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Hypoxic states originate as a result of an insufficient amount of oxygen
supplied to the cardiac cell and the amount actually required by the cell.
The dominant factor affecting the supply of oxygen to cardiac structures
is governed by the type and overall capacity of the cardiac blood supply.
Whereas the heart of adult homeotherms consists entirely of compact
musculature with coronary blood supply, the cardiac musculature of poiki-
lothermic animals consists either entirely of the avascular spongious type,
supplied by diffusion from the ventricular cavity, or its spongious muscula-
ture is covered by an outer compact layer supplied from coronary arteries.
As a whole (ie, without distinction between the compact and spongious
layer), the adult poikilothermic heart is significantly more tolerant to

oxygen deprivation compared with the homeothermic heart, probably
because of higher anaerobic capacity and differences in systems respon-
sible for calcium handling. The hearts of chronic hypoxia-acclimated
poikilotherms maintain maximum performance longer when faced with
severe acute hypoxia and recover better than hearts of normoxic animals
following an acute hypoxic insult. Whether the protective mechanisms
in poikilothermic and homeothermic animals are the same remains to be
clarified in future experiments. Thus, the poikilothermic heart represents
a unique model for comparison of the tolerance to oxygen deprivation
in two precisely defined, developmentally stable layers of the same heart
differing in structure, type of blood supply as well as the capacity for
energetic metabolism.
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he most prevalent and, hence, most widely studied contemporary

cardiovascular diseases undoubtedly include hypoxic states, which
originate as a result of an insufficient amount of oxygen supplied to the
cardiac cell and the amount actually required by the cell. The degree of
injury depends, however, not only on the intensity and duration of
hypoxic stimulus, but also on the level of cardiac tolerance to oxygen
deprivation. This particular parameter changes significantly during
ontogenetic and phylogenetic development (1). Whereas significant
data regarding cardiac tolerance to hypoxia in warm-blooded animals
are available, much less is known about the tolerance to oxygen depri-
vation in the poikilothermic heart. Although it is exceedingly difficult
to agree fully with the view that ontogenetic development is a recapitu-
lation of phylogeny, comparative studies (more correct than ‘phyloge-
netic’, because the researcher is comparing not the entire evolutionary
range but only some classes [ie, a ‘pars pro toto’ approach]) have made
significant contributions to our understanding of the function of the
cardiovascular system (2,3). From the point of view of developmental
cardiology, the advantage of comparative studies is that they enable the
study of selected developmental periods as stable situations, an under-
taking that is exceedingly difficult during rapidly changing ontogeny.
Unfortunately, core knowledge of cardiac structure and function in
lower vertebrates has only rarely been used to gain insight into cardiac
function in avian and mammalian ontogeny. Analysis of cardiac toler-
ance to hypoxia may be a typical example (1,4).

The present review discusses some aspects of the relationships
between oxygen-consuming and oxygen-supplying systems in the
heart of poikilotherms, as well as the determinants responsible for
cardiac tolerance to oxygen deprivation in the poikilothermic heart.

COMPARATIVE ASPECTS OF THE MYOCARDIAL
STRUCTURE/BLOOD SUPPLY RELATIONSHIP
As mentioned above, the oxygen supply of the heart depends on the
balance between oxygen-supplying and oxygen-consuming systems.
The heart is apparently not able to increase its oxygen supply by any
appreciable extent by increasing oxygen extraction from the blood.
Thus, the dominant factor affecting the supply of oxygen to cardiac

structures is governed by the type and overall capacity of the cardiac
blood supply. The first coronary vessels appeared in some fish at least
500 million years ago (2). According to Grant and Regnier (5), a
critical role in the development of coronary vessels is played by the
pericardial ligaments connecting the heart of lower vertebrates with
the rest of the organism. These ligaments are well developed in fish and
among amphibians in urodels, whereas in anurans and reptiles, they are
comprised of only one or two strands, and they disappear completely in
mammals. In species in which these ligaments were formed, two types
of blood supply exist: the cephalic — in which the coronary arteries arise
from the hypobranchial branches and the venous blood flows back into
the sinus venosus; and caudal — the extracoronary arteries penetrate the
pericardium from the systemic circulation and the venous blood returns
to systemic veins. Briefly, the blood supply to the heart is either hilar
(coronary vessels) or extrahilar (extracoronary vessels) (6).

The development of coronary arteries during phylogeny is closely
related to the transformation of the musculature from a spongy avascu-
lar myocardium to a compact myocardium supplied by coronary ves-
sels. Whereas the heart of adult homeotherms consists entirely of
compact musculature with coronary blood supply, the cardiac muscu-
lature in poikilothermic animals consists either entirely of the spon-
gious type or its spongious musculature is covered by an outer compact
layer (1,5-8). The sponge-like musculature is supplied predominantly
by diffusion from the intertrabecular spaces. They belong to the cham-
ber cavity and have a continuous endothelial lining. Nevertheless, in
some species of fish and reptiles, capillaries can also be found in some
trabecels of the sponge-like musculature. There are no structural dif-
ferences between the capillaries in compact and spongious muscula-
ture, nor between capillaries in the heart of cold-blooded and
warm-blooded animals (9,10).

There are four general types of myocardial blood supply in the
animal kingdom (Figure 1):

1. Spongious musculature only, supplied from the ventricular cavity;

2. Aninner spongious layer, covered by an outer compact musculature
with a vascular supply;
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3. As in 2, but capillaries are also present in some trabecels of the
spongious layer; or
4. Compact musculature only, which is supplied from coronary vessels.

The trabecular nature of the spongy myocardium increases the
surface area and reduces the diffusion distance for oxygen transfer from
luminal blood. Presumably, the thickness of the spongy trabeculae is a
compromise between minimizing the distance for oxygen diffusion and
maximizing the cross-sectional area for tension development (11).
Quantitative analysis of the terminal blood bed (6) revealed that poi-
kilotherms with a low relative heart weight (eg, fish) have signifi-
cantly lower lacunar capacity than animals with a higher relative heart
weight, such as amphibians and reptiles. Kohmoto et al (12) demon-
strated a high degree of direct myocardial perfusion from the ventricu-
lar cavity in the endocardial region of alligator hearts, thus decreasing
the diffusion distance for oxygen.

The myocardial blood supply of certain lower vertebrates appears
to be ‘primitive’ and ‘inefficient’. However, the principles behind the
development of this design may inform clinicians who treat heart dis-
ease (13). Investigators researching treatment for occluded coronary
arteries became interested in the spongy myocardium of fish and rep-
tiles. The information obtained represents a significant step toward
achieving transmyocardial blood flow in humans. Surgeons have used
lasers to punch holes in the left ventricle to permit some oxygenation
directly from the luminal blood, a technique known as transmyocar-
dial revascularization (14). This method may improve myocardial
perfusion in patients in whom the standard method of revascularization
is contraindicated.

DETERMINANTS OF THE DEVELOPMENT OF
COMPACT MUSCULATURE WITH VASCULAR SUPPLY
The main determinants of cardiac transformation from the avascular
spongy type to the compact type with vascular supply have been ques-
tioned. The exclusively spongious type can be observed not only in
cyclostomes and some teleost fish but also in some amphibians. On the
other hand, the mixed types (compact + spongious) are present in fish
(9,15), amphibians (6) and reptiles (10,16). It appears, therefore, that
the presence of the compact layer is not related to the phylogenetic
position of the poikilothermic heart.

More than 35 years ago, an attempt was made to relate the growth
of the compact layer to the physiological factors that determine overall
oxygen consumption (7,9,17). These factors are body mass, muscular
activity, capacity of oxidative metabolism and maintenance of body
temperature. It was found that the myocardium of fish and amphib-
ians with low body weight is spongious, and that the thickness of the
compact layer increases with increasing heart and body weight. This
relationship was also valid within the same species investigated, carp
and turtle (18). The suggestion that the total amount of compact layer
is related more to the physiological demand of the species than to its
phylogenetic classification was further supported by an extensive sur-
vey by Santer and Greer Walker (19). The proportion of the cardiac
wall occupied by coronary-supplied compact myocardium varies con-
siderably (eg, in fish between 7% and 37% [20,21]), with the highest
proportion in very active species (eg, tuna, mackerel, sprat, herring,
etc). Moreover, Poupa et al (22) observed an increase in the thickness
of the compact myocardium in fish (salmonids) during ontogenetic
development. In the turtle, the compact layer composes 55% of the
total cardiac weight (18).

Agnisola and Tota (23), and Tota and Gattuso (24) analyzed the
relationship between the ventricular myoarchitecture and hemo-
dynamic conditions in cold-blooded animals. They compared the
stroke volume and afterload in different species with various degrees of
development of the compact musculature with vascular supply. The
entirely spongious frog heart moves relatively large volumes of blood
against high pressures. A similar relationship can be observed among
different species of fish: from the spongious heart of icefish with a
‘volume’ pump chamber to that of tuna with mixed (arterial and lacu-
nar) blood supply, as a prototype of a ‘pressure’ pump. The sedentary
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Figure 1) Different types of myocardial blood supply in vertebrates. A
Spongious musculature supplied from ventricular lumen. B Inner spongious
layer is covered by an outer compact musculature with vascular supply. C
As in B, but capillaries are present also in some trabecels of spongious mus-
culature. D Compact musculature supplied from coronary vessels. Adapted
from reference 6

ice fish living in polar seas are characterized by the evolutionary loss of
hemoglobin and the lack of functionally significant amounts of myo-
globin. This fact is compensated for by a high blood volume and low
heart rate (approximately 16 beats/min). On the other hand, ‘athletic’
tuna living in warm tropical water have a cardiovascular system
designed to generate a high pressure in high-resistance systemic circu-
lation. The high values are attained, in contrast with ice fish, at a
heart rate as high as 120 beats per min. Based on these observations, it
may be concluded that generation of higher blood volume requires a
higher level of ventricular wall stress, which can be better attained by
the development and/or thickening of the compact musculature.

Clark and Rodnick (25) studied the morphometric characteristics
of ventricular enlargement during ontogenetic development of rain-
bow trout. They found that increasing ventricular mass during sexual
maturation results from an expansion of both myocardial layers, but
growth of the compact layer exceeds that of the spongious muscula-
ture. They confirmed the observation of Farell et al (26) that growth
of the trout ventricle occurs through a combination of myocyte hyper-
trophy and hyperplasia.

All of these findings provide additional support for the hypothesis
that an increase in the compact layer is necessary for the maintenance
of higher blood pressure in larger hearts (application of the law of
Laplace to poikilothermic hearts). This hypothesis also means, how-
ever, that the primary evolutionary step is not the development of
arterial blood supply but the development of the compact layer, neces-
sary for hemodynamic adaptations (ie, for higher blood pressure gen-
eration). Vascularization is, thus, the consequence of this evolution
because coronary arteries are the only way to supply the compact
musculature with blood. The heterogenous heart of cold-blooded ani-
mals, thus, offers a unique opportunity to compare the sensitivity of
the two well-defined myocardial layers with different pathogenetic
conditions including the effect of oxygen deprivation (27).

CARDIAC TOLERANCE TO HYPOXIA IN
POIKILOTHERMS
Hypoxia is a frequently occurring environmental phenomenon in many
fresh water and coastal systems, and can be caused by either anthropo-
genic input or naturally occurring biological and physical factors. The
interest in the effect of oxygen deprivation on hearts of poikilotherms
has surprisingly increased recently (4). It has been observed that
hypoxia in marine waters is not restricted to localized areas, but is more
extensive and longer lasting (weeks to months) than previously
believed (28,29). These problems become even more serious if large
areas are affected by hypoxia for an extended time because fish may not
be able to leave these areas (ie, avoidance being the predominant reac-
tion to hypoxia) (30). The understanding of how chronic hypoxia
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Figure 2) Cardiac tolerance to hypoxia. Force decline (in %) of cardiac
strips in vitro (12°C paced 12 min in Ringer with 11.9 mM HCO; man:
24°C paced 4 min’!) when respiratory energy production was stopped by
CN~ (3 mM). Adapted from reference 2

affects both swimming performance and cardiovascular function could
reveal important information as to whether fish will survive and how
well they adapt to hypoxic environments.

Of the experimental models used for studying the effect of oxygen
deprivation in homeotherms, only a limited number are suitable for
the cold-blooded heart. The absence of, or partially developed cor-
onary circulation (1) excludes, for instance, the possibility of using
regional ischemia. The most frequently used models are, therefore,
systemic and histotoxic hypoxia. The poikilothermic heart, which is
frequently exposed to oxygen deficiency in an aquatic environment,
is better equipped biochemically to cope with oxygen deprivation
than the mammalian heart (1). Data comparing the sensitivity of
the poikilothermic and homeothermic heart to oxygen deficiency are
relatively scarce. The anaerobic capacity of cardiac muscle in different
chordates from cyclostome (hagfish) to humans has been reviewed by
Poupa (2), and Driedzic and Gesser (31) (Figure 2). Force development
of isometric cardiac strips in vitro under similar conditions was meas-
ured when respiration was blocked by cyanide (histotoxic hypoxia).
The highest tolerance to lack of oxygen was observed in the reptilian
(monitor lizard) and hagfish heart; the force development was reduced
by no more than 30% and recovered slowly toward initial values. Large
differences were found in fish: contractile force in free-swimming cod
was reduced by only 50% (within 45 min after the onset of hypoxia).
The highest sensitivity was observed in homeotherms (humans): a
decline of contractile force occurred immediately (within 5 min) and
was irreversible. In poikilotherms, the sensitivity to histotoxic hypoxia
was increased on increasing the temperature of the perfusion medium
(32). Myocardial cells of poikilotherms, similar to homeotherms, may
be irreversibly damaged by hypoxia (33), although highly resistant
reptilian heart should be noted as a probable exception (34).

Whereas a large amount of information currently exists on the
cardiovascular responses of teleosts to acute hypoxia (35,36), much
less is known about the effect of chronic hypoxia on the cardiovascular
function of fish. Marques et al (37) found that chronic hypoxia (10%
O, for three weeks) led to a smaller ventricular outflow tract, reduced
lacunae and an increase in the number of cardiac myocyte nuclei per
area in the hearts of two teleost species, zebrafish and cichlids. To
identify the molecular basis for the adaptation to chronic hypoxia,
they profiled the gene expression changes in the heart of adult
zebrafish. They have analyzed >15,000 different transcripts and found
376 differentially regulated genes, of which 260 showed increased and
116 decreased expression levels. Two notch receptors (notch-2 and
notch-3) as well as regulatory genes linked to cell proliferation were
upregulated in hypoxic hearts. They observed simultaneous increase in
expression of IGF-2 and IGFbp | and upregulation of several genes
important for protection against reactive oxygen species. Petersen and
Gamperl (38,39) studied acclimation of Atlantic cod to chronic
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hypoxia (8 kPa, six to 12 weeks, 10°C ). They observed that acclima-
tion did not affect body and heart weight, or basal in situ cardiac per-
formance under oxygenated conditions. Stroke volume and cardiac
output during well-oxygenated conditions were significantly reduced
in hypoxia-acclimated animals compared with the normoxic group.
Because the same results were obtained in in vivo and in situ experi-
ments, it may be suggested that in vivo cardiac function in hypoxia-
acclimated cod was not lower because of alterations in nervous and/or
humoral control, but because of the direct effect of chronic hypoxia on
the myocardium. The hearts of hypoxia-acclimated animals main-
tained maximum performance longer when faced with severe acute
hypoxia and recovered better than hearts from normoxia-acclimated
fish following an acute hypoxic insult. These results suggest that
acclimation to chronic hypoxia increases myocardial hypoxic toler-
ance and are consistent with the substantial body of research that has
been conducted on chronically hypoxic mammals (40). There are
several mechanisms that have been reported to confer hypoxia toler-
ance of mammalian hearts adapted to chronic hypoxia. Among these
are ATP-sensitive potassium channels, both sarcolemmal and mito-
chondrial, nitric oxide, HIF-1la. and various protein kinases (41).
However, to answer the question of whether the protective mechan-
isms responsible for increased hypoxic tolerance are the same in poi-
kilothermic and homeothermic animals remains to be clarified in
future experiments.

In this connection, the question arises whether the already high
tolerance of the poikilothermic heart can be further increased by
another protective phenomenon, preconditioning. Overgaard et al
(42) and Gamperl et al (43) studied this as yet unanswered question in
the highly tolerant hearts of rainbow trout (Oncorhynchus mykiss).
They found that hypoxic preconditioning failed to confer any protec-
tion against post-hypoxic myocardial dysfunction: inherent myocar-
dial hypoxic tolerance and preconditioning are not additive. These
results resemble the situation in highly tolerant neonatal rat hearts
(44), their already high hypoxic tolerance was impossible to increase
by ischemic preconditioning.

POSSIBLE MECHANISMS

To understand developmental changes in cardiac tolerance to oxygen
deprivation, a basic knowledge of the development of cardiac metabol-
ism is of crucial importance. Decisive differences in cardiac energy
metabolism in adult vertebrates are the result of changes in metabolic
activities of animal tissues, the most obvious occurring during transi-
tion from poikilothermy to homeothermy (31). Thermoregulating
mammals and birds have a relative heart weight and total metabolic
capacity on average four times higher, and arterial blood pressure six
times higher, that that of poikilotherms (2). In terms of anaerobic
metabolism, all of the requisite enzymes of glycolysis are routinely
detected in vigorous activities. Hexokinase, which catalyzes the first
step in the utilization of exogenously supplied glucose, is approxi-
omately five times more active in the hearts of poikilotherms than
homeotherms. The mitochondrial enzymes of the poikilotherm and
homeothermic heart are similar in their structure and functional prop-
erties, but their activity per mg tissue or tissue protein is considerably
lower in cold-blooded hearts (45). The ratio of creatine kinase to
cytochrome ¢ oxidase, an approximate estimate of aerobic capacity
and cellular energy turnover, is significantly increased in poikilo-
therms (46). When challenged by hypoxia, this high level may repre-
sent an enhanced efficiency to attenuate the impact of depressed
energy liberation. Moreover, poikilothermic hearts possesses a high
relative glycolytic capacity as indicated by a high pyruvate kinase-to-
cytochrome c oxidase ratio.

Significant metabolic differences also exist between the compact
and the spongious layer of the poikilothermic heart (18). The activ-
ities of enzymes that are connected with aerobic oxidation (citrate
synthase, malate dehydrogenase) and glucose phosphorylation
(hexokinase) are higher in the spongious than in the compact layer;
comparable results were obtained by Clark and Rodnick (25). The
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spongy myocardium, more likely to receive high levels of metabolites
and highly variable oxygen levels, thus appears to be more equipped
for aerobic metabolism than the compact tissue (47). Similarly, the
content of phospholipids is higher in the spongious musculature, the
greatest difference being in the content of diphosphatidylglycerol
(48). Furthermore, Maresca et al (49) and Greco et al (50) have dem-
onstrated that differences in enzyme activities are accompanied by
different mitochondrial populations in the two layers. It is interesting
to note that myosin ATPase activity is significantly higher in the com-
pact musculature compared with the spongious layer in the carp heart.
Because this ATPase activity is known to be related to the speed of
contraction, a higher contraction velocity of the compact layer could
also be expected (18).

Furthermore, compared with the homeothermic heart, the poikilo-
thermic heart is resistant to the calcium paradox. Because it is well
known that calcium plays an important role in the development of
cardiac hypoxic injury, the phylogenetic differences in systems
involved in calcium handling must be taken into consideration as a
possible explanation for the difference in the sensitivity of poikilo-
thermic hearts to oxygen deprivation. The cardiac coupling mechan-
ism in lower vertebrates relies heavily on sarcolemmal calcium fluxes,
whereas the sarcoplasmic reticulum is of little or no importance in
amphibians (51). In many fish species, the sarcoplasmic reticulum
certainly conforms to this amphibian pattern, but there are other spe-
cies in which the sarcoplasmic reticulum is undoubtedly better
developed (15,52). On the other hand, a t-tubular system has never
been observed in fish myocardial cells and, thus, the concept of func-
tional couplings between cisternae and t-tubules in mammals and birds
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does not apply to myocardial cells in fish. The functional significance
of myocardial sarcoplasmic reticulum in poikilotherms is unclear and
may differ between the atrium and ventricle (31).

CONCLUSIONS

It appears that the adult poikilothermic heart as a whole (ie, without
distinction into the compact and spongious layers) is significantly
more tolerant to oxygen deprivation than the homeothermic heart,
probably because of higher anaerobic capacity and differences in sys-
tems responsible for calcium handling. The important question
regarding the relationship between the type of myocardial blood sup-
ply (lacunar versus coronary) and sensitivity to oxygen deprivation
has, unfortunately, not been addressed in experimental studies and
remains to be answered.

What can we gain from studying the heart of lower vertebrates for
analysis of pathogenetic mechanisms involved in the hypoxic toler-
ance of the immature heart? Their cardiovascular system, which in
many superficial ways resembles anatomically different ontogenetic
periods of homeotherms, shows significant morphological and func-
tional diversity. The poikilothermic heart represents a unique model
for comparison of the tolerance to oxygen deprivation in two precisely
defined, developmentally stable layers (compact, spongious) of the
same heart differing in their structure, type of blood supply (lacunar,
coronary) as well as the capacity of energetic metabolism.
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