
112 minutes for the second flash, and 
> 240 minutes for subsequent flashes. 
Recovery of rhodopsin was therefore 
considerably slower than decay of meta- 
rhodopsin. 

After spectrum D was measured, a 
total bleach was approximated by illumi- 
nating the eye with a series of 21 1- 
second flashes. Spectrum E was mea- 
sured 35 minutes after the last flash and 
was less than 0.07 unit from a total 
bleach. Evidence for this interpretation 
was obtained by delivering five flashes 
(lasting 3 seconds each at 1-minute inter- 
vals) of bright blue light (3). The blue 
flashes caused < 0.1 unit change in ab- 
sorbance, indicating the absence of 
M490. Finally, a 1-second white flash 
with ultraviolet cutoff filter L42 caused 
< 0.1 unit change, indicating the ab- 
sence of R530. Thus DR5,,(to) - 0.72. 
The eye recovered from this total bleach. 
After 14 hours, about 60 percent of R530 
had returned. I fed the butterfly, con- 
ducted three more days of experiments 
on the same eye region, then left it in the 
dark for 64 hours. The titer of rhodopsin 
returned to within 0.03 unit of the initial 
level. 

Vanessa cardui is not the only species 
that has unstable metarhodopsin. I have 
observed bleaching of rhabdoms in more 
than 22 butterfly species. Furthermore, 
green receptors are not the only spectral 
class of photoreceptor having bleachable 
photoreceptor membranes. The rhabdo- 
meres of ultraviolet, blue, and red recep- 
tors can also be bleached. 

Now that it is known that rhodopsins 
can be bleached from photoreceptor 
membranes of butterflies, the next step 
is to  understand the molecular mecha- 
nisms. Two reasonable possibilities are 
hydrolysis of the metarhodopsin chro- 
mophore in situ and removal of meta- 
rhodopsin associated with membrane 
turnover. The precise experimental con- 
trol of the concentrations of rhodopsin 
and metarhodopsin in vivo makes the 
butterfly a useful preparation for the 
study of membrane turnover and the 
visual pigment cycle. 

GARY D. BERNARD 
Yale University, Department of 
Ophthalmology and Visual Science, 
Post Ofice Box 3333, 
New Haven, Connecticut 06510 
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The Opioid Peptide Dynorphin, Circadian 

Rhythms, and Starvation 

Abstract. Dynorphin, an opioid peptide whose functions are unknown, is found in 
brain, pituitary, and peripheral organs. SpeciJFic radioimmunoassays were used to  
measure dynorphin in the hypothalamus and pituitary, during the day and at night, 
as a function of food and water deprivation. Immunoreactive dynorphin was 
increased in the hypothalamus and decreased in the pituitary at night. Water 
deprivation led to  more than 50 percent reduction in daytime levels of pituitary 
dynorphin and concomitant increases in hypothalamic dynorphin. 

Dynorphin is a recently characterized 
peptide occurring widely in the central 
nervous system, pituitary, and gut (I).  It 
has potent opioid-like activity in bioas- 
says on guinea pig ileum (1). An immu- 
nohistochemical study has shown dynor- 
phin-containing cells in the hypothala- 
mus, with fibers projecting to the neuro- 
intermediate lobe of the pituitary (NI 
pituitary) (2). We now report that immu- 

noreactive dynorphin in the hypothala- 
mus and NI pituitary shift with circadian 
rhythms and water deprivation. 

A specific and sensitive radioimmu- 
noassay for dynorphin has been devel- 
oped using an antiserum having little 
cross-reactivity to enkephalins, p-endor- 
phin, a-neoendorphin, and other pep- 
tides (3). 

Eighty male albino rats were housed in 

Hypothalamus NI pituitary Fig. I .  Mean immunoreactive 
B dynorphin concentration (ex- :I,,,, pressed as picomoles per gram 

of wet tissue) in (A) the hypo- k/ ' 1 thalamus and (B) the neuroin- 
',&.-.- termediate lobe of the pitu- 

itary (NI pituitary) during the 
day (0) and during the night 
(0)  as a function of hours of 
food and water deprivation. 
Analysis of variance of the 
data in (A) yielded F(1, 59) = 
30.51 (P  < ,001) for the day- 
night factor, F(3, 59) = 3.98 
(P  < .02) for hours of depriva- 
tion, and F(3, 59) = 4.46 (P  < 
.Oi) for the interaction. All 
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o 24 4 8  72 2i i8 i2 daytime deprivation levels dif- 
Hours of food and water deprivation fered reliably (*P < .05; 

**P < .005) from the control 
(0 hours of deprivation), with Dunnett's test used for making comparisons. Analysis of variance 
of the data in (B) yielded F ( l ,  64) = 10.00 (P < ,002) for the day-night factor, other factors not 
being reliable sources of variance. Standard errors (S.E.M.'s) are shown. 
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Fig. 2. Means (? S.E.M.) of 
immunoreactive dynorphin 
concentration (picomoles per 
gram of wet tissue) in (A) the 
hypothalamus and (B) the NI .E 
pituitary during a 72-hour peri- 
od of free access to food and 
water, deprivation of water, 
deprivation of food, and depri- 3 0  
vation of both food and water. $ Analysis of variance of the o E 
data in (A) yielded F(3, 32) = 5 20 
46.03 (P  < ,001) and of the g 
data in (B) yielded F(3, 32) = 

18.98 (P  < ,001). Values in the E 
bars are P values from Dun- 
nett's test for comparing 
means to a control value; Food : Yes  No Yes  No Y e s  No Yes  No 
N.S., not significant. The Wafer :  Y e s  Y e s  No Yes  Yes  No No 

body weight ratio is the ratio 
of the mean weight of the rats ~~~h~ 

0.79 0.78 0.76 
just after the 72-hour treat- Treatments 
ment period to their mean 
weight just before the treat- 
ment period. 

standard large plastic cages, in groups of 
ten rats per cage (4) .  Rats were handled 
daily, and their body weights were mea- 
sured twice daily until they were habitu- 
ated to both the living conditions and 
handling (5). 

During a specific time period, one- 
fourth o f  the rats continued to have food 
and water available continuously, as be- 
fore, while the others were separated 
into groups that were deprived of food 
and water for 24, 48, or 72 hours by the 
end o f  the period. Half o f  the rats began 
the starvation regimen at the start of  the 
light period, and the other half at the 
start o f  the dark period. At the end of the 
deprivation periods, nine rats from each 
group were killed, and the hypothalamus 
and the NI pituitary were removed for 
radioimmunoassay. Data were obtained 
on each kind of tissue to conform to a 2 
by 4 factorial design, with one factor 
associated with time of day (day or night) 
and the other associated with four depri- 
vation levels. 

As the tissue was obtained, it was 
placed in plastic tubes, weighed, and 
frozen. Peptides were then extracted, 
and radioimmunoassays were performed 
that were similar to those described (3, 
6 ) .  Data from the gamma scintillation 
counter were analyzed with computer 
program NIHRIA (7). After the weight 
of  the original tissue was taken into 
account, the results were expressed as 
picomoles of  immunoreactive material 
per gram o f  fresh tissue. These data, for 
each kind of tissue, were then submitted 
to analysis o f  variance in a 2 by 4 factori- 
al design. 

Immunoreactive dynorphin was in- 
creased in the hypothalamus when tissue 
was taken during the night and increased 
in the NI pituitary when tissue was taken 

during the day ( F i g .  1 ) .  Food and water 
deprivation did not markedly affect im- 
munoreactive dynorphin levels in the NI 
pituitary or the hypothalamus when tis- 
sue was taken during the night. Depriva- 
tion, however, resulted in orderly 
changes in daytime levels o f  hypotha- 
lamic immunoreactive dynorphin, with 
starvation shifting the typically low day- 
time levels to the high levels o f  night- 
time. 

In another experiment, rats were treat- 
ed similarly to those of the first experi- 
ment, except they were deprived of wa- 

1 
0 1 . .  . . . c . .  l o  

10 14 18 22 2 8 10 

Time of day 

Fig. 3. Mean immunoreactive dynorphin con- 
centration (picomoles per gram of wet tissue) 
in (e) the hypothalamus and (0) the NI 
pituitary tissue taken from rats every 2 hours 
for 24 hours. The horizontal line represents 
the mean of all values across the 24-hour 
period. Values on the left ordinate are those 
for the hypothalamus and those on the right 
ordinate are for the NI pituitary. Lines ex- 
tending from data points are S.E.M.'s 
(N = 6). 

ter only, food only, both food and water, 
or were not deprived for 72 hours. Al- 
though deprivation o f  food only or water 
only led to similar weight losses ( F i g .  
2A), deprivation o f  each had characteris- 
tic features. The tissue for the radioim- 
munoassays (nine rats for each treat- 
ment) of  the different kinds o f  depriva- 
tion were taken during the light period o f  
the daily light-dark cycle. 

The finding in the first experiment that 
daytime levels of  hypothalamic immuno- 
reactive dynorphin are higher in food- 
and water-deprived rats than in nonde- 
prived rats ( F i g .  1 )  was confirmed with 
the second set o f  measurements (Fig. 
2A). Under conditions of  water-only 
deprivation, there were increases of  im- 
munoreactive dynorphin in the hypothal- 
amus and decreases in the NI pituitary, 
in comparison with the nondeprived con- 
dition. With food-only deprivation, val- 
ues of  immunoreactive dynorphin were 
not significantly different from those of 
controls, but the shifts in levels were in 
the direction opposite those resulting 
from water deprivation. The values o f  
food-only deprivation were significantly 
different from those of water-only depri- 
vation (P < .01). 

As a further study o f  the relation o f  
immunoreactive dynorphin levels to time 
of day, six rats were killed every 2 hours 
during a 24-hour period. These adult 
male albino rats had been habituated for 
21 days to a cycle o f  12 hours o f  light and 
12 hours o f  darkness (lights on at 0600) 
while living in groups o f  six to eight in 
large cages with food and water always 
available. The results confirm the 
marked differences in immunoreactive 
dynorphin as a function of time o f  day 
and kind of tissue (Fig. 3) .  The hypotha- 
lamic data are fitted well by a sinusoidal 
curve with a period of 24 hours (signifi- 
cant 24-hour component with no other 
prominent phase in the distribution o f  
power magnitudes o f  a Fourier analysis). 
The calculated 24-hour component ac- 
counts for 50 percent o f  the total vari- 
ance o f  the data, clearly indicating 24- 
hour rhythmicity. The maximum of the 
curve occurs at 1 :  24 hours * 40 min- 
utes. A significant 24-hour component is 
also seen in the NI pituitary data, but it 
accounts for only 17 percent o f  the total 
variance. The maximum of the phase o f  
the calculated curve for the NI pituitary 
data is 13: 58 hours 2 60 minutes, which 
is roughly 12 hours after the peak for the 
hypothalamus. 

These results show that ( i )  immunore- 
active dynorphin levels in the hypothala- 
mus and in the NI pituitary are different 
during the day from their values at night, 
immunoreactive dynorphin being lower 

SCIENCE, VOL. 219 



References and Notes indicating that thev were accustomed to being in the hypothalamus and higher in the NI 
pituitary during the day; and (ii) depriva- 
tion of both food and water, or of water 
only, increases daytime levels of hypo- 
thalamic immunoreactive dynorphin, 
whereas deprivation of water alone de- 
creases NI pituitary immunoreactive 
dynorphin. 

In view of the relatively rapid catabo- 
lism of dynorphin (I) ,  increased levels of 
immunoreactive dynorphin probably re- 
flect increased synthesis and storage, 
and decreased levels in the NI pituitary 
probably reflect rapid utilization. There 
seems to be a reciprocal relation be- 
tween the levels of immunoreactive dyn- 
orphin in the hypothalamus and the NI 
pituitary, one being high when the other 
is low. 

These results, showing a relation be- 
tween circadian rhythm and immunore- 
active dynorphin, lead to a number of 
hypotheses concerning the role of dynor- 
phin, including those ~nvolving such var- 
iables as  sleep and general activity, and 
the possibility that the endorphins may 
be integral to a biological clock. An 
immunohistochemical study (2) indicates 
the presence of dynorphin cells in the 
region of the suprachiasmatic nuclei of 
the hypothalamus, an area whose de- 
struction disrupts circadian rhythm (8). 
The changes of immunoreactive dynor- 
phin with circadian rhythm suggest that 
dynorphin may be related to events sen- 
sitive to opioid antagonists showing cir- 
cadian rhythms. Evidence indicating that 
dynorphin is an endogenous ligand for 
the K-opioid receptor (9) ,  together with 
our results, lead to the hypothesis that K- 

opioid drugs would be potent in affecting 
behavioral regulation of ingestion or of 
circadian rhythms. The interaction 
among water balance, circadian rhythm, 
and immunoreactive dynorphin impli- 
cates dynorphin in behavioral mainte- 
nance of homeostasis. 
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Relation Between Plasma and Cerebrospinal Fluid Levels of 

Abstract. Concentrations of free 3-methoxy-4-hydroxyphenylglycol in the plasma 
and cerebrospinalfluid are highly correlated, but concentrations in the cerebrospinal 
fluid are always higher than those in plasma, even when large amounts of the 
catecholamine metabolite are derived from a tumor of the adrenal medulla. This is 
explained by considering the plasma and cerebrospinalfluid as a two-compartment 
system in which the rate constants for entry into and exitfrom the cerebrospinaljuid 
compartment are similar. 3-Methoxy-4-hydroxyphenylglycol that is synthesized, but 
not catabolized, in the central nervous system maintains cerebrospinalj?uid levels at 
an increment over those in plasma. This increment can be used to provide the best 
available index of formation of 3-methoxy-4-hydroxyphenylglycol in the central 
nervous system. 

In the brain of most species, 3-meth- 
oxy-4-hydroxyphenylglycol (MHPG) is 
the major metabolite of norepinephrine 
(1). Although most MHPG is excreted as  
a conjugate, about one-third of the total 
MHPG in human plasma is unconjugated 
and almost all MHPG in cerebrospinal 
fluid (CSF) occurs in the free form (2). 
Measurement of C S F  concentrations of 
MHPG has become a widely accepted 
means of assessing norepinephrine for- 
mation and utilization in the central ner- 
vous system of man and other primates 
(3). Although in humans (4) and monkeys 
(5) there is a highly significant correla- 
tion between C S F  and plasma levels of 
MHPG, it has been presumed that both 
reflect central noradrenergic activity (5) .  
From the results obtained in our present 
study it becomes clear that a substantial 

portion of free MHPG in human C S F  is 
derived from plasma, that this is to be 
expected on the basis of kinetic consid- 
erations, and that C S F  levels of MHPG 
can be interpreted as  reflecting central 
nervous system norepinephrine metabo- 
lism only when the plasma MHPG con- 
tribution can be adequately assessed. 

To  determine the extent to which pe- 
ripherally formed MHPG can affect C S F  
levels of this metabolite, we examined 
plasma and C S F  levels of MHPG in 
patients with phaeochromocytoma, a tu- 
mor of the adrenal medulla which con- 
tains high concentrations of MHPG (6). 
These patients were expected to have 
relatively constant high levels of plasma 
MHPG. Normal subjects and patients 
with idiopathic orthostatic hypotension 
(known to have deficits in peripheral 
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