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The purpose of this investigation was to 
study the effects of p-chloromercuriphenyl 
sulfonate (PCMBS), a potent sulfhydryl 
(SH) binding agent (1-6), on contractile re- 
sponses elicited with epinephrine and sero- 
tonin in isolated preparations of arterial 
smooth muscle. In this way, we could exam- 
ine whether or not SH groups are impor- 
tantly involved in agonist-receptor systems 
for vasoactive stimulants. 

It is generally stated that vascular recep- 
tor-sites for vasoactive agents such as acetyl- 
choline, epinephrine, and serotonin consist 
largely of proteins (7-9). The importance of 
SH groups in maintaining biological activity 
has been well established for a variety of 
protein structures including enzymes (1 0), 
membrane-bound transport moieties (1-4), 
and steroidal ( 5 )  and cholinergic receptors 
(6). However, the extent to which SH 
groups represent important functional 
groups of receptors for epinephrine or sero- 
tonin in arterial smooth muscle is unknown. 
Such information is of interest because 
chemical characterization of vasoactive re- 
ceptor-sites could provide insight into the 
mechanistic basis of agonist-receptor inter- 
actions. 

Methods. Sprague-Dawley rats of either 
sex (350-450 g) were anesthetized with 
ether and decapitated. Helical strips of arte- 
rial smooth muscle measuring about 4 to 6 
mm long, 400 pm wide and 1 mm thick 
were prepared from the ventral tail artery as 
described previously (1 1). 

Four arterial strips (two from each of two 
rats) were mounted in a single muscle cham- 
ber. One end of each strip was fixed to a 
separate post while its other end was at- 
tached to an isometric force transducer 
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(Grass, FT-03) by means of a silk thread. 
The strips were stretched to optimal length 
by imposing a resting tension of 500 mg and 
equilibrated for 2 hr in 20 ml of physiologi- 
cal salt solution (PSS) which was maintained 
at 37°C and gassed continuously with 95% 
0, and 5% CO, (1 1). The pH of the PSS 
was 7.25 to 7.35, and its composition 
(mmole) was NaCl 130, KC1 4.7, KH,PO, 
1.18, MgS0,.7H20 1.17, CaCl, 1.6, 
NaHCO, 14.9 , CaNa, versenate 0.026, and 
dextrose 5.5. 

Serotonin creatinine sulfate (Mann Labs) 
or the racemate mixture of epinephrine- 
HCl (Parke-Davis) was dissolved in PSS and 
added (0.2 ml) to the tissue bath. The final 
concentration ( lop5 M )  of each agonist 
tested produced maximal increases in iso- 
metric tension. However, the concentration 
of serotonin represents a maximal dose, 
whereas the concentration of epinephrine 
was supramaximal (1 1). 

Responsiveness of the muscle strips to 
several challenges with epinephrine and 
with serotonin was examined at the begin- 
ning of each experiment. The maximal ten- 
sion generated during a 2 min exposure to 
the agonist tested was designated as the con- 
trol response. After each challenge with ag- 
onist, the muscle chamber was rinsed three 
times with PSS so that tension returned to 
baseline levels. 

The bathing medium was replaced with 
PSS supplemented with PCMBS (Sigma, 
lov6 to M ) .  Only one concentration of 
PCMBS was examined in each experiment. 
Challenges with agonists were tested after 
about 10, 30, 60, and 120 min of contact 
with PCMBS. Preliminary experiments per- 
formed in the absence of PCMBS showed 
that repeated responses to either serotonin 
or epinephrine were reproducible over this 
period of incubation. When the last chal- 
lenge was completed, the chamber was 
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rinsed at 10 min intervals with PCMBS-free 
PSS and the strips were again challenged to 
test for recovery of responsiveness. Con- 
tractile responses obtained in the presence 
of PCMBS, as well as those obtained during 
the recovery period, were expressed as a 
percentage of the control response. Statisti- 
cal significance of differences between re- 
sponses produced by each agonist in the 
presence and absence of PCMBS was as- 
sessed with Student's t test. 

To determine whether or not cysteine, an 
amino acid containing an SH group, pro- 
tects against inhibition of responses to epi- 
nephrine, cysteine ( lop3 M )  and PCMBS 
(1 Op5 M )  were added to the muscle chamber 
at the same time in three different experi- 
ments (12 strips). 
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FIG. 1 . Contractile responses to epinephrine and 

serotonin in a single arterial strip are shown before, 
during incubation with PCMBS, and after replacing the 
medium with PCMBS-free PSS. Arrows indicate time 
of injection of agonist into the muscle chamber. Note 
that the response to serotonin was maintained moder- 
ately (28 min of contact with PCMBS) while the re- 
sponse to epinephrine was markedly inhibited. 

The effects of alpha-adrenergic blockade 
with lop4 M phentolamine (Ciba) on re- 
sponsiveness to epinephrine and serotonin 
was examined in eight different tail artery 
strips prepared from four rats. Responses 
were evaluated before and 30 min after in- 
cubation with phentolamine . Similar experi- 
ments were performed with six additional 
preparations (three rats) in the presence and 
absence of 5 x 

To test for the presence of beta-adrener- 
gic receptors, responses to DL-isoproterenol 
(MCB, to M )  were evaluated in 
eight preparations from four rats in the pres- 
ence and absence of phentolamine ( 5  X 

Results. Maximal isometric tension gener- 
ated by rat tail artery smooth muscle in 
response to M epinephrine (1341 k 
104 mg) was similar to the tension gener- 
ated in response to 1 0-5 serotonin (1296 k 
107 mg). 

PCMBS consistently produced time and 
dose-dependent inhibition of contractile re- 
sponses elicited with either epinephrine or 
serotonin (Figs. 1 ,  3, Table I) .  In other 
words, inhibition of responsiveness became 
progressively more pronounced as the dura- 
tion (10-120 min) of incubation with each 
concentration of PCMBS was lengthened. 
Similarly, the extent of inhibition attained 
after a given period of incubation with 
PCMBS increased markedly as the concen- 
tration (lop6 to M )  of the sulfhydryl 
binding agent was increased. 

However, inhibition of responses to epi- 
nephrine always was dramatically more pro- 

M phentolamine. 

M ) .  

TABLE 1. CONTRACTILE RESPONSES TO EPINEPHRINE A N D  SEROTONIN IN THE PRESENCE OF PCMBS." 

Time of PCMBS 
Agonist (min) 

Epinephrine (1 0-5 M )  10 
30 
60 

120 

30 
60 

120 

Serotonin ( M )  10 

Contractile response (% of control) 

Concentration of PCMBS ( M )  

10-6 7.5 x 10-6 5 x 10-5 
96 2 4 
94 * 4 
90 * 3 
82 2 4 
96 2 2 
92 2 4 
89 * 5 
88 * 2 

71 2 2 
37 * 4 

9 2 5  
2 2 1  

82 2 2 
76 2 2 
70 3 
62 ? 4 

1 +- 0.4 
0.7 2 0.4 

0 
0 

73 2 3 
75 & 4 
58 2 4 
60 * 2 

* Eight helical strips of tail artery smooth muscle (four rats) were studied with each concentration of PCMBS 
(see Methods). Numbers appearing below each concentration of PCMBS show the response (% of control) to 
epinephrine or serotonin (mean 2 1 SE). PCMBS markedly inhibited responses to epinephrine but responses to 
serotonin were depressed to a smaller extent. 
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nounced than the inhibition of responses to 
serotonin. Thus, the contractile response to 
epinephrine was markedly reduced to 41 k 
2% of control (59% inhibition, Fig. 2B) 
after a 10 min exposure to an intermediate 
concentration M )  of PCMBS, whereas 
the response to serotonin was only de- 
creased to 86 t 2% of control (14% inhibi- 
tion, P < 0.001). Furthermore, the re- 
sponse to epinephrine was virtually abol- 
ished after 120 min of incubation with 
PCMBS while the response to serotonin had 
decreased by only about 50% ( P  < 0.001). 
Indeed, complete inhibition of epinephrine- 
induced contractions was achieved regularly 
with concentrations of PCMBS ranging 
from 5 x lo-' M to M (Fig. 2 ,  Table 
1). In contrast, serotonin-induced contrac- 
tions were always demonstrable at each con- 
centration of PCMBS tested. 

Considerable, but incomplete, recovery 
of responsiveness to epinephrine occurred 
when the bathing medium containing 
PCMBS was replaced with PCMBS-free 
PSS (Fig. 3A). The extent of recovery was 
inversely related to the concentration of 
PCMBS initially tested. In sharp contrast, 
responsiveness to serotonin either was un- 
changed or deteriorated further when 
PCMBS-free PSS was returned to the mus- 
cle chamber (Fig. 3B). 

PCMBS-induced inhibit ion of responsive- 
ness to epinephrine was prevented when 
cysteine ( lop3  M ) ,  an SH containing amino 
acid, was added to the bathing medium just 
before addition of M PCMBS. Thus, 
the tension generated in response to epi- 
nephrine was 1463 t 133 mg in 12 strips 
studied in the absence of PCMBS, and 1413 
2 107 mg (P < 0.1 ) after 120 min of contact 
with lops M PCMBS and 

Alpha-adrenergic blockade with 1 0-4 M 
phentolamine virtually abolished the con- 
tractile response to epinephrine. In eight 
strips tested, tension produced by epineph- 
rine was 1348 t 112 mg in the control 
setting and 108 2 74 mg (P  < 0.001) 30 
rnin after incubation with phentolamine. 
Responses to serotonin were significantly ( P  
< 0.005) reduced during alpha-blockade. 
Before blockade, responses to serotonin 
generated 1236 t 107 mg of tension, but 
only 717 k 44 mg was generated in the 

cysteine. 
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FIG. 2 .  Effects of different concentrations of 

PCMBS on arterial responsiveness to epinephrine and 
serotonin. Different arterial strips were used for data 
shown in each panel. Small verticle bars represent 1 SE 
of the mean response (% of control), whereas horizon- 
tal bars represent 1 SE of the mean duration of contact 
(min) with PCMBS. Inhibition of responses to epineph- 
rine was always more rapid in onset and more pro- 
nounced than inhibition of responses to serotonin. 

presence of phentolamine. Similar results 
were obtained with 5 x lo-' M phentol- 
amine in eight different arterial prepara- 
tions. In these strips, epinephrine increased 
tension to 1487 t 136 mg before treatment 



SH GROUPS A N D  ARTERIAL REACTIVITY 31 

RESPONSE AFTER EXPOSURE TO PCMBS (120 MINI 

BOMINUTES AFTER TRANSFER TO PCMBS-FREE PSS 
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FIG. 3. Responsiveness of arterial strips to epinephrine (panel A) and serotonin (panel B) 120 min after 

incubation with different concentrations of PCMBS (clear bars), and 60 min after replacing the medium with 
PCMBS-free PSS (dark bars). Small verticle bars represent 2 1 SE. Eight different arterial strips were tested at 
each concentration of PCMBS. Responsiveness to epinephrine recovered markedly after PCMBS was removed 
from the muscle chamber, but responsiveness to serotonin did not recover. 

with phentolamine, whereas only 196 2 88 
mg ( P  < 0.001) of tension were generated 
in the presence of phentolamine. Similarly, 
tension generated in response to serotonin 
was 1314 & 100 mg before blockade, but 
only 982 k 44 mg ( P  < 0.005) of tension 
developed after blockade with 5 x lop6 M 
phentolamine. 

to lo-' 
M )  produced no change in tension (8 strips). 
However, higher doses produced small 
dose-dependent increases in isometric ten- 
sion. For example, M isoproterenol 
increased tension to 57 2 9 mg while ten- 
sion increased to 136 * 14 mg with lops M 
isoproterenol . These contractile responses 
were completely abolished after alpha-adre- 
nergic blockade with 5 x 10+ M phentol- 
amine . 

Low doses of isoproterenol 

Discussion. A prominent new finding in 
this study was that short periods of incuba- 
tion (10-30 min) in the presence of low 
doses of PCMBS (1 Op6 to 1 O+ M )  markedly 
inhibited contractile responses to epineph- 
rine in rat tail arterial smooth muscle. In 
contrast, longer periods of incubation (60- 
90 min) and higher doses of PCMBS 
to M) were required to markedly in- 
hibit responses to serotonin (Figs. 1-3, Ta- 
ble I) .  These new findings suggest that SH 
groups may be important functional compo- 
nents of alpha-adrenergic receptors in arte- 
rial smooth muscle. 

However, because epinephrine can stimu- 
late both alpha and beta-adrenergic recep- 
tors, it is also conceivable that depression of 
responses to epinephrine with PCMBS is 
ascribable to potentiation of interactions 
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between epinephrine and beta-adrenergic 
receptors. This possibility does not appear 
likely because isoproterenol, though gener- 
ally described as a beta-adrenergic stimulat- 
ing agent (1 2),  produced small increases in 
isometric tension. Furthermore, isoprotere- 
nol-induced contractions were blocked by 
phentolamine, an observation consistent 
with previous findings showing that isopro- 
terenol can stimulate alpha-adrenergic re- 
ceptors (1 3, 14). Accordingly, the inhibi- 
tory effects of PCMBS on contractile re- 
sponses to epinephrine in tail arterial 
smooth muscle is likely due to interactions 
between PCMBS and SH groups associated 
with alpha-adrenergic receptors. 

In contrast, responses to stimulation of 
serotonin receptors appear to be much less 
dependent on SH groups. An alternative 
hypothesis to account for the persistence of 
serotonin responses is that the accessibility 
of SH groups that might be associated with 
serotonin receptors is restricted so that their 
interaction with PCMBS is hindered. 

Our interpretation of the data is based on 
studies in other laboratories which estab- 
lished that PCMBS is a potent and highly 
selective SH binding agent and that it is 
poorly permeant in a variety of cell types 
(1-6). In this context, our finding that cys- 
teine, an amino acid with an SH group, 
protected arterial strips against PCMBS-in- 
duced inhibition of responsiveness to epi- 
nephrine suggests that the ability of PCMBS 
to bind SH groups is an important determi- 
nant of the efficacy of this compound to 
inhibit adrenergic responses. Furthermore , 
the rapidity of the onset of inhibition (Fig. 
1) is consonant with the view that the inhibi- 
tory effect of PCMBS is mediated at sites 
close to the exterior of the smooth muscle 
cell, perhaps at the level of the plasma mem- 
brane. This view is also supported by the 
observation that marked and rapid recovery 
of responsiveness to epinephrine occurred 
when the bathing medium was replaced with 
PCMBS-free PSS (Fig. 3A). 

Surprisingly, recovery of responsiveness 
to serotonin did not occur when PCMBS 
was washed from the muscle chamber (Fig. 
3B). Thus, at each dose of PCMBS tested, 
responses to epinephrine were consistently 
more depressed than were responses to ser- 
otonin, but the fractional recovery of re- 

sponsiveness was always greater with epi- 
nephrine. The mechanistic basis for this in- 
teresting observation is unknown. Never- 
theless, it is noteworthy that recovery of 
responsiveness for either epinephrine or ser- 
otonin was always incomplete, suggesting 
that a fraction of the PCMBS initially in- 
cluded in the incubation medium was 
tightly, perhaps irreversibly, bound to the 
smooth muscle strips. 

The present findings that alpha-adrener- 
gic blockade with phentolamine abolished 
responses to epinephrine and significantly 
attentuated responses to serotonin are con- 
sistent with results obtained by other inves- 
tigators studying human umbilical arteries 
and veins (1 5 ) ,  rabbit portal vein (1 6), and 
canine saphenous, jugular, and mesenteric 
veins (17). These results suggest that vascu- 
lar smooth muscle receptors for serotonin 
and epinephrine may be structurally related. 
It is tempting to speculate that such struc- 
tural relationships could account for, or con- 
tribute to, the partial inhibition of sero- 
tonin-induced contractions by PCMBS (Fig. 
1 ,  Table I ) .  Further studies are required to 
test this hypothesis. 

We recognize that PCMBS may influence 
arterial responsiveness to agonists by 
mechanisms other than those involving in- 
teractions with SH groups of receptor moie- 
ties. However, our findings showing that the 
inhibitory effects of the compound were se- 
lective, time and dose-dependent, rapid in 
onset, partially reversible, and preventable 
by cysteine, strongly suggest that PCMBS 
interacts with SH groups present in arterial 
smooth muscle receptors for vasoactive 
stimulants. 

Nevertheless , it is important to emphasize 
that different compounds which interfere 
with SH groups may produce different ef- 
fects on the responsiveness of arterial 
smooth muscle to vasoactive stimulants. For 
example, Needleman et al. (18) reported 
that alkylation of SH groups with ethacrynic 
acid did not alter contractile responses elic- 
ited with norepinephrine in rabbit aortic 
strips. In contrast, Fleisch et al. (19) found 
that alkylation with N-ethylmaleimide sig- 
nificantly reduced responses to norepineph- 
rine in similar preparations from rabbit 
aorta. The reasons for these disparite find- 
ings are unclear but may be related to differ- 
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ences between molecular size and charge 
density of the alkylating agents (1, 2). Our 
findings with rat tail arterial smooth muscle 
are fundamentally in accord with those re- 
ported by Fleisch et al. (19) in that high 
concentrations of N-ethylmalemide (1 0-4 
M ,  rabbit aorta), like high concentrations of 
PCMBS (rat tail artery), inhibited responses 
to serotonin. 

Summary. The purpose of this study was 
to gain insight into the role of sulfhydryl 
(SH) groups in arterial receptors for vasoac- 
tive simulants. We studied the effects of p -  
chloromercuriphenyl sulfonate (PCMBS, 

M ) ,  a potent and specific SH 
binding agent, on contractile responses pro- 
duced with lop5 M epinephrine and M 
serotonin in helical strips of arterial smooth 
muscle prepared from tail arteries of the rat. 
Responses to epinephrine were rapidly, 
markedly, and reversibly inhibited with low 
concentrations of PCMBS. In contrast, re- 
sponses to serotonin were slowly inhibited 
when high concentrations of PCMBS were 
tested. The inhibitory effect of PCMBS 
(1 OP5 M )  on epinephrine-induced contrac- 
tions was prevented by lop3 M cysteine. 
Alpha-adrenergic blockade with phentol- 
amine (lop4 or 5 x M )  virtually abol- 
ished responses to epinephrine and signifi- 
cantly decreased responses to serotonin. 
These findings are consistent with the view 
that arterial receptors for contractile re- 
sponses to epinephrine and serotonin may 
be structurally related. The data suggest 
that SH groups are important functional 
components of adrenergic receptors, but 
that they are of lesser importance for re- 
sponsiveness of serotonin receptors. 
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