
organization of the connective tissue dur- 
ing the following 6 months. The presence 
of nerve signals after 3 weeks indicates that 
the motoneurons have not completely de- 
generated. A histological investigation to 
verify this point will be reported elsewhere. 

After an implantation time of 3 weeks 
the connective tissue growth begins to pro- 
vide a conductive pathway for the myo- 
electric signal. The Silastic cover can no 
longer effectively isolate the myoelectric 
signal. However, it is still possible to effec- 
tively reduce the myoelectric signal by 
subtracting the appropriately weighted sig- 
nals from the internal and external elec- 
trode contacts. A larger myoelectric signal 
will be recorded from the external than 
from the internal contacts, most of the 
nerve signal will remain while the myoelec- 
tric signal is substantially reduced. Alter- 
natively, it should be possible to remove 
most of the myoelectric signal recorded 
with the proposed electrode configuration 
by filtering the signal with a band-pass of 
800 hertz to 5.5 khz. 

This electrode unit was designed with 
the ultimate objective of implanting it in 
humans during an amputation. The pro- 
posed configuration allows several elec- 
trode pairs to be located around the perim- 
eter of the tube so that two or more func- 
tionally distinct nerve signals can be re- 
corded from one implanted electrode unit. 
This procedure has been successful in 
short-term experiments (2) with antidrom- 
ic electrically stimulated nerves. The devel- 
opment of electrodes of this type provides 
exciting possibilities for neural control of 
prostheses with many degrees of freedom. 
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Blockade of Ovulation in Rats by Inhibitory Analogs 
of Luteinizing Hormone-Releasing Hormone 

Abstract. An antagonist of luteinizing hormone-releasing hormone (LH-RH), [D- 
Phe2-Phe3-D-Phe6]-LH-RH (Phe, phenylalanine), suppressed luteinizing hormone 
(LH) andfollicle-stimulating hormone (FSH) release in male rats in response to LH-RH 
for at least 4 hours. Three subcutaneous injections of I milligram of this antagonist into 
rats during proestrus completely suppressed ovulation, while a single injection of 1.5 
milligrams per rat inhibited 95.3 percent of the preovulatory surge of LH, 84.2 percent of 
the FSH surge, and suppressed ovulation by 86.4 percent. 
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Several in vivo and in vitro systems for 
measuring the antigonadotropin releasing 
activities of inhibitory analogs of lute- 
inizing hormone-releasing hormone (LH- 
RH) have been described (1, 2). We have 
reported that [D-Phe2-D-Leu6]-LH-RH 
(Phe, phenylalanine; Leu, leucine), an in- 
hibitory analog of LH-RH, suppressed the 
preovulatory surge of luteinizing hormone 
(LH) in proestrous hamsters and partially 
blocked ovulation (3). We also synthesized 
more potent antagonists of LH-RH, as 
judged by their powerful and prolonged 
suppression of LH and follicle-stimulating 
hormone (FSH) release in immature male 
rats (4). This report deals with blockade of 
the response to LH-RH in male rats as 
well as with suppression of the preovula- 
tory surge of LH and ovulation in cycling 
rats by some of the most effective inhibi- 
tory analogs. 
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In the first experiment, the antigonad- 
otropin releasing activity of [D-Phe2- 
Phe3-D-Phe6]-LH-RH was tested in vivo in 
immature male rats (Simonsen Labora- 
tories), weighing 60 to 75 g (1). The ani- 
mals were first injected subcutaneously 
with this analog (500 ,ug per rat) or with 
diluent alone (20 percent propylene glycol 
in saline). Simultaneously, or at different 
times thereafter, the rats were injected 
subcutaneously with 200 ng (per rat) of 
synthetic LH-RH or 0.2 ml of diluent. This 
quantity of LH-RH gave nearly maximum 
responses in immature male rats after 
careful dose-response studies. Animals 
were decapitated 30 minutes after the 
injection of LH-RH or diluent, and blood 
was collected for measurement of LH and 
FSH by radioimmunoassays. Serum sam- 
ples were separated after centrifugation 
and stored at -20?C until assayed. 
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Fig. 1 (left). Time course in immature male rats 
of blockade of LH and FSH release in response 
to LH-RH by [D-Phe2-Phe3-D-Phe6]-LH-RH 
(500 tg per rat) injected subcutaneously. The 
values are expressed as means ? S.E. (standard 
error). The analog was injected at time 0. The 
rats were decapitated 30 minutes after adminis- 
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(500 tg per rat) injected subcutaneously. The 
values are expressed as means ? S.E. (standard 
error). The analog was injected at time 0. The 
rats were decapitated 30 minutes after adminis- 

tration of synthetic LH-RH (200 ng per rat) or diluent. Values for means i S.E. for LH and FSH at 
0, 30, 60, 120, and 240 minutes were significantly different from the values of group 2, respectively. 
Fig. 2 (right). Effect of a single subcutaneous administration of [D-Phe2-Phe3-D-Phe6]-LH-RH (1.5 
mg) on the preovulatory surge of LH in proestrous rats. The differences in LH levels between 
animals treated with diluent (20 percent propylene glycol in saline) and analog were significant at 
1400, 1600, 1800, and 2000 hours (P < .01). 
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The LH was determined in duplicate (5), 
and expressed as nanograms per milliliter 
in terms of the standard, NIH-ovine-LH- 
S,7. The FSH was determined in duplicate 
(6), and expressed as nanograms per mil- 
liliter in terms of the standard, NIAMD- 
rat-FSH-RP,. Mean serum LH and FSH 
levels after treatment with analog or 
diluent at each time interval were calcu- 
lated and compared with each other by 
means of Duncan's new multiple range test 
(7). The peptide significantly suppressed 
LH and FSH release up to 4 hours after 
administration, when the magnitude of 
suppression of LH and FSH was 67 and 88 
percent, respectively (Fig. 1). The greatest 
inhibition, 92.6 percent for LH and 94.4 
percent for FSH, was observed at 1 hour 
after administration of this analog. Re- 
cent, similar experiments have revealed 
that this peptide effectively inhibits LH 
and FSH release for up to 8 hours in the 
rat. The peptide showed no significant 
gonadotropin-releasing activity during this 
time. 

In the second experiment, mature fe- 
male rats (Charles River Breeding Labo- 
ratories), weighing 190 to 210 g, were 
maintained in groups of eight animals per 
cage in animal quarters with controlled 
temperature and light (lights on between 
0700 and 1800). After a week of adapta- 
tion to our local conditions (C.S.T.), the 
estrous cycles were monitored by daily 
vaginal smears. Animals that showed at 
least two consecutive 4-day cycles were 
selected. 

One single or several subcutaneous 

injections of [D-Phe2-Phe3-D-Phe6]-LH- 
RH, [D-Phe2-D-Leu6]-LH-RH, [des-His2- 
D-Phe6]-LH-RH (His, histidine) or diluent 
were given in an attempt to block ovula- 
tion. On the following morning, the ovi- 
ducts were checked under a microscope for 
the presence of ova. Three subcutaneous 

injections of 1 mg of [D-Phe2-Phe3-D- 
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Fig. 3. Effect of single subcutaneous adminis- 
tration of [D-Phe2-Phe3-D-Phe6]-LH-RH(1.5 mg) 
on the preovulatory surge of FSH. The dif- 
ferences in FSH levels between animals treated 
with diluent and analog were significant at all 
time intervals (P < .01), except at 0600 (P 
< .05). 

Phe6]-LH-RH completely blocked ovula- 
tion (Table 1). A single subcutaneous in- 

jection of 1.0 mg or of 1.5 mg of the same 
analog caused an 86.4 percent suppression 
of ovulation. A similar suppression was 
obtained after three subcutaneous in- 
jections of 2 mg of [D-Phe2-D-Leu6]-LH- 
RH, but three subcutaneous injections of 4 
mg of [des-His2-D-Phe6]-LH-RH had no 
effect. 

The effect of [D-Phe2-Phe3-D-Phe6]-LH- 
RH on the preovulatory LH surge was 
studied as follows: 50 rats were injected 
subcutaneously with diluent alone at 1200 
noon on the third proestrous day and di- 
vided into ten groups of five rats each. 
Each rat was bled once (1 ml) from the jug- 
ular vein under light ether anesthesia at 
either 1200, 1400, 1600, 1800, 2000, 2200, 
or at 2400 of the day of proestrus, or 
at 0200, 0400, or 0600 of the following 
day so that at each time interval five blood 

samples were collected. Each of the same 
50 animals in their fourth day of proestrus 
were injected subcutaneously with 1.5 mg 
of [D-Phe2-Phe3-D-Phe6]-LH-RH and 
blood was collected in a similar fashion. In 
addition to comparison of the mean serum 
LH concentrations after diluent or analog, 

Table 1. Suppression of ovulation in rats by inhibitory analogs of LH-RH. The rats had a 4-day es- 
trus cycle and weighed 202.6 + 1.6 g. Three subcutaneous injections were administered at 1200, 
1430, and 1700 hours, or a single subcutaneous injection was given at 1200 of the proestrous day 
(C.S.T.). The diluent was 20 percent propylene glycol in saline. Abbreviation: N.S., not significant. 

Ani- 
Ai- mals No. of Sup- 

Dose Ani- mals ova pres- Treatment Dose mals ovu- ova pres- Dose 
(mean sion 

(No.) lating S.E.) ( 

(No.) 

Diluent (x 3) 6 6 13.3 + 0.8 
[D-Phe2-Phe3-D-Phe6]- 1 (x 3) 5 0 0.0 + 0.0 100.0 .001 

LH-RH 
[D-Phe2-D-Leu6]- 2 (x 3) 5 1 2.4 ? 2.4 82.8 .01 

LH-RH 
[des-His2-D-Phe6]- 4 (x 3) 5 5 11.8 0.9 11.3 N.S. 

LH-RH 
Diluent (x 1) 5 5 13.2 ? 0.5 

[D-Phe2-Phe-D-Phe6]- 1.0 (x 1) 5 1 2.2 ? 2.2 82.0 .01 
LH-RH 1.5 (x 1) 5 1 1.8 ? 1.8 86.4 .01 
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the integrated serum LH and FSH concen- 
trations were also determined for the entire 
gonadotropin surge (Figs. 2 and 3) as de- 
scribed (8). 

The integrated LH levels of the rats 
treated with this analog were reduced by 
95.3 percent as compared with control rats 
and those of FSH by 84.2 percent when the 
FSH levels of the late proestrus and early 
estrus were included and compared. The 
elevation of FSH in control animals con- 
tinued well into the morning of estrus, long 
after the LH peak had disappeared and in- 
creased pituitary sensitivity to LH-RH had 
returned to normal (Fig. 3). This phenome- 
non has been observed by many groups 
and no satisfactory explanation appears to 
have been formulated. Our results seem to 
rule out two explanations suggested by Ze- 
ballos and McCann (9): (i) that the late re- 
lease of FSH is caused by a separate re- 
leasing factor, unless it has receptor sites 

virtually identical to those for LH-RH, 
and (ii) that it is produced directly by ste- 
roid hormones which should be unaffected 

by an LH-RH antagonist. A more likely 
explanation would seem to be that LH- 
RH, as well as releasing stored FSH, also 
promotes the synthesis of fresh hormone 
which, in turn, is also released with some 
delay. No rebound phenomena in serum 
LH concentrations were observed up to 
0600 of estrus. 

The fact that treatment with [D-Phe2- 
Phe3-D-Phe6]-LH-RH effectively sup- 
pressed the preovulatory surge of LH, 
which has been considered the obligatory 
ovulating hormone in rats (10), and sup- 
pressed also that of FSH, followed by a 
blockade of spontaneous ovulation in rats 
suggests that this compound or related 
ones may be useful in the development of a 
new method of birth control. 
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Nucleus Suprachiasmaticus: The Biological Clock in the Hamster? 

Abstract. Destruction of the suprachiasmatic nuclei in the golden hamster by bilateral 

radiofrequency lesions abolishes three well-documented circadian rhythms-locomotor 
activity, estrous cyclicity, and photoperiodic photosensitivity. Entrainment of these 

rhythms by light cycles fails in lesioned hamsters, females become persistently estrous; in 
both sexes locomotor activity becomes sporadic, confined primarily to the light instead of 
darkness, and is totally arrhythmic when lesioned animals are exposed to continuous 
darkness; the photoperiodic gonadal response (gonadal regression induced by short 

day lengths) is abolished; lesioned animals remain reproductively mature irrespective of 
photoperiodic treatment. 
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Several papers have described the effects 
in rats of ablation of the suprachiasmatic 
nuclei on rhythms of locomotor activity, 
drinking, pineal N-acetyltransferase activ- 
ity, and adrenal corticosterone content (1, 
2). Pittendrigh (3) suggested that the su- 
prachiasmatic nuclei comprise a central 
pacemaker (biological clock) regulating 
circadian oscillations in various target or- 
gans. To investigate this possibility in the 
golden hamster we monitored three circa- 
dian rhythms-locomotor activity (wheel 
running), estrous cyclicity, and photosensi- 
tivity. Numerous studies have documented 
the precision and stability of the rhythm of 
locomotor activity (4), which, like others, 
is free-running in the absence of any en- 

training agents or zeitgebers; for this 
rhythm,, the only documented entraining 
agent is the photoperiod. Thus, in con- 
stant conditions such as total darkness 
(DD) or constant, but dim, light (LL) the 
free-running activity rhythm has a period 
length of approximately 24 hours, thought 
to represent the periodicity of the endog- 
enous oscillator driving the rhythm. In the 
presence of a light cycle of, for example, 
14 hours of light (L) in 24 hours (LD 
14:10), the oscillator and the rhythm that 
it drives assume the period length (24 
hours) of the entraining agent. In this en- 
trained state the hamster's activity is near- 
ly entirely confined to the hours of dark- 
ness (Fig. 1, A and B). Interruption of the 
entraining signal from its receptor, which 
in this case is the retina (5), allows the 
oscillator to express its own endogenous 
periodicity and the rhythms it drives are 
accordingly free-running. If the oscillator 
could somehow be turned off, by electro- 
coagulation, for example, then the expres- 
ion of its driven rhythms, in the absence 
of a cyclic "driver" may be aperiodic. 
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The circadian rhythm of locomotor ac- 

tivity can serve as a marker for the less 

easily assayable rhythm of photosensitivi- 
ty, which is the basis of the hamster's pho- 
toperiodic reproductive response (6). The 
two discrete phases of this rhythm, the 

photosensitive and the photoinsensitive, 
are each approximately 12 hours in dura- 
tion (6). Light perceived during the photo- 
sensitive phase is interpreted as a long day 
and maintains gonadal function, whereas 

light perceived only during the insensitive 

phase is interpreted as a short day and 
promotes gonadal regression. The two 
rhythms of locomotor activity and pho- 
toperiodic photosensitivity appear to bear 
a fixed phase relationship such that the on- 
set of activity corresponds closely to the 
onset of photosensitivity (6). If the ham- 
ster's clock entrains to a light cycle (for ex- 
ample, a short day of LD 6:18) such that 
light is presented during the photoinsensi- 
tive phase of the rhythm only, the repro- 
ductive system ceases to function; testes 
and sex accessory structures regress and 
estrous cyclicity ceases (7)-females enter 
a continuous diestrous condition. How- 
ever, if the clock entrains so that light is 

present during at least a portion [as little 
as 1 hour is sufficient (8)] of the photo- 
sensitive phase of the rhythm, the repro- 
ductive system remains functional. 

The least investigated circadian rhythm 
that we examined is estrous cyclicity. The 
periodic release of luteinizing hormone in 
both rats and hamsters is regulated by a 
circadian oscillator and depends on a dif- 
ferential sensitivity to estrogens (9). High 
concentrations of plasma estrogen (during 
the afternoon of proestrus) appear to sensi- 
tize the hypophysiotropic region of the hy- 
pothalamus to a signal from the clock and 
result in the release of sufficient luteinizing 

The circadian rhythm of locomotor ac- 

tivity can serve as a marker for the less 

easily assayable rhythm of photosensitivi- 
ty, which is the basis of the hamster's pho- 
toperiodic reproductive response (6). The 
two discrete phases of this rhythm, the 

photosensitive and the photoinsensitive, 
are each approximately 12 hours in dura- 
tion (6). Light perceived during the photo- 
sensitive phase is interpreted as a long day 
and maintains gonadal function, whereas 

light perceived only during the insensitive 

phase is interpreted as a short day and 
promotes gonadal regression. The two 
rhythms of locomotor activity and pho- 
toperiodic photosensitivity appear to bear 
a fixed phase relationship such that the on- 
set of activity corresponds closely to the 
onset of photosensitivity (6). If the ham- 
ster's clock entrains to a light cycle (for ex- 
ample, a short day of LD 6:18) such that 
light is presented during the photoinsensi- 
tive phase of the rhythm only, the repro- 
ductive system ceases to function; testes 
and sex accessory structures regress and 
estrous cyclicity ceases (7)-females enter 
a continuous diestrous condition. How- 
ever, if the clock entrains so that light is 

present during at least a portion [as little 
as 1 hour is sufficient (8)] of the photo- 
sensitive phase of the rhythm, the repro- 
ductive system remains functional. 

The least investigated circadian rhythm 
that we examined is estrous cyclicity. The 
periodic release of luteinizing hormone in 
both rats and hamsters is regulated by a 
circadian oscillator and depends on a dif- 
ferential sensitivity to estrogens (9). High 
concentrations of plasma estrogen (during 
the afternoon of proestrus) appear to sensi- 
tize the hypophysiotropic region of the hy- 
pothalamus to a signal from the clock and 
result in the release of sufficient luteinizing 

hormone to cause ovulation. Therefore, in 
females with estrogen implants that assure 
continuous high levels of plasma estrogen, 
there is a "preovulatory" release of lute- 
inizing hormone at the same time every 
day (9). In the entrained state the ham- 
ster's estrous cycle repeats once every 4 

days (96 hours), whereas in continuous dim 

light the period length of free-running es- 
trous cycles is significantly greater than 96 
hours (10). We have reproduced these re- 
sults in a group of hamsters whose locomo- 
tor activity we also monitored. Our data 
demonstrate: (i) the free-running period 
length of estrus is a multiple of four of the 

free-running period length of locomotor 
activity; that is, estrus occurs once every 4 

"days," as in the entrained state, but the 

length of the hamsters' "day" differs from 
24 hours; (ii) arrhythmicity arises coinci- 

dentally in both rhythms after long-term 
subjection to continuous light-locomotor 
rhythmicity breaks down at the same time 
as the animals become persistently estrous 
(assessed by continuous vaginal cornifica- 
tion and continuous lordosis in the pres- 
ence of a male). We suggest that estrous 

cyclicity and locomotor rhythmicity may 
be related in the same way as the photosen- 
sitivity and locomotor rhythms; we also 

suggest that all three rhythms may be driv- 
en by the same circadian clock. 

We therefore attempted to locate and 

identify this clock by making radio- 

frequency lesions in the brains of adult, re- 

productively mature, male and female 
hamsters (11). If we could destroy the 
clock, (i) locomotor activity would be ran- 
dom with no indication of entrainment; (ii) 
estrous cyclicity would be replaced by per- 
sistent estrus; and (iii) animals without this 
clock would maintain gonadal function ir- 

respective of photoperiod. 
Histological studies were made in every 

hamster with a lesion (12), and the animals 
were placed into one of five groups (Table 
1) according to the location and extent of 
the lesions. Those hamsters (groups 3 and 
5) in which the suprachiasmatic nuclei 
were severely damaged or entirely de- 
stroyed failed to entrain to the ambient 
light cycle (LD 14:10); after 1 to 10 days 
of near total inactivity following the oper- 
ation, such hamsters displayed patterns of 
running in the wheel that varied from 
sporadic bursts of activity throughout each 
24-hour period (Fig. IA) to more con- 
centrated activity during the daylight 
hours, with little activity during darkness 
(Fig. 1B). When exposed to continuous 
darkness all animals were arrhythmic (Fig. 
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(Fig. 1B). When exposed to continuous 
darkness all animals were arrhythmic (Fig. 
1, A and B). In addition, females with ex- 
tensive lesions (group 5) quickly became 
persistently estrous, as judged by constant 
vaginal cornification, and these animals 
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