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Abstract. Human a-thrombin at physiologically relevant concentrations of 0.75 to 225 n M  
(0.01 to 22 clotting units/ml) caused rabbit thoracic aorta to slowly contract in isolated organ 
baths. Near maximum contractile tension (10% below the irreversible contraction caused by 22 
units/ml) was slowly generated by 75 nM a-thrombin (8 units/ml) over 18 min and was 50% that 
of the norepinephrine (NE) control. The initial tonus could only be regained by repeated washing 
and 60 min equilibration. Tissues were refractory to a second 75 nM a-thrombin challenge but 
responded fully to 1.0 p M  NE. Conversion of human a-thrombin to nonclotting but estero/ 
amidolytically active y-thrombin (<O.l% clotting activity) or nitration of the enzyme ( 1% clotting 
activity) did not interfere with the contractile activity, whereas chemical conjugates of the parent 
enzyme at the catalytic site were inactive. Neither atropine, phentolamine, nor indomethacin 
blocked the thrombin-induced contractions, whereas D-600 was markedly inhibitory. Preincubation 
of the tissue with inactive forms of thrombin did not prevent the a-thrombin-induced response. 
Removal of the vascular endothelium did not prevent contraction. Aorta preparations with intact 
endothelium relaxed in the presence of very low concentrations (0.75 to 750 pM) of a-thrombin 
prior to contracting in response to higher concentrations during cumulative dose-response 
experiments. Our data suggest that catalytically active thrombin forms (a- or nonclotting 8- and 
y-thrombins) may have hemostatic functions at the vascular levels in hemostasis. o 1985 Society 

for Experimental Biology and Medicine. 

The serine proteinase a-thrombin is gen- 
erated from its circulating zymogen pro- 
thrombin in the final preclotting events of 
blood coagulation. It is produced in greater 
concentrations than any of the preceding en- 
zymes of the coagulation pathways and is the 
central bioregulatory enzyme in hemostasis. 
Its functions include activation or transfor- 
mation of plasma proteins (e.g., fibrinogen, 
factors V, VIII, XIII, and protein C); stimu- 
lation of platelets, endothelial cells, and other 
cell types as well as initiation of mitogenic 
events in various cultured cells, suggesting its 
participation in wound healing (1). In addition 
to its better known enzymic functions, cata- 
lytically inactivated forms of a-thrombin have 
recently been found to possess biological ac- 
tivities with leukocytes, neuroblasts, and other 
cells (2-4). The enzyme furthermore binds 
specifically to an endothelial cell protein 
termed thrombomodulin ( 5 ) .  Such complex 
formation between a-thrombin and throm- 
bomodulin renders the enzyme inactive with 
fibrinogen but still permits it to proteolytically 
activate plasma protein C. Thrombomodulin 

is not universally present in endothelial cells; 
it is more prevalent in capillary endothelium 
and virtually absent in larger vessel endothe- 
lium, such as the aorta ( 5 ) .  

Vascular endothelial injury has been ex- 
perimentally induced directly by a-thrombin 
or by thrombi (6), and vascular damage has 
been well recognized with respect to the de- 
velopment of atherosclerotic lesions. Platelets 
and other blood elements are reported to be 
spasmogenic with isolated arteries (7) where 
vasoactive substances in blood may include 
serotonin, prostaglandin derivatives, as well as 
thrombin (8- 12). 

The present studies were undertaken with 
well-characterized preparations of human a- 
thrombin and derivative forms in order to as- 
sess their ability to induce relaxation or con- 
tractile responses in isolated preparations of 
rabbit thoracic aorta. In contrast to the con- 
tractions induced by norepinephrine (NE), 
only catalytically active thrombin forms in- 
duced contractions, which were slow to de- 
velop, sustained for prolonged periods of time, 
and resistant to secondary a-thrombin chal- 
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lenge. The concentrations which induced near 
maximal contractions corresponded to those 
of a-thrombin generated during blood clotting, 
although concentrations three orders of mag- 
nitude lower evoked a small relaxation re- 
sponse. 

Materials and Methods. Thrombin prepa- 
rations. Human a-thrombin was prepared 
from fraction I11 and evaluated for enzymic 
purity by methods previously described (1 3). 
Specific activities for the clotting of 2.0 mg/ 
ml fibrinogen solutions were expressed in U.S. 
“NIH” equivalent units per milligram. Active 
site titrations were performed with NPGB and 
were expressed as the percentage of active en- 
zyme with this titrant. Contents of a-, @-, and 
y-thrombins were determined by labeling the 
active-site serine with [ *4C]diisopropylphos- 
phofluoridate ( iPr2P-F), quantitating the iso- 
tope distribution after electrophoresis and ex- 
pressing the enzyme forms as percentages 

(Table I). Nonclotting y-thrombin was made 
by controlled passage at pH 6.2 of a-thrombin 
through trypsin immobilized on agarose as 
described ( 14). Nitrated (N02-a-thrombin) 
and catalytically inactivated forms (iPrZP-, 
MeS02-, and ~-Phe-Pro-Arg-CH~-a-throm- 
bins) were made from the parent enzyme form 
as described elsewhere (1 5).  Throughout, the 
M, of 36,600 for the parent enzyme was as- 
sumed for the derivative forms, and all 
thrombin preparations were characterized by 
the preceding criteria. A specific clotting ac- 
tivity of 3000 units/mg for a-thrombin was 
assumed in all calculations. 

Tissue preparations. Thoracic aorta tissue 
was obtained from freshly sacrificed 2.0- to 
2.8-kg New Zealand White rabbits and im- 
mersed in 4°C balanced salt solution (BSS) 
consisting of 125 mM NaCl, 4.7 mM KC1, 15 
mM NaHC03, 1.2 mM Na2HP04, 12 mM 
dextrose, 2 mMCaC12, 1 mMMgC12, pH 7.4, 

TABLE I. PROPERTIES OF THROMBIN PREPARATIONS AND CONTRACTILE RESPONSES OF 
AORTIC SMOOTH MUSCLE PREPARATIONS a 

Preparations 
and characterization Modification and description 

Norepinephrine 
response (%) 

a-Thrombin (#89) 
(94.4% a: 2.8 p: 2.9% 7) 
9 1.7% NPGB active 
3,400 clotting units/mg 

y-Thrombin (#3  I )  
(0.01% a: 15.7% 0: 87.3% y) 
80.0% NPGB active 
1.74 clotting units/mg 

N02-a-Thrombin (# 160L) 
(99.6% a: 0.2% 0: 0.2% y) 
57.3% NPGB active 
34.3 clotting units/mg 

Pr2P-a-Thrombin (# 107B) 
(96.5% a: 2.8% p: 0.7% y) 
0.1% NPGB active 
0.5 clotting units/mg 

MeS02-a-Thrombin (# 153) 
(97.6% a: 0.8% p: 1.6% y)  
0.2% NPGB active 
0.3 clotting units/mg 

DPhe-Pro-Arg-CH,-a-Throm bin 
(# 184) 

(95.7% a: 2.8% 6: 1.5 y) 
0% NPGB active 
0.1 clotting units/mg 

Native enzyme form with high fibrinogen clotting and all 
other thrombin-ascribed activities. 

Thrombin B chain proteolytically cleaved into 3 
noncovalently associated fragments. This enzymically 
active form has essentially no clotting activity. 

Nitration of -4 out of 10 tyrosines in a-thrombin with 
tetranitromethane causes differential loss of clotting 
versus catalytic activity. 

Covalent conjugation of active-site serine (SerIg5 in 
chymotrypsin) with iPr2P-F causes enzymic 
inactivation with a large obstructive conjugated group 
at the catalytic site. 

MeS02F causes enzymic inactivation with a small 
conjugated group at the catalytic site. 

Covalent conjugation of the active-site serine with 

Fibrinopeptide groove obstructed by affinity labeling with 
D-Phe-Pro-Arg-CH,-Cl at or near the catalytic site, 
such that the ligand cannot be displaced, causing 
essentially complete enzymic inactivation. 

49.6 ? 1.02 
(n  = 6) 

46.3 7.3 
( n  = 4) 

52.4 -t 4.08 
( n  = 4) 

4.6 k 0.99 
(n = 5 )  

3.9 +- 0.86 
(n  = 5 )  

0.0 * 0 
( n  = 5 )  

Data assembled from Fenton et al. (1  3, 14) and Sonder and Fenton (1 5). 
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aerated with 95% 02-5% C02. Connective tis- 
sue was carefully removed and the cleaned ar- 
tery was slipped over an appropriate size glass 
rod under BSS for dissection. The artery seg- 
ment was cut into a spiral helical strip 4 to 5 
mm wide at a 45" angle through its entire 
length. The spiral strip was then bisected 
lengthwise into two 2- to 2.5-mm-wide strips. 
Segments - 15 mm, unstretched length, were 
anchored with 5-0 silk in 10 ml isolated organ 
baths containing BSS at 37°C. Isometric ten- 
sion was monitored with a Grass FT-03C force 
displacement transducer and recorded on a 
Beckman 41 1 pen writing recorder. A 60-min 
equilibration period in the bath was permitted 
before 4.0 gm of passive tension was placed 
on each muscle strip. Drugs were added di- 
rectly to the bathing medium, and all drug or 
thrombin concentrations are reported as final 
bath concentrations. 

Cumulative dose reponse curves to NE were 
performed on eight thoracic aorta prepara- 
tions. The maximal isometric tension was 
found to occur at 1.0 pM bath concentration 
and was selected as the standard contractile 
amplitude to which all subsequent thrombin 
responses in this paper are compared. After 
equilibration and passive tension adjustment, 
1 .O p M  NE additions were repeated, with 10- 
min washouts and recovery periods, until 
consistent contractile responses of the same 
magnitude were obtained. These contractions 
served as the control 100% NE response for 
each of the individual tissue observations 
made and reported herein. 

Sources. Human fraction I11 paste was ob- 
tained through the courtesy of Dr. Bryan H. 
Landis, Armour Pharmaceutical Company, 
Kankakee, Illinois; D-phenylalanyl-L-propyl- 
L-arginine chloromethyl ketone (D-Phe-Pro- 
Arg-CH2Cl) was a gift from Dr. Elliot Shaw, 
Brookhaven National Laboratory, Upton, 
New York. Other drugs and reagents: atropine 
sulfate, Aldrich Chemical Company, Milwau- 
kee, Wisconsin; phentolamine, Ciba-Geigy 
Laboratories, Summit, New Jersey; reagent 
grade salts from Fisher Scientific, Detroit, 
Michigan; carbachol, indomethacin, norepi- 
nephrine tartrate (NE), and trypsin from 
Sigma Chemical Company, St. Louis, Mis- 
soun. 

Results. Contractions induced by 75 nM 
thrombin (8 clotting units/ml) were examined 
on five stored (overnight in BSS, 4°C) and six 
fresh aortic muscle preparations (Fig. 1). With 
all 1 1  preparations, the enzyme promoted a 
slow gradual response that became maximal 
in 17 min 44 sec (k53.5 sec, SEM). With fresh 
preparations, this response was 49.670, while 
stored preparations responded 32.3% that of 
the NE control. After the sustained contraction 
induced by 75 nM a-thrombin, repeated 
washing resulted in a gradual decrease of tonus 
and required 60 min to reach baseline. When 
the same (75 nM) a-thrombin concentration 
was added again to recovered tissues, either 
no response could be elicited, or a very reduced 
contraction of <7% was observed. Neverthe- 
less, 1 .O puM NE added to recovered tissue still 
caused a prompt contraction that showed little 

A [085gm A(- [05!Jm/-- [05gm(- 

A 

NE Thrombin NE 
I.ObIM 75nM I.OuM 

5 Min. 1 [0.5gm 

A A 
NE ;5pM i%pM 6.75nM J n M  75nM 
I.OuM Thrombin 

FIG. 1. Responses of rabbit aortic strips to thrombin. (A) Control contractile response to norepinephrine 
(NE) is shown followed by a single dose of thrombin followed by a 40-min washout period and a second 
NE response. Note that the thrombin contraction was recorded at a higher sensitivity than norepinephrine 
controls. (B) Shows a cumulative dose-response to a-thrombin with the baseline superimposed on the 
recording to show relaxation of the aortic strip to low concentrations of a-thrombin. 
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or no degradation in amplitude or time course, 
and in some instances exceeded the 100% NE 
control. Tissue contraction induced with 180 
nM a-thrombin (22 units/ml) generated a 
maximum sustained contraction which failed 
to significantly return to baseline after repeated 
washing (Table 11). 

To determine if the effect of a-thrombin was 
mediated through an endothelium released 
factor, six aortas were carefully dissected to 
ensure endothelial integrity and in six other 
preparations the endothelial layer was gently 
scraped with a scalpel blade. When the max- 
imal NE contraction was initiated in these 
preparations, 1 .O pM carbachol was added to 
the organ bath. Those muscles with an intact 
endothelium relaxed 54%, while the scraped 
preparations continued their sustained con- 
tractures (Fig. 2). All of the tissue preparations, 
with or without endothelium, contracted when 
75 nM a-thrombin was present in the bathing 
medium. This demonstrated a direct action of 
the enzyme on the subendothelial tissue and 
not requiring the intact endothelium. 

Cumulative dose-response experiments 
with a-thrombin were performed on six fresh 
muscle preparations over a concentration 
range of0.75 pMto 75 &at 10-rnin intervals. 
Concentrations of a-thrombin at 7.5 and 75 
pMproduced gradual relaxation (Fig. 1) of all 
aortic strips studied but at a750 pMconcen- 
trations a gradual contracture was evident. The 
maximum contractile response to a-thrombin 
administered incrementally resulted in a 
smaller maximum response when compared 
to the single addition of 75 nM enzyme 
(Fig. 1). 

Selectively modified thrombin preparations 
were examined to determine whether the con- 
tracture response was (i) restricted to a- 
thrombin like the clotting of fibrinogen; (ii) 
required a catalytically active thrombin form 
to carry out an enzymic function; or (iii) in- 
volved high-affinity binding in the occupancy 
of a receptor. In these experiments, the non- 
clotting forms y- and N02-a-thrombin both 
possessed intrinisic contractile activities sim- 
ilar to native a-thrombin (Table I and Fig. 3). 
On the other hand, the catalytically inactivated 
forms of the enzyme, iPr2P-a-, MeSO2-a-, 
and D-Phe-Pro-Arg-CH2-a-thrombin, exhib- 
ited 4% or no contractile activity. Thus, en- 
zymic activities, but not those necessarily re- 
lated only to clotting activity, were required 
for contractile activity. 

In each instance where D-Phe-Pro-Arg- 
CH2-, iPr2P-, or MeS02-a-thrombin failed to 
induce contraction, the subsequent addition 
of 75 nM a-thrombin initiated a normal con- 
traction response demonstrating that the cat- 
alytically inactivated thrombin forms could 
not compete with the native enzyme for re- 
ceptor occupancy. After prolonged and re- 
peated washing, each test preparation was re- 
fractory to a second a-thrombin challenge but 
still remained fully responsive to NE. Two 
aortic strip preparations were treated with 1 .O 
pM trypsin, which produced a gradual con- 
tracture similar in onset to that of thrombin; 
however, only 27% that of the NE control. 
These preparations were also resistant to a 
second challenge with trypsin after washout 
but differed from thrombin in that the sub- 
sequent response to NE was sharply reduced, 

TABLE 11. CONTRACTILE RESPONSE AND RECOVERY TO VARIOUS a-THROMBIN CONCENTRATIONS 

% Initial tension' 
Thrombin 

concentration a % NE responseb 30 60 90 

7.5 n M  (0.8 units/ml) 27.4 k 1.84 ( n  = 3) 12.7 ? 3.88 4.4 ? 2.61 2.0 -t 0.74 
75 nM (8 units/ml) 49.6 ? 1.02 ( n  = 6) 18.4 ? 3.45 2.7 -t 0.34d 2.1 ? 0.81 
180 n M  (22 units/ml) 68.7 -+ 8.41' 53.7 * 3.08 ( n  = 3 )  87.4 2 7.07 73.1 k 6.70' 

~~~ ~~~~ ~ ~ 

Note. See text for experimental details of muscle preparations. 
a Final bath concentrations. 

Percentage of contractile response elicited by 1 .O pM norepinephrine; n = number of tissue samples examined at 
this thrombin concentration. 
' Percentage of maximum thrombin contractile response remaining following tissue washing. Each tissue was washed 

with aerated fresh balanced salt solution at 10-min intervals and tension remaining at 30,60, and 90 min was recorded. 
P < 0.0 1 using Student's t test (unpaired). 
Not significantly different. 
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FIG. 2. Response of rabbit aortic muscle strips to a-thrombin. (A) The endothelium was intact as evidenced 
by the relaxation of the norepinephrine contraction when 10 pLM carbachol was present in the bathing 
medium. (B) The endothelium was removed as described in text and carbachol did not relax the norepinephrine 
contraction. 

suggesting that the NE receptor binding sites the mechanism( s) of the thrombin-initiated 
had been partially destroyed by proteolytic contractile response (Table I11 and Fig. 4). Of 
digestion with trypsin but not with a- the four antagonists examined, atropine mod- 
thrombin. ified the contracture least, while phentolamine 

High concentrations of selected pharma- slightly reduced the response, and D-600 had 
cologic antagonists were employed to examine the greatest blocking activity on the thrombin 

N E  Y-Thrombin 

1 

A A 

N E  NOnThrombin 

r 
A A 

NE jPr,P-a- Thrombin 

NE MeSO, FPR a-Thrombin 

Thrombin Thrombin 

FIG. 3. Response of rabbit aortic smooth muscle strips to thrombin analogs. In each panel the norepinephrine 
(NE) control response precedes the addition of a thrombin analog. (A) y-Thrombin, 75 nM, promoted a 
relatively faster contraction than any other thrombin analog. (B) Nitrothrombin (NO2 thrombin, 75 nM). 
(C) Diisopropyl phosphofluoridate-treated thrombin (DFP, 75 nM) i-Pr2P-a-thrombin. (D) Seventy-five 
nanomolar each of mesyl thrombin ( MeS02 thrombin), ~-Phe-Pro-Arg-CH~-a-thrombin (FPR thrombin), 
and 75 nM a-thrombin. 
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TABLE 111. ANTAGONISM OF AORTIC SMOOTH MUSCLE CONTRACTURES BY 
SELECTED PHARMACOL~GIC INHIBITORS 

523 

Incubation 

time 
Antagonist min 

lit 
Mechanism of action 

- - None - 

Atropine 10 5 Muscarinic inhibitor 

Indomethacin 10 15 to 20 Arachidonate cyclooxygenase 

Phentolamine 10 5 a-Adrenergic receptor inhibitor 

inhibitor 

D-600 10 5 Ca2+ channel blocker 

% NE response to 75 
nM a-thrombin' 

49.6 f 1.02 (n = 6) 

45.2 -t 3.2d (n = 4) 
(91.1) 

31.7 f 1.6' (n = 12) 
(63.9) 

27.6 f 4.2' (n = 4) 
(55.5) 

13.8 f 4.8' (n = 4) 
(27.9) 

Note. See text for experimental details regarding muscle preparations. 
a Final bath concentration. 

' Percentage number in parenthesis is the response relation to a-thrombin control. 
Amount of preincubation time prior to addition of a-thrombin. 

Not significantly different. 
P < 0.01 using Student's t test (unpaired). 

contracture. In the 12 indomethacin-treated 
preparations studied, one tissue was com- 
pletely blocked by pretreatment, while the re- 

maining preparations exhibited the character- 
istic slow contracture with minimal depression 
of the maximum contracture. However, each 

N E  Atropine a-Thrombin 
LOuM IOBOUM 7 5  nM 

A A 
NE lndomethacin a -T hrom b i n 
LOUM 10.0vM 7 5  nM 

4- 

A 

NE 
1.0uM 

A A 
Phentolarnine a-Thrombin 

I O.OuM 7 5  nM 

/ 
5 rnin 

NE 0600 a-Tlhrornbin 
LOuM IO.OfiM 75nM 

FIG. 4. Response of rabbit aortic muscle strips to a-thrombin in the presence of high concentrations of 
pharmacologic antagonists; see text and Table 111 for further description and summary of experiments. 
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responding preparation reached its maximum 
contracture amplitude in a shorter period of 
time. The ability of phentolamine to partially 
antagonize the thrombin contracture may be 
offset by the ability of this agent to depress the 
resting tone of the aortic strips and therefore 
reduce the magnitude of thrombin contrac- 
tions to 27.6% of the control NE contraction. 

Discussion. Normal human plasma con- 
tains sufficient prothrombin to generate - 150 
clotting units/ml ( 14, 16). Assuming a specific 
clotting activity of 3000 clotting units/mg 
protein and an M, of 36,600 for human a- 
thrombin, this corresponds to 1.37 pM and 
represents the maximum possible thrombin 
concentration. However, during the sponta- 
neous clotting of plasma or freshly drawn 
whole blood, clotting activities do not exceed - 10% of the upper limit, although >90% of 
the prothrombin is converted to the activation 
product F 1 2 and, presumptively, thrombin 
( 16). Furthermore, clotting activity rapidly 
rises prior to and peaks with onset of clotting, 
suggesting that a-thrombin is actively con- 
sumed during the clotting process (16, 27). In 
addition to measuring thrombin generation by 
the traditional clotting assay, a radioimmu- 
noassay has detected the enzyme initially at 
80 pM (3 ng/ml) plateauing at 1.1 to 1.4 nA4 
(40 to 50 ng/ml) concentrations (18). Assum- 
ing the peak value of - 15 units/ml (1 7), the 
upper a-thrombin concentration generated 
during clotting is 140 nA4. 

In the present studies, a threshold concen- 
tration as low as 750 pM human a-thrombin 
was observed to initiate a detectable contractile 
response with rabbit thoracic aorta prepara- 
tions in an organ bath at 37°C (Fig. I), a finding 
similar to that of Haver and Namm (12). Be- 
low this concentration, aorta preparations 
were found to relax. In this regard, a-thrombin 
is known to stimulate prostaglandin synthesis 
in cultured endothelial cells (19), as well as to 
induce “rounding up” shape changes in cul- 
tured cells (20, 21). Since the endothelium 
should act as a cellular barrier to constituents 
of or generated in blood ( e g ,  a-thrombin), 
and since the contractile responses to higher 
doses of thrombin were not mediated by the 
endothelium (Fig. 2), such shape changes may 
be important in exposing the subendothelium 
to blood or blood-generated substances. 

The sustained contracture produced by 75 

nA4 a-thrombin with rabbit thoracic aorta 
muscle strips was of relatively low magnitude 
and slow to develop when compared to NE 
controls. This contractile action of the coag- 
ulation enzyme could be demonstrated with 
tissue preparations with intact endothelium, 
as well as endothelial free preparations. 
Therefore, the response is not mediated by 
some endothelial originating factor, even 
though a-thrombin can promote the synthesis 
of various prostaglandins from vascular en- 
dothelial cells ( 19). Furthermore, a prosta- 
glandin-mediated mechanism is unlikely since 
indomethacin did not abolish the response 
even after preincubation with 10 p M  indo- 
methacin for 15 to 20 min prior to the addition 
of a-thrombin. The contracture was further- 
more incompletely blocked by 10 pM phen- 
tolamine and therefore appears not to be me- 
diated through an a-adrenergic receptor. In 
this regard, following recovery from a 75 nM 
a-thrombin response, the tissue remained re- 
sponsive to NE even though the preparation 
was refractory to a second addition of a- 
thrombin, implying that the muscle possessed 
functional a-adrenergic receptor-mediated 
mechanisms. The refractoriness to a second 
a-thrombin challenge could be explained by 
a very low dissociation and tight binding of 
thrombin to a receptor site. However, such a 
high-affinity binding receptor occupancy 
mechanism should eventually be reversible 
where a-thrombin could again induce the 
contracture. If the response is due to an en- 
zymatic cleavage of some active peptide or di- 
rectly on some receptor mediating a Ca2+ in- 
flux, it differs from that of trypsin, which also 
promotes aortic smooth muscle contracture 
of a low magnitude and slow onset. Exposure 
to trypsin irreversibly damages the muscle 
while at the same time sharply reducing the 
responsiveness to NE, most likely by prote- 
olysis of the NE receptor site as well as other 
plasma membrane proteins. 

Both nonclotting y- and N02-a-thrombin 
forms were as active as the native &-thrombin 
form and the catalytically inactivated iPr2P- 
a-, MeS02-a-, and ~-Phe-Pro-Arg-CH~-a- 
thrombin forms gave little or no response (Ta- 
ble I), in agreement with one report (12) but 
not supporting the observation (22) that heated 
thrombin retained activity. Our findings that 
washed recovered tissue previously exposed to 
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75 nM a-thrombin was nonresponsive to a 
second equal dosage of the enzyme also im- 
plies a consumptive process. Such a con- 
sumptive process, where the active enzyme 
consumes its receptor, would abate the re- 
sponse or create tolerance to the slow con- 
tractile response of a-thrombin. 

Incubation of tissues with the catalytically 
inactivated thrombin forms did not diminish 
or enhance the subsequent response to throm- 
bin, implying that occupancy of high-affinity 
receptors for thrombin was not of limiting im- 
portance. The finding that y-thrombin was as 
active as the native thrombin would favor a 
low-affinity receptor model, where a catalyti- 
cally active enzyme carries out a proteolytic 
function in generating the stimulating signal. 
In fibroblast culture systems, y-thrombin, 
like the native enzyme, stimulates ion fluxes 
at low-affinity receptors, whereas iPr2P-a- 
thrombin binds to high-affinity receptors for 
the native enzyme but does not stimulate ion 
fluxes (4). Although Haver and Namm (12) 
observed inhibitory effects in Ca2+ free me- 
dium, they were unable to demonstrate an- 
tagonism with the Ca2+ channel antagonists 
nifedipine and verapamil. Of the potential an- 
tagonists we examined, only the Ca2+ channel 
blocker D-600 was a potent inhibitor of the 
thrombin induced contractile response (Table 
I11 and Fig. 4). 

In a number of ways our findings are similar 
to another ( 12) in that a-thrombin-induced 
contractions were associated with tolerance. 
In our studies a second challenge from 75 mM 
a-thrombin, after washout and return to rest- 
ing tension, resulted in nearly complete loss 
of contractile activity. Haver and Namm ( 12) 
reported that their aortic ring preparations re- 
sponded to a readdition of thrombin in a 
manner dependent upon the initial dose and 
time of exposure; higher initial thrombin con- 
centrations or longer exposure times resulted 
in a decreased, but never absent, response to 
thrombin. Both studies show that contracture 
is refractory to indomethacin. Our results are 
similar to those which used canine basilar ar- 
tery to demonstrate the reduction in thrombin 
contractures by Ca2+ channel antagonists (23). 
The thrombin-induced contracture was both 
slow to develop and recover where both may 
also be of hemostatic value. The maximum 
contracture occurred with 22 units/ml or 

- 180 nA4 thrombin and was an irreversible 
contracture, which would not decrease upon 
repeated washings (Table 11). This suggests that 
“clotting generated contractions” by a- 
thrombin might be lethal to certain tissues. In 
contrast, the submaximum contractures in- 
duced by 8 units/ml or -75 nM thrombin (a 
presumptive clotting generated concentration) 
were slowly reversed over 60 min by repeated 
washing (Figure 1).  In contrast, as reported by 
others (10, 12, 22) very low a-thrombin con- 
centrations at <0.008 units/ml or 75 pM 
caused weak relaxation of the aortic smooth 
muscle. This suggests that as a-thrombin is 
generated it initiates a progression of events, 
in addition to those better known events of 
blood clotting and that the slow sustained re- 
sponses of the blood vessels may be of under- 
lying importance in hemostasis. 
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