
cells can be induced by azaC (16). Fur- 
ther evidence of a role for DNA methyl- 
ation in the regulation of exogenous viral 
genes in eukaryotic cells is provided by 
studies with adenovirus type 12 (1 7) and 
herpes saimirii (IS), in which correla- 
tions between methylation and gene 
expression have been observed. The sys- 
tem we have described should allow a 
specific and quantifiable assessment of 
the role of DNA methylation in the regu- 
lation of gene expression in eukaryotic 
cells. 
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Transplantation of the Cockroach Circadian Pacemaker 

Abstract. Surgical removal of the optic lobes of the cockroach Leucophaea 
maderae followed by transplantation of the optic lobes from another individual led to 
a restoration of the circadian activity rhythm in 4 to 8 weeks. The free-running period 
of the restored rhythm was determined by the period of the donor rhythm before 
surgery. The results suggest that the transplanted optic lobe contains a circadian 
clock that regenerates those neural connections with the host brain that are 
necessary to drive the circadian rhythm of activity. 

A generally accepted criterion for the 
localization of a circadian pacemaker 
that controls a specific behavioral 
rhythm is to demonstrate that transplan- 
tation of the putative pacemaker tissue 
from one animal to another (in which the 
tissue has been removed) both restores a 
free-running rhythm and confers either 
the phase or the period of the donor's 
rhythm on the rhythm of the host. This 
criterion has been successfully met in 
three organisms: the silk moth (I), the 
fruit fly (2), and the sparrow (3). In each 
of these cases, the transplanted tissue 
appears to control rhythmicity by release 
of a hormone, and neural connections 
between the pacemaker tissue and the 
nervous system of the host are not re- 
quired. 

In the cockroach Leucophaea ma- 
derae, there is substantial evidence to 
suggest that the circadian pacemaker 
driving the rhythm of locomotor activity 
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is composed of two bilaterally paired and 
mutually coupled oscillators-one in 
each optic lobe of the protocerebrum- 
that are independently able to drive 
rhythmicity (4-6). However, the ability 
of the optic lobe to sustain a rhythm of 
activity depends on intact neural connec- 
tions between optic lobe and the mid- 
brain (4, 5). This requirement seemed to 
preclude critical transplantation experi- 
ments. I have discovered, however, that 
although bilateral section of the optic 
tracts invariably abolishes the free-run- 
ning rhythm of locomotor activity, if the 
optic lobes are left in situ, the rhythm 
consistently reappears in 3 to 5 weeks, 
with a free-running period near that of 
the rhythm before surgery (7). The re- 
turn of rhythmicity likely depends on 
regeneration of neural connections be- 
tween the optic lobe and the midbrain 
since (i) if the optic lobes are removed 
from the animal, arrhythmicity persists 

indefinitely (4, 7, 8); (ii) histological (7, 
9), electrophysiological (9, and behav- 
ioral (9) data show that regeneration be- 
tween neurons of the optic lobe and 
midbrain does occur; and (iii) the time 
course of regeneration is similar to that 
of the return of rhythmicity (7). 

These results prompted an effort to 
transplant the optic lobes from ope ani- 
mal into another whose own optic lobes 
had been removed. In these experi- 
ments, adult males that had been raised 
from birth in LD 11 : 11 or LD 13 : 13 were 
used (10). The periods (T) of the free- 
running activity rhythms of animals that 
have been reared in these two conditions 
are substantially different (11). The aver- 
age T in constant darkness for males 
raised in LD 11: 11 is 22.7 5 0.27 (stan- 
dard deviation) hours (N = 21), and for 
males raised in LD 13 : 13 is 24.2 -t 0.26 
hours (N = 15). A period difference of 
more than 1 hour is maintained between 
the two groups for at least 5 months after 
the animals are transferred to constant 
darkness (11) and probably persists 
throughout the life of the cockroach (12). 

Two separate series of transplantation 
experiments were performed with a total 
of 18 animals (nine from each light cy- 
cle). Individuals were placed in activity 
monitors in constant darkness for ap- 
proximately 4 weeks to determine the 
period of the free-running activity (13). 
Optic lobes were then exchanged be- 
tween individuals of the two groups, and 
the animals were returned to the activity 
monitors (14). Of the 18 animals, 12 
survived for 40 or more days after sur- 
gery. 

Activity was invariably disrupted and 
apparently aperiodic for several weeks 
after transplantation; however, in 10 of 
the 12 animals that survived surgery, a 
clear circadian rhythm of activity reap- 
peared between 26 and 56 days postoper- 
atively (15) (Fig. 1). The remaining two 
animals were a pair between which the 
optic lobes had been exchanged. Activi- 
ty patterns of these two animals, record- 
ed for 75 days after surgery, showed no 
convincing evidence of periodicity. 

In every case in which a rhythm was 
reestablished, the free-running period 
was near the period of donor animal's 
rhythm before transplantation of the op- 
tic lobes (Fig. 2). In most cases, there 
was either an increase or decrease of 
more than 1 hour in the period of the host 
rhythm-a major change in T for adult 
Leucophaea in which the free-running 
period is normally stable (11). It is sub- 
stantially larger than any period changes 
~ccurring spontaneously (11, 16), as a 
result of aging or aftereffects of entrain- 
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Fig. 1. Records of activity of two pairs of animals, free running in constant darkness, showing 
effects of optic lobe transplantation. Data for successive days were placed below each other, 
and each record has been duplicated to provide a 48-hour time base to aid in visual inspection of 
the data. Animals to the left in each figure we,; raised in LD 11 : 11 and animals to the right were 
raised in LD 13:13. (A) Continuous records. (B) The activity between the time of surgery and 
the reappearance of a clear rhythm has been omitted. For 4 to 8 weeks after optic lobe 
transplantation, the activity is sparse and apparently aperiodic. A clear rhythm of activity 
subsequently reappeared in all four animals, with the period of the rhythms near the period of 
the donor rhythm before surgery. 

Fig. 2 (left). Change in the period of the 
activity rhythms of host animals (most - 

T ~ ~ , , ~ ~ ~ . , , , )  after optic lobe transplantation, plotted as a function of the difference in T between 
host and donor prior to surgery. The diagonal line is the predicted relationship if 7 of the 
regenerated rhythm is equal to 7 of the donor's rhythm. 'The data conform to prediction 
remarkably well, even in cases where an increa'se or decrease in 7 of nearly 2 hours was 
expected. Fig. 3 (right). Section through brain and transplanted optic lobe 73 days after 
surgery. Portions of the lamina (la), medulla (p), and lobula (lo) of the lobe are visible. 
Typically, transplanted lobes became attached to the lateral neuropil of the brain (n), which 
bulges outward after optic tract section. Although it is not clear in this section, fiber tracts could 
usually be found connecting the lobe to the midbrain. 

ment of adults (II), or  as a consequence 
of surgical interference in the nervous 
system (5, 17). 

For eight of the ten successful trans- 
plants and for the two animals that were 
not clearly rhythmic, the activity record- 
ing was terminated before the animal's 
death, and the brain with the optic lobes 
was removed and prepared for histologi- 
cal examination (18). In five of the eight 
animals in which rhythmicity returned 
after surgery, both of the transplanted 
lobes appeared healthy and had reestab- 
lished structural connections with the 
midbrain of the host. Typically, there 
was some distortion in the shape of the 
lobe, as well as the midbrain; however, 
all three regions of neuropil in the lobe 
were clearly recognizable, and there was 
no evidence of any significant degenera- 
tion (Fig. 3). In the remaining three ani- 
mals, there was clear evidence for regen- 
eqtion of connections for only one of the 
lobes, although both lobes appeared rela- 
tively normal in histological section. In 
contrast, in one of the animals in which a 
rhythm was not reestablished, only one 
of the transplanted lobes was recogniz- 
able, and it appeared to have undergone 
substantial deteporation. In the. other 
aperiodic animal, neither of the trans- 
planted optic lobes could be identified, 
although encapsulated masses of tis- 
sue were present at the transplantation 
site. 

The above data show unequivocally 
that transplantation of the optic lobes 
from one animal into another whose own 
lobes have been removed both restores 
rhythmicity in locomotor activity and 
imposes the period of the donor's 
rhythm on the regenerated rhythm of the 
host. The results suggest that in trans- 
planting the optic lobes, a circadian 
pacemaker is transplanted with its char- 
acteristic free-running period and that it 
subsequently regenerates those neural 
connections with the host central ner- 
vous system that are necessary to drive 
the activity rhythm. However, the trans- 
plantation results are not unequivocal 
proof for this interpretation; a plausible 
alternative explanation, for example, is 
that the optic lobe provides an input to 
an oscillator in the midbrain that is both 
necessary to sustain the oscillation and 
has a major impact on its period. Never- 
theless, the view that the optic lobe 
contains a self-sustaining oscillator that 
functions as the circadian pacemaker for 
the locomotor activity rhythm seems the 
more likely explanation. Localized cool- 
ing of the optic lobe produces a phase 
shift in the activity rhythm, whereas 
cooling the midbrain has no effect (6). 
Thus, the optic lobe appears to dictate 
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both the phase and the period of the free- 
running rhythm. In conjunction, these 
results provide compelling support for 
the proposition that the circadian clock 
in the cockroach is in the optic lobes. 

It is remarkable that the transplanted 
protocerebral tissue survives, undergoes 
functional regeneration, and conserves 
the period of the free-running oscillation 
so reliably. A question that arises is 
whether or not the pacemaker continues 
its motion between the time of its remov- 
al and the return of overt rhythmicity in 
the host. However. there was no clear 
indication that phase, as well as period, 
was conserved in the transplanted lobe 
(19). A positive result would have indi- 
cated that the oscillation had persisted; a 
negative result is open to a number of 
interpretations, some of which do not 
preclude the possibility that a circadian 
oscillation persists in the isolated optic 
lobe. 
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Ornithine Decarboxylase: Essential in Proliferation but Not 
Differentiation of Human Promyelocytic Leukemia Cells 

Abstract. The ornithine decarboxylase inhibitor DL-a-dz~uoromethyl ornithine 
inhibited a proliferation-associated increase in ornithine decarboxylase activity in 
cultured human promyelocytic leukemia cells, resulting in a marked suppression of 
cell proliferation and subsequent cell loss, It also inhibited increases in ornithine 
decarboxylase activity associated with the phorbol ester-induced conversion of 
promyelocytic HL-60 cells to monocyte-like cells and the retinoic acid-induced 
conversion to granulocyte-like cells. However, the inhibition of ornithine decarboxyl- 
use activity did not prevent cellular differentiation. These results suggest that 
polyamine biosynthesis has a speciJic role in cell proliferation rather than in inducing 
differentiation that is not accompanied by proliferation. The data also demonstrate 
that cessation of proliferation in HL-60 cells is not necessarily associated with dif- 
ferentiation. 

The decarboxylation of ornithine by 
ornithine decarboxylase (ODC; E.C. 
4.1.1.17) leads to the formation of pu- 
trescine and is the first rate-limiting step 
in polyamine biosynthesis. Marked in- 
creases in ODC activity and polyamine 
biosynthesis accompany the onset of 
proliferative events in most cell types 
studied (1, 2). In addition, certain differ- 
entiative processes, such as responses of 
target tissues to specific hormonal stimu- 
li (3) and induced differentiation of 
Friend mouse erythroleukemia cells (4), 
have been associated with increased 
ODC activity. The importance of ODC in 
cell growth and differentiation was re- 
cently demonstrated in studies with DL- 
a-difluoromethyl ornithine (DFMO), an 
inhibitor of ODC (5). Inhibition of pu- 
trescine synthesis by DFMO arrests the 
growth of mouse L-1210 leukemia cells 
and rat hepatoma cells in culture (6) and 
leads to eventual death of human small- 
cell lung carcinoma in vitro (7). DFMO 
completely suppresses the sharp rise in 
uterine ODC activity accompanying mu- 
rine embryogenesis, arresting embryonic 
development (8). Also, DFMO suppress- 
es increases in ODC which accompany 
the maturation of intestinal mucosa and 
recovery from injury; both cellular pro- 
cesses are inhibited by the block in pu- 
trescine biosynthesis (9). 

Increased ODC activity may thus play 
an important role in the initiation of both 
cellular proliferation and differentiation. 
It has been difficult, however, to evalu- 
ate the processes of proliferation and 
differentiation separately. Hence it has 
been unclear whether one or both cellu- 
lar responses depend on polyamine bio- 
synthesis. Recently, a cell system for 
studying these events separately was de- 
scribed (10-12). The human promyelo- 
cytic leukemia cell line HL-60 can be 
chemically induced to undergo terminal 
differentiation, probably without accom- 
panying proliferation. 

The cell line, derived from peripheral 
leukocytes from a woman with acute 
promyelocytic leukemia, contains pre- 
dominantly leukemic promyelocytes (13, 
14). HL-60 cells cease proliferation and 
"differentiate" morphologically and 
functionally toward granulocytes after 
the addition to the culture of such com- 
pounds as dimethyl sulfoxide, butyric 
acid, dimethylformamide (lo), and reti- 
noic acid (11). The cells can also be 
induced to differentiate along an alter- 
nate pathway, apparently toward mono- 
cytes, when treated with certain phorbol 
esters, especially 12-0-tetradecanoyl- 
phorbol-13-acetate (TPA) (12). Thus, 
HL-60 cells are remarkable in their ca- 
pacity to differentiate terminally despite 
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