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to 100 percent of the control value be- 
tween pH 7.7 and 8.0 and declined more 
slowly at higher pH values until no exfla- 
gellation occurred above pH 8.6. Thus, 
regardless of the pCO2, whether physi- 
ological or atmospheric, the level of ex- 
flagellation was determined solely by the 
pH of the medium bathing the cells. 
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bicarbonate concentration was without 
marked effect on exflagellation (Fig. 1). 
In the complete absence of bicarbonate, 
however, exflagellation is totally sup- 
pressed at allpH values (9). The relation- 
ship between exflagellation and pH is, 
therefore, entirely dependent upon the 
presence of bicarbonate. We have, at 
present, no hypothesis to explain how 
the bicarbonate-dependent pH control of 
exflagellation operates at the cellular lev- 
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10 minutes after engorgement (4) confirm 
that thesepH values overlap the range at 
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vitro system. Nevertheless, further ex- 
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be possible to say whether the bicar- 
bonate-dependent pH control is alone re- 
sponsible for initiating exflagellation in 
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forms similar or identical to those found 
in the insect vector when cultured under 
atmospheric conditions (1). The possi- 
bility arises, therefore, that atmospheric 
equilibration may be an important factor 
for the initial transformation to the vec- 
tor form in other arthropod-transmitted 
parasites. 
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glandin (PG) E2 and PGF2a (2). Para- 
doxically, administration of arachidonic 
acid, precursor of PG's of the 2 series, 
caused relaxation of the bovine and hu- 
man coronary arteries, which was abol- 
ished by cyclooxygenase inhibitors (2). 
These results suggest that arachidonate 
was converted by coronary PG-synthe- 
tase to a substance which has a vasodilat- 
ing effect, and therefore is not PGE2 or 
PGF2,.c The unstable endoperoxides, 
PGG2 and PGH2, are candidates for 
vasodilating substances produced from 
arachidonate. However, the existing evi- 
dence indicates that the endoperoxides 
contract vascular smooth muscle includ- 
ing rabbit thoracic aorta (4), and isolated 
pig coronary artery strips (5). A further 
understanding of endogenous regulators 
of coronary resistance and their potential 
impact in such conditions as myocardial 
ischemia, coronary vasospasms, and 
coronary thrombosis seems of critical 
importance. 

Bovine and porcine coronary artery 
and rabbit aorta were excised and han- 
dled from freshly removed hearts as pre- 
viously described (2), and spiral strips 
were prepared (6). In experiments de- 
signed to compare simultaneously the re- 
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Coronary Tone Modulation: Formation and Actions of 

Prostaglandins, Endoperoxides, and Thromboxanes 

Abstract. Exogenous prostaglandin (PGE2) contracts bovine and human coronary 
arteries but its precursor, arachidonic acid, relaxes them. The endoperoxides PGH2 
and PGH3 relax bovine coronary strips, but PGH, produces contraction. The prima- 
ry prostaglandins exert opposite effects to their own endoperoxide precursors, thus, 
PGE2 and PGE3 contract, and PGE1 relaxes the bovine coronary arteries. The para- 
doxical coronary dilation produced by the arachidonate or the PGH2 suggest that 
little if any coronary isomerase which converts endoperoxide into PGE2 exists, or 
that a novel, potent, PG-like substance is produced by the isolated coronary arteries. 
Although the coronaries do not possess thromboxane A synthetase activity, the ves- 
sels are profbundly contracted by exogenous thromboxane A2. Thromboxane A2 can 
be synthesized and released by circulating platelets when they are aggregated by en- 
dothelial injury or thrombin. Thus, coronary tone, and possible spasm, in ischemic 
myocardial zones may be influenced markedly by interplay between prostaglandins, 
endoperoxides, and thromboxane formed by platelets on the one hand, and endo- 
peroxide products synthesized endogenously in the coronary arteries on the other. 
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sponses to endoperoxides in blood ves- 
sels removed from various species, a su- 

perfusion cascade was employed. The 

spiral strips of blood vessels were contin- 

uously perfused (10 ml/min) with Krebs- 
Henseleit (0 : C02, 95 : 5 percent) 
which contained a mixture of antagonists 
that rendered the tissues insensitive to 
catecholamines, histamine, acetyl- 
choline, and serotonin. The prostaglan- 
din endoperoxides PGG1-PGH,; PGG2- 
PGH2; and PGG3-PGH3 were synthe- 
sized from 14C-labeled precursor fatty 
acids and purified as previously de- 
scribed (7, 8). The concentrations of the 
isolated endoperoxides were calculated 
from the radioactivity measured in the fi- 
nal product, since the purified endoper- 
oxide would have the same specific activ- 

ity as its labeled precursor, [1- 

14C]arachidonic acid. Thromboxane A2 
and A3 (TA2 and TA3) were enzymati- 
cally generated when PGH2 and PGH3 
were incubated for 2 minutes at 0?C with 
human platelet microsomes according to 
the method previously described (7, 9). 

The endoperoxide PGH2 (the PG-in- 
termediate between arachidonic acid and 
PGE2) was administered directly across 
a superfusion cascade which contained a 
bovine and porcine coronary artery (left 
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anterior descending) and a rabbit thorac- 
ic aorta strip (Fig. 1). Surprisingly, PGH2 
(or PGG2) produced a concentration-de- 

pendent relaxation of the bovine coro- 

nary artery strips (Figs. 1 and 2A), while 
PGH2 (or PGG2) produced a concentra- 
tion-dependent contraction of the pig 
coronary artery and rabbit aorta (Figs. 1 
and 2C). Comparable results in both bo- 
vine (that is, relaxation) and porcine 
(that is, contraction) coronaries were ob- 
tained with the endoperoxide PGH3 (the 
PG-intermediate between eicosapenta- 
noic acid and PGE3) (Fig. 2, A and C). In 

sharp contrast, the endoperoxide PGH1 

(the PG intermediate between dihomo-y- 
linolenate and PGE1) caused a dose-de- 

pendent contraction of all three vascular 
smooth muscle preparations (Fig. 2, A 
and C). The dose-response relationship 
indicates that in bovine coronary arteries 
the PGH2 and PGH3 are vasodilators of 

comparable potency; whereas PGH1 ex- 
hibits similar, but directionally opposite, 
potency as a constrictor (Fig. 2A). On 
the other hand, in pig coronary artery spi- 
ral strips all three endoperoxides, PGH1, 
PGH2, and PGH3, were constrictors and 
were of comparable potency (Fig. 2C), 
which agrees with the report that PGH2 
contracts pig coronary artery (5). The 

three endoperoxides also contract the 
rabbit thoracic aorta strips at all doses 
tested, with PGH2 being about five times 
more potent a constrictor than PGH1 and 
PGH3 (7). The G endoperoxides gave the 
same results as their respective PGH's. 

It is remarkable that in the bovine 
coronary arteries, the primary prosta- 
glandins produce directionally opposite 
contractile responses from the endoper- 
oxide intermediates. Thus, PGE2 and 
PGE3 constrict the bovine coronary ar- 
tery, while PGE1 relaxes it (Fig. 2B). The 
fact that both arachidonate and PGH2 (or 
PGG2, not shown) produced bovine coro- 
nary artery relaxation strongly supports 
the hypothesis that the active modulator 
of coronary vascular tone by arachido- 
nate is the PGH2 endoperoxide. In con- 
trast, the primary prostaglandins, as well 
as the precursor arachidonic acid, induce 
contractions of the porcine pig coronary 
arteries (Fig. 2D) and rabbit thoracic 
aorta strips (data not shown). Thus, in 
porcine coronary artery, and the rabbit 
thoracic aorta (the traditionally em- 

ployed example of peripheral arterial vas- 
culature), the fatty acid precursors, the 
endoperoxide intermediates, and the pri- 
mary prostaglandins all produce a con- 
tractile response. 

The recent demonstration that endo- 
peroxides can be converted in certain tis- 
sues to a potent vasoactive product, TA2 
(10), suggests the possibility that TA2 is 
favored in the coronary vasculature. To 
test this possibility, we incubated blood 
vessel mirosomes (100,000g pellet) pre- 
pared from beef or pig coronary arteries 
or rabbit aorta with PGH2. We were un- 
able to demonstrate the formation of 
TA2; as a positive control we were able 
to produce TA2 [determined by bioassay 
(9)] by incubating human umbilical ar- 

tery with the endoperoxide (data not 

shown). We enzymatically generated PG 

endoperoxide, TA2, and PGE2 as pre- 
viously described (7) and compared their 
effects on a superfusion of the bovine 

coronary artery and thoracic aorta (Fig. 
3). The endoperoxide [sheep seminal ves- 
icle microsomes (SSV) plus arachidonic 
acid (AA)] relaxed the bovine coronary, 
but the TA2 generated from the endo- 

peroxide by further incubation with hu- 
man platelet microsomes (SSV + AA 
+ IPM) was an extremely potent coro- 

nary vasoconstrictor. Indeed, profound 
contractions were produced by the addi- 
tion of TA2 [median effective dose (ED50) 
approximately 50 ng expressed in terms 
of the endoperoxide originally incubated 
with platelet microsomes] or TA3 
(ED50 - 250 ng) to a superfusion cascade 
of the bovine and porcine coronary arter- 
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ies and the rabbit aorta. The rabbit aorta 
and porcine coronary were contracted 
by all the arachidonate products (that is, 
endoperoxides, primary PG's, and 
thromboxanes). 

Bovine and human coronary arteries 
are qualitatively similar in several of 
their responses, both being contracted 
by PGE2, PGF2a, and indomethacin; re- 
laxed by arachidonic acid; and relaxed 
by PGE1 (2, 3). The bovine coronary ar- 
tery exhibits remarkable receptor speci- 
ficity for the degree of unsaturation of 
the prostaglandin molecule as well as the 
configuration of the prostanoate ring. 
The endoperoxide ring structure alone 
does not determine the vascular re- 
sponse, since PGH1 (lacking the C-5 
double bond) contracts, while PGH2 and 
PGH3 (the latter having an additional 
double bond at C-17) relax the bovine 
coronary. The critical role of the C-5 
double bond in prostaglandins is again 
emphasized by the fact that PGE1 di- 
lates, while PGE2 and PGE3 constrict the 
bovine coronary. Equally as striking is 
that the isomerization of all three endo- 
peroxides into their primary PGE prod- 
ucts produces a qualitatively opposite bi- 
ological response in the bovine coronary 
artery. The importance of changes in the 
ring structure is also demonstrated by 
the fact that isomerization of the endo- 
peroxide into an oxane ring converts the 
compound from a dilator (PGH2, PGH3) 
to a constrictor substance (TA2, TA3) of 
the bovine coronary. 

Our experiments suggest that the endo- 
peroxides should not just be regarded as 
intermediates but as the major active spe- 
cies generated by the oxidation of the 
precursor fatty acid, with the primary 
PG's being the metabolites. Such a situa- 
tion has been demonstrated in platelets 
where the endoperoxides and possibly 
the thromboxanes are critical for aggre- 
gation, whereas the primary PG's repre- 
sent minor degradation products (11). 
The observation that arachidonate relax- 
es human and bovine coronary arteries 
suggests at least two possibilities. (i) the 
coronary might possess a cyclo- 
oxygenase but lack the isomerase that 
converts PGH2 to PGE2, thus in the ab- 
sence of enzymatic generation of prima- 
ry PG's, the dilator endoperoxides PGH2 
and PGG2 may accumulate. Similarly, if 
PGE2 were generated slowly at a very 
low concentration it would not exert 
enough of a contractile response physi- 
ologically to antagonize the endoperox- 
ide-induced vasodilation. (ii) Another 
possibility is that the bovine coronary ar- 
tery is producing a novel PG-like sub- 
stance (from the arachidonate or the en- 
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doperoxide) which is highly potent but 
only present in low concentrations. 

These observations have physiological 
and pathological implications. In investi- 
gations in open-chested dogs, intra- 
coronary injection of arachidonate pro- 
duced coronary dilation which was abol- 
ished by indomethacin (12), thereby 
indicating a correlate to our experi- 
ments. Potentially noxious stimuli, such 
as low oxygen tension, could result in 
the local biosynthesis of a PG-endoper- 
oxide product which would enhance re- 
gional coronary blood flow, and thereby 
overcome the local cardiac oxygen and 
metabolic deficit. On the other hand, 
although we could not demonstrate 
thromboxane synthesis in the coronary 
artery, the potent vasoconstrictor TA2 
can be synthesized by circulating plate- 
lets during thrombosis and aggregation. 
Thus, coronary tone, and possibly 
spasms, in ischemic zones of the myocar- 
dium may be influenced markedly by in- 
terplay between thromboxanes from 
platelets on the one hand and endoperox- 

Fig. 3. Comparative contractile response to 
enzymatically generated PG endoperoxide, 
thromboxane A2, and PGE2 on superfused 
bovine coronary artery and rabbit aorta 
strips. The incubation of sheep seminal vesi- 
cle microsomes (SSV, source of cyclo- 
oxygenase) plus 500 ng of arachidonate (AA) 
in 50 mM phosphate buffer at pH 7.4 for 1 
minute at room temperature quantitatively 
generates a mixture of PGH2 and PGG2 (7, 8) 
which relaxes the bovine coronary but con- 
tracts the aorta. If this mixture is then in- 
cubated with indomethacin platelet micro- 
somes (IPM, the source of thromboxane syn- 
thetase) at 0?C for 2 minutes, then 25 to 30 
percent of the endoperoxides are converted to 
the potent vasoconstrictor thromboxane A2 
(7-9). When arachidonate is incubated in the 
presence of reduced glutathione it is quan- 
titatively converted to PGE2 (7), which con- 
tracts both the bovine coronary and the rabbit 
aorta. Incubation of the enzymes (SSV and 
IPM) without substrate (AA) produced no re- 
sponse on the blood vessels. 

ide intermediates synthesized endoge- 
nously on the other. 

We recently found that when PGH2 is 
incubated with bovine coronary micro- 
somes, the PGH2 is completely metabo- 
lized (that is, there is a loss of rabbit 
aorta contraction) to a labile compound 
which is a much more potent coronary re- 
laxant (13). We also found that a primary 
product generated by bovine coronaries 
incubated with 14C-arachidonate, is 6- 
keto-PGFi, (13). This end product was 
inactive as a coronary relaxant. Thus, 
the coronaries possess a major novel ar- 
achidonate metabolic pathway which 
generates a labile substance apparently 
intermediate between PGH2 and the final 
6-keto-PGF1,-like product, which is a po- 
tent coronary vasodilator. On the other 
hand, PGHi was not metabolized by bo- 
vine coronary microsomes, and thus ex- 
hibited no loss of rabbit aorta or coro- 
nary contraction. Formation of 6-keto- 
PGFS, requires the presence of a double 
bond between C-5 and C-6 which is lack- 
ing in PGH, but not in PGH2 or PGH3. 
The major arachidonate end product pro- 
duced by isolated perfused rabbit hearts 
was a 6-keto-PGFi,-like product, where- 
as a compound comparable to the novel 
prostaglandins is not produced from di- 
homo-y-linolenic acid [C20: 3 (n - 6), 
where n is the position of the first double 
bond], the fatty acid (precursor of PGH1) 
which lacks the double bond between C- 
5 and C-6 (14). Thus, vascular resistance 
in the intact heart and in isolated coro- 
nary arteries appears to be largely deter- 
mined by this major novel metabolic 
pathway. 
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minute in the arterial blood, to molecular 
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lished that Ot is equal to the product of 
blood flow (VB) and the amount of oxy- 
gen bound to the Hb. Thus 
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Abstract. A model which equates oxygen transport to hemoglobin concentration 
and molecular weight is used to demonstrate that high concentrations of hemoglobin 
will augment oxygen transport only if the molecular weight of the hemoglobin is low. 
The evolution of corpuscles is a necessary counterpart to having high concentrations 
of the low molecular weight hemoglobins; corpuscles prevent loss of the small mole- 
cules by way of excretory filters and prevent the development of exceedingly high 
plasma osmotic pressures. 
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Some animals have hemoglobins 
(Hb's) which are carried in solution, 
while others have Hb's which are lo- 
cated in blood corpuscles. Animals with 

high Hb concentrations always have 
blood corpuscles (1), and it has been sug- 
gested that the blood corpuscles have 
evolved because a solution of Hb of the 
same oxygen capacity would be highly 
viscous, although recent evidence has in- 
dicated that this is not the case (2). A 
much overlooked observation is that the 
Hb's which are carried in solution have 

large molecular weights (> 5 x 105) 
while the Hb's located in corpuscles 
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have low molecular weights (< 7 x 104). 
In this report, I show that it is the low 
molecular weight of the Hb that is criti- 
cal to obtaining blood with a high oxygen 
capacity. The packaging of the Hb in cor- 
puscles is a necessary counterpart to hav- 
ing high concentrations of the low molec- 
ular weight Hb; such packaging prevents 
loss of the molecules of low molecular 
weight by way of excretory filters and 
prevents marked increases in plasma os- 
motic pressure. 

The significance of molecular weight 
can be demonstrated with a simple mod- 
el which equates oxygen transport (tO), 
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where k1 is a constant for the binding ca- 

pacity of Hb (3) and CHb is the concentra- 
tion of Hb. However, CHb will also affect 
VB by changing blood viscosity (r/). For 

example, from the Poiseuille equation 
(4), one can approximate blood flow as 
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where k2 is a constant that embodies the 
vascular dimensions of the vessel system 
and the driving pressure, for example. 
For any given k2, blood flow will vary in- 

versely with blood viscosity. In turn, 
blood viscosity is directly related to the 
intrinsic viscosity [71] of Hb and CHb or 

r = 1 + [N]CHb + ([r7]CHb)2 (3) 

and the intrinsic viscosity of the Hb is di- 

rectly related to M 
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where k4 combines kl and k2. 
From Eq. 5, it is evident that the rela- 

tion between Ot and Hb is a complex 
one. The two components that are impor- 
tant are the direct relation between Ot 
and Hb, which is a consequence of the 

oxygen-binding properties of the carrier 
molecule, and an inverse relation be- 
tween the two which depends on the ef- 
fects of Hb on ,7. Of particular interest is 
the fact that the influence of Hb on rl is 

dependent on both concentration of Hb 
and on M. Although a variety of carrier 

pigments have been identified, they are 
all polymers or aggregates of molecules 
with low molecular weights. If the large 
Hb's are split into smaller units, ,r will be 
reduced without the oxygen capacity of 
the blood being changed. 

The influence of M on r, and Ot are il- 
lustrated in Figs. 1 and 2. In Fig. 1 are 
shown the results obtained after substi- 

tuting Eq. 4 into Eq. 3. The [r] of the 

Hb's, based on known values for myoglo- 
bin and various polypeptides, is approxi- 
mated from 
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