circadian periods for some time and
(ii) the two components occasionally
rejoin with a new phase relationship.
Both phenomena, which are also typi-
cal for some of the mammalian data,
are difficult to reconcile with a one-
oscillator model (3, 6, 7). Hence, the
present results suggest that the coupling
between circadian oscillators control-
ling the diurnal pattern of locomotor
activity is effected by hormones.

3) The phenomena of “splitting,”
increased activity time, and continuous
locomotor activity are apparently ex-
pressions of the same physiological
processes. This is suggested by the
facts that (i) testicular growth or in-
jections of testosterone may cause any
of these three phenomena in different
individuals and (ii) increasing activity
time or developing continuous activity
are often the result of or preceded by
“splitting.” Therefore, the present data
suggest that the development of con-
tinuous activity is at least partly a con-
sequence of the dissociation of two or
more circadian oscillators.

Continuous and apparent arhythmic
activity patterns have also been ob-
served in various animal species kept
under high intensities of continuous
illumination and in birds in which the
pineal gland had been surgically re-
moved (/7, 12). It has been suggested
by several authors that continuous ac-
tivity under these conditions results
from the uncoupling of two or more
circadian oscillators controlling loco-
motor activity (3, 7, I11). The present
data support this hypothesis.

E. GWINNER
Max-Planck-Institut fiir
Verhaltensphysiologie, 8131
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Localization of Sister Chromatid Exchanges

in Human Chromosomes

Abstract. The bromodeoxyuridine sensitivity of 33258 Hoechst fluorescence
allows microfluorometric analysis of sister chromatid exchanges in human meta-
phase chromosomes. The frequency of sister chromatid exchanges among chromo-
somes correlates with chromosome length. Exchanges appear to occur predomi-
nantly in interband regions, as defined by quinacrine fluorescence, or very near
band-interband junctions. A few regions are involved unusually frequently.

Metaphase chromosomes of a num-
ber of organisms exhibit distinctive
quinacrine and modified Giemsa (1)
banding patterns. The bands, which
exhibit bright fluorescence with quina-
crine and stain intensely with Giemsa,
appear to consist predominantly of
heterochromatin (I, 2). Heterochro-
matic regions have long been con-
sidered sensitive to damage by a variety

of agents (3), although recent studies
suggest that high energy radiation
breaks human chromosomes principally
in the interband regions (4). Chromo-
some breaks, however, may represent
only that small fraction of damaged re-
gions that have not undergone repair.

Sister chromatid exchanges are events
that involve breaks in both chromatids
at coincident locations with subsequent

Fig. 1. Quinacrine and 33258 Hoechst fluorescence of human chromosomes from cells
grown two divisions in medium containing 5-bromodeoxyuridine (BrdU). Chromosomes
were prepared from peripheral leukocytes of a normal human male (46,XY) which
were grown 72 hours in medium containing 0.02 mM BrdU. (A) A metaphase was
stained first with quinacrine and photographed, and (B) destained, then stained with
33258 Hoechst, and photographed. The former (A) displays a characteristic quina-
crine banded fluorescence pattern while the latter (B) exhibits the 33258 Hoechst
fluorescence pattern expected after two cell divisions in medium containing BrdU. The

bar in (B) represents 10 um.
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Fig. 2. The dependence of sister chromatid
exchange frequency on metaphase chro-
mosome length. A total of 126 human
leukocytes in metaphase (48 from one
female, 78 from two males) were ex-
amined (Fig. 1). The cells were grown
two replication cycles in medium contain-
ing 0.01 or 0.02 mM BrdU and then har-
vested. Chromosomes were identified by
their quinacrine fluorescence patterns, and
sister chromatid exchanges were detected
by 33258 Hoechst fluorescence. The total
number of sister chromatid exchanges de-
tected for each pair of autosomes is
plotted against the relative metaphase
chromosome length [as given in column
D, table 5 of (13)]. The chromosome
identification number is given beside each
point. Not included in this plot are 13
sister chromatid exchanges in the Y chro-
mosomes (relative chromosome length,
2.15) of 78 male cells and 85 sister chro-
matid exchanges in the X chromosomes
(relative chromosome length, 5.12) of
48 female and 78 male cells.

interchange and repair. Such exchanges,
first detected autoradiographically (5),
are much more numerous than un-
healed breaks, and their analysis
should provide information about chro-
mosome stability. However, the effec-
tive resolution of autoradiographic
techniques is not sufficient to make
practical a comparison between the
locations of exchanges and those of
quinacrine or Giemsa bands.

DNA synthesis in chromosomes can
now be detected microfluorometrically,
by a technique that is based on the
sensitivity of the fluorescence of bis-
benzimidazole dyes such as 33258
Hoechst to 5-bromodeoxyuridine (BrdU)
(6). Sister chromatids that differ in the
number of DNA chains substituted
with BrdU can be easily distinguished,
and sister chromatid exchanges can
thereby be identified and located rela-
tive to the quinacrine banding patterns.

Human peripheral leukocytes were
cultured 70 to 72 hours in Eagle’s
minimal essential medium supple-
mented with 20 percent fetal calf
serum, 2 mM L-glutamine, an extract
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of red kidney beans containing phyto-
hemagglutinin, 0.4 pM S5-fiuvorodeoxy-
uridine, 6 pM uridine, and 0.01 or
0.02 mM BrdU. Care was taken to pro-
tect all cultures from light. Slides were
stained with quinacrine dihydrochlo-
ride, photographed, destained with a
mixture of methanol and acetic acid
(3:1), and restained with 33258
Hoechst (0.5 pg/ml) (7) dissolved
in 0.15M NaCl, 0.03M KCl, 0.01M
phosphate (pH 7). After being washed,
the slides were mounted in 0.16M
sodium phosphate—0.04M sodium cit-
rate (pH 7), and photographed (6, 8).

Most cells grown 3 days in medium
containing BrdU have chromosomes
that exhibit characteristic quina-
crine fluorescence patterns (Fig. 1A),
in accordance with the observation
that the fluorescence intensity of quina-
crine bound to (dA-BrdU), (dA is
deoxyadenylate) is little different from
that bound to (dA-dT), (dT is deoxy-
thymidylate) (6). However, after the
quinacrine is removed and the chro-
mosomes are restained with 33258
Hoechst, a marked difference is appar-
ent between the fluorescence of sister
chromatids (Fig. 1B). Autoradio-
graphic analysis (6) confirms that the
dully fluorescing chromatids of such
chromosomes contain approximately
twice as much BrdU as do the brighter
chromatids. The pattern shown is that
expected after two replication cycles,
at which time one chromatid contains
DNA with one chain substituted with
BrdU (the brightly fluorescent chro-
matid) and the other chromatid con-
tains DNA with both chains substituted
with BrdU. Cells which replicate three
times during this period contain chro-
mosomes with an average of only one-
fourth of the total chromatid material
fluorescing brightly, as expected.

Sharp reciprocal alterations in fluo-
rescence intensity along chromatids
stained with 33258 Hoechst identify
sister chromatid exchanges in cells
which replicated twice before harvest.
An average of 14 sister chromatid ex-
changes are observed per metaphase.
(The 126 metaphases examined con-
tained 1737 sister chromatid exchanges,
but only 7 chromosome or chromatid
breaks.) A similar density of sister
chromatid exchanges has been observed
by others in studies in which cells were
administered low doses of [BH]dT and
analyzed by autoradiography (9).

The frequency of sister chromatid
exchanges per chromosome generally
inceases with chromosome length (Fig.
2). Additional data will be required to

Fig. 3. Sister chromatid exchanges in hu-
man chromosome 1. Chromosomes were
prepared from peripheral leukocytes ob-
tained from normal human subjects (46,
XY or 46,XX) and grown 70 to 72 hours
in medium containing 0.01 or 0.02 mM
BrdU. Chromosomes were stained with
quinacrine (left-hand member of each
pair), destained, and restained with 33258
Hoechst (right-hand member of each
pair). Sister chromatid exchanges are evi-
dent as abrupt reciprocal alternations in
33258 Hoechst fluorescence along chro-
matids. The bar represents 10 um.

establish whether the exchange fre-
quency in individual chromosomes or
particular chromosome regions such as
the secondary constrictions of chromo-
somes 1, 9, and 16 deviates significantly
from this correlation. The smaller chro-
mosomes as a group exhibit somewhat
fewer exchanges than would be ex-
pected from their metaphase lengths,
perhaps indicating an unusually low
contribution from the centromeric re-
gion, which constitutes a larger portion
of these chromosomes.

Since quinacrine and 33258 Hoechst
fluorescence patterns can be sequenti-
ally obtained for the same chromosome,
the position of these sister chromatid
exchanges relative to the quinacrine
bands can be examined. Chromosome
1 is especially favorable for this analy-
sis because the quinacrine bands, which
account for somewhat more than half
of the length of this chromosome, are
very clearly demarcated. Furthermore,
there is a slight unevenness in the
33258 Hoechst fluorescence along this
chromosome, corresponding to the
quinacrine bands, which aids in deter-
mining the location of sister chromatid
exchanges (Fig. 3). The majority of the
sister chromatid exchanges in chromo-
some 1 appear to be located either in
the interband regions or very near the
band-interband junctions. A few re-
gions in chromosome 1 adjacent to
very bright quinacrine bands are sites
of unusually frequent sister chromatid
exchange.

Precise location of sister chromatid
exchanges in chromosomes with less dis-
tinct quinacrine banding patterns is less
certain. However, the majority of sister
chromatid exchanges observed in these
chromosomes also appear to be in inter-
band regions, and a few regions are
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sites of unusually frequent sister chro-
matid exchange. These data are un-
avoidably subject to the influence of
selective forces (10) operative during
the two division cycles required for the
analysis described here. The magnitude
of this influence is unknown.

While the present method obviates
the use of radioactivity for analysis of
sister chromatid exchanges, it requires
the incorporation of BrdU into chromo-
somal DNA. BrdU has been observed
to cause breaks in some mammalian
chromosomes (11), but it does not ap-
pear to contribute appreciably to them
under the conditions employed here.
Moreover, the BrdU-induced chromo-
some breaks reported (/1) occurred in
heterochromatic regions, which are
thought to correspond to the quinacrine
band regions (1, 2), while the observed
sister chromatid exchanges occur pre-
dominantly in interband regions. This
location of sister chromatid exchanges
does not correlate with the expected
distribution of BrdU along the chro-
matids, assuming that regions fluo-
rescing brightly when stained with
quinacrine are relatively A-T rich (12).
Nonetheless, at this time, the possi-
bility that BrdU may contribute to the
exchange frequency cannot be ruled
out.

Chromatid breakage prior to sister
chromatid exchange may involve events
similar to those of unhealed chromatid
breaks, chromosome translocations, and
meiotic crossing-over. The preferential
location of sister chromatid exchanges
in interband regions might then indi-
cate that these other processes follow
a similar nonrandom distribution. Since
interband regions are enriched for
less condensed, early replicating
chromatin (1, 2), these regions might
be the sites of actively expressed genet-
ic loci. Translocations occurring in
these interband regions might then
subdivide some of these loci, perhaps
accounting for some of the pathology
observed in patients with apparently
reciprocal translocations.

SAMUEL A. LATT
Department of Pediatrics and Center
for Human Genetics, Harvard Medical
School, Clinical Genetics Division,
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Boston, Massachusetts 02115
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Chloride Spike: A Third Type of Action Potential in
Tissue-Cultured Skeletal Muscle Cells from the Chick

Abstract. In addition to sodium and calcium spikes, tissue-cultured skeletal
muscle cells from the chick can initiate spikes lasting tens of seconds. The peak
membrane potential of the spike correlates with the chloride ion concentration,
but not with the calcium or sodium ion concentration. The chloride spike is
blocked by manganese ion but not by cobalt ion.

Besides the Na and Ca spikes (1),
skeletal muscle cells from the chick in
tissue culture can generate a spike last-
ing tens of seconds (2). This late spike
(LS) has been considered a Ca spike
because it is blocked by Mn2+ but not
by tetrodotoxin (2). If the LS were a
Ca spike, its size should depend on the
Ca2+ concentration and Co?t should
inhibit it (3). These expectations, how-
ever, were not verified by the experi-
ments reported here. On the other
hand, changes in Cl— concentration
significantly altered the peak potential
of the LS. Therefore, the LS may be
a Cl spike, similar to that found in
certain plant cells (4) and in fish elec-
troplaques (5).

Monocellular layers of skeletal mus-
cle cells (6 to 30 days old), which were
20 to 50 pum thick and 0.5 to 5 mm
long (in the myotubular and striated
stage), were obtained by culturing myo-
blasts dissociated from pectoral muscles
of chick embryos (10 to 12 days old)
in modified Eagle minimum essential
medium (6, 7). Fibroblasts were usually
eliminated by adding 10—5M D-arabino-
furanosylcytosine (Ara-C) to the medi-
um (6), but there was no essential dif-
ference in the results obtained with
cells not treated with Ara-C.

Intracellular recordings were obtained
in the conventional way by using glass
microelectrodes (20 to 60 megohms)
filled with either 3M KCl or 3M potas-
sium acetate solution. Usually a cell
was impaled by two microelectrodes
with a tip separation of less than 50

pm; one microelectrode was used for
passing current and the other for re-
cording membrane potential. The stan-
dard extracellular solution contained
128.4 mM NaCl, 5.0 mM KCI, 5.0 mM
CaCl,, and 15.0 mM tris-Cl or Na-
HEPES buffer of pH 7.4 (Na-HEPES is
the sodium salt of N-2-hydroxyethylpi-
perazine-N’-2-ethanesulfonic acid). The
ionic species and concentrations were
changed as follows: Nat was replaced
by tris or tetramethylammonium ion,
NaCl by sucrose or urea, Cl— by ace-
tate, and CaCl, by NaCl, so as to main-
tain a constant osmolarity. The extra-
cellular solution was changed within 3
minutes while the microelectrodes re-
mained in the cell (8). Solution changes
sometimes caused a shift in the refer-
ence potential (9). After an experiment
involving a solution change, therefore,
the microelectrodes were always with-
drawn from the cell and the new rest-
ing, holding, and LS peak potentials
were calculated on the basis of the
new reference potential.

The resting potential of the muscle
cells varied from — 35 to — 80 mv and
appeared to correlate with cell length
(7, 10). When the membrane potential
was held around — 80 mv with steady
hyperpolarizing current, a depolarizing
current pulse could elicit a Na spike
and a LS (Fig. 1A). This Na spike was
eliminated in Na-free solution or in
solution containing 10—5M tetrodotox-
in (I), but the LS remained in these
solutions. In Na-free sucrose solution
a depolarizing pulse elicited a small
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