tive field center, the alternating stimu-
lus was moved by small increments
(1 mm = 4.3’ of arc) to either side of the
null position, and the responses were
measured. In Fig. 1, the maximum firing
rate is plotted as a function of eccentricity
from the null position. Lower firing rates
exhibited by Siamese units support the
behavioral findings of Blake and Antoi-
netti (/2) that Siamese cats exhibit re-
duced overall contrast sensitivity.

The decreased Y/X ratio we found is
not easily explained, but it conflicts with
the hypothesis that the ‘‘visual system of
the Siamese cat is composed pre-
dominantly of Y-cells’’ (12, p. 110). The
significance of this ratio and visual acuity
in Siamese and normal cats has not yet
been established, although several stud-
ies have suggested a possible relationship
between X-cell properties and visual
acuity in ordinary cats (I3, I4). Since
Siamese retinal ganglion cells reveal no
reduction in the percentage of X-cells,
compared with ordinary cats, the data
are consistent with an earlier finding (/1)
that *he two kinds of cats have similar
acuity. It is not clear, however, whether
the Y/X ratio can account for the lower
spatial contrast sensitivity found behav-
iorally in Siamese cats, or whether this
phenomenon is simply a function of the
lower firing rates exhibited by the Sia-
mese retinal ganglion cells in response to
contrast.

The lack of pigment in the retinal epi-
thelium in Siamese cats is well known
(17). Our results indicate that the retinal
neurophysiology of these animals may al-
so differ from that of ordinary cats. The
ultimate source of this difference prob-
ably lies distal to the ganglion cells.
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Efflux of Cyclic Nucleotides from Rat Pineal: Release of Guanosine
3’, 5'-Monophosphate from Sympathetic Nerve Endings

Abstract. Potassium and norepinephrine stimulate the efflux of adenosine 3',5'-
monophosphate (cyclic AMP) and guanosine 3',5'-monophosphate (cyclic GMP)
from intact pineal glands. The postsynaptic B-adrenergic receptor mediates the ef-
Sflux of cyclic AMP. In contrast, the efflux of cyclic GMP requires calcium and intact
nerve endings. It appears that sympathetic nerve endings may release cyclic GMP

into the synaptic space.

Adenosine 3’,5’-monophosphate (cy-
clic AMP) has been shown to act intra-
cellularly as a second messenger in the
action of several hormones (/). In addi-
tion, the release of cyclic AMP into per-
fusates or culture media by a variety of
tissues (2) and cells (3), including brain
(4), has been described. Although extra-
cellular cyclic AMP plays an important
role in intercellular communication in
slime molds (5), its.roles in mammalian
systems have not been elucidated.

Guanosine 3’,5'-monophosphate (cy-
clic GMP) has been shown to increase in
response to neurotransmitters and de-
polarizing agents in several tissues (6),
including brain (7). It has been proposed
that cyclic GMP may act intracellularly
to elicit effects which oppose, or differ
from, those of cyclic AMP (8). Extra-
cellular cyclic GMP has been shown to
increase in plasma in response to norepi-
nephrine (9). Recently, Kapoor and
Krishna demonstrated the secretagogue-
stimulated elevation of both intracellular
and extracellular cyclic GMP in the exo-
crine pancreas (/0).

In the rat pineal gland, cyclic AMP
mediates the postsynaptic effects of the
neurotransmitter norepinephrine (/7).
The gland is innervated exclusively by
noradrenergic nerves whose cell bodies
lie in the superior cervical ganglia (12).
Stimulation of the B-adrenergic recep-
tors leads to the induction of serotonin
N-acetyltransferase and ultimately to the
synthesis and secretion of the hormone
melatonin (/7). In addition, norepineph-
rine and depolarizing agents increase the
concentration of cyclic GMP in the
pineal gland (/3). A major component of
the effect on cyclic GMP concentrations
depends on the presence of intact nerve
endings in the gland (/3). We therefore
examined the possibility that cyclic nu-
cleotides might be released by the rat
pineal, and, in particular, by the sympa-
thetic nerve endings which it contains.
Our results indicate that the efflux of
both cyclic nucleotides can be elicited
from intact glands. However, the release
of cyclic AMP differs from that of cyclic
GMP. Cyclic AMP appears to be re-
leased from postsynaptic sites on paren-
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chymal cells whereas cyclic GMP ap-
pears to be released from presynaptic
sites on the sympathetic nerve endings.

Male Sprague-Dawley rats (150 to 175
g; Zivic-Miller Laboratories) were
housed in our facilities for at least 6 days
under diurnal lighting conditions before
each experiment. Rats were killed by
decapitation and their pineal glands (ap-
proximately 1 mg of tissue) were imme-
diately removed and placed into a modi-
fied Krebs-Ringer-glucose (KRG) solu-
tion (/4). In some experiments glands
were exposed to *H-labeled norepineph-
rine (/5) for 30 minutes. In all experi-
ments, after prior incubation and wash-
ing, the glands were exposed to drugs or
modified KRG. The medium was aspi-
rated and portions were assayed for cy-
clic nucleotides. Cyclic AMP was deter-
mined by the radioisotope dilution assay
of Brown et al. (16). Cyclic GMP was de-
termined, after acetylation of samples,
by radioimmunoassay (/7). Tritiated cat-
echolamine was determined by liquid
scintillation counting.

Intact pineal glands that were exposed
to high concentrations of potassium for
15 minutes released both cyclic AMP
and cyclic GMP into the medium (Table
1). The amounts released were often 15
times greater than controls. However,
these ratios varied severalfold among ex-
periments over a 6-month period. /-Nor-
epinephrine also caused the efflux of
both cyclic nucleotides. The amount of
each cyclic nucleotide released by high
concentrations of potassium [-norepi-
nephrine was comparable to the amounts
in the tissue (/8).

The effect of norepinephrine on both
cyclic nucleotides is stereospecific
(Table 1). d-Norepinephrine did not in-
crease the efflux of either cyclic nucle-
otide above control levels. This makes a
nonspecific effect of norepinephrine un-
likely, [-Isoproterenol, a potent B-adre-
nergic agonist, increased the release of
cyclic AMP but not of cyclic GMP.
These data suggest that the efflux of cy-
clic AMP, but not cyclic GMP, may be
secondary to stimulation of the B-ad-
renergic receptor.

The effect of extracellular calcium also
distinguishes the two cyclic nucleotides
(Table 1). Potassium-stimulated efflux of
cyclic AMP is calcium-dependent. How-
ever, the effect of norepinephrine on cy-
clic AMP is not. Thus, the action of high
potassium concentrations may be
secondary to the resulting calcium-de-
pendent stimulation of the release of nor-
epinephrine from the sympathetic nerve
endings in the tissue. The norepineph-
rine in the synaptic space would then in-
crease cyclic AMP synthesis and release
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Table 1. Efflux of cyclic nucleotides from rat pineal glands. Pineal glands from rats which had
been exposed to light for 24 hours were incubated for 15 minutes in oxygenated KRG (/4) at
37°C. They were washed three times in KRG and individual glands were incubated for an addi-
tional 5 minutes. Individual pineals were then incubated in 0.5 ml of KRG media, modified as
indicdted, for 15 minutes. All experimental media contained 0.5 mM IBMX. Calcium-free media
contained 1 mM EGTA. Glands incubated in calcium-free media were also incubated for 5
minutes in calcium-free KRG. In media containing 100 mM KCI this compound was substituted
for an equivalent amount of NaCl. Portions of medium were assayed for cyclic AMP (16) and
cyclic GMP (17), respectively. Each value represents the mean + standard error for the number
of glands indicated in parentheses.

Nucleotide [pmole gland=! (15 min)™!]

Medium

Cyclic AMP Cyclic GMP
Control 3+0.7(6) 1.4 = 0.3 (6)
High K+ (100 mM) 54 £ 10 (6) 20+ 5 (6)
I-Norepinephrine (10 uM) 74 £ 10 (5) 21 £3.7(5)
d-Norepinephrine (10 uM) 4.5+ 1.4 (6) 0.8 = 0.2 (6)
I-Isoproterenol (0.1 uM) 45 =3 (6) 2.5 £ 0.5(6)
High K* minus Ca?* 4.9 £ 1.5 (6) 1.7 £ 0.2 (5)
[-Norepinephrine minus Ca** 78 £ 9 (5) 6+ 04(5

Table 2. Effect of denervation on the efflux of cyclic nucleotides from rat pineal glands. Rats
with denervated pineal glands were prepared by bilateral superior cervical ganglionectomy at
least 1 month prior to use. Efflux of cyclic nucleotides from denervated glands and from glands
removed from sham-operated controls was assessed under the conditions described in Table 1.
Each value represents the mean = standard error for the number of glands indicated in paren-
theses.

Nucleotide [pmole gland~! (15 min)~!]

Medium Cyclic AMP Cyclic GMP
Sham Denervated Sham Denervated
Control 1.5 = 0.8 (6) 0.1 £ 0.2 (6) 2.6 £ 0.4 (5) 0.7 £ 0.1(6)
High K+ (100 mM) 95 + 13 (6) 43 £ 5 (6) 16 £ 3 (6) 1.3 £ 0.5(6)
[-Norepinephrine 81 = 11 (6) 82 +9 (6) 43 + 10 (6) 1.2 £ 0.2 (6)
(10 uM)
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Fig. 1. Time course of potassium-stimulated efflux of [3H]norepinephrine, cyclic AMP, and
cyclic GMP from rat pineal glands. Pineal glands from rats which had been exposed to light for
24 hours were first incubated for 15 minutes in KRG (/4). Groups of four pineals were exposed
to 0.225 uM [*H]norepinephrine (15) (2 uc/ml) for 30 minutes (19). The radioactive medium was
removed and the glands were washed three times in KRG containing 10 uM desmethylimipra-
mine (DMI). After another incubation period and wash, individual glands were exposed to ei-
ther 0.5 ml of KRG containing DMI and 0.5 mM 3-isobutyl-l-methylxanthine (IBMX) (e-----®) or
to a similar solution in which 100 mM KCl was substituted for an equivalent amount of NaCl
(o ®). Medium was removed and replaced at 3-minute intervals. Portions were counted for tri-
tium efflux. Other portions were assayed for cyclic AMP (16) and cyclic GMP (I7), respectively.
Each point represents the mean * standard error of eight glands.
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by its stimulation of the postsynaptic 8-
adrenergic receptor. This latter action
does not require calcium. In contrast,
both the potassium- and norepinephrine-
stimulated efflux of cyclic GMP require
calcium. Extracellular norepinephrine
alone is not sufficient to stimulate fully
the synthesis and release of cyclic GMP.

Experiments with denervated glands
further distinguish the release of cyclic
AMP from that of cyclic GMP (Table 2).
The presence of intact nerve endings is
required for the release of cyclic AMP by
high potassium concentrations. How-
ever, norepinephrine remains effective in
stimulating the efflux of cyclic AMP in
the absence of nerve endings. Thus, the
action of high concentrations of potas-
sium on cyclic AMP appears to be
secondary to the ability of potassium to
release norepinephrine from nerve end-
ings. In contrast, both high potassium
concentrations and norepinephrine fail
to stimulate the release of cyclic GMP
from the denervated glands. Thus, the
release of cyclic GMP, unlike that of cy-
clic AMP, requires the presence of extra-
cellular calcium and of intact nerve end-
ings in the pineal gland.

The temporal relations among the ef-
flux of norepinephrine, cyclic AMP, and
cyclic GMP were examined by com-
paring the kinetics of release of each
compound (Fig. 1). Efflux of norepineph-
rine was monitored by measuring the re-
lease of tritium from glands which had
taken up [*H]norepinephrine (/9). The
effect of high potassium concentrations
on norepinephrine release was greatest
in the first 3 minutes and diminished rap-
idly thereafter. The efflux of cyclic AMP
increased for the first 9 minutes and then
diminished, being significantly reduced
after 15 minutes. The efflux of cyclic
GMP also increased initially but did not
show the clear reduction in rate seen
with cyclic AMP. Comparison of the
curves for [*H]norepinephrine and cyclic
GMP indicates that the stimulation of the
efflux of cyclic GMP by high potassium
concentrations is not directly coupled to
the exocytotic release of norepinephrine.
It is not clear whether the effect of the
potassium on the release of cyclic GMP
depends on the action of the norepineph-
rine which is released into the synaptic
cleft.

In all of the experiments described
above, 0.5 mM 3-isobutyl-1-methylxan-
thine (IBMX) was included in the final
incubation medium. The presence of the
phosphodiesterase inhibitor markedly
enhanced the release of cyclic nucle-
otides (20). In some types of cells the ad-
dition of IBMX inhibits the efflux of cy-
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clic AMP (3). Thus, interpretation of the
effects of IBMX must be approached
with caution. However, in the pineal
gland, the effect of IBMX is consistent
with an increased recovery of cyclic nu-
cleotides in the medium resulting from
the inhibition of their destruction by
phosphodiesterase.

It is not clear from our studies whether
phosphodiesterase acts on extracellular
as well as intracellular cyclic nucle-
otides. However, the ability of phospho-
diesterase to destroy extracellular cyclic
AMP has been demonstrated in other tis-
sues (21). Furthermore, histochemical
studies have revealed that phospho-
diesterase is associated with the plasma
membrane, and, in particular, with post-
synaptic sites (22). Thus, in addition to
mechanisms for the release of cyclic nu-
cleotides into the synaptic space, there
appears to be a mechanism for their local
destruction. Cyclic nucleotides in the
synaptic space, or their metabolites (23),
may have actions on the external surface
of presynaptic or postsynaptic mem-
branes. These extracellular compounds
may participate in the functions of cyclic
nucleotides in nervous tissue (24).

Our results clearly distinguish be-
tween factors regulating the efflux of cy-
clic AMP and cyclic GMP from the rat
pineal gland. Efflux of cyclic AMP ap-
pears to accompany its increased syn-
thesis and accumulation in response to
postsynaptic B-adrenergic stimulation.
In contrast, the efflux of cyclic GMP is
calcium-dependent and requires the
presence of intact nerve endings. Thus,
cyclic GMP may be released into the
synaptic space by sympathetic nerve
endings.

MARTIN ZATZ
ROBERT F. O’DEA
Laboratory of Clinical Science,
National Institute of Mental Health,
Bethesda, Maryland 20014

References and Notes

1. G. A. Robison, R. W. Butcher, E. W. Suther-
land, Cyclic AMP (Academic Press, New York,
1971).

2. A. E. Broadus, J. G. Hardman, N. 1. Kaminsky,
J. H. Ball, E. W. Sutherland, G. W, Liddle, Ann.
N.Y. Acad. Sci. 185, 50 (1971); J. H. Exton, S. B.
Lewis, R. J. Ho, G. A. Robison, C. R. Park,
ibid., p. 85.

3. P. R. Davoren and E. W. Sutherland, J. Biol.
Chem. 238, 3009 (1963); F. J. Chlapowski, L. A.
Kelley, R. W. Butcher, Adv. Cyclic Nucleotide
Res. 6, 245 (1975).

4. S. Kakiuchi and T. W. Rall, Mol. Pharmacol. 4,
367 (1968); J. Korf, P. H. Boer, D. Felckes,
Brain Res. 113, 551 (1976).

5. T. M. Konijn, D.S. Barkley, Y. Y. Chang, J. T.
Bonner, Am. Nat. 102, 255 (1968).

6. N. D. Goldberg R. F. O’Dea, M. K. Haddox,
Adv. Cyclic Nucleotide Res. 3, 156 (1973).

7. J. A. Ferrendelli, A. L. Steiner, D. B, McDoug-
al, D. Kipnis, Biochem. Biophys. Res. Com-
mun. 41, 1061 (1970); T. P. Lee, J. F. Kuo, P.
Greengard, Proc. Natl. Acad. Sci. U.S.A. 69,
3287 (1972); J. A. Ferrendelli, D. A. Kinscherf,

M. M. Chang, Mol. Pharmacol. 9, 445 (1973);
Brain Res. 84, 63 (1975).

8. N. D. Goldberg, M. K. Haddox, E. Dunham, C.
Lopez, J. W. Hadden, in The Cold Spring Har-
bor Symposium on the Regulation of Prolifera-
tion in Animal Cells, B. Clarkson and R. Ba-
serga, Eds. (Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y., 1974), p. 609.

9. J. H. Ball, N. I. Kaminsky, A. E. Broadus, J. G.
Hardman, E. W. Sutherland, G. W. Liddle,
Clin. Res. 18, 336 (1970).

10. (C19 %,_/.‘)Kapoor and G. Krishna, Science 196, 1003

=+ J. Axelrod, ibid. 184, 1341 (19 =+ D. C. Klein,
R. Berg, J. C. Weller, ibid. 168, 979 (1970); T.
Deguchi, Mol. Pharmacol. 9, 184 (1972).

12. J. A. Kappers, Z. Zellforsch. Mikrosk. Anat. 52,
163 (1960).

13. R. F. O’Dea and M. Zatz, Proc. Natl. Acad.
Sci. U.S.A. 73, 3398 (1976).

14. The KRG solutions consisted of 120 mM NaCl,
5 mM KClI, 25 mM NaHCO,, 1.2 mM KH,PO,,
1 mM MgCl,, 3 mM CaCl,, and 10 mM glucose.
In solutions with high concentrations of potas-
sium, the concentrations of NaCl and KCI were
25 mM and 100 mM, respectively. A mixture of
95 percent O, and s percent CO, was bubbled
through each solution prior to use.

15. The I-[7-*H]norepinephrine (8.9 c/mmole) was
purchased from Amersham/Searle. After purifi-
cation by alumina column chromatography,
(s)tgcl:k solcultxons were lyophilized and stored in

16. B. L. Brown, R. P. Elkins, J. D. M. AIbano,
Adv. Cyclic Nucleotzde Res. 2,25 (1972).

17. A. L. Steiner, C. W. Park, D. M. Kipnis, J. Biol.
Chem. 241, 1106 (1972); J. Harper and G. B.
Brooker, J. Cyclic Nucleotide Res. 1, 207
(1975). Sample portions were diluted to contain
less than 300 fmole/100 ul. Standard curves
were generated with the final incubation media.
Experiments assessing the effect of excess cy-
clic AMP on the determination of cyclic GMP
indicated that the concentrations of cyclic GMP
in the medium might have been apparently in-
creased by not more than 0.15 pmole per gland.

18. The amounts of cyclic AMP in the tissue (pico-
moles per gland, N = 6) after 15 minutes were:
control (IBMX), 9.1 + 2.4; high potassium,
110 = 19; [-norepinephrine, 140 = 15. The
amounts of cyclic GMP in the tissue (picomoles
per gland, N = 6) after 15 minutes were: control
(IBMX), 2.7 + 0.4; high potassium, 11 * 5; /-
norepinephrine, 16 * 3.

19. Control glands took up 1.70 = 0.07 pmole per
gland, N = 16. The uptake of [*H]norepi-
nephrine was inhibited 80 percent by 10 uM
desmethylimipramine. These results are consist-
ent with those of R. W. Holz, T. Deguchi, and J.
Axelrod [J. Neurochem. 22, 205 (1974)]. Control
gland~ (IBMX) released 0.08 = 0.01 pmole/10
min (iv = 12). High concentrations of potassium
released 0.62 = 0.08 pmole/10 min (N = 6). In
the absence of calcium, the release by high po-
tassium concentrations was inhibited at least 80
percent.

20. In the absence of IBMX, the amounts of cyclic
AMP released (picomoles per gland, N = 6) in
15 minutes were: control 1.5 * 2; high potas-
sium, 11 = 7.5; [-norepinephrine, 17 *+ 7. The
amounts of cyclic GMP released (picomoles per
gland, N = 6) in 15 minutes were: control,
0.2 + 0.2; high potassium, 0.9 * 0.4; l-norepl-
nephrine, 0.6 + 0.3. The amounts of cyclic
AMP in the tissues (picomoles per gland, N = 6)
after 10 minutes were: control, 12 * 2.5; high
potassium, 28 + 11; [-norepinephrine, 69 *
11; and of cyclic GMP; control, 0.2 = 0.05;
high po%assium, 2.5 = 0.8; [-norepinephrine,

+

21. Y-T. Woo and J. F. Manery, Arch. Biochem.
Biophys. 154, 510 (1973); J. P. MacManus, J. F.
Whitfield, B. Braceland, Biochem. Biophys.
Res. Commun. 42, 503 (1971); S. Rosberg, G.
Selstam, D. Isaksson. Acta Physiol. Scand. 94,
522 (1975).

22. B. M. Breckenridge and R. E. Johnston, J. His-
tochem.. Cytochem. 17, 505 (1969); N. T. Flo-
rendo, R. J. Barnett, P. Greengard, Science 173,
745 (1969); A. M. Adenolfi and S. Y. Schmidt,
Brain Res. 76, 21 (1974).

23. S. Kakiuchi and T. W. Rall, Mol. Pharmacol. 4,
379 (1968).

24, F. Bloom, Rev. Phys. Biochem. Pharmacol. 74,

1(1975); P. Greengard and J. W. Kebabian, Fed.

Proc. Fed. Am. Soc. Exp. Biol. 33, 1059 (1974).

We thank J. Axelrod for his helpful discussions.

R.F.O’D. is a research associate in the pharma-

cology-toxicology program at the National Insti-

tute of General Medical Science.

24 January 1977

w

25.

w

SCIENCE, VOL. 197



	Cit r360_c661: 
	Cit r360_c660: 


