of Raney nickel, followed by H,S treat-
ment of the nickel to release the small
amount of xanthine. 8-Methylmercapto-
xanthine of 34,900 count min—! pmole-!
(I14) was thus reduced to xanthine,
which, after chromatography on 10 ml
of Dowex 50, had a specific activity of
35,500 count min-! umole-* (I5). Sim-
ilarly, 8-chloroxanthine of 99,000 count
min~! umole-! (I6) could be catalyti-
cally hydrogenated over Pd-C to yield
xanthine of 79,000 count min—* pmolet.
Additional evidence for the identity of
the 8-chloroxanthine was obtained in an
experiment with 36Cl— (7). An injection
of 2.3 mmole of Na%Cl and 20.3
mmole of 3-hydroxyxanthine was ad-
ministered to rat A. By 6.5 hours the
urine contained 5.7 percent of the
36Cl- at a dilution of only 1 : 5.5, which
corresponds with the fact that most of
the radioactive chloride was still ex-
tracellular during that period (/8). From
a longer column (see Table 2), the
H36Cl was eluted as an initial sharp
peak, the trail of which obscured the
8-chloroxanthine radioactivity peak.
When 660 count min! of radioactivity
from the 8-chloroxanthine peak was
rechromatographed on paper with
NH,CI, 40 percent clearly accompanied
the carrier 8-chloroxanthine and some-
what more accompanied the sodium
chloride (Table 2). The low activity of
the 8-chloroxanthine suggests that it was
formed from intracellular chloride, as
would be expected.
GERHARD STOHRER

GEORGE BOSWORTH BROWN
Division of Biological Chemistry,
Sloan-Kettering Institute for Cancer
Research, New York 10021
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Neuroendocrine Control of
Ecdysis in Silkmoths

Abstract. An adult moth sheds its
pupal skin only during a specific period
of the day. The brain is necessary for
the synchronization of this behavior
with the environmental photoperiod.
This function is fully preserved when
all the brain’s nervous connections are
severed or when a “loose” brain is
transplanted into the tip of the abdo-
men. By appropriate experiments it was
possible to show that the entire mecha-
nism is brain-centered. The components
include a photoreceptor mechanism, a
clock, and a neuroendocrine output.
The clock-controlled release of the
hormone acts on the central nervous
system to trigger a species-specific be-
havior pattern which culminates in
ecdysis.

Lepidopterists have long been aware
that the escape of butterflies and moths
from their old pupal cuticle occurs at
a certain time of the day which is char-
acteristic of the species (I). The three
silkworms used in this study, Hyalo-
phora cecropia, Antheraea polyphemus,
and A. pernyi, proved to be no excep-
tion. When developing moths were
placed in a photoperiod, the subsequent
ecdyses, which were recorded by means
of a 48-hour kymograph (2), were con-
fined to a specific “gate” (3), the time
of which depended on the particular
photoperiod regimen (4). Figure 1
(left) shows the ecdyses of moths that
were exposed to a regimen consisting
of 17 hours of light per day (17L:
7D). The gates of the three species dif-
fered in respect to both time and width.
The “clock” which determines the time
of ecdysis also has a circadian compo-
nent. Thus, when developing Pernyi
were transferred into constant darkness
from a 17L : 7D regimen, the subse-
quent ecdyses continued to occur syn-

chronously with gates at 22-hour inter-
vals after lights-off (4). In addition,
an examination of the kymograph rec-
ords (Fig. 1, right) showed that ecdysis
is immediately preceded by a period of
hyperactivity (the emergence behav-
ior), the pattern of which was also
species-specific. The present report de-
scribes a brain-centered neuroendocrine
mechanism by which ecdysis is syn-
chronized with a light-dark regimen.

The preliminary stage of this study
involved an examination of the role of
various cephalic nerves, ganglia, and
endocrine organs in the ecdysis of silk-
moths (5). The operations were per-
formed primarily on diapausing pupae
of the Cecropia moth (6); the animals
were then allowed to begin adult de-
velopment, and about 3 weeks later the
effect of the surgery on the ecdysis of
the resulting moths was ascertained
(7). Sectioning of the optic nerves and
circumesophageal connectives or extir-
pation of the compound eye anlagen,
the subesophageal ganglion, the frontal
ganglion, or the corpora allata and
corpora cardiaca was inconsequential.
All the operated moths emerged within
the normal Cecropia gate, that is, be-
tween 1 and 9 hours after lights-on in
the 17L : 7D regimen. By contrast,
when the brain was removed, the moths
were no longer influenced by light.
Both brainless Cecropia and brainless
Pernyi emerged randomly throughout
the day and night (Fig. 2B). The re-
moval of the brain somehow inter-
rupted the chain of events leading from
the reception of light to ecdysis.

It is important to note that the brain
functioned correctly even after its con-
nections to the eyes (8) and the ventral
nerve cord were severed. That being
so, the implantation of a brain into a
brainless animal should restore the
competence to synchronize emergence
with photoperiod. To test this hypothe-
sis, “loose-brain” moths were prepared
by removing the brain from the head
of each pupa and immediately reim-
planting it into the tip of the abdomen.
These animals proved to be fully able
to respond to the photoperiod regimen.
The emergence of “loose-brain” moths
was gated and occurred at about the
same time as that of unoperated moths
(Fig. 2C). Also, as with unoperated
animals, the ecdysis rhythm of “loose-
brain” moths was free-running in con-
tinuous darkness (9).

In order to synchronize the emer-
gence behavior with photoperiod, a
minimum of three components are nec-

SCIENCE, VOL. 167



essary, namely, a photosensitive system
for the reception of light cues, a tim-
ing mechanism to measure the hours
after lights-off or lights-on, and a
mechanism to trigger the emergence
behavior. The removal of any one of
these components could give an appar-
ently random emergence under the con-
ditions of these experiments. What,
then, is the role of the brain? In order
to determine whether the adult brain
was the site of the photosensitivity for
the ecdysis rhythm (10), the brain was
removed from each of the 20 Cecropia
pupae. In ten pupae it was reimplanted
into the head; in the other ten, into the
tip of the abdomen. Each pupa was
then placed in a hole in an opaque
diaphragm which separated two photo-
period chambers (7). The anterior end
of each pupa was exposed to a 12L :
12D regimen (photophase from 21:00
to 09:00, E.S.T.) and the posterior end
was exposed to the reciprocal regimen
(photophase from 09:00 to 21:00,
E.S.T.). Therefore, with the exception of
the brains, all pupae were exposed to
the same light-dark conditions. The
photoperiod which the brain “saw” de-
termined the time of ecdysis. The
moths which had their brains in their
abdomens emerged early in the day
“seen” by the posterior ends. Similarly,
the moths which had their brains re-
implanted into the anterior ends
emerged during the day “seen” by the
head end. These results clearly showed
that the brain was photosensitive.

In order to show that the brain con-
tains the ecdysis clock, brains were
interchanged between Cecropia and
Pernyi pupae (Fig. 2D). The brainless
Cecropia which received implants of
Pernyi brains emerged primarily at the
time characteristic of Pernyi; so also,
brainless Pernyi with Cecropia brain
implants emerged at the normal Ce-
cropia time. In short, the timing of
ecdysis was characteristic, not of the
brainless host species, but of the species
which donated the brain. Thus, the
moth brain also has the clock which
determines the timing of ecdysis rela-
tive to the photoperiod. The circadian
function of this clock most probably
also resides in the brain.

It is of interest that the brainless
Cecropia which had an implant of a
Pernyi brain emerged at the time char-
acteristic of Pernyi but displayed the
emergence behavior of Cecropia (as in
Fig. 1). The host-specific behavior pat-
tern was also evident in brainless
Pernyi which had Cecropia brains.
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Fig.. 1. The distribution of ecdyses in a 17L : 7D photoperiod regimen (left), and
tracings of the kymograph records of activity accompanying ecdysis (right). (A)
Hyalophora cecropia; (B) Antheraea polyphemus; (C) A. pernyi.

Thus, the brain is not responsible for
the behavior pattern, but rather serves
to synchronize it with the photoperiod.
Since it can do this even while loose
in the abdomen, it must exert its con-
trol through hormonal means. More-
over, from the experiments which in-
volved the interchange of brains be-
tween Cecropia and Pernyi, we learn
that this hormone is neither species-
nor genus-specific. The existence of an
ecdysis hormone is further supported
by the fact that homogenates -of the
brains of pre-ecdysis Pernyi moths (in
the last day before emergence) induced
ecdysis at any time of the day when
injected into developmentally mature
individuals. Such injections were invari-

ably followed by the onset of emer-
gence behavior and the eventual ecdysis
about 1%% to 2 hours later. The injec-
tion of an equal volume of Ringer
solution or of a- homogenate of the adult
abdominal ganglia did not have this
effect. In order to differentiate between
the effect of this hormone and the
“brain hormone” that controls growth
and metamorphosis (12), we tenta-
tively suggest the name ‘“neurotropic
ecdysis hormone.”

It is important to emphasize that the
varied operations did not substantially
affect the ecdysis behavior itself. The
species specificity and the stereotyped
nature (I3) of the behavior indicate
that it is prepatterned into the thoracic

A I Unoperated Cecropia i Unoperated Pernyi /
B
Brainless Cecropia Brainless Pernyi .
T ww w whll w. Lom oo wll Wow mw o |
C r .
“'Loose-brain’' Cecropia ‘‘Loose-brain'’ Pernyi
I . |
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-
o .

Brainless Pernyi with
F Cecropia brain
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Fig. 2. Ecdyses of Cecropia and Pernyi moths in a 17L : 7D photoperiod regimen,
demonstrating the effects of brain removal, the transplantation of the brain to the
abdomen, and the interchange of brains between the two species.
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or abdominal ganglia. The release of
the hormone serves only to elicit this
pattern. Thus, we see that adult ecdysis
involves two separable systems. The
first is comprised of prepatterned nerv-
ous information and does not involve
the cephalic ganglia. The second is
completely brain-centered and couples
the emergence behavior to the environ-
ment through a hormonal link.

JAMEs W. TRUMAN

LyNN M. RIDDIFORD
Biological Laboratories, Harvard
University, Cambridge, Massachusetts
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Reassembly of Living Cells from Dissociated Components

Abstract. Combining the techniques of nuclear transplantation and cytoplasmic
transfer, dissociated amoeba nuclei, cytoplasm, and membranes were reassembled
to form viable amoebae. The techniques of cell reassembly appear to be sufficiently
adequate so that any desired combination of cytoplasm, nucleus, and membrane

can be assembled into living cells.

Interest has developed in the possi-
bility of synthesizing living cells and in
reassembling living cells from isolated
cell components. In 1965 Price pro-
posed that such syntheses be made an
American national goal (I). After par-
ticipating in a symposium on the ex-
perimental synthesis of living cells (2),
we decided that we had the means to
carry out the reassembly of Amoeba
proteus from its major components:
namely nucleus, cytoplasm, and cell
membrane. We have now shown that
new viable amoebae may be produced
with the membrane of one cell, cyto-
plasm from one or more other cells, and
nucleus from a third cell. These three
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components are nonviable individually,
and when any of them is missing the
reassembled cell cannot live.

The basic procedures of reassembly
are (i) removal of the nucleus from an
amoeba, (ii) removal of the cytoplasm
to the extent that the remaining part
cannot survive even when a nucleus has
been inserted, (iii) injection of desired
cytoplasm to refill the above, and (iv)
insertion of a nucleus.

The first two steps can be carried out
either by (i) enucleation and removal of
cytoplasm by micrurgical methods (3)
or by (ii) centrifugation of cells at high
speed. In a single cycle with the use of
micrurgical methods involving removal

Table 1. Results of reassembly experiments.
Letters A, B, and C represent different strains
used in an experiment. In actual experiments,
five strains (D, P, Q, S, and G) were used,
but they were grouped together for simplifi-
cation. Suffixes n, ¢, and m denote nucleus,
cytoplasm, and cell membrane, respectively.
Superscripts indicate the source of a com-
ponent, for example, in the experiment with
Ay + A + A, the superscripts indicate
that the nucleus, cytoplasm, and membrane
came from three separate cells of strain A.

Cells (No.) Vi-
Combination ~ iy S00C ople
.« Divid-

Studied ;1 Moy ()

A +AZAL” 2000 172 170 85
A+ A+

A 58 48 43 74

A, + BB,/ 168 72 0 0

Ay + A” + B, 244 82 2 <1

A, + B, + Cp, 22 4 0 ]

of cytoplasm and nucleus and refilling
the membrane with cytoplasm from
another cell, only about 75 percent of
the original cytoplasm can be with-
drawn. On refilling with cytoplasm, the
volume can be brought to about 75 per-
cent of the original. Thus a single cycle
results in a cell, the cytoplasm of which
still consists of one-third of the original
cytoplasm; however, two cycles would
reduce this to one-ninth.

For removal of nuclei and cytoplasm
by centrifugation, amoebae are layered
over 10 percent Ficoll (4) and centri-
fuged first for 5 minutes at 30,000g
and then for 30 seconds at 40,000g at
4°C. The centripetal portions of the
cells contain little particulate cytoplasm,
except for colored lipid droplets, and
are nonviable even after renucleation.
The subsequent refilling with cytoplasm
and renucleation (the last two steps
above) are performed by micrurgical
methods in both cases.

Where cytoplasm, membrane, and
nucleus are all obtained from cells of
the same strain, reassembly is relatively
easy and 80 percent of the reassembled
cells are normal amoebae, behaving and
reproducing so as to be indistinguish-
able from cells of the original clone
(Table 1, experiment 2). However, when
one or two of the three components are
from different strains, only a small pro-
portion of the reassembled amoebae
form viable clones. The great majority
are able to maintain normal functions
only for a limited period, sometimes
dividing not more than four times
(Table 1, experiments 3-5). It is likely
that the failure of these cells to form
clones is partially due to the newly dis-
covered interstrain lethal factors (5).
However, that we have already obtained
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