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12) and were sufficient to antagonize 
totally the effects of right accelerator 
nerve stimulation in the present study. 
Other less likely receptors that might 
have played a role in the response, 
such as alpha-adrenergic and cholin- 
ergic receptors, were excluded by 
utilizing supramaximal doses of the 
appropriate blocking agents. The most 
likely explanation for our results, 
therefore, is that the sympathetic neuro- 
effector junction involved is funda- 
mentally different from any hitherto 
described, differing perhaps in the 
neurotransmitter involved or in the 
nature of the receptor. 

A unique sympathetic neuroeffector 
junction with uncharacterized pharma- 
cological properties might account for 
certain inconsistencies in experience 
with experimental and clinical arrhyth- 
mias. In experimentally induced ar- 
rhythmias, such as those seen with 
digitalis intoxication and coronary ar- 
tery occlusion, considerable evidence 
indicates that hyperactivity of cardiac 
sympathetic nerves is a causative 
mechanism (13, 14). However, beta- 
blocking doses of propranolol have 
failed to block these arrhythmias (13, 
15, 16). Clinically, Lown and col- 
leagues (17) have described patients 
whose arrhythmias do not respond to 
beta-blocking doses of propranolol but 
do respond to sleep. The explanation 
for all these findings may be that ar- 
rhythmogenic stimuli travel to the heart 
through nerves whose neuroeffector 
junctions are not amenable to blockade 
by conventionally employed antago- 
nists. Stated another way, it seems no 
longer possible to equate cardiac beta- 
adrenergic blockade with complete de- 
pression of sympathetic nervous activ- 
ity. 

Thus, the demonstration of a unique 
cardiac neuroeffector junction has im- 
portant implications for the genesis of 
arrhythmias and for their pharmaco- 
logic therapy. Much may be gained by 
seeking the transmitter involved in the 
arrhythmogenic response and then de- 
veloping antagonists to it. More funda- 
mentally, it raises questions about the 
adequacy of present knowledge con- 
cerning the sympathetic nervous system. 
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locomotor activity. 

It is well established that many bio- 
logical processes are subject to cir- 
cadian variations which persist for 
many cycles under constant environ- 
mental conditions. For a long time it 
has been assumed, explicitly or im- 
plicitly, that such circadian rhythmicity 
reflects the action of one "physiological 
clock" to which the various functions 
are coupled. Only recently has it be- 
come clear that there must be a multi- 
plicity of circadian oscillators within 
an individual organism, each oscillator 
controlling a particular set of physio- 
logical processes. The strongest evi- 
dence in support of this conclusion 
comes from the observations that (i) 
a circadian rhythmicity may persist in 
two or more organs or tissues isolated 
from one and the same individual (1- 
4) and that (ii) even in an intact orga- 
nism different circadian rhythms may 
occasionally run with slightly different 
frequencies (1-5). Therefore, an orga- 
nism can be considered a population 
of circadian oscillators, which, while 
normally synchronized with each other, 
may uncouple under certain condi- 
tions. These findings raise the question 
how mutual synchrony is normally 
maintained, that is, which factors are 
involved in coupling the various cir- 
cadian oscillators to each other. 
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Several recent investigations in mam- 
mals have made it virtually certain that 
the daily rhythm of gross locomotor 
activity, often used as a convenient 
assay of circadian rhythmicity, is gov- 
erned by at least two coupled oscilla- 
tors. This is strongly suggested by the 
observation that under certain condi- 
tions of constant illumination the 
rhythm of locomotor activity may 
"split" into two distinct components 
which run with different frequencies 
for a while before they resynchronize 
with each other at a new phase rela- 
tionship (3, 6, 7). This phenomenon 
has received considerable attention, be- 
cause it might represent a model case 
for the study of coupling mechanisms 
within the circadian system of an or- 
ganism. However, whereas some ex- 
ternal conditions causing "splitting" 
have been identified, the underlying 
physiological mechanisms are unknown. 
The results communicated here suggest 
that a hormone, testosterone, may pro- 
mote the "splitting" of circadian loco- 
motor rhythms in the starling, Sturnus 
vulgaris. 

The first evidence suggesting that 
splitting may result from changes in 
the hormonal state of these birds came 
from experiments in which groups of 
6 to 16 male starlings were transferred 
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Testosterone Induces "Splitting" of Circadian 

Locomotor Activity Rhythms in Birds 

Abstract. Under the influence of testosterone, the free-running circadian rhythm 
of locomotor activity of the starling, Sturnus vulgaris, tends to "split" into two 
components which temporarily run with different circadian frequencies: "splitting" 
occurred in intact birds whose testes grew, and in castrated birds that were 
injected with testosterone. Since "splitting" most probably reflects the temporal 
separation of two (or two groups of) circadian oscillators, these results suggest 
that testosterone affects the mutual coupling of circadian oscillators controlling 
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And in two birds the two components 
eventually rejoined after they had 
scanned an entire cycle (Fig. 2, E and 
F). No clear effects of the various 
treatments on the net circadian period 
length of the system were apparent. 

Several tentative conclusions may be 
drawn from these results: 

1) "Splitting" of the circadian ac- 
tivity rhythm of the starling can be 
provoked by testosterone. By this state- 
ment nothing is said about the mode 
of action of testosterone, that is, 
whether testosterone acts directly on 
the circadian system or indirectly by 
interfering with other components of 
the neuroendocrinological system. Nev- 
ertheless, the results support the gen- 
eral hypothesis that "splitting" may be 
under hormonal control (7). 

2) "Splitting" most probably reflects 
the temporal separation of two (or two 
groups of) circadian oscillators. This 
is strongly suggested by the facts that 
(i) the two components show different 
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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 db- 
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 (11, 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, 11). The present 
data support this hypothesis. 

E. GWINNER 
Max-Planck-lnstituif lii 
Verhaltensphysiologie, 8131 
Erling-Andechs, Ohb., West Germanyv 
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the left side of the bird, locating the testis, 
and measuring its width with a compass or 
calipers. Castration was accomplished by mak- 
ing the same incision on both sides of the 
bird and removing the testes with a pair of 
forceps. In a few cases regenerating testicular 
tissue was found when the birds were laparo- 
tomized on termination of the experiments. 
Data from such birds are not included in 
this report. Testosteronoenanthat (Schering 
AG, Berlin) was used. Injections were given 
into the pectoral muscle. The effectiveness 
of the testosterone injections was witnessed 
by the fact that the previously black bill 
coloration turned yellow starting about 4 
weeks after the first injection. Yellow bill 
coloration has previously been shown to be 
under the control of testosterone [H. E. 
Witschi and R. A. Miller, J. Exp. Zool. 79, 
475 (1938)]. 

10. Such a differential testicular response to con- 
tinuous light was expected on the basis of 
other photoperiodic studies on starlings and 
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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 (1, 2). Heterochro- 
matic regions have long been con- 
sidered sensitive to damage by a variety 
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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 
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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 am. 
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Localization of Sister Chromatid Exchanges 
in Human Chromosomes 

Abstract. The bromodeoxyuridine sensitivity of 33258 Hoechst fluorescence 
allows microflutorometric 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. 
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