shed no light on this assumption since all that is measured is the 

total sperm DNA content* Cytologic data (22) indicates that at doses up to 

200 rad single chromosome aneuploidy occurs, while at higher doses a more 

complex fragmentation of the genome miiy dominate. 1 have also assumed a 

linear response up to 100 rad in extracting the values of p from the cytologic 

data. The flow measurements indicate that by 100 rad the response is 

dominated by the quadratic term (the C coefficient of Eq. (3) even assuming 

the maximum value for the linear term. Given the experimental uncertainties 

both in the cytologic and flow data a more rigorous comparison is not 

warranted. The one presented above serves to demonstrate the rough agreement 

of the results. 

3.3 Comparative Sensitivity of Animal Systems 

The relative ability to detect sperm with abnormal DNA content in 

different species depends both on the aneuploidy probability and the spectrum 

of the UNA content errors. In the model calculations performed above, this 

2 depends on p and the distribution of chromosome sizes, CV.. Applying 

Eq. (6), CV~ = 2 p N X CV.. In Fig. 9 the DNA content distributions 
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of normal sperm and those with a single chromosome error are shown for the 

mouse, Microtus montanus, and Microtua oregoni. The separation of the X and Y 
2 2 sperm peaks, N, CV. and N CV. are shown for these as well as the 

human in Table 1. Note that if the value of p is comparable for all of these 

species, detection of aneuploidy in the human should be as sensitive as in the 

mouse, while the two types of Microtus may offer a doubling or tripling of the 

sensitivity. K^ wontanus is attractive because the smaller split between the 

X and Y populations of normal sperm may make it easier to detect cells with 

slightly abnormal D M content. An ideal (.pecies would have X and Y 

chromosomes of equal size. 

The distributions of Fig. 9 suggest an alternative detection strategy. 

Rather than trying to measure all aneuploid sperm, one could just detect those 

containing errors of the larger chromosomes. For example, both >f. montanus 

and M. Oregoni contain 8 or 9 errors that would result (if they are compatible 

with cell survival) in sperm departing by 10J or more from the mear D M 

content. Thus one would expect, using p = 10 , a frequency of about 10 

per tad for aneuploid sperm with large DNA content errors. The rarity of 

these events makes their detection difficult in the face of the normally 

expected fluorescent debris. Heasui^ments of the debris frequency present in 

bull sperm samples indicate that a sensitivity of a few tens of rads might be 

possible if the assumption of p - 10 is correct. Sorting of these 

suspected areuploid sperm for a confirmatory analysis would be required, at 

least until confidence in the procedure was established. 

4. CONCLUSION 

Both image analysis and slit-scan flow cytometry have the ability to 

detect head shape abnormalities in sperm. Their eventual application is 
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unclear since results to date have been restricted by training sets of data. 

In the current atate of development, a specifically tailored set of shape 

parameters in conjunction with computer image processing promises the most 

sensitivity. 

The incidence of diploid sperm nay be a sensitive biological dosimeter for 

x rays but uncertainties in the low dose region of the response curve need to 

be resolved. Measurement of total DNA content can detect induced aneuploidy 

in sperm. However, the sensitivity to x ray exposure is low because of the 

small size and low frequency of the DNA content errors. 
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Table 1 

Comparison of Factors Related to Dose Response Sensitivity 

A X Y ( a ) c v 2 (b) 
A 

N(c) 
A 

Human 3.0 24 23 552 
Mouse 3.2 27 20 540 
Kicrotus noncanus 2.5 100 12 1200 

Microtus oregoni 9.2 180 9 1620 

(a) 

(b) 

(c) 

DNA content difference of X - and Y-chroraosome bearing sperm, percent. 

Square of coefficient of variation of DNA distribution of sperm with all 

possible single chromosome aneuploidies. Probability is assumed equal for 

each chromosome. The number encompases both X and Y subpopulations. 

Units are percent squared. 

Haploid number of chromosomes. 

Expected dose response given by Eq. (5) is CV = 2 p X NCV , where p is the 
probability of nondisjuaction per chromosome per rad and X is the dose in 

rads. 
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FIGURE LEGENDS 

Figure 1 Definition of measurements used to describe shape of mouse sperm 

heads (1.6). The indicated measurements were manually obtained on 

enlarged photographs of the sperm heads. In addition to the 

measurements shown, perimeter, area, and shape factor were also 

determined. 

Figure 2 Spenn head outlines obtained by an automated image analysis system 

(30). 

Figure 3 Dose response curve as a function of the critical value of M (16). 

Sperm heads with M greater than the critical value were classified 

as abnormally shaped. 

Figure 4 Sperm morphology measurement by slit scan flow cytometry (2). 

Fluorescently stained sperm heads flow lengthwise through an 

elliptically focused laser beam. The time course of the signal 

intensity gives the distribution of dye along Che sperm head and 

thus an indication of head shape. 

Figure 5 Comparison of the percent abnormal sperm classified by slit-scan 

flow cytometry and by a trained visual observer. The SSJ) threshold 

has been chosen to maximize the slope at the expense of classifying 

a larger number of sperm from unexposed animals as atypical (2). 

Figure 6 Accurate DNA content measurements of mammalian sperm require 

special techniques, 

a) The high index of refraction causes fluorescence to be 

preferentially emitted in the plane of these flat cells. The 

measured brightness thus depends on the cell orientation during 

2506B*/133B 



25 

measurement. Randomly oriented sperm yield a distribution as 

shown when a flow cytoaeter with the flow axis orthogonal to 

the optical axis of the detector is usee. 

b) Hydrodynamic orientation of the sperm allows accurate 

measurements. Sperm are oriented so they are illuminated on 

one flat face and fluorescence is collected from t'le other. 

c) Good measurements are also obtained in a system where the cells 

flow along the optical axis of the cytometer. The rontional 

symmetry of this geometry makes it insensitive to variations in 

cell orientation. 

Figure 7 Incidence of diploid sperm as a function of radiation dose. The 

three species shown have about the same background incidence. 

Microtus data is from Reference 23. Mouse and human data are 

preliminary. 

Figure 8 Increased DNA content variability aa a function of radiation dose. 

The square of the dose dependent part of the coefficient of 

variation, C V , is shown as a function of radiation exposure 

as determined by several combinations of staining and flow 

cytometric techniques: Solid circles — acriflavine-Feulgen stain 

t.i orienting flow cytometer. Squares — ethidiurc bromide-

raithramycin double stain and orienting flow cytometer. Open 

circles 4-6 diamidino-2-phenylindole (DAP1) stain and ICT22 flow 

cytometer. The solid line is ? fit of an equation of the form 

CV = BX * CX 2 where X is the dose and B and C are 

coefficients whose values are given in the text. 
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Figure 9. The DNA distributions of nornal sperm (line) and sperm vith single 

chromosome vtceuploidies (solid n-ea) in sperm from three species. 

The distributions for the normal are shown broadened as they appear 

in flow cytometric histograms. AXY is the percentage DKA content 

differences between X and Y sperm. In Mj^ oregoni AXY refers to 

the difference between the Y and "0" sperm populations (18). 
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DISCLAIMER 

This document was prepared as an account of work sponsored by an agency of 

the United States Government. Neither the United States Government nor the 

University of California nor any of their employees, makes any warranty, 

express or implied, or assumes any legal liability or responsibility for the 

accuracy, completeness, 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, tradenark, manufacturer, or otherwise, does not 

necessarily constitute or imply its endorsement, recommendation, or favoring 

by the United States Government or the University of California. The views 

and opinions of authors expressed herein do not necessarily state or reflect 

those of the United States Government thereof, and shall not be used for 

advertising or product endorsement purposes. 
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