the specific activity of OAT in the pig-
ment epithelium of adult mammals and
birds is much higher than that in other
tissues such as retina, liver, or kidney
(16). This finding suggests that OAT has
an important function in the normal
physiology of the pigment epithelium,
and consequently, the retina. Given the
major role of the pigment epithelium in
the renewal process of photoreceptor
outer segments (I7, 18) and the different
renewal rate betwen rods and cones (/7),
pigment epithelium dysfunction due to
OAT deficiency could conceivably ex-
plain the differential effects of GA upon
rod and cone function and their dif-
ferential improvement by a low arginine
diet.

Our findings in a clinically typical GA
patient demonstrate significant improve-
ments in visual function 13.5 months af-
ter the reduction of plasma ornithine to
near normal levels. Similar improve-
ments, limited to visual acuity and visual
field, are suggested in the preliminary
findings of Mclnnes et al. (I9). The im-
provement in our patient after 13.5
months of near normal plasma ornithine
concentrations suggests that it may be
possible to halt the progression or even
partially reverse some of the alterations
by means of a low arginine diet. Al-
though confirmation will require contin-
ued follow-up of this patient as well as
dietary treatment of other GA patients,
the results indicate that such treatment
may be considered for this progressive
disease.
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Relation of Mammalian Sperm Chromatin

Heterogeneity to Fertility

Abstract. Flow cytometry of heated sperm nuclei revealed a significant decrease in
resistance to in situ denaturation of spermatozoal DNA in samples from bulls, mice,
and humans of low or questionable fertility when compared with others of high fertil-
ity. Since thermal denaturation of DNA in situ depends on chromatin structure, it is
assumed that changes in sperm chromatin conformation may be related to the dimin-
ished fertility. Flow cytometry of heated sperm nuclei may provide a new and inde-

pendent determinant of male fertility.

The factors that affect male fertility
are poorly understood, although it is
known that sperm cell count, shape, and
motility are important. Since sperm nu-
clear morphology is related to chromatin
condensation and other nuclear phenom-
ena occurring during spermiogenesis, we
hypothesized, as have others (/), that
misshaped sperm nuclei have an altered
chromatin structure. Furthermore, since
the resistance of in situ DNA to thermal
denaturation is related to counterion and
protein interactions with DNA (), it
seemed likely that an altered chromatin
structure would be reflected in an abnor-
mal DNA denaturation profile. We re-
port here that not only does the in situ
DNA of misshaped sperm nuclei have a
significantly decreased resistance to
thermal denaturation, many morphologi-
cally normal nuclei derived from sub-
fertile donors are also abnormally sus-
ceptible to in situ thermal denaturation
of their DNA. We suggest that the struc-
ture of sperm chromatin, as reflected by
its sensitivity to thermal stress, may be
an additional determinant of fertility.

Resistance of sperm nuclear chroma-
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tin to heat denaturation was determined
by heating isolated sperm nuclei (3) and
then staining with acridine orange (AO)
prior to analysis by flow cytometry. The
differential staining of native versus
denatured DNA is due to the metachro-
matic properties of AO; when inter-
calated into native double-strand DNA
the dye fluoresces green (Fsj); when
stacked on single-strand DNA it fluo-
resces red (Fgy) (2). Therefore, the level
of DNA denaturation in situ can be de-
termined by measuring the ratio of red
fluorescence to total nuclear fluores-
cence (red + green); this ratio varies ex-
perimentally from about 0.1 (undena-
tured) to 0.9 (highly denatured) and is
termed o (2). Figure 1 shows the data for
sperm nuclei from a bull of high fertility
and from one of low fertility. Note that
the position of the main cluster of nuclei
from the fertile bull was changed very
little by heat, indicating that the DNA
was resistant to thermal denaturation.
The peak value of the «; histogram (in-
set) (2) is low, near 0.1. In contrast, a
very marked difference in AO fluores-
cence was induced by heating the nuclei
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of subfertile bull sperm, indicating that
the chromatin of many nuclei was very
sensitive to heat denaturation. In the «;
plot, only 24 percent of the nuclei are in
the resistant population, compared to 83

percent for sperm from the highly fertile
bull. The ratio of heated to unheated o
is inversely related to fertility level (Ta-
ble 1). Data for 12 other bulls confirmed
these findings.

Unheated Heated

o

Q 0.5 .0

Fig. 1. Relation be-
tween fertility of Hol-
stein bulls and resist-
ance of isolated sperm
nuclei to thermal de-
naturation. Holstein
bull semen, extended
in whole milk and
frozen in plastic straws
with liquid nitrogen,
was obtained from .
Eastern Artificial In- B
semination Coopera-
tive. Sperm nuclei
were isolated, heated,
and stained with AO 100
as described 3). The E
green (Fs3) fluores- k1
cence and red (Fsgg0)
fluorescence emitted

as each nucleus passed

through the 488-nm
argon-ion laser beam

were separated opti-

cally and quantitated

by separate photo-
multipliers. The data

are based on a total of 0
5000 cells per sample. o
Each dot gives the re-

sult for a single nu-

cleus: its position on the y-axis corresponds to the intensity of the green fluorescence, propor-
tional to the amount of native DNA, and its position on the x-axis corresponds to the intensity of
the red fluorescence, proportional to the amount of denatured DNA 2). The computer-generated
a; histogram (10) is shown as an inset in each scatterplot. The arrow indicates the mean.

Fertile

100 O 100

F 530
o

Subfertile

Xy

0.5 1.0

100 0
F>g00

Table 1. Relation between sperm from mammals of different fertility and the resistance of the
sperm DNA to in situ thermal denaturation. Fresh human semen from four healthy males of
recently proven fertility and 16 samples from a human fertility clinic were admixed 1:1 with
redistilled, ultrapure glycerol (Bethesda Research Laboratories) and stored at —20°C. Within 2
to 3 weeks, the samples were prepared for analysis as described (3). The values refer to dif-
ferences between the individuals in each group. The range of variations among patients from the
fertility clinic was relatively high, and 3 of the 16 samples were not significantly different from
the individual samples of the control group. The mice (strain C57BL/KS, Sloan-Kettering
Breeding Colony) were fed a diet of Purina laboratory Chow or a zinc-deficient diet (Tekland
Test Diets) from 6 weeks of age until 12 weeks, at which time they were killed. Sperm was
obtained from their epididymides, and the nuclei were prepared and measured as described 3).
The values refer to intercellular variations within individual samples containing 5000 cells. The
experiment was repeated twice, with similar results. Values for the bulls refer to intercellular
variations within samples from one highly fertile bull (73 percent conception rate) and one
subfertile bull (47 percent conception rate), both represented in Fig. 1. Sperm from 12 other
bulls classified as having high fertility levels had lower o values than that of bulls classified as
having low fertility when measured under identical conditions. All the bulls were healthy, and
the causes of the lower fertility levels are not known. The apparent differences in mean ; values
of unheated sperm from humans, mice, and bulls are due to differences in photomultiplier gain
settings of the instrument on different days, and do not affect the o, ratio of heated and unheated
samples, which were always measured under identical conditions.

Mean o =
standard deviation Heated/
Species Condition unheated
Unheated Heated ratio
sperm sperm
Human Proven fertility 0.18 = 0.01 0.29 = 0.03 1.16 = 0.11
Clinical samples 0.20 = 0.02 0.45 = 0.11 2.25 £ 0.12
Mouse Control diet 0.07 = 0.03 0.15 £ 0.12 2.1
Zinc-deficient diet 0.07 = 0.03 0.28 = 0.18 4.0
Bull High fertility 0.10 = 0.04 0.16 = 0.12 1.6
Low fertility 0.07 = 0.04 0.41 = 0.23 5.8
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The flow cytometry data for the sub-
fertile bull sperm were confirmed by flu-
orescent light microscopy. Washed bull
spermatozoa were smeared onto a glass
slide, air-dried, and fixed overnight in a
1:1 solution of acetone and 70 percent
ethanol. The samples were denatured
with heat, stained with AO, and ob-
served with fluorescent light micros-
copy. Almost invariably, the visibly
misshaped nuclei fluoresced red; how-
ever, many that did not appear to have
an abnormal morphology also fluoresced
red.

Sixteen samples of semen from pa-
tients attending a fertility clinic were an-
alyzed in the manner described above
and compared to samples from four
males of proven fertility. Although the
reasons for diminished human fertility
are complex, the same pattern of suscep-
tibility to thermal denaturation observed
for subfertile bulls was evident in 13 of
the 16 patients; 3 had a normal pattern of
resistance (Table 1).

Previous studies showed that dietary
zinc plays an important role in human
and animal growth and sexual develop-
ment @, 5). Miller et al. (5) found that
testes development in male rats fed a
zinc-deficient diet was retarded, with at-
rophy of the tubular epithelium and re-
sulting infertility. As Table 1 shows,
DNA in sperm nuclei from mice fed a
zinc-deficient diet was less resistant to in
situ thermal denaturation.

These data and studies of other mam-
malian species (boars, subfertile mice
with autoimmune disease, and rabbits)
indicate that resistance of sperm nuclear
DNA to heat denaturation in situ is an
important parameter of fertility, al-
though the molecular mechanisms of the
phenomenon are unclear. However, oth-
er studies indicate no difference between
normally and abnormally shaped sperm
heads in the resistance of their DNA to
thermal denaturation (6); these studies,
however, were complicated by the use of
formaldehyde during denaturation, a
procedure shown to introduce an artifact
into measurements of in situ DNA dena-
turation (7). The observation (/) that
chromatin of abnormally shaped bull
spermatozoa binds up to 16 times more
[*H]actinomycin D than normal sperma-
tozoa, together with our observation that
misshaped spermatozoa are usually very
susceptible to heat denaturation, suggests
that an abnormally shaped nucleus con-
tains chromatin with an altered con-
formation. Whether this phenomenon is
related to the level of chromatin con-
densation is not yet clear. Some clues
may come from somatic cell studies
showing that DNA in mitotic cells under-
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goes in situ thermal denaturation more
readily than DNA in interphase cells.
This suggests that tightly condensed
chromatin is more easily disrupted by
thermal stress (8). It has also been ob-
served that DNA in pyknotic (hyper-
chromatic) nuclei of somatic cells dena-
tures in a fashion similar to that of DNA
in sperm from subfertile mammals §).
However, chromatin in mature mamma-
lian sperm is even more condensed than
that in interphase or mitotic somatic
cells, yet the DNA in fertile sperm is not
readily denatured by heat. It should be
emphasized that the nature of condensed
chromatin in metaphase chromosomes
and mature sperm is very different, the
latter having a different protein composi-
tion and substantial disulfide bonding.
Although the mechanism behind the
differential sensitivity of sperm chroma-
tin to thermal denaturation is not known,
this method offers numerous advantages
for studying fertility problems. The anal-
ysis is objective, and cell selection is un-
biased. Statistical significance is easily
attainable, since 10° cells can be ana-
lyzed in less than 2 minutes. We expect
this assay to have application in many re-
search areas, including animal husband-
ry, human infertility, and environmental
and public health.
D. P. EVENSON
Z. DARZYNKIEWICZ
M. R. MELAMED
Memorial Sloan-Kettering Cancer
Center, 1275 York Avenue,
New York 10021
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High-Affinity [2H]Imipramine Binding in Rat Hypothalamus':

Association with Uptake of Serotonin but Not of Norepinephrine

Abstract. Inhibition of the binding of [*H]imipramine and inhibition of the uptake
of [*H]serotonin and [*H]norepinephrine by a series of antidepressants and other
drugs were studied in the rat hypothalamus. No correlation was found between the
potencies of these drugs for the inhibition of [*H]imipramine binding and the inhibi-
tion of [*Hnorepinephrine uptake. There was, however, a highly significant correla-
tion between the potencies of these drugs for the inhibition of [*H Jimipramine bind-
ing and the inhibition of [*H]serotonin uptake. These results suggest that high-affini-
ty [*H]imipramine binding might be associated with the mechanism of serotonin

uptake in the brain.

The monoamine hypothesis (/) is not
an entirely satisfactory explanation of
the mode of action of tricyclic antide-
pressants (2). The recent demonstration
that there are specific high-affinity bind-
ing sites for the tricyclic antidepressant
imipramine in the brain (3) and platelets
4) of various species, including man, has
provided new means of studying their
mechanisms of action.

Tricyclic antidepressant drugs inhibit
the binding of *H-labeled imipramine in
the rank order of their clinical potencies
(5). The stereoselectivity of the imipra-
mine binding site has been recently dem-
onstrated by use of isomers of the 10-hy-
droxy derivatives of amitriptyline and
nortriptyline and isomers of zimelidine

and norzimelidine (6). A study of the po-
tencies of a wide range of drugs that in-
hibit the binding of [*H]imipramine has
demonstrated that the site of imipramine
binding is distinct from those of the
known neurotransmitter receptors. How-
ever, since imipramine competitively
inhibits [*H]serotonin uptake (7), and
since several other inhibitors of the
serotonin uptake, such as fluoxetine and
nitalapram (Lu-10171), also have rela-
tively high affinities for [*H]imipramine
binding sites, an association of imipra-
mine binding with the mechanism for
serotonin uptake could not be ruled out
3).

We compared the potencies of a series
of antidepressants and other compounds
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Fig. 1. Comparison of the inhibition of [*H]imipramine binding with the inhibition of neuronal
uptake of serotonin and norepinephrine by various drugs. The ICs, values (taken from Table 1)
for the inhibition of [*H]imipramine binding are compared with the ICs, values for the inhibition
of neuronal uptake of (A) serotonin and (B) norepinephrine. Each point represents a different
drug identified by a number in Table 1. The regression line in (A) is fitted by the method of least

squares.
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