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&, ® PGB,, a polymeric, stuble, free radical derivative of 15-keto-prostaglandin B,, that
e conserves oxidative phosphorylation in mitochondria under degenerative conditions in
= vitro, affected survival of male Rhesus monkeys (5-9 kg) anesthetized with pentobarbital
1 and subjected to coronary ligation and induced ventricular fibrillation (VF). In tests
performed in sequence with intervening periods for recovery, intracardiac injections of
norepinephrine (NE), cardiac massage (CM), and electrical defibrillation (EDF) were
used to restore cardiac function both in controls and experimental animals, but the
latter were injected also with 1 mg/kg PGB,. Recovery was established by maintenarce
of effective blood pressure without exogenous support. In the control group the cuimu-
lative survival for fibrillaiion episodes of 4, 6, 8, and 12 min was 60, 40, 31, and 25% -~ )
respectively. In the PGB -treated group survival for equivalent periods was 100, 93, 93,

and 88% respectively. In separate studies, African Green monkeys were subjected to

single episodes of VF of either 8 or 12 min. Combined survival was 36% for the

controls, 93% for the PGB, -treated animals. Clearly PGB, radically improved cardiac

recovery after circulatory arrest due to VF in the presence of acute myocardial infarc-

tion. The results also suggest a synergistic action between norepinephrine and PGB, in

achieving such recovery.
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INTRODUCTION stops.? In studies on ischemic anoxia pro-

duced by acceleration of rats at 20g, survival
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Recovery following ventricular fibrillation
(VF) in the presence of acutc myocardial
infarction is a well-recognized clinical prob-
lem, currently with no adequate effective
therapy and a poor prognosis. Available
evidence indicates that tissue ischemia lead-
ing to hypoxia and acidosis is associated with
biochemical abnormalities involving insuffi-
cient energy for cellular survival because of
dccreased ATP production, mitochondrial
damage, changes in membrane permeability,
and lysosomal membrane rupture leading to
irreversible cell damage and finally death.!
Mpyocardial cell death is believed to occur
when intracellular ATP drops below 2.0 p
moles/g in the perfused heart and the anaer-
obic metabolism of the ischemic heart cell

was markedly enhanced by drastic changes in
pituitary-adrenal hormones which correlated

with the maintenance of high levels of ATP

in the brain.®* In subsequent studics on de-
generative biochemical changes in anoxic
stress®® a new bioregulatory factor was dis-
covered with the unique prbperty of conserv-
ing the mechanisms of oxidative phosphoryl-
ation of isolated mitochondria in vitro under
degencrative conditions leading to a com-
plete loss of the oxidative energy transforma-
tion process.”™® This factor, currently termed
PGB,, is a polymeric condensation of prosta-
glandin B, to form a new compound lacking
the described properties of the parent
prostaglandin.

When rat liver mitochondria arc slowly




———— oot

82

degencrated by aging at 0°C, followed by a
bricf Mg+ catalyzed degeneration at 27°,
complete loss of oxidative phosphorylation
activity occurs. Addition of PGB, to the
rcaction mixture preserves and restores oxi-
dative phosphorylation to normal levels.?®

In studies with inhibitors or Ca*t com-
peting for phosphorylation sites on the mito-
chondria, PGB, acted to sustain oxidative
phosphorylation. In the interplay between
Ca?t and PGB, an in vitro control of the
phosphorylation level could be achieved. All
the effccts of PGB, were obscrved with so-
called damaged mitochondria. No cffect of
PGB, was observed with normal intact mito-
chondria. These findings suggested the use of
PGB, in vivo for the amelioration and sur-
vival of ccllular catastrophes involving mito-
chondrial damage resulting in shock and
death as scen in ischemic anoxia pathology.

The intent of the experimental design to
be described was to investigate possible ef-
fect of PGB, in the rcstoration of tissue and
organ function after lethal periods of
ischemia and hypoxia had rendered the
organ intractablc to the most effective thera-
peutic procedures known. Based on prelimi-
nary studies, the experimental procedure in-
volved evaluation of overall cardiovascular
recovery and survival of monkeys after a
period of ventricular fibrillation in « heart
with a Icft ventricular infarction from a coro-
nary ligation. This provided an insult associ-
ated with a high incidence of mortality®?
and of such magnitude that recovery in un-
trcated animals is at best difficult.

METHODS

Two specics of monkeys, Rhesus (Macaca
mulata) and African Green (Cercopithecus
aethiops), were uscd. The monkeys were
anesthtized with pentobarbital (30 mg/kg),
then a thorocotomy on the left side between
the 4th and 5th intercostal space was per-
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formed under positive pressure artificial res-
piration. Catheters were placed in the thor-
acic or abdominal aorta for direct recording
of blood pressurc and heart rate, and in the
vena cava for venocylsis with Normasol, pH
7.4.* Lead 1 ECG was obtained with intra-
dermal electrodes. Two stainless steel EEG
electrodes werc anchored 3 ¢m apart into the
skull along the temporal ridge, positioned not
to penctrate the dura. After stabilization, so
that blood pressure was constant and the
animal was able to maintain itself without
assistance, the left anterior interventricular
coronary artery was ligated just past the
major branch approximately 1 cm from
origin. In separate studies on Rhesus mon-
keys this ligation procedure caused an isch-
emic region involving an average of 27% of
the feft ventricular mass as measured by the
radioactive microsphere tecchnique.!

Coronary occlusion was utilized as part of
the experimental design to assure that fibril-
lation oncc induccd would be maintained. In
initial studies in which VF was induced in
animals without coronary occlusion there
had been a high incidence of spontaneous
defibrillation. Furthermore, the overall re-
covery after short periods of VF (4 or 8
min) was too high to permit an cflicient as-
sessment of any protective effect.

Arterial blood pressure, EEG, ECG, and
heart ratc were recorded for all animals.
Myocardial segment tension, intraventricular
pressure, dp/dt, and end-diastolic pressure
as well as arterial blood gases, pH, and blood
glucose levels were measured in selected ani-
mals. Since this latter information afforded
little data corrclative with recovery or death
of the animal, it will not be referred to fur-
ther in this paper.

Following coronary ligation, VF occurred

* Normasol R, pH 7.4, a picparation marketed
by Abbott Laboratorics, contiins sodium chloride,
0.526%; sodium acetate, 0.222%; sodium gluco-
nate, 0.52%; potassium chioride, 0.0377%: and
magnesium chloride, 0.014%,
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spontancously in approximately half the ani-
mals in the first 10 to 20 min. Incidence of
spontancous VI prior to 20 min was 56%
in the controls and 44% in the PGB-treated
group. The difference is not statistically sig-
nificant. In those animals that did not fibril-
late within the 20-min period after ligation,
VI° was induced elcctrically. VF was per-
mitted to continue for specified time periods
ranging from 4 to 24 min.

At the end of the prescribed period, resus-
citation procedures were started consisting of
(a) intracardizc injection of SO0 pg norcpin-
ephrine (NE), (b) cardiac massage, and (c)
clectrical  defibrillation.  The latter  was
achieved with a DC defibrillator sct to de-
fiver 50-W pulses for 0.15 sec. The PGB,
treated monkeys received the same resusci-
tation regime as the controfs but with the
additional intracardiac injection of 1 mg/kg
PGB, followed by cardiac massage and clec-
trical defibrillation.  All intracardiac injec-
tions were made into the left ventricular cav-
ity. In addition, the treated animals received
PGB, (1 mg/kg) intramuscularly just prior
to coronary figation as well as additional
doses of PGB, (1 mg/kg) intravenously
every 30 min throughout the experimental
periods. PGB, prepared from 15-diketo
PGB, mcthyl ester according to the method
of Polis et al’? was administered as the
sodium salt dissolved in Normasol R, pH
7.4, to a concentration of 10 mg/ml just
before use.

Once the clectrical and contractile activi-
ties of the heart were reestablished, the ani-
mal was allowed to recover spontaneously.
If the animal remained in shock, NE (1-10
1g) was infused intravenously until the ani-
mal attained a blood pressure level over
40/20 mm Hg or became refractory to NE
and dicd. If the monkey recovered from the
first 4 min of fibrillation and became stable
for a period of 20 to 30 min, it was subjected
to the ncxt longer fibrillation period of 6
min. In this mannecr animals were subjected
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scquentially to cpisodes of fibrillation of 4,
6, 8, and 12 min duration scparated by
20-30 min recovery periods until the animal
dicd in shock or successfully survived the
course. The last group of animals, after re-
covering from 12 min of VF, was subjected
to 24 min of VF,

Paired control and treated monkeys were
run on the same day. When a control was
run in the morning of one day and a treated
animal in the afternoon, thc order was re-
versed with the next pair. As far as possible,
sclection of the animals was random. In six
instances, control monkeys that could not be
brought out of shock with NE were then
given PGB, intravenously. Four out of six
animals so treated revived to survive the se-
quential fibrillation series to 24 min.

To permit evaluation of the cardiovascu-
Tar shock or recovery with PGB, over a
period of time after one ischemic cvent,
another serics of studies was made with
African Green monkeys subjected to a single
fibrillation cpisode of cither 8 or 12 min.
Recovery procedures were the same as with
the sequential fibrillation studies except that
the blood pressure levels in those animals
that survived the initial fibrillation period
were monitored for at least two hours. In
general those animals that failed in shock
did so within the first hour after defibrilla-
tion, This also permitted the determination
of the ability of NE to maintain blood pres-
sure levels in the presence or absence of
PGB, and thus evaluate the synergistic cf-
fects of PGB, and NE.

For the in virro studies, rat liver mito-
chondria were isoluted by differential cen-
trifugation in 0.3 M sucrose containing 5
X 10-4 M EDTA pH 7.4. The isolation and
assay mecthods employed standard tech-
niques.'* Mitochondrial preparations used
contained little lysosomal activity as evi-
denced by measurements of acid phospha-
tase activity, which was less than 2% of
that found in whole liver.!* Addition of PGB,
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did not alter the acid phosphatase activity
in thesec preparations. Mitochondria were
stored in 0.3 M sucrose containing 5 X
10-* M EDTA at a concentration of 100
nig protein/m! at 0°C uatil used. Although
the PGB, cffect on damaged mitochondria
could be shown with first day preparations,
3-5 days of aging at 0°C normally was
required to demonstrate the maximum
PGB, cffect. On the other hand, some rat
liver mitochondria preparations were found
to be active even after 10 days at 0°C. For
the electron microscopy studies of freshly
isolated rat liver mitochondria, samples were
centrifuged at 6000g, the sucrose removed
and the pellet layered with 5% glutaralde-
hyde in 0.1 M phosphatc buffer, pH 7.4. At
30-min intcrvals the mixing reagent was
changed 3 times. For the control and PGB,
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experiments, 4 mg of S-day-old mitochon-
dria were incubated in a mixture containing
0.1 ml of 0.1 M potassium phosphate buf-
fer, pH 7.4; 0.16 m! of 0.20 M sodium
a-ketoglutarate, pH 7.4; and 0.1 ml of 0.1
M MgSOy, in a total vol of 2.01 ml for 15
min in a shaker bath at 27°C. In the PGB,
experiments 10 pg of PGB, was added to
the above mixture. At the end of the pre-
incubation period, the assay for phosphory-
lation was begun by the addition of 0.15
ml of a mixture of 0.05 ml of 0.1 m ADP,
0.05 m! of 0.1 M AMP, and 0.05 ml of 2 M
KCl, followed immediately by the addition
of 0.04 ml of 3.75% solution of crystalline
bovine serum albumin to give a final mixture
of 2.2 ml. AMP and ADP wecre added as
phosphate acceptors, KCl was added to
maintain tonicity, and serum albumin for

TABLE 1. Survival of Control and PGB, Treated Monkeys Subjected to
Incremental Periods of Fibrillation after Left Anterior Coronary Artery

Ligation

Control PGB;-treated
No." Fibrillation (n\in) No. Fibrillation (min)

4 6 8 12 24 4 6 8 12 M4
18 C F* 14 E F
31 C F 15 E S S S
35 C F 19 E S S S
37 C F 20 E S S S S
32C S8 F 2] E S S S S
33C S S F 2 E S S S S
24 C S S S S 23 E S S S S
45 C S F 36 E S S S F
nec F 38 E S S S S S
12C F 19 E S S S S F
13 C S S S 40 E S S S S S
16 C S S F 41 E S S S S S
17 C F 42 E S S S S
26 C F 43 E S S S S
25 C S S S S F 27 E S S S S
4 C S S S S 29E S S S S

Cumulative %% survival

60 40 31 25

100 93 93 838

* Refers to identification number of individual monkey. * (F) indicates
monkey failed to recover from the fibrillation and sustain a blood pressure
above shock. * (S) indicates sticcessful recovery out of shock for the trial
period.
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binding fatty acids rcleased during the de-
generation of the mitochondria. This se-
quence for the addition of reactants was
found to be optimal for demonstrating the
PGB, cffect.

In order to obtain enough material for
the EM experiment, five control vessels and
5 vessels containing PGB, were reacted
with constant shaking for 20 min. The reac-
tion vesscls were pooled in ice-cold tubes
and centrifuged at 10,000g for 10 min. The
supernatants  were removed and  analyzed
for inorganic phosphate remaining'® in order
to check the effectiveness of the PGB, prep-
aration. The pellets were then fixed with
cold buffered glutaraldehyde as described
before.

The fixed pellets from the freshly isolated
mitochondria from control and PGB, re-
acted mitochondria were minced with a
freshly degreased razor blade, and the result-
ing segments were immerscd in Millonigs-
phosphate buffer (MPB) and fixed further
with 1.0% Os0; in the MPB for one hour.
Fixation was followed by rinsing in several
changes of MPB, and dchydration was ac-
complished in a graded series of alcohol
solutions (30, 60, 90, 100, and again
100% ) followed by 2 changes in propylene
oxide, impregnated and embedded in epoxy.
Thin sections of the epoxy-embedded mito-
chondria, cut with a Sorval MT2B ultrami-
crotome fitted with a diamond knife, were
post-stained with uranyl acetatc and lead
citrate.

For the clectron microscopic studies of
monkey heart tissuc, the aorta was cannu-
lated and the beating heart was subjected
to retrograde perfusion at a pressure of 110
cm H.O initially with buffered saline and
subsequently to 1.25% glutaraldehyde buf-
fered with 0.08 M sodium cacodylate and
003 M CaCl; (pH 7.4).'® Small ftissuc
samples wcre obtained from normal and
ischemic rcgions; thecy were immersed in
the same fixative for onc-half hour. Tissues
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were further trimmed to segments measuring
about 0.5 mm* and post-fixed in 1.0%
050, (0.1 3 cacodylate with 3.0% sucrosc)
at 4°C and brought to room temperature for
a total post-fixation period of onc hour. The
tissue, after being rinsed twice in 0.2 M
cacodylate buffer dchydrated in a graded
scries of alcohol solutions, was treated with
propylene glycol prior to embedding in epoxy
as described above. For each study, 9 clec-
tron images of cach of 6 cxamples were
recorded to clectron optical magnifications
of 3400X and 8200X employing an RCA
EMU-4 clectron microscope. All the EM
observations and interpretations were made
by Dr. John T. Stasny.

RESULTS
Studies in Rhesus Monkeys

Initial fibrillation.  Table 1 summarizes
the results of the survival of Rhesus mon-
keys subjected to periods of fibrillation. A
total of 10 control and 14 PGB,-treated
animals were subjected to an initial episode
of VF of 4-min duration. At the end of this
period, 6 of the controls and all 14 of the
PGB,-treated animals recovered. This dif-
ference is statistically significant at p < 0.02
(Fisher’s exact test).

Sequential fibrillation. Since all of the
PGB,-treated animals survived the initjal
tests of 4 min, the studics were extended by
subjecting all survivors (control and treated)
to additional periods of VF. After the initial
cpisode, animals were allowed to rccover
and were subjected to progressively longer
periods of VF of 6, 8, 12, and 24 min. As
shown in Table 1, the cumulative survival
in the controls decrcased from 60% at 4
min to 25% after the 12-min cpisode. In
the PGB,-treated group, the 100% sur-
vival rate after 4 min of VF was maintained
at 88% after the sequential exposure to 6,
8, and 12 min of VF. This diffcrence is sta-
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tistically significant at p < 0.01 (chi-square
test). Furthermore, these results indicate
that while survival in the controls was de-
creasing progressively with the longer pe-
riods of VF as may be expected, the PGB, -
treated group maintained a high survival rate
in the successive tests. This provides addi-
tional cvidence that the differences obtained
in the initial tests were not due to chance,
Six of the PGB,-trcated animals that sur-
vived the 12-min period were exposed to
24 min of VF. Of these, S survived. Of the
4 controls that survived 12 min of VF, 2
were tested at 24 min. Once survived. Spe-
cific statistical comparisons of the survivors
after 24 min of VF is not possible since not
all the animals surviving the 12 min of VF
were tested at 24 min (Table 1).
Defibrillation was achieved with a single
shock in most of the PGB,-treated monkeys
(12 of 14) and about half the control mon-
keys (6 of 10). A few controls required 2
1o 3 shocks. In genera), clectrical defibrilla-
tion was unifor.nly successful and was not
a significant factor in survival. The major
differcnce between the PGB,-treated and
control animals was, that in the former the
recovery of cardiae contractile force follow-
ing clectrical defibrillation was more rapid
and more complete. Control animals in
which cardiac contractile activity did not
recover sufficiently to maintain an adequate
level of blood pressure often developed re-
current cpisodes of fibrillation and/or car-
diac arrcst during the resuscitation phase.
In general, such animals did not recover.
Thesc ubscrvations on untreated animals are
similar to those observed in other spccies
(dogs, pigs) in this and othcr laboratorics.
There was, however, a difference in the in-
cidence of spontancous defibriflation. Many
of the PGB,-trcated animals defibrillated
spontancously and required repeated clee-
trical interventions to maintain the fibrilla-
tion for the experimental period. This was

E. T. ANGELAKOS ct al.

TABLE 1. Spontaneous Recovery from Ventric-
ular Fibrillation After Induced Myocardial Infarc-
tion in Rhesus Monkeys

Incidence of

Fibrillation spontancous defibrillation
time (%)
(min) Controls PGB, -treated

4 0 8

6 7 34

8 7 39

12 0 29

Meciun: 3.7 28

rarcly observed in the controls. Table 11
summarizes the frequency of spontaneous
defibrillation in control and PGB,-trcated
monkeys.

Studies in African Green Monkeys

Initial VF. Studies involving a single
prolonged episode of VF were made on 14
control und 14 PGB,-trcated African Green
monkeys. Two different groups of animals
were exposed to a single cpisode of cither
8 or 12 min of VF. The results, summarized
in Table I, were simliar to those obtained
in the sequential VF studies with Rhesus.

Of thosc Greens cxposed for 8 min, 89%

-of the PGB,-trcated group recovered and

33% of the controls recovered. Of those
exposed for 12 min, 100% of the PGB,-
treated group recovered and 40% of the
control group recovered. The differcnces are
statistically significant (p < 0.05). The
combined survival (8 and 12 min) was
93% for the treated as compared to 36%
for the controls (p < 0.01).

This experimental design, involving a
single episode of VF, made possible extended
obscrvation on the cardiovascular status of
the animal for a period of 2-3 hours after
VF. It was noted that a significant number
of control animals, that had recovered car-
diac activity after initial resuscitation rapidly
deteriorated into a state of circulatory shock.

IR
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TABLE NI Swvival of Control and PGB.-Treated African Green Monkeys after a Single

Fibrillation Episode

Control PGB.-treated
VF period No. surviving -No. surviving
(min) Total leslcd_— €z Survival Total tested €% Survival
8 3/9 33 8/9 §9¢
12 2/5 40 5/5 100*
Total 5/14 36 13/14 93¢

“p < 0.05.°p < 0.01.

During this period, repeated administrations
of NE to thesc controls resulted in short-
lived pressor effects that beceanie progres-
sively less (and/or required higher doses
of NE) until no effect could be obtained
with cven very large doses of NE. In con-
trast, many PGB -treated animals responded
to NE with a pressor effect that did not re-
turn to the previous baseline. Thus in tho
PGB,-treated group, progressively smaller
doses of NE were necded to maintain ade-
quate blood pressure, and cventually the
pressure was maintained without any cx-
ogenous NE.

Infusions of catecholamines afier resusci-
tation. ‘To cvaluate this phenomenon more
directly, experiments were carried out in
which animals were infused continuously
with NE following a period of VF, and the
infusion rate was adjusted to maintain a
diastolic pressure of 60 mm Hg during the
post-fibrillation period. The doses of NE
required to achicve this ranged from 0.3 to
300 pg/min. Six controi and 12 PGB,-
treated African Green monkeys were stud-
ied after the initial resuscitation. In 5 out
of 6 controls (83%) the amount of NE
infused had to be progressively increased
to maintain the desired pressure. In 4 of
these animals the pressure could not be
maintained and the animals died. By con-
trast, in 7 out of 12 PGB,-treated animals
the amount of NE infuscd nccessary to

maintain 60 mm Hg was progressively de-
creased, and all 12 animals survived.

In other cxperiments with control animals
whose blood pressure was at shock levels,
the administration of repeated doses of NE
did not produce a pressor cffcet. When
these animals were treated with PGB,,.sub-
sequent administration of NE at the pre-
viously incffective dose levels usually pro-
duced distinct pressor responses.

Catecholamines and PGB,. In initial
studies it was found that intracardiac ad-
ministration of NE during the resuscitation
period improved greatly the incidence of
recovery and the subsequent status of the
animal in both control and PGB -treated
preparations.  Thercfore intracardiac NE
was included as a standard measure in the
studics reported herc. Obscrvations made
during these initial and subsequent studies
suggested a  potentiating  effcct  between
PGB, and catecholamines. To determine
whether PGB, potentiated any of the car-
diovascular effects of NE in normal animals,
3 normal anesthetized monkeys (Green)
were investigated for dose-response pressor
and cardio-accelerator effects of NE (2-5
ng/kg) before and after PGB,. These did
not demonstrate any potentiating cffect.
However, in the animals with blood pressure
at shock levels, pretreatment with PGB, pro-
duced a distinct potentiation of the pressor
actions of NE. An example is shown in Fig.
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1. Unfortunately this effect was evident only
in the presence of severe hypotension (below
40 mm Hg), was not consistent, and/or the
conditions necessary to reproduce it could
not be fully identified. Hence it was not pos-
sible to obtain quantitative information on
the potentiation, nor was it feasible to study
the cffect of adrenergic blocking agents.

Electron Microscopic Studies

In vitro studies. In an effort to comple-
ment the kinctic studies in vitro, and the
recovery studies in vivo with correlative
changes in mitochondrial structure, clectron
microscopy was carried out on isolated mito-
chondria subjected to degencrative condi-
tions in the absence and presence of PGB,.
These are compared with the sections of
heart from arcas considered normal and
from the infarct arca of control and PGB,-
treated monkeys after fibrillation for 12
min followed by the resuscitation procedures.

The EM obscrvations made in the 3 mite-
chondrial preparations arc illustrated in Fig.
2. Figure 2A represents normal 6-hour-old

D

FIGURE 2. Transmission electron microscopy
observations on isolated rat liver mitochondria
(20,000 x). (A) These are 6-hour-old mitochon-
dria of cxcellent homogeneity. Almost all are in
state IIT or the condensed configuration that repre-
sents the fow energy state of isolated rat liver mito-
chondria. The matrix material is very dense. Only
a few mitochondria are not in the condensed state.
Some microsomes also can be seen. (B) These are
5-day-old mitochondria isolated after preliminary
degencration and 20-mim reaction as described
under MuTHODS. All are swollen 2 to 3 times the
size of the 6-hour-old mitochondria but do not
appear lysed and show only a very small amount
of granular intramitochondrial content and almost
no remnants of cristae. (C) These are 5-day-old
mitochondria treated with PGB, and isolated after
preliminary degencration and 20-min reaction as
desceribed under MiTiops. The PGB, -treated mito-
chondria are less swollen than the untreated mito-
chondria (R) and contain more matrix material
and membranous derivatives of cristae.
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FIGURE 3. Transmission elcctron microscopy
obscrvations on tissue sections from an untreated
monkey with myocardial infarction after 12 min
of VF (24,600 x). (A) Noninfarcted tissue from
base of left ventricle. In noninfarcted region, mito-
chondria in some arcas are well preserved while
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in other arcas they are lacking in matrix density
but show numerons intact and prominant cristae.
(B) Center of infarcted area. Mitochondria are
swollen, disorganized, and deteriorated. Cristae are
in short scgments within a leached matrix.
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FIGURE 4. Transmission electron microscopy
observations on tissue scctions from a monkey
treated with PGB, after 12 min of VF (24,600 x).
(A) Noninfarcted tissue from base of left ventricle.

91

Mitochondria matrix in gencral is dense and in
good condition. (B) Center of infarcted arca. Mito-
chondria are numerous and small; some show unu-
sual shapes but are ncvertheless intact and dense.
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mitochondria showing the intact and hoio-
genous condition of the original isolated
preparation. This is consistent with the high
phosphorylation ability of this preparation
{6 qmoles of inorganic phosphate esterificd
per 4 mg mitochondria for the 20-min reac-
tion period). Figure 2B shows mitochondria
degenerated for 15 min and reacted under
conditions of oxidative phosphorylation.
This preparation, which esterified only 0.32
pmoles of inorganic phosphate, secved as
the control. The mitochondria in the EM
of Fig. 2C are similar to the control (2B)
except that 10 pg of PGB, werc added to
the reaction mix. In the presence of PGB,
oxidative phosphorylation was conserved
and the mitochondria esteritied 4.36 pmoles
of inorganic phosphate over the same time
which is equivalent to 73% of the maximum
phosphorylation obtained with freshly iso-
lated mitochondria. Details of the EM dif-
fcrences are outlined in the legend of Fig, 2.

In vivo studies. Tissues for the clectron
microscopic studies were removed from 3
untreated and 3 PGB -treated monkeys. In
these studics the animals were subjected to
single periods of VF of 12 min and in all
cases VF was induced 20 min after ligation.

Scctions were taken from the Ieft ventricle,
thus: (i) from a distant, apparently undam-
aged arca in the base of the left ventricle
and (b) from the middle of the infarcted
region. Representative sections are shown in
Figs. 3 and 4. Tissues shown in Figs. 3A
and 3B were taken from an untreated mon-
key after a 12-min period of VF once it
was cstablished that the animal had failed
to recover. The PGB, -uecated animal (Figs.
4A und 4B) was also exposed to 12 min of
VF, but it survived and was sacrificed after
a 2-hour monitoring period. In general, the
mitochondrial  tissucs from PGB, -treated
animals were in good condition. Although
many mitochondria in the infarcted arca
show bizarre clongated shapes, their matrix
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density and the good condition of mem-
brancs suggest structural integrity. This dif-
fers considerably from the degenerated, vac-
uolated condition of the mitochondria from
cquivalent regions of the untreated animal
hearts (Fig. 313). Tissue samples from the
“border” zone were also studied. These
showed similar differences between control
and treated animals. In view of this, and con-
sidering the ambiguities of sampling from
the border zone, these studies did not pro-
vide any additional information and arc not
included in this report.

For our purposes morphometric consider-
ations were of less concern than the condi-
tion of the mitochondria, the organelles tar-
geted for demonstrating the response to
trcatment. Hence quantitative data were not
recorded. Similarly, no attempt was made to
preferentially orient the tissue fibers during
preparation for EM to show sarcomeres in
comparable displays. The fixation procedure
used was that of Tomanek and Karlsson,!¥
which is considered to be optimal. However,
it should be emphasized that all the tissues
studied, including those obtained from non-
ischemic regions, were subjected to periods
of ischemia and hypoxia during the periods
of induced VF. Alterations in tissue struc-
ture would therefore be expected. In view of
this, the preserved state of the mitochondria
of the treated animals is to be considered
remarkable.

DISCUSSION

The primary hypothesis underlying the
described experiments is that since PGB, has
a unique in vitro action in the conservation
of oxidative phosphorylation under condi-
tions degenerative to mitochondria, a similar
action in vive should serve to enhanee sur-
vival of an ischemic anoxic crisis incurring
mitachondrial damage. This implics that car-
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diac muscle contraction is limited by the rate
at which chemical energy can be supplied by
the metabolic process. Although there s
ample evidence! for biochemical and mor-
phological changes in the infarcted myocar-
dium with considerable damage in the forms
of vacuolation, swelling, and loss of structure
seen in mitochondria, it is important to re-
member that a distinction exists between
biochemical and structural damage. Mito-
chondria that may tiake a long time to re-
cover morphologically seem to regain and
maintain functional integrity cven
though they appear ragged and disrupted.'
Despite these clements of uncertainty for spe-
cific sites of dysfunction, there remains the
overall failure in the mechanism coupling

their

energy transformation with energy utilization.
It is in this mecchanism that we propose a
role for PGB, which reacts synergistically
with norepinephrine to reestablish the flow
of encrgy to the contractile process in cardi-
ogenic shock. PGB, can be definitively asso-
ciated with conservation and reactivation of
mitochondrial synthesis of ATP from the in
vitro findings.*-8 According to Ellis,'® the
evidence for norepinephrine action on con-
traction secms to be that it takes place at
some sitc coupling metabolic cnergy to the
contractile process. Catecholamines simul-
taneously increcase ATP breakdown and con-
tractile force.!® Adrenergic mediators also
increase the maximum velocity of shorten-
ing.?*?! The combined action of PGB, and
norepinephrine then could reestablish both
suflicient energy and sufficient utilization to
account for survival after the ischemic crisis.

The repeatedly confirmed findings that
PGB, has no effcct or even a small inhibitory
a~tion in intact mitochondria in vitro and
that it has no demonstrable cffect on the
normal animal cannot be overemphasized.
The dramatic actions of PGB, occur only
with damaged mitochondria in vitro or after
ischemic pathology in vive. The effects ob-
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served suggest the PGB, can replace or
bridge an essential factor in energy trans-
formation that is lost when mitochondria are
swollen and damaged.

The results obtained in the studies of both
Rhesus and African Green monkeys indicate
that trcatment with PGB, greatly improves
the incidence of survival after periods of
complete circulatory arrest produced by VE.
This conclusion can be based primarily on
the results attained with the initial tests of
VIF used in Rhesus monkeys and with the
single spisodes of VI used in African Green
monkeys. Considering both species, the sur-
vival after single or initial cpisodes of VI
of 4, 8, and 12 min was 60%, 32%, and
296 in the controls and 100%, 929, and
90¢% in the PGB,-treated. Studies with- the
repeated sequential Vs performed in the
Rhesus monkeys provide additional confir-
that the differences in the
cpisodes were not due to a chance occur-
rence, even at a low probability. If the
higher survival to the first test were duc to
a chance occurrence, survivals to subsequent
progressively longer results would be ex-
pected statistically to show an exponentially
decreasing rate of cumulative survival, as
was found in the casc of the controls. By
contrast, thc PGB-trcated group has a
relatively unchanged rate of survival over
the period tested, providing strong statistical
cvidence that the initial result obtained was
not due to a chance occurrence. The cumu-
lative test results also show that the median
survival time (for 50%5 survival) after VF
was increased from between 4 to 6 min in
the controls to more than 12 min in the
PGB,-trcated animals. Recovery after cir-
culatory arrest depends initially on the res-
toration of electrical and mechanical activity
of the heart and subsequently on tl.» rees-
tablishment of the cardiovascular control
mechanisms responsible for the maintenance
of effective blood pressure levels. ITmproved
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recovery is thercfore likely to involve pri-
marily cardiac cfiects followed by reversal
of the shock state.

The experimental methods used in the
present studies included prior insult to the
heart by coronary ligation involving a sig-
nificant proportion of the left ventricle.
Under thesc conditions improved cardiac re-
suscitation could be the result of improve-
ments of (a) the general status of the entire
heart, or (b) primarily the marginal ische-
mic regions.

It is well known that cardiac resuscitation
is more difficult in the presence of coronary
occlusion.?'® Thercfore one possible inter-
prctation of the results is that trcatment
with PGB, in some way alters the degree
of myocardial injury associated with coro-
nary occlusion. This could be the case if
PGB, reduced the size of the metabolically
injured myocardium following coronary oc-
clusion. It is now generally belicved that
tissue injury produced by coronary occlu-
sion includes a significant portion of mar-
ginal tissue with diminished blood flow, the
ultimate fatc of which depends upon the
discrepuncy between the tissue metabolic
demands and the reduced circulation. 2224
The cffect of PGB, in restoring phosphory-
lating activity of previously damaged mito-
chondria in vitro is consistent with the pos-
sibility that the results of the present study
could be duc to PGB, actions on the mar-
ginal arcas of coronary occlusion. However,
considering that VF produces generalized
hypoxia in the entire heart, an cqually likely
action of PGB, is that it affects the ability
of the entire heart to recover. Most likely,
both factors play a significant role in deter-
mining the difference in the survival between
control and PGB.-trecated animals in the
present cxperiments.

Altcrnative interpretations of the results
also should be considered. It is possible that
the observed effect of PGB, in the intact
animal is unrelated to its actions on isolated
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mitochondria and that it represents unrecog-
nized effects on the sarcoplasmic reticulum
or other cellular membrancs such as lyso-
somes. Morcover the in vitro effect of PGB,
in favoring phosphorylation to Ca?* up-
take may have its counterpart in regulating ex-
cess Ca®* in the contractile process of the an-
oxic myocardium. It is also possible that the
observed in vivo effect may depend on the in-
teraction between PGB, and other naturally
occurring compounds. In this connection the
potential interaction between PGB, and circu-
lating catecholamines is of particular interest
in view of the observations made during the
present studies on the biological interactions
between PGB, and norepinephrine. All these
alternates rcpresent plausible speculations
subordinate to the firm cxperimental cvi-
dence of PGB, action on mitochondria.

Although PGB, is a polymeric derivative
of prostaglandin B, it exhibits none of the
reported activitics of any of the known pros-
taglandins. Both its molecular size and
structure favor a unique mctabolic action
not shown by the monomeric prostaglandins.
It is also unrcalistic to expect that PGB,
would be converted metabolically to a mo-
nomeric prostaglandin. Therefore it would
be unlikely to have biological properties at-
tributed to the known prostaglundins. PGB,
has no structural similarity to PGX (PGI.
or prostacyclin) recently identified.?3-?¢ It
should be noted that PGB, has nonc of the
cardiovascular actions reported for prostacy-
clin, such as systemic vasodilation and re-
duction of blood pressure, nor is there any
cvidence that PGB, shares any of the cellu-
lar or antithrombotic c¢ffects of prostacyclin.
Thercfore the suggested actions of prosta-
cyclin on myocardial infarction®™ may be
basically quitc distinct from those described
here for PGB,..

Similarly, recent reports on the effects of
monomeric prostaglandins on the ischemic
myocardium®*3® appear to involve a dif-
ferent mechanism of action than that of
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PGB,. Furthermore, none of the single
prostaglandins have an effect on mitochon-
drial phosphorylation in vitro comparable to
that of PGB,. On the other hand, it is pos-
sible that the PGB, effects in vive may be
related to some as yet unidentified activity
perhaps shared to a greater or lesser extent
by other prostaglandins. In any event, more
recent studies with PGBy in other experi-
mental preparations involving tissue ische-
mia in vivo have confirmed a Dbeneficial
effcct of this compound in promoting sub-
sequent recovery,31:32

In general the present results favor the
view that PGB, has an activity in vivo sim-
ilar to that previously demonstrated in iso-
latcd mitochondria. PGB, then would
constitute the prototype of an entircly new
class of compounds whose biological activity
would involve restoration of metabolic func-
tions following hypoxic or ischemic injury.
Pharmacological compounds possessing such
an activity would have a broad application
in a varicty of diseascs and traumatic states.
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