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study (2.5 to  10 pM) and reveal the 
amount of "excess" aspirin that would 
not have to be administered if aspirin and 
TxA2-synthetase inhibitor5 were used in 
combination (14). When TxA2 synthesis 
is selectively inhibited, PG endoperox- 
ides and other cyclooxygenase products 
are generated in sufficient amounts to 
stimulate platelet aggregation. Partial in- 
hibition of cyclooxygeqase activity by 
aspirin in these conditions may be 
enough to reduce the amount of P C  
endoperoxides and proaggregatory PC 's  
such as  PGE2 to a level below that 
needed to produce platelet aggregation in 
the absence of TxA2 generation. The 
combination of very low doses of aspirin 
and a TxA2-synthetase inhibitor thus 
seems to offer greater antithrombotic po- 
tential than the use of either drug alone. 
Such treatment could result in complete 
suppression of both TxA2 synthesis and 
platelet aggregation without significantly 
affecting vascular prostacyclin synthe- 
sis. 

This assumption was tested on cul- 
tured endothelial cells from humans. As- 
pirin (2.5 pM) ,  dazoxiben (40 pM) ,  and a 
combination of the drugs induced statis- 
tically insignificant modifications of 
PG12 synthesis, although a 30 percent 
reduction occurred in the cell samples 
containing aspirin (Table 1) (15, 16). The 
observed moderate decrease in PG12 
generation induced by aspirin should be 
counteracted by the manyfold increase 
in the sensitivity to PG12 of platelets 
exposed to TxA2-synthetase inhibitors 
(17, 18). 

Thus aspirin produces an overall cy- 
clooxygenase deficiency that affects en- 
dothelial cells as  well as  platelets. The 
endothelial cells can be spared by use of 
inhibitors of TxA2-synthetase that close 
off the production of TxA2, the most 
potent proaggregatory metabolite of 
platelet arachidonic acid. Under these 
conditions, only a minute amount of as- 
pirin is required to diminish PG endoper- 
oxides and prevent "runoff  into other, 
relatively less potent, proaggregatory 
prostaglandins. Thus, TxA2-synthetase 
inhibitors permit the use of small doses 
of aspirin to produce an antiplatelet ef- 
fect with sparing of the endothelium. 
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Vasoactive Intestinal Polypeptide and Muscarinic Receptors: 

Supersensitivity Induced by Long-Term Atropine Treatment 

Abstract. Long-term treatment o f ra t s  with atropine induced large increases in the 
numbers of muscarinic receptors and receptorsfor vasoactive intestinal polypeptide 
in the salivary glands. Since receptors for vasoactive intestinal polypeptide coexist 
with muscarinic receptors on  the same neurons in this preparation, the results 
suggest that a drug that alters the sensitivity of one receptor may also a f e c t  the 
sensitivity o f  the receptor for a costored transmitter and in this way contribute to  the 
therapeutic or side effects of the drug. 

Combined histochemical and immuno- 
histochemical data indicate the coexis- 
tence of acetylcholine (ACh) and vasoac- 
tive intestinal polypeptide (VIP) in post- 
ganglionic nerves innervating the sub- 
mandibular salivary gland in the cat and 
rat (1). Both ACh and VIP are released 
upon stimulation of these nerves, and 
VIP potentiates the ACh-induced secre- 
tion of saliva (2).  A possible molecular 
mechanism for the synergistic actions of 
ACh and VIP is the 10,000-fold increase, 

induced by VIP, in the affinity of ACh 
for muscarinic receptors (3). This change 
in muscarinic agonist binding affinity in- 
volves a shift of a portion of receptors to  
the high-affinity state which mediates 
changes in Na' permeability and in se- 
cretion. The increase in the number of 
high-affinity muscarinic receptors in the 
presence of VIP (10 nbfl (3) is commen- 
surate with the more than 100 percent 
increase in ACh-induced secretion in the 
presence of VIP (1, 2). We have now 
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examined interactions between VIP and 
ACh receptors under conditions in which 
long-term treatment with muscarinic an- 
tagonists induced supersensitivity of the 
muscarinic receptors. Our study shows 
that long-term treatment of rats with 
a t r ~ p i n e  induces an increase not only in 
the number of muscarinic receptors but 
also in the number of VIP receptors in 
the salivary gland. 

Adult male Sprague-Dawley rats were 
injected subcutaneously with atropine 
(20 mglkg) for 14 days. This treatment 
was shown previously to  Increase the 
number of muscarinic receptor sites in 
the dorsal hippocampus, striatum, and 
cerebral cortex (4) and in the heart (5) of 
rats. In the present experiments the 
treatment led to a 101 t 7 percent 
(mean i standard deviation) ( N  = 18) 
increase in the number of muscarinic 
receptor sites (Fig. 1A). The number of 
VIP binding sites was also increased by 
104 t 5 percent ( N  = 18) (Fig. 1B). The 
affinity of muscarinic receptors for the 
high-affinity antagonist N-methyl-4-pi- 
peridinyl benzilate (NMPB) was unal- 
tered, whereas the affinity for VIP was 
almost doubled in membranes from atro- 

Table 1. Changes in VIP content of the rat 
salivary gland induced by long-term treatment 
with atropine. The rats were treated as de- 
scribed in Fig. 1. The radioimmunoassay for 
VIP was as described (6). The results are 
expressed as means (* standard deviation). 

VIP (pico- Sam- Treat- moles per ples ment milligram 
of protein) (No.) 

Control 2.28 + 1.24 19 
Atropine 0.89 + 0.77* 18 
Denervated 0.64 t 0.47* 6 

*P < ,001, b y  Student's t-test. 

pine-treated rats compared with controls 
(Fig. IB). 

The functional correlate of the musca- 
rinic and VIP supersensitivity is in- 
creased salivary secretion in the pres- 
ence of ACh and VIP after removal of 
atropine from the tissue. The atropine 
dose used was somewhat high (5) and 
one cannot exclude the possibility that 
atropine affected the VIP binding sites 
indirectly. Experiments with tritiated at- 
ropine indicate that the dose we used 
leads to a concentration in the tissue of 2 
to 4 n M  (4). Since this atropine concen- 

Fig. 1. Supersensitivity of muscarinic and VIP 
receptors in the rat salivary gland induced by 0.10 
long-term atropine treatment. (A) Number - E and affinity of muscarinic receptors. (B) Num- 2 

Control 

ber and affinity of VIP receptors. Atropine (20 Atropine treated 
mglkg) was injected subcutaneously once dai- 5 
ly for 14 days into male Sprague-Dawley rats c 
(150 to 160 g). The rats were killed by decapi- 0.05 

tation 48 hours after the last injection. The 1 .O 
salivary glands were removed and homoge- a 

nized on ice in 0.32M sucrose in a glass1Teflon g f 0.5 
homogenizer at 695 revlmin, 15 up-and-down O 

strokes. The homogenate was centrifuged 
0 0 (and kept cool) at lOOOg for 3 minutes. The (N=IQ) ( ~ = 1 8 )  

supernatant was subjected to further centrifu- 
gation at 10,000g for 40 minutes. The pellet - 
obtained was resuspended in Krebs-Ringer ,E 
buffer (137 mM NaCI, 2.68 mM KCI, 1.8 mM 6 
CaC12, 1.05 mM MgCI?, 5 mM Hepes, 10 pM 
phenyl methyl sulfonyl fluoride, 1 g of glucose 
per liter, pH 7.4). This membrane preparation m, 
was used, without further treatment, for the t 10 
receptor binding assays. The number of mus- , 3 
carinic receptor sites in the membranes was 2 
determined by measuring the specific binding Om 

e 
5 

of tritiated NMPB (33 Cilmmole). Nonspecific 
binding was determined by incubating mem- 2 
branes with tritiated NMPB in a total volume o o 
of 1 ml in the absence and presence of scopol- (N=19) (N.18) (N=19) (N.18) 

amine (10 pM) for 15 minutes at 37"C, which gave the mixture sufficient time to reach 
equilibrium. The mixture was filtered (Whatman GFIC) and washed (with 10 ml of ice-cold 
normal saline) and the radioactivity counted as described (4). [The KD value for tritiated NMPB 
was corrected for the residual atropine (estimated to be 3 nM) in the tissue (#).I The number of 
VIP receptor sites in the membranes was determined by use of '251-labeled VIP (6). The VIP 
was iodinated as described (6) and had a specific activity of approximately 15 Cilmmole. 
Membranes were incubated together with lZ5I-labeled VIP (I5 nM) and 1 percent bovine serum 
albumin, in the absence and presence of unlabeled VIP (100 nM) in a total volume of 1 ml in 1.5- 
ml plastic centrifuge tubes for 15 minutes at 37°C. The tubes were then placed in an ice bath for 
I to 2 minutes before being centrifuged for 30 seconds in a Beckman Microfuge B. The 
supernatant was removed and the bottom of the tubes, containing the membrane pellet, 
punched off in a glass tube and counted for radioactivity in a Packard gamma counter. 
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tration did not affect VIP-evoked vasodi- 
lation ( 2 ) ,  it is unlikely that the VIP 
receptors were affected by atropine indi- 
rectly. 

Long-term treatment with atropine led 
to depletion of VIP from the tissue (Ta- 
ble l),  indicating that release of VIP is 
subject to negative feedback control by 
ACh acting at  muscarinic receptors (1). 
Such treatment should yield a disinhibi- 
tion of VIP release. Disinhibition of the 
VIP release and subsequent depletion of 
VIP in the tissue caused the observed 
supersensitivity of VIP receptors (Fig. 
1B). However, this mechanism may not 
be the only explanation of VIP supersen- 
sitivity, since we also observed that 14 
days after denervation (sectioning) of the 
postganglionic nerves that innervate the 
salivary gland there was a 61 L 5 per- 
cent ( N  = 5) increase in the number of 
muscarinic receptors, but no statistical- 
ly significant increase [4 * 7 percent 
(N = 6)] in the number of VIP receptors, 
although VIP concentrations (Table 1) 
were markedly reduced under these con- 
ditions too. 

That long-term blockade of muscarinic 
receptors with atropine increased both 
the muscarinic and VIP receptors is of 
additional interest because the peptider- 
gic supersensitivity was induced toward 
a peptide (VIP) that is costored and 
released from the same nerves as  the 
classical neurotransmitter (ACh) whose 
receptors were blocked. A similar situa- 
tion n a y  occur with other coexisting 
neurotransmitter-peptide pairs, for ex- 
ample, dopamine and cholecystokinin 
(CCK) and serotonin and substance P .  It 
is therefore important to examine any 
alterations in sensitivity to  costored neu- 
rotransmitters that may develop upon 
treatment with various types of drugs, 
since such effects may influence the ac- 
tions of these drugs. As one example, 
antipsychotic drugs, which are potent 
dopamine antagonists, may alter the sen- 
sitivity of the costored peptide CCK and 
contribute to  the therapeutic o r  side ef- 
fects of these substances. 
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Stimulation of Prostaglandin Biosynthesis by Urine of the 

Human Fetus May Serve as a Trigger for Parturition 

Abstract. Urine of the human fetus stimulated prostaglandin biosynthesis in vitro 
by increasing the conversion of arachidonic acid into prostaglandins. The stimula- 
tory activity in urine from fetuses delivered at term after labor of spontaneous onset 
was greater than that in urine from fetuses delivered by cesarean section at term 
before the onset of labor. Such stimulation ofprostaglandin biosynthesis by the fetal 
membranes, by way of a substance released into the urine and thence into amniotic 
fluid, could serve as a signal for the initiation of parturition. 

That prostaglandins are involved in 
the biochemical processes of human par- 
turition is well established ( I ) ,  and there 
is evidence that the fetal membranes 
serve a central role in the molecular 
events that either signal or accompany 
the onset of labor (2). Since the putative 
signal for the onset of labor may be of 
fetal origin (3),  it is also possible that the 
amniotic fluid serves as a route of com- 
munication between the fetus and the 
fetal membranes. A substance originat- 
ing in the fetus could be excreted directly 
into the amniotic fluid through the kid- 
neys, lungs, skin, or umbilical cord and, 
once there, could trigger parturition. 

We recently found that an inhibitor of 
prostaglandin synthase is present in hu- 
man amniotic fluid (4). The potency of 
the inhibitory activity in amniotic fluid 
obtained at term during labor of sponta- 
neous onset was significantly lower than 
that in amniotic fluid obtained at term 
before the onset of labor. 

These findings suggest that, through- 
out gestation, substances in amniotic flu- 
id may suppress the production of pros- 
taglandins by the fetal membranes. At 
term, the fetus may excrete other sub- 
stances into the amniotic fluid that stim- 
ulate prostaglandin biosynthesis and 
thereby initiate the events that culminate 
in delivery of the fetus. This hypothetical 
substance could be released into amniot- 
ic fluid from several fetal sources. Since, 
at term, the amniotic fluid is largely a 
product of fetal urination (3, the kidney 
seemed to be a likely source of such a 
stimulatory substance. 

By means of established methods (6) 
we evaluated the effect of urine from 
human fetuses (7) on the production of 
prostaglandin E2 (PGE2) (8) by a micro- 
some-enriched preparation of prosta- 

glandin synthase from bovine seminal 
vesicles (9). The results with samples of 
urine from fetuses delivered after spon- 
taneous labor and vaginal delivery 
(SVD) at term and after cesarean section 
scheduled at term before onset of labor 
(not in labor, NIL) are presented in Fig. 
1. The results of similar experiments 
with urine specimens from four adult 

, 
0 2 20 60 
Concentration of urine in assay (96) 

Fig. 1. The effect of human urine on the 
synthesis of PGE, by prostaglandin synthase 
from bovine seminal vesicle (6). The produc- 
tion of PGEz is expressed as a percentage of 
production by controls. Values shown are 
means (+ standard error of the mean) for 
urine samples from (H) adults (N = 8), (A) 
newborns delivered at term (38 to 42 weeks of 
gestation) after spontaneous labor (SVD, 
N = lo), and (e) newborns delivered after 
cesarean sections scheduled at term before 
the onset of labor (NIL, N = 10). The con- 
centrations of urine tested in the assay were 2, 
20, and 60 percent (by volume). The curved 
lines are indicative of best fits (by the method 
of least squares) to the equation y = bxm. For 
SVD samples, b = 1.987 2 0.0169 (2 stan- 
dard error), m=0 .1272+0 .0131 ,  and 
r = ,896 (P < .001). For NIL samples, 
b = 1.939 + 0.0252, m = 0.1323 2 0.0197, 
and r = .836 (P  < ,001). By analysis of vari- 
ance we found that the slopes (m) were not 
significantly different, but the intercepts (b) 
were significantly different ( P  < ,005). 

women and four adult men are shown for 
comparison. 

There were no statistically significant 
sex-related differences in the stimulatory 
potency of the adult specimens; the data 
are therefore combined. Urine from both 
the fetuses and the adults significantly 
increased the production of PGE2 in a 
concentration-dependent manner. The 
SVD urine samples, however, stimulated 
PGE2 production significantly more than 
the NIL samples obtained before the 
onset of labor. The concentration of 
urine in the incubation mixture that pro- 
duced a 50 percent increase in PGE2 
production, compared to control incuba- 
tions (without urine), was 31 percent by 
volume for SVD samples and 62 percent 
for NIL samples. 

At low concentrations, urine from 
adults increased PGE2 production more 
than either of the SVD or NIL urine 
samples, but at high concentrations of 
urine these relations were reversed. This 
biphasic effect suggests that, compared 
with urine from fetuses, high concentra- 
tions of urine from adults may contain 
greater amounts of both stimulatory and 
inhibitory factors, and that at the 60 
percent concentration the stimulatory 
factors were antagonized. The postulat- 
ed inhibitory factors would have to be 
present in greater amounts (that is, > 20 
percent) to exert a detectable effect. 
Such inhibitory effects were not appar- 
ent in experiments with urine from fetus- 
es. 

The stimulatory activity in fetal urine 
was not significantly altered by boiling 
the urine for 5 minutes (N = 4), but was 
not detectable in urine that had been 
subjected to membrane dialysis (retain- 
ing molecules greater than 12,000 to 
14,000 daltons) against NaC1 (O.15M) for 
48 hours at 4OC (N = 4). Two treatments 
with activated charcoal, each for 15 min- 
utes at 4"C, partially reduced the stimu- 
latory activity in urine (40 to 80 percent; 
N = 4), indicating that the activity may 
result in part from the action of a steroid 
or small lipid. 

Our interpretation of these results may 
provide an explanation for our previous 
finding that the prostaglandin synthase 
inhibitory activity in amniotic fluid ob- 
tained during labor is less than the inhibi- 
tory activity of fluid taken before labor. 
This decreased inhibitory activity could 
result from the increased production of a 
stimulatory substance that is released 
into the urine of the fetus and thence into 
the amniotic fluid during labor. If this 
were the case, such a stimulant could 
cause an increase in prostaglandin pro- 
duction by the fetal membranes and 
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