Prostacyclin: A Potentially Valuable Agent for Preserving

Myocardial Tissue in Acute Myocardial Ischemia

Abstract. Prostacyclin, a potent, naturally occurring prostaglandin exerts a varie-
ty of cardiovascular and cellular actions of potential value in acute myocardial is-
chemia. These properties include the reduction of systemic blood pressure without
changing heart rate, the lowering of coronary vascular and total peripheral resist-
ance, the inhibition of platelet aggregation and the concomitant formation of
thromboxane B,, and the reduction of the release of lysosomal enzymes.

Prostacyclin (PGI,), a novel prosta-
glandin that is formed by blood vessel
walls, was recently discovered and iden-
tified (/). In its biological actions (for ex-
ample, vasodilation and inhibition of
platelet aggregation) PGI, is much more
potent than prostaglandin E, (PGE,).
Since PGE; significantly prevents the ex-
tension of myocardial damage in acute
myocardial ischemia (2), we evaluated a
variety of cardiovascular and cellular
properties of PGI, in order to determine
if PGI, might be more useful than PGE,
in myocardial ischemia.

For our studies, we synthesized PGI,
by iodination and subsequent base hy-
drolysis of prostaglandin F,, methyl es-
ter using a two-step, highly efficient
method (3). This procedure provides
PGI, of high purity (> 95 percent) in a
stable form in basic ethanolic solutions
ready for biological investigations (3).

We anesthetized adult cats with pento-
barbital sodium (30 mg/kg) given intra-
venously. The right carotid artery, left
jugular, and right femoral veins and the
trachea were cannulated. The chest was
opened and positive-pressure ventilation
with room air was instituted. An electro-
magnetic flow probe was then positioned
around the root of the aorta in order
to measure aortic blood flow. Elec-
trocardiogram (ECG) standard lead 3, as
well as aortic blood pressure, P,, central
venous pressure, P,, and aortic blood
flow, Q,, were continuously recorded
on a rectilinear oscillographic recorder.
Total peripheral resistance (R,) was
computed by the formula: Ry, = (P, —

P.)/Q., where P, and P, are measured
in millimeters of mercury, and Q, is mea-
sured in milliliters per minute. Instanta-
neous heart rate was recorded from
the ECG by a cardiotachometer coupler
and was recorded along with the other
cardiovascular variables.

Prostacyclin was infused by way of the
cannulated femoral vein at rates of 0.3,
2.7, and 7.3 nmole per kilogram of body
weight per minute over a 20-minute peri-
od. An equilibration of 30 minutes was
used between each infusion, despite the
fact that circulatory function returned to
control values within 10 minutes of dis-
continuation of each infusion. The PGI,
was diluted fresh in 95 percent ethanol
containing 1 mM Nal, which was used as
a vehicle control in all experiments.

Within 2 minutes of PGI, infusion, ar-
terial blood pressure decreased marked-
ly at the two higher infusion rates and
only very slightly at the lowest infusion
rate. As expected, heart rate increased
with the decrease in arterial blood pres-
sure. However, instead of a large in-
crease in heart rate, as usually occurs af-
ter hypotension induced by hemorrhage
4), there was only an increase of about
10 beats per minute followed within §
minutes by a decrease in heart rate of 10
to 20 beats per minute, so that heart rate
equilibrated at or slightly lower than pre-
infusion values. This may have been due
to an inhibition of sympathetic tone by
PGI,. Concomitant with these changes,
mean aortic blood flow increased by
20 = 6 percent (N =6, P < .05) at a
middle infusion rate (that is, 2.7 nmole

Fig. 1. Hemodynamic re-
sponse in cats 10 minutes after
intravenous infusion of PGI,
(2.7 nmole kg™! min!). Open
bars indicate preinfusion val-
ues; solid bars indicate values
attained after 10 minutes of
PG]I, infusion (means * stan-
dard error). Numbers within
bars indicate the number of
cats in which responses were

)
— —
) o
3 =)
I |

rate (beat/min

Pressure (mm-Hg) or
I
o
I

[ Control

= PG,

p<.01 050

1

—Ij X

_h p<.05

o
0
o
Ryp (PRU)

12 12

measured. The left two bars 0
represent values of mean arte-
rial blood pressure (Py,,,) mea-

HR
(beats/min)

Pmob
(mm-Hg)

sured by intraaortic catheters positioned by way of the right common carotid artery. The middle
two bars indicate the heart rate (HR) response to PGI, infusion. The right two bars represent
values for total peripheral resistance (R;,) measured in peripheral resistance units.

52

0036-8075/78/0407-0052$00.50/0 Copyright © 1978 AAAS

kg™! min~!) and by 54 * 25 percent
(N = 4) at 7.3 nmole kg™ min~". Figure
1 summarizes the absolute changes in
mean arterial blood pressure (Ppap),
heart rate, and total peripheral resistance
for the middle infusion rate. The values
were obtained 10 minutes after the onset
of the PGI, infusion and represent
steady-state values because no further
changes were observed between 10 and
20 minutes. The hemodynamic profile of
a decreased P, an unchanged heart
rate, and a reduction in vascular resis-
tance are suggestive of a vasodilator ef-
fect. However, a vasodilation of this
magnitude would not be expected to im-
pair coronary blood flow. Moreover,
these hemodynamic effects would be de-
sirable in acute myocardial ischemia be-
cause they resulted in a decrease of
15 = 4 percent in cardiac work (P <
.02). The lowest infusion rate did not
exert significant effects on any of the
cardiovascular variables studied, where-
as the highest infusion rate decreased
P, by 68 £ 6 mm-Hg (P < .02). In-
fusion of the PGI, vehicle did not result
in any significant changes in the vari-
ables measured.

In addition to the studies of intact ani-
mals just described, we studied the ef-
fects of PGI, in isolated tissues under
controlled conditions. We chose the fol-
lowing cat tissue preparations as our test
systems in vitro: (i) isolated perfused
coronary arteries for coronary vasoac-
tivity, (ii) isolated papillary muscles for
cardiac muscle contractility, (iii) large
granule fractions (LGF) of liver as a
lysosomal-rich preparation for lysosomal
membrane stability, and (iv) platelet-rich
plasma for platelet aggregation.

Coronary arteries were isolated from
cat hearts as described (5) and perfused
under constant flow (that is, 35 ml/min)
with oxygenated Krebs-Henseleit solu-
tion (pH 7.3) specifically modified for cat
tissues (6). Perfusion pressure, as an in-
dex of vasoactivity, was continuously re-
corded by means of Statham pressure
transducers and an oscillographic re-
corder. After an initial 30- to 60-minute
equilibration period, the arteries were
tested with 25 mM KCl, a constrictor of
these vessels, as well as with adenosine
(150 nM), a dilator of coronary arteries.
Concentration-response relationships of
PGI, at concentrations from 1 to 500 nM
are summarized in Fig. 2. Concentra-
tions of 1 to 10 nM did not significantly
alter coronary perfusion pressure. How-
ever, 50 to 500 nM PGI, induced a pro-
gressive concentration-dependent de-
crease in coronary perfusion pressure
indicative of coronary vasodilation
(P < .02 to < .001). This dilation is
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Fig. 2. Responses of isolated perfused cat cor-
onary arteries to PGI,. Cat coronary arteries
(1.5 to 2.0 cm long) were perfused at constant
flow (35 ml/min) with recirculating oxygen-
ated (95 percent O, plus 5 percent COyp)
Krebs-Henseleit solution. Coronary perfusion
pressure was continuously monitored as PGI,
or an appropriate dilution of the PGI, solvent
(95 percent ethanol plus 1 mM Nal) was add-
ed to the perfusate. Peak pressure responses
were observed within 5 minutes of drug addi-
tion. Solid circles represent mean changes in
perfusion pressure (ordinate) following addi-
tion of PGIL, in final bath concentrations
shown on the-abscissa. Open circles show
pressure responses to appropriate dilutions of
the PGI, vehicle. Numbers in parentheses in-
dicate number of vessels tested at each point.

greater than that produced by an
equimolar concentration of PGE, (7),
and is not significantly different from the
response to an equimolar concentration
of adenosine, one of the most potent cor-
onary vasodilators known (8).

At concentrations from 1 to 1000 nM,
PGI, did not exert significant inotropic
effects in the electrically driven isolated
cat papillary muscles (9). The muscles
responded with increases of 100 percent
to isoproterenol and decreases of 60 per-
cent to myocardial depressant factor (9)
given at the end of the experiment, dem-
onstrating that they were responsive to
both positive and negative inotropic
stimuli. However, 50 nM PGI, did not al-
ter contractile force. Responses to 10 to
100 nM PGI, averaged a 0.4 = 0.7 per-
cent increase (not significant) for six
muscles. Thus, PGI, does not possess
significant direct cardiostimulatory ac-
tivity in isolated cat cardiac tissue. This
finding suggests that the increase in car-
diac output in response to PGI, observed
in the intact cat is primarily due to sys-
temic vasodilation and to indirect car-
diac effects (that is, increased cardiac
ejection in the face of an increased
venous return).

The LGF of cat liver homogenates
were prepared as described (10), 1 g of
liver tissue being used for each 6 ml of
0.25M sucrose. The homogenate was
centrifuged at low speed to remove cell
debris, then centrifuged at 15,000g for 30
minutes at 4°C. The pellet from this cen-
trifugation, washed twice with 0.25M su-
crose, was designated the LGF. Suspen-
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sions of LGF were incubated at 37°C in
Krebs-Henseleit solution either in the
presence of PGI, (50 nM) or ethanol-Nal
vehicle for 30 minutes. At the end of this
incubation period, the flasks were placed
on ice, and the 30-minute samples were
collected for assay of the lysosomal en-
zymes f-glucuronidase and cathepsin
D according to established spectropho-
tometric procedures (/). The percent-
age of release of each lysosomal hydro-
lase over the 30-minute incubation peri-
od was calculated by comparison of en-
zyme assays in the presence and absence
of 0.1 percent Triton X-100 (that is, a
nonionic detergent that rapidly releases
all lysosomal hydrolase activity). With
PGI, at 50 nM, a concentration comput-
ed to be approximately equivalent to the
middle infusion rate in the intact cats,
there was a significant decrease in both
B-glucuronidase and cathepsin D re-
lease. In this regard, suspensions of LGF
released 33.9 = 2.2 percent of their total
B-glucuronidase in the absence of PGI,
(that is, in the presence of the ethanol-
Nal vehicle), whereas they released only
26.1 = 2.3 percent of their total in the
presence of 50 nM PGI,, a difference of
7.8 = 1.3 percent (P < .02). Similarly,
PGI, reduced the rate of cathepsin D re-
lease in suspensions of LGF from
24.1 = 1.5 percent to 12.4 = 2.9 percent
(P < .01), a difference of 11.7 = 2.4 per-
cent. These findings provide strong sup-
port for a lysosomal stabilizing effect of
PGI,. Moreover, PGI, is five to ten times
more potent than PGE, in preventing
lysosomal hydrolase release (/1) and
thus appears to be a potent membrane-
stabilizing agent, at least in suspensions
of liver lysosomes.

We also tested the ability of PGI, to
inhibit arachidonic acid-induced platelet
aggregation in cat platelet-rich plasma
using the method of Born (/3) to assess
platelet aggregation. Figure 3 shows that
PGI, (10 nM) abolished platelet aggrega-
tion in response to 0.5 mM arachidonic
acid as evidenced by the amplitude of the
platelet aggregation curves. At the same
time, PGI, suppressed the production of
thromboxane A, by platelets as mea-
sured by specific radioimmunoassay of
its stable metabolite, thromboxane B,,
possibly by an adenosine 3',5'-mono-
phosphate-mediated inhibition of cy-
clooxygenase (/4). Also, PGI, was a po-
tent inhibitor of the aggregation of cat
platelets induced by prostaglandin G,
adenosine diphosphate, or collagen.

Prostacyclin (at 2.7 nmole kg™ min™?)
decreased systemic blood pressure, total
peripheral resistance, and cardiac work
in the anesthetized cat without changing
heart rate. This prostaglandin also de-
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Fig. 3. Typical platelet aggregation tracings
showing inhibition of platelet aggregation and
of thromboxane B, (TxB,) formation by 10 nM
prostacyclin (PGI,) after the addition of
arachidonic acid (AA) to platelet-rich plasma
(PRP). Cat PRP was prepared by centrifuga-
tion of citrated (1:10 volume, 3.8 percent tri-
sodium citrate) whole cat blood at 200g for 15
minutes. The PRP was first incubated at 37°C.
Arachidonic acid (0.5 mM) was added to 0.5
ml of stirred PRP. After 2 minutes, a 50-ul
portion of PRP was assayed for thromboxane
B, (14).

creased coronary vascular resistance
(that is, by decreasing coronary per-
fusion pressure at a constant coronary
flow) suggesting that it improves coro-
nary flow. If these effects occurred to a
significant degree in myocardial is-
chemia, they would markedly improve
myocardial oxygen supply relative to
myocardial oxygen demand. The net re-
sult of these effects would be to retard
the spread of ischemic damage and thus
reduce the size of the developing myo-
cardial infarct (I5).

In addition to these hemodynamic ac-
tions, PGI, stabilizes lysosomal mem-
branes, antagonizes platelet aggregation,
and inhibits platelet thromboxane pro-
duction. These cellular effects may be of
great significance in preventing the
spread of ischemic damage within the
myocardium. In this regard, myocardial
lysosomal disruption occurs within the
first 2 to 5 hours of acute myocardial is-
chemia (16), and lysosomal hydrolases
once released into the circulation are
known to impair the reserve capacity of
the heart as well as curtail coronary flow
(17). Inhibition of platelet aggregation is
a very important effect of PGI, since
platelet aggregation is a vital factor in
thrombotic processes, and vascular
thrombosis may be an important re-
sponse to ischemia in the coronary vas-
culature. Finally, inhibition of throm-
boxane generation by PGI, is another
important feature of the anti-ischemic
profile of this prostaglandin since
thromboxane A, is thought to induce
constriction of the coronary vasculature
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(18). This constriction may provoke cor-
onary vasospasm which could trigger an
acute ischemic crisis. Thus, PGI, may be
useful in the prevention of secondary is-
chemic episodes once an initial ischemic
event occurs in the heart.
ALLAN M. LEFER
MARTIN L. OGLETREE
Department of Physiology,
Thomas Jefferson University,
Philadelphia, Pennsylvania 19107
J. BRYAN SMITH
MELVIN J. SILVER
Cardeza Foundation and
Department of Pharmacology,
Thomas Jefferson University
Kyriacos C. NicoLAOU
WiLLIAM E. BARNETTE
GREGORY P. GAsic
Chemistry Department, University of
Pennsylvania, Philadelphia 19174

References and Notes

1. S. Moncada, R. Gryglewski, S. Bunting, J. R.
Vane, Nature (London) 263, 663 (1976); S. Bunt-
ing, R. Gryglewski, S. Moncada, J. R. Vane,
Prostaglandins 12, 897 (1976); S. Moncada, R.
J. Gryglewski, S. Bunting, J. R. Vane, ibid., p.
715; R. A. Johnson, D. R. Morton, J. H. Kinner,
R. R. Gorman, J. C. McGuire, F. F. Sun, N.
Whittaker, S. Bunting, J. Salmon, S. Moncada,
J. R. Vane, ibid., p. 915.

2. M. L. Ogletree and A. M. Lefer, Circ. Res. 42,
218 (1978); T. Takano, J. K. Vyden, H. B. Rose,
E. Corday, H. J. C. Swan, Am J. Cardiol. 39,
297 (1977).

3. K. C. Nicolaou, W. E. Barnette, G. P. Gasic, R.
L. Magolda, W. J. Sipio, M. J. Silver, J. B.
Smith, C. M. Ingerman, Lancet 1977-1, 1058
(1977). This methodology has been successfully
extended to the synthesis of other more stable
PGI, derivatives [K. C. Nicolaou, W. E. Bar-
nette, G. P. Gasic, R. L. Magolda, J. Am. Chem.
Soc. 99, 7736 (1977)].

4. E. E. Selkurt, Physiology (Little, Brown, Bos-
ton, ed. 4, 1976), p. 419; A. M. Lefer and J. A.
Spath, Jr., in Cardiovascular Pharmacology , M.
.; ._]_‘}\ntonaccio, Ed. (Raven, New York, 1977), p.

5. M. L. Ogletree and A. M. Lefer, Fed. Proc.
Fed. Am. Soc. Exp. Biol. 36, 986 (1977).

6. A. M. Lefer, J. Pharmacol. Exp. Ther. 151, 294
(1966). The composition of the modified Krebs-
Henseleit solution in millimoles per liter was

NaCl, 118; KCl, 4.75; CaCl, - H,O, 2.54;
KH,PO,, 1.19; MgSO, - 7TH;0, 1.19; NaHCO;,
12.50; and glucose, 10.0.

7. N. Toda, H. Usui, K. Sakae, Jpn. J. Pharma-
col. 25, 487 (1975); R. Boroyan, Acta Biol. Med.
Ger. 35, 1083 (1976); S. Kalsner, Can. J.
Physiol. Pharmacol. 53, 560 (1975).

. R. M. Berne, Physiol. Rev. 44, 1 (1964).

. A. M. Lefer, R. Cowgill, F. F. Marshall, L. M.
Hall, E. D. Brand, Am. J. Physiol. 213, 492
(1967); A. M. Lefer, Fed. Proc. Fed. Am. Soc.
Exp. Biol. 29, 1836 (1970); L. J. Greene, R. Sha-
panka, T. M. Glenn, A. M. Lefer, Biochim.
Biophys. Acta 491, 275 (1977). Myocardial de-
pressant factor has been identified as a tetrapep-
tide having a molecular weight of 500.

10. J. T. Flynn, G. A. Bridenbaugh, A. M. Lefer,

Am. J. Physiol. 230, 684 (1976); T. M. Glenn and
A. M. Lefer, Circ. Res. 27, 783 (1970).

11. Cathepsin D activity was assayed according to
the method of M. L. Anson [J. Gen. Physiol. 20,
565 (1936)], bovine hemoglobin being used as
substrate. One unit of cathepsin D activity is
equivalent to 1 mEq of tyrosine release X 10~*
per milliliter per hour at 37°C. B-Glucuronidase
activity was assayed according to the method of
P. Talalay, W. Fishman, and C. Huggins [J.
Biol. Chem. 166, 757 (1946)], phenolphthalein
glucuronide being used as substrate. One unit of

* B-glucuronidase activity is equivalent to 1 ug of
phenolphthalein X 1072 released per milliliter
per hour at 37°C.

12. G. T. Raflo, S. L. Wangensteen, T. M. Glenn,
A. M. Lefer, Eur. J. Pharmacol. 24, 86 (1973).

13. G. V.R. Born, Nature (London) 194, 927 (1962).

14. V. Ferraris, J. B. Smith, M. J. Silver, Thromb.
Diath. Haemorrh. 38, 20 (1977); R. R. Gorman,
S. Bunting, O. V. Miller, Prostaglandins 13, 377
(1977); J. E. Tateson, S. Moncada, J. R. Vane,
ibid., p. 389; C. Malmsten, E. Granstrom, B.
Samuelsson, Biochem. Biophys. Res. Commun.
68, 569 (1976).

15. E. Braunwald, in Pathophysiology and Thera-
peutics of Myocardial Ischemia, A. M. Lefer,
G. J. Kelliher, M. J. Rovetto, Eds. (Spectrum,
New York, 1977), p. 265; P. R. Maroko and E.
Braunwald, Ann. Intern. Med. 79, 720 (1973).

16. M. A. Ricciutti, Am. J. Cardiol. 30, 492 (1972);
ibid., p. 498; J. A. Spath, Jr., and A. M. Lefer,
Circ. Res. 35, 44 (1974); G. Weissmann, S. Hoff-
stein, D. Gennaro, A. C. Fox, in Patho-
physiology and Therapeutics of Myocardial Is-
chemia, A. M. Lefer, G. J. Kelliher, M. J. Ro-
vetto, Eds. (Spectrum, New York, 1977), p. 367.

17. T. M. Glenn, A. M. Lefer, A. C. Beardsley, W.
W. Ferguson, A. M. Lopez-Rasi, T. S. Serate,
J. R. Morris, S. L. Wangensteen, Ann. Surg.
176, 120 (1972); J. A. Spath, Jr., E. A. Reed, A.
M. Lefer, ibid. 181, 813 (1975).

18. E. F. Ellis, O. Olez, L. J. Roberts, II, N. A.
Payne, B. J. Sweetman, A. S. Nies, J. A. Oates,
Science 193, 1135 (1976); P. A. Needleman, P.
S. Kulkarni, A. Raz, ibid. 195, 409 (1977).

19. We thank M. Gaffney and C. M. Ingerman for
technical assistance.

26 September 1977; revised 28 December 1977

\O o©

Size and Shape of the Lateral Intercellular Spaces

in a Living Epithelium

Abstract. The lateral intercellular spaces of Necturus gallbladder epithelium were
seen and measured while the living tissue was perfused in a new chamber. The com-
pliance of the lateral cell membranes was calculated from the measured pressure-
volume characteristics of the lateral intercellular spaces.

The lateral intercellular spaces of
fluid-transporting epithelia have been as-
signed a major role in the transepithelial
movement of water. On the basis of elec-
tron micrographs of rabbit gallbladder, it
was concluded that the size of the lateral
spaces was directly related to the rate of
isotonic fluid transport by the gallbladder
and that the interspaces represent the fi-
nal common path for transported fluid
(1). Several aspects of these results have
been called into question. It has been

suggested that the dimensions of the lat-
eral spaces are such that current mathe-
matical models fail to predict an isotonic
absorbate (2). Fredericksen and Rost-
gaard (3) even questioned the existence
of dilated lateral intercellular spaces in
living preparations and suggested that
the fixation and embedding procedures
preparative to electron microscopy pro-
duced artificially dilated spaces because
of cell shrinkage. Other authors (¢) re-
ported that fixation procedures may alter
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intercellular space geometry, making the
accuracy of morphometric data ques-
tionable.

The conclusions of many investigators
about the role of the lateral spaces are
heavily dependent on the accuracy of
measurements of the spaces in electron
micrographs. Since there is controversy
about the relevance of intercellular di-
mensions in fixed preparations to the liv-
ing tissue, we developed a method for
light microscopic observation of the
spaces in a living, flat epithelium. This
system makes it possible to continuously
measure the width or cross-sectional
area of the lateral intercellular spaces at
any distance between the tight junction
and the basement membrane. Simultane-
ously, we can measure the epithelial
electrical resistance, pass current across
the epithelium, vary and measure the hy-
drostatic pressure across the epithelium,
and rapidly alter the composition of the
fluids bathing either surface of the epi-
thelium. Thus it is possible to perform
most of the experiments currently uti-
lized for studying epithelia while mon-
itoring the size and shape of the inter-
cellular spaces. Necturus gallbladder
was chosen for the initial experiments
because of its relatively large cell size (15
to 25 um in diameter) (5).

The chamber for the gallbladder,
shown in an exploded view in Fig. 1, is a
miniature Ussing chamber (6) whose di-
mensions are chosen to satisfy the opti-
cal requirements of the microscope lens
system. The overall chamber thickness
is 1.1 mm and the tissue is within 75 um
of the inner surface of the bottom cover
glass. The chamber was modified from a
Dvorak-Stotler tissue culture chamber
(7). The tissue is held mucosal side
downward between concentric rings that
are placed inside a plastic spacer. The
bottom of the spacer is composed of two
laminated sheets of mica and the bottom
cover glass (Fig. 1). The channel in the
lower mica forms the mucosal bath (8).
The serosal bath is formed by fluid above
the smallest tissue-holding ring. Before
assembly, the topmost mica surface was
painted lightly with liquid Sylgard 184
(Dow Chemical Co., Midland, Michigan)
to achieve an electrical seal of the tissue
to the mica around the center hole. The
size of the center hole in the uppermost
mica sheet determines the area of tissue
exposed to the mucosal bath. We tried
several sizes, ranging in diameter from
75 um to 1.5 mm. The optimum size was
a 1.5-mm-diameter hole, determined by
the electrical properties of the tissue and
mechanical considerations. Thus the ex-
posed tissue has an area of 1.8 x 1072
cm?.
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