
rich prey [for instance, a mid-water 
shrimp, or selective feeding on its hepa- 
topancreas (8)]. The low 2 1 0 ~ o  family, 
the Gonostomatidae, must have a com- 
pletely different, low 2 1 0 ~ o  diet-cope- 
pods, perhaps. Sorting of fish according 
to genus and size before measurement of 
210Po could provide information on feed- 
ing behavior complementing that ob- 
tained by the standard technique of 
stomach content examination. 

Finally, the measurement technique 
used also gives data for 210Pb, the grand- 
parent of 210Po. These data are less reli- 
able than those for 2 1 0 ~ o ;  levels of 2 1 0 ~ b  
in marine organisms are much lower (2, 
6, 8) and errors are much larger. In some 
of our mid-water shrimp and fish sam- 
ples, a conservative assessment of errors 
led us to conclude that 'lOPb concentra- 
tions were frequently more than 1 pCiig 
dry, a level rarely observed in surface 
shrimp and fish. In four samples of 
bathypelagic carid shrimp we found 
'I0Pb concentrations ranging from 0.09 
to 1.17 pCiig and in one penaeid 0.65 pCii 
g; for surface carids and penaeids medi- 
an 2'0Pb concentrations of 0.04 and 0.20 
pCiig, respectively, have been reported 
(8). In benthic amphipods from the cen- 
tral Pacific 2 1 0 ~ b  ranged from 0.6 to 5.3 
pCiig (median, 1.1 pCiig), while in sur- 
face amphipods [(23) and our unpub- 
lished results] the range was 0.2 to 1.5 
pCiig (median, 0.5 pCiig). If confirmed, 
higher 2 1 0 ~ b  levels in mid-water and 
deep sea organisms could have implica- 
tions for the overall geochemical balance 
of 210Pb in the water column. In most 
cases where 'I0Pb was measured there 
was a tendency for the 210Poi210Pb activi- 
ty ratio to be lower than in the corre- 
sponding surface animals. The 210Poi 
2 1 0 ~ b  ratio ranges over more than two 
orders of magnitude in oceanographic 
materials. Fecal pellets and oceanic par- 
ticulates are rich in 2 1 0 ~ o  and have a 
210~oi210Pb ratio of about 2 (19-22); 
shrimp hepatopancreas have this ratio 
approaching 100 (6, 8). Measurements of 
210~o/210Pb ratios in mid-water orga- 
nisms might aid the assessment of the 
relative contribution of detritus to the 
animals' diet. 

R. D. CHERRY* 
M. HEYRAUD 

International Laboratory of Marine 
Radioactivity, Muse'e 
Oce'anographique, Monaco 

References and Notes 

1. W. M. Burton and N. G. Stewart, Nature (Lon- 
don) 186, 584 (1960). 

2. R. D. Cherrv and L. V. Shannon. At. E n e r ~ v  -. 
Rev. 12, 3 (1974). 

3. D. P. Kharkar, J. Thomson, K.  K. Turekian, 
Limnol. Oceanogr. 21, 294 (1976). 

4. M. Heyraud, S. W. Fowler, T. M. Beasley, R .  
D. Cherry, Mar. Biol. 34, 127 (19761, 

5 J .  T. Bennett and R. Carpenter, Estuarine 
Coastal Mar. Scr 8,  127 (1979). 

6. M, Heyraud and R. D. Cherry, Mar. Biol 52, 
227 (1979). 

7. R. J. ~en t r ea th  et al., paper presented at the 
Third OECDINEA Marine Radioecology Semi- 
nar, Tokyo, 1979. 

8. R. D. Cherry and M. Heyraud, Mar. Biol. 65, 
165 (1981). 

9. C. D. ~o l l i s t e r ,  b. R. Anderson, G .  R. Heath, 
Science 213, 1321 (1981). 

10. M. A. Hallden and J .  H. Harlev. Anal. Chem. 
32, 1861 (1960) 

11 H T Millard, rbrd 35, 1017 (1963) 
12 W W Flynn, Anal Chlm Acta 43, 221 (1968) 
13 M V Angel gave us access to the extenslve 

collection of crustaceans and fish collected on 
R.R.S. Discovery cruise 120 in May 1981. He 
and his colleagues J.  Badcock, P. Domanski, 
and N.  R. Merrett at the Institute of Oceano- 
graphic Sciences. Surrey, gave freely of their 
expertise in assisting us with species ~dentifica- 
tion. The amphipods from the Pacific were pro- 
vided by R. Hessler and C. Ingram of the 
Scri ps Institution of Oceanography, and the 
~ o c R a l ~  Trehch amphipods by P. A. Tyler of the 
University College of Swansea. The deep ben- 
thic shrimp were provided by V. T. Bowen of 
Woods Hole Oceanographic Institution. The 
Mediterranean and Natal samples are acknowl- 
edged in (8). We are most grateful to all the 
individuals and institutions involved. 

14. C.  R. Hill, Nature (London) 208, 423 (1965). 
15. Recommendqtions o f  the International Commis- 

sion on Radiological Protection (Annals of the 
ICRP, Publication 26, Pergamon, Oxford, 1977), 
p. 53. 

United Nations Scientific Committee on the 
Effects of Atomic Radiation, in Sources and 
Effects o f  l on i z in~  Radiation (United Nations. 

ment (National ~ c a d e m y  of Sciences, Washing- 
ton, D.C., 1971), p. 200. 
B. G. Blaylock and J .  B. Trabalka, Adv. Rudiar. 
Biol. 7 ,  103 (1978). 
T. M. Beasley, M. Heyraud, J .  J .  W. Higgo, R. 
D. Cherry, S .  W.  Fowler, Mar. Biol. 44, 325 
1'1978). 
JTK.'B. Bishop, J .  M. Edmond, D. R. Ketten, 
M. P. Bacon, W. B. Silker, Deep-Sea Res. 24, 
511 (1977). 
M. P. Bacon, D. W. Spencer, P. G. Brewer, 
Earth Planet. Sci. Lett. 32, 277 (1976). 
D. W. Spencer, P. G. Brewer, A. Fleer, S. 
Honjo, S. Krishnaswami, Y. Nozaki, J .  Mar. 
Res. 36, 493 (1978). 
P. Kauranen and J.  K. Miettinen, paper present- 
ed at the Symposium on the Biology and Ecolo- 
gy of Polonium and Radiolead, Sutton, Surrey, 
30 April to 1 May 1970. 
The International Laboratory of Marine Radio- 
activity operates under a tripartite agreement 
between the International Atomic Energy Agen- 
cy, the Government of the Principality of Mona- 
co, and the Oceanographic Institute of Paris. We 
thank K.  Burns and S. W. Fowler for critical 
comments. 
On leave from the Department of Physics, Uni- 
versity of Cape Town, Cape Town, South Afri- 
ca. 

December 1981; revised 8 March 1982 

Evidence That Glucose "Marks" P Cells Resulting in 
Preferential Release of Newly Synthesized Insulin 

Abstract. Studies of isolated islets labeled with radioactive leucine show that 
glucose at a critical time "marks" islets in such a way as to  cause preferential 
release of newly synthesized insulin, The preferential release of insulin from marked 
islets is relatively independent of  subsequent secretagogues or rates of insulin 
secretion. P r e v i ~ u s  kinetic studies have indicated that the critical time at which 
marking occurs is after proinsulin biosynthesis but before the secretory event.  Thus, 
secretory cells may regulate the diversion of newly synthesized material for immedi- 
ate release as it is approaching or transiting the Golgi apparatus. 

Investigators at several laboratories, 
including our own, have concluded that 
newly synthesized insulin is secreted 
preferentially from glucose-stimulated 
pancreatic slices (I) or islets (2-9). This 
conclusion was based on results from 
experiments with radioactively labeled 
islets that showed that secreted insulin 
has a higher specific activity than the 
average cellular insulin and that radioac- 
tive insulin is secreted at a higher frac- 
tional rate than immufloreactive insulin 
(IRI). The results were the same whether 
islets were selected from the entire pan- 
creas or only from either the dorsal or 
ventral regions (9), which are known to 
contain islets that differ from each other 
in their hormonal storage and secretion 
characteristics (10). Similar observations 
of nonrandom secretion also have been 
made for placental lactogen ( l l ) ,  prolac- 
tin (12), parathyroid hormone (13), sali- 
vary amylase (14), pancreatic amylase 
(151, gonadotropin (16), vasopressin (17), 
thyroglobulin (18), and acetyl choline 
(19). However, it has not been estab- 

lished whether preferential secretion re- 
flects an intrinsic process of secretory 
cells that can be regulated in response to 
physialogic conditions. In the study re- 
ported here we show that the same new- 
ly synthesized insulin can be secreted 
either preferentially or near-randomly. 
The determining event precedes secre- 
tion, is glucose-sensitive, and occurs 
during what we call the "marking" peri- 
od. 

The effect of glucose during the early 
period of a pulse-labeling experiment on 
the specific activity of subsequently se- 
creted insulin is shown in Fig. 1. Groups 
of islets were identically labeled with 
[3H]leucine, exposed to either 20 or 2 
mM glucose from minutes 15 to 90 (the 
marking period), then similarly incubat- 
ed again in a high concentration of glu- 
cose. Noncumulative samples of secret- 
ed insulin were collected for two consec- 
utive 20-minute observation periods 
(windows) during this later period. Se- 
creted and islet insulin were purified 
separately without carrier by a sequence 
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Table 1. Effect of glucose concentration during the marking period on the rate of insulin secretion and the specific activity ratio between secreted 
and cellular insulin. The results show means t- standard error. Labeling, sampling, and purification methods were the same a s  in 
Fig. 1 ; SA, specific activity. 

Num- Unmarked in 2 m M  glucose Marked in 20 m M  glucose 
ber of -- - -- -- 

Secretagogue in the post-marking period ex- Percentage SA secreted Percentage SA secreted 
peri- secreted per secreted per 

ments 20 minutes SA in islets 20 minutes SA in islets 

Glucose (20 mM) plus IBMX (I mM)* 11 7.72 t- 2.2 1.54 t- 0.18 5.81 t- 1.6 3.69 t 0.32t 
Glucose (2 mM) plus potassium (50 mM)* 8 2.54 t- 0.40 1.29 t- 0.12 2.76 t- 0.35 3.47 t 0.44t 
Glucose (5 mM) plus tolbutamide (100 pg/ml)* 8 0.50 t- 0.11 1.56 t- 0.12 1.60 t- 0.26f 3.25 t- 0.42f 
Glucose (5 mM)§ 8 0.13 t- 0.01 0.79 t- 0.29 1.40 t- 0.25t 2.60 t- 0.33t 

- - 

"Samples taken during the second observation period (window B). Because of the increased secretion rate, 20 mM glucose plus I mM IBMX was used in a 7-minute 
rather than a 20-minute window, t P  < ,001. fP  < ,005, compared to unmarked ~slets. §Sample taken during the first observation period (window A) 

of acid-ethanol extraction, isoelectric 
precipitation, affinity chromatography 
with antibody to insulin, and chromatog- 
raphy on Biogel P-30 (9). Insulin samples 
were eluted from the Biogel columns 
with a nearly constant specific activity 
(counts per minute per nanogram of IRI) 
throughout the peak, indicating relative 
homogeneity (9). For  islets marked in 20 
mM glucose, the secretion rate of IRI 
[reported as a percentage per 20 minutes, 
that is, (secreted IRI x 100)l(secreted 
IRI + islet IRI)] was higher in window 
A; however, the rate in window B was 
nearly identical to the secretion rate of 
unmarked islets that had been exposed 
to 2 mM glucose at the critical time. 
These results were anticipated because 
prior stimulation with glucose is known 
to potentiate insulin secretion transiently 
(20). 

The rate at which unmarked islets se- 
creted insulin in response to 20 m M  
glucose was near-random, as  indicated 
by a specific activity ratio only slightly 
above unity. However, the specific ac- 
tivity of insulin secreted by marked islets 

exceeded that of the average cellular 
insulin by more than threefold; the same 
elevated glucose concentration, there- 
fore, is able to stimulate either near- 
random or preferential secretion. This 
was observed in window B as well as  
window A, and it is interesting that 52 
minutes of exposure to  20 mM glucose 
did not cause preferential secretion of 
the new insulin if marking had not oc- 
curred earlier. 

We conducted other experiments with 
islets labeled in the same way and incu- 
bated in either 20 or 2 m M  glucose during 
the critical marking period, and then 
exposed them to lower concentrations of 
glucose or other secretagogues during 
the post-marking period (Table 1). The 
other secretagogues were 1 m M  3-isobu- 
tyl-1-methylxanthine (IBMX), which in- 
creases the cellular concentration of 
adenosine 3' ,St-monophosphate (cyclic 
AMP), and potassium (50 mM) or tolbu- 
tamide (100 yglml), which both act by 
partially depolarizing the P cell. Regard- 
less of these diverse conditions, islets 
that were marked by exposure to 20 mM 

Fig. 1. The effect of glucose concentration during the marking period 
on the secretion rate of immunoreactive insulin (IRn and the specific 
activity (SA)  ratio between secreted and cellular insulin. Groups of 
150 to 250 islets were incubated at  37'C in Krebs-Ringer bicarbonate 
buffer beginning at -45 minutes and exposed to [3H]leucine (400 pCi/ 
ml) from minutes 0 to 15 (pulse). The incubation buffer always 
contained 20 m M  glucose from minutes -45 to 15. After this buffer 
was removed, groups of islets were washed twice and then either 
marked by incubation in 20 m M  glucose or  not marked by incubation 
in 2 m M  glucose from minutes 15 to 90. Both groups of islets were 
washed twice at  90 minutes and identically incubated in 20 mM 
glucose for the remainder of the experiment. Secreted insulin was 
collected noncumulatively during two consecutive observation peri- 
ods (windows A and B). Each window was preceded by removal of all 
previous incubation buffer and a single buffer wash. The wash buffers 
contained the same concentration of glucose or  other secretagogue as 
the buffer for the next period of incubation. All buffer after the 
labeling period also contained 0.2 m M  leucine. After purification of 
samples of the secreted insulin and the insulin from the islets by acid- 
ethanol extraction and by isoelectric precipitation and affinity chro- 
matography, the radioactivity eluting from columns of Biogel P-30 in 
the insulin peak was used for the calculation of specific activity. The 
averages of the specific activities used to determine ratios were, in 
counts per minute per nanogram of immunoreactive insulin: 24.4 t- 
2.1, 26.8 t- 2.4, and 8.08 t- 0.81 in window A ,  window B, and the 
marked islets, respectively; and 13.8 t- 2.8, 17.9 t- 3.5, and 12.0 t- 
1.5 in window A ,  window B, and the unmarked islets, respectively. 

glucose subsequently secreted insulin 
with a specific activity that was always 
significantly elevated above that of the 
near-randomly secreted insulin of un- 
marked islets. In addition, preferential 
secretion was not a function of the insu- 
lin secretion rate during the observation 
periods (windows A and B). Therefore, a 
glucose-regulated event occurred as  the 
labeled hormone was moving through 
the cell, and this event, not the subse- 
quent secretagogue, was the determinant 
of preferential or random secretion. 

On the basis of our previous studies of 
this system, we conclude that three pri- 
mary cellular events occur during the 
marking period. First, regardless of the 
glucose concentration, there is a lag time 
between minutes 15 and 45, before the 
conversion of proinsulin to insulin is 
observed (9). This lag time during the 
first half of the marking period is associ- 
ated with proinsulin transport from the 
rough endoplasmic reticulum to the Gol- 
gi apparatus, a period in which vesicles 
form from the terminal elements of rough 
endoplasmic reticulum and migrate to- 

T i m e  ( m l n )  - 
-46 0 15 90 100 121 142 

I  I I 4 4 I I 

20 m M  
G l u c o s e  20 mM o r  

, 2 m M a  $"'*,;; $8 
* ~ a r k i n a  p e r i o d *  A ' 
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ward the Golgi apparatus (21). Second, 
conversion of insulin begins midway into 
the marking period at  both glucose con- 
centrations and continues as  a pseudo- 
first-order process for more than 2 hours 
(9). Thus, approximately 50 percent of 
the proinsulin is converted to  insulin by 
the end of the marking period (9). Third, 
the later part of the marking period coin- 
cides with initial secretion of labeled 
proinsulin and insulin, which begins at 
about the same time as  the conversion 
process (9) and is associated with for- 
mation of Golgi-derived secretory vesi- 
cles (21). Therefore, cellular events oc- 
curring during the marking period corre- 
spond to the time the newly labeled 
material is approaching and crossing the 
Golgi apparatus. Glucose during this pe- 
riod may mark for immediate release 
vesicles forming in either the rough en- 
doplasmic reticulum or the Golgi appara- 
tus, perhaps shunting new vesicles into a 
novel, glucose-activated secretory route. 

How the cell both marks and recog- 
nizes marking, and how marking plays a 
role in the time-dependent modulation of 
the secretory rate of insulin in response 
to a given stimulus remain to  be deter- 
mined. Because nonrandom secretion 
occurs in other secretory cells, marking 
may prove to be a common mechanism 
in a variety of cell types responding to 
their physiologic regulators. 

GERALD GOLD 
MIKHAIL L .  GISHIZKY 
GEROLD M. GRODSKY 

Metabolic Research Unit, University of 
California, San Francisco 94143 
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Modulation of Striatal Dopaminergic Function by Local 
Injection of 5'-N-Ethylcarboxamide Adenosine 

Abstract. Rats rotated to the left when 5'-N-ethylcarboxamide adenosine (NECA)  
was injected into the left caudate nucleus and apomorphine was administered 
subcutaneously. The combination of NECA and apomorphine was more potent than 
L-(phenylisopropy1)adenosine and apomorphine in eliciting rotation, suggesting the 
involvement of adenosine receptors of the R ,  type. The response was reduced when 
2',5'-dideoxyadenosine was injected along with NECA into the caudate nucleus or 
when theophylline was given intraperitoneally. Higher doses of apomorphine elicited 
a self-mutilatory response after the injection of NECA into the caudate nucleus. 
These results suggest that adenosine may be involved in the modulation of 
dopaminergic function in the striatum. 

The involvement of the basal ganglia 
in several neurological conditions such 
as  Parkinson's disease, Huntington's 
chorea, and drug-induced dyskinesias 
has stimulated research on the molecular 
and physiological basis of striatal func- 
tion (1). The recent report suggesting 
that striatal dopaminergic function is al- 
tered in patients with the Lesch-Nyhan 
syndrome implicates the basal ganglia in 
yet another neurological disease which is 
characterized by movement disorders 
(2). We report studies herein which sug- 
gest that adenosine plays a role as a 
neuromodulator in the striatum and that 
imbalances in the striatal "adenosine 
system" may be involved in the etiology 
of movement disorders. 

There has been much recent interest in 
adenosine as a potential neuromodulator 
(3). The ability of adenosine to increase 
adenosine 3'3'-monophosphate (cyclic 
AMP) in intact cells was first demon- 
strated in slices of cerebral cortex (4) and 
has since been demonstrated in several 
tissues and in numerous cells in tissue 
culture (5) .  There are multiple types of 
adenosine receptors (6). R, (A2) and Ri 
(A,) receptors stimulate and inhibit 
adenylate cyclase, respectively, and are 
located on the cell surface. Both types of 
R receptors are blocked by methylxan- 
thines such as  theophylline or caffeine. 
Sites of the P type are believed to be 
intracellular and may be associated with 
the catalytic unit of all adenylate cyclase 
enzymes. P sites mediate inhibition of 
adenylate cyclase activity by adenosine 
and are not blocked by methylxanthines. 

Adenosine may be a neuromodulator 
in the basal ganglia since adenosine and 
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adenosine analogs stimulate adenylate 
cyclase activity in broken cell prepara- 
tions of rat striatum (7). Furthermore, 
ligand binding studies with tritiated N -  
ethylcarboxamide adenosine and 2- 
chloroadenosine, and autoradiographic 
studies with tritiated cyclohexyladeno- 
sine, show the striatum contains both R, 
and Ri sites (8). Since the functional 
significance of these sites has not been 
investigated, we have studied rotational 
behavior in rats to  determine the effects 
of adenosine analogs injected directly 
into the caudate nucleus. This rotation 
model has been used extensively to  
study dopaminergic function in the stria- 
tum (9). After the dopaminergic innerva- 
tion to the striatum is destroyed by the 
administration of 6-hydroxydopamine 
into the substantia nigra, the systemic 
administration of directly acting dopa- 
mine agonists such as  apomorphine 
causes vigorous turning away from the 
lesioned side (10). This is believed to be 
due to postsynaptic denervation super- 
sensitivity on the denervated side (10). 
Conversely, when one caudate nucleus 
is destroyed by kainic acid the systemic 
administration of apomorphine causes 
rotation toward the lesioned side (11). 
Theophylline and caffeine have been re- 
ported to  potentiate the rotational re- 
sponse to  apomorphine in rats with le- 
sions of the substantia nigra (12). This 
potentiation may have been due to 
blockade of R site adenosine receptors 
rather than inhibition of cyclic nucleo- 
tide phosphodiesterase as suggested by 
the authors. 

We examined the rotational behavior 
of rats after injecting adenosine analogs 
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