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A

 

BSTRACT

 

: This review provides an overview of the evolutionary path to the
mammalian heart from the beginnings of life (about four billion years ago ) to
the present. Essential tools for cellular homeostasis and for extracting and
burning energy are still in use and essentially unchanged since the appearance
of the eukaryotes. The primitive coelom, characteristic of early multicellular
organisms (~800 million years ago), is lined by endoderm and is a passive re-
ceptacle for gas exchange, feeding, and sexual reproduction. The cells around
this structure express genes homologous to NKX2.5/tinman, and gradual spe-
cialization of this “gastroderm” results in the appearance of mesoderm in the
phylum Bilateria, which will produce the first primitive cardiac myocytes. In-
vestment of the coelom by these mesodermal cells forms a “gastrovascular”
structure. Further evolution of this structure in the bilaterian branches
Ecdysoa (Drosophila) and Deuterostoma (amphioxus) culminate in a peristal-
tic tubular heart, without valves, without blood vessels or blood, but featuring
a single layer of contracting mesoderm. The appearance of Chordata and sub-
sequently the vertebrates is accompanied by a rapid structural diversification
of this primitive linear heart: looping, unidirectional circulation, an enclosed
vasculature, and the conduction system. A later innovation is the parallel circu-
lation to the lungs, followed by the appearance of septa and the four-chambered
heart in reptiles, birds, and mammals. With differentiation of the cardiac
chambers, regional specialization of the proteins in the cardiac myocyte can be
detected in the teleost fish and amphibians. In mammals, growth constraints
are placed on the heart, presumably to accommodate the constraints of the
body plan and the thoracic cavity, and adult cardiac myocytes lose the ability
to re-enter the cell cycle on demand. Mammalian cardiac myocyte innervation
betrays the ancient link between the heart, the gut, and reproduction: the
vagus nerve controlling heart rate emanates from centers in the central ner-
vous system regulating feeding and affective behavior.
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FROM METEORITES TO METABOLISM 
(4.5–3.5 BILLION YEARS AGO)

 

At the root of the tree of life are the prokaryotes, which appeared approximately
3.8 billion years ago (BYA). The earth was emerging from the Hadean period, an
extremely hot and volatile era characterized by incessant collisions, explosions, and
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volcanic eruptions (F

 

IG

 

. 1). Consequently, life is likely to have first appeared under
conditions vastly different from those existing today. Research into modern-day mi-
crobial populations at extremes of heat and pressure may lead to a better picture of
the properties of the first living organism. However, it is likely that this ancestor was
a single cell, bounded by a protein–lipid membrane externally but without defined
internal compartments segregating metabolic and reproductive functions.

 

1

 

 This cell
would have been highly heat tolerant and able to obtain energy and carbon from in-
organic substrates. It would have been anaerobic, for there was no oxygen in the
Hadean atmosphere. Based on analyses of organisms harvested from deep ocean vol-
canic vents, which are thought to replicate features of the Hadean environment, mo-
lecular hydrogen and sulfur may have served as electron donors and oxidized sulfur
and CO

 

2

 

 as electron acceptors for energy generation. From this early prokaryote
branched the eubacteria and the so-called archaea, including the halophiles and meth-
anogens. Comparative analysis of 16S rRNA sequences suggests that the archaeae
may have evolved relatively little since then.

The appearance of enzymes, or catalytic proteins, was a critical and probably essen-
tial first step in the formation of living organisms. In the absence of oxygen, primitive
monists utilized enzymes capable of accelerating chemical reactions that could gener-
ate energy through the breakdown of carbohydrates. These glycolytic enzymes have
been highly conserved throughout subsequent evolution, as have been other eubacterial
features, including HMG CoA reductases, required for cell membrane components,
and ribosomes. Although well-developed cytoskeletons do not appear until later in evo-
lution, membrane- and DNA-associated forms of actin and homologues of other
cytoskeletal proteins, including tubulin, have been identified in the eubacteria.

 

2–4

 

The appearance of photosynthetic cyanobacteria ~3.5 BYA eventually caused the
appearance of oxygen in the atmosphere beginning about 2.8 BYA. This profound
environmental change precipitated a number of new phenomena, including rust, ox-
idative stress, and the development of a capacity for oxygen metabolism in certain
bacteria. The enzymes in this pathway were probably derived from similar enzymes
used in the oxidation of sulfur, but with a considerably greater relative yield of en-
ergy per reducing equivalent.

 

5

 

 This increase in bioenergetic efficiency provided the
footing for a quantum expansion of biological complexity.

 

EUKARYOTES: THE ACCIDENTAL SYMBIONTS 
(2.1–1.8 BILLION YEARS AGO)

 

Just as today, the early prokaryotes lived in close proximity and frequently used
each other as food. It is now generally believed that one such ingestion resulted not

FIGURE 1. In the beginning. The cre-
ation of the Earth was followed rather
quickly by the appearance of life, c. 4 bil-
lion years ago. Ingestion of one prokaryote
by another leads to the first eukaryotic life
form [in color in Annals Online].
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in the breakdown of the eaten, but in the establishment of an endosymbiosis in which
the meal, most likely a member of the alpha-proteobacteria, remained metabolically
active within the organism that ate it: thus appeared the first mitochondria.

 

6

 

 This hy-
pothesis is supported by evidence from 

 

Reclinomonas americana

 

, a single-celled or-
ganism whose mitochondria contain an almost intact alpha-proteobacterial genome.
The alpha-proteobacteria are related to the rickettsia, and many species exhibit obli-
gate or opportunistic intracellular symbiotic lifestyles.

 

7

 

 Similarly, an endosymbiosis
involving cyanobacteria in the ancestors of green plants likely resulted in the devel-
opment of the chloroplast. The appearance of other bilamellate organelles, such as
the lysosomes, may have come about in the same way.

The presence of multiple autonomously replicating mitochondria in this new life-
form meant a tremendous increase in energy generating capacity. Moreover, each of
these mitochondria could realize a 20-fold increase in the energy yield from carbo-
hydrates simply by facilitating a move from glycolytic to oxidative metabolism
when oxygen was available. In what could be thought of as a downside to the rela-
tionship, the mitochondria-dependent apoptosis pathway could have developed from
residual components of an ancient prokaryotic defense system.

 

8–10

 

Even the eukaryotic nucleus may have an endosymbiotic origin, although this is
more controversial.

 

11–15

 

 Molecular evidence suggests that the eukaryotes resemble
both the eubacteria and archaeae, as if they arose from a symbiosis between these
two prokaryotes.
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 DNA- and RNA-processing functions appear to have come from
the archaeae: both archaea and eukaryotes have genes for histones, but the eubacteria
do not.

 

17

 

 On the other hand, several genes involved in metabolism appear to have a
eubacterial rather than archaeal origin.

 

18

 

 One view is that archaeae may have taken
up residence within bacteria and gradually lost the need for independent metabolic
activity. An even more contentious suggestion is that viruses present in the primor-
dial soup were responsible for the transfer to prokaryotes of genetic material within
an envelope, the nucleus then being a sort of chronic viral infection.

 

19

 

 Whatever its
origin, the nucleus provides a separation between transcription (nuclear) and trans-
lation (cytosol), and hence an opportunity for greater RNA editing before protein
translation is initiated.

 

PLANTS AND ANIMALS: A COMMON ORIGIN 
FOR MULTICELLULAR ORGANISMS?

 

Eukaryotes branched into more than 60 separate lines, including the green plants,
red algae, diatoms, and protists. However, resolving the kinships among fungi,
plants, and metazoans has been difficult

 

20

 

 (F

 

IG

 

. 2). Molecular phylogeny of a num-
ber of ancient genes, including elongation factor 1a, support a sister relationship be-
tween the fungi and the metazoans, with a more distant kinship to the green plants.
On this basis a new eukaryotic superfamily has been proposed, the Opisthokonts
(meaning “flagellum in the rear”). This kingdom includes the fungi, collar flagel-
lates (including 

 

Giardia lamblia

 

) and our direct ancestors, the metazoans. In this
model, our earliest common eukaryotic ancestor would have been capable of di-
rected movement, facilitated not only by a new abundance of energy but also by the
development of a cytoskeleton, from which the flagellum likely derived. Evolution
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of the cytoskeleton, and of a more pliable outer membrane, may have been driven by
the need to eat other organisms.

 

21

 

 The earliest cytoskeletal structures have been ex-
panded into the cilia, mitotic spindles, and components of cytokinesis. The actomy-
osin filaments that permit cellular contraction are similar to those in budding yeast
(

 

Saccharomyces cerevisiae

 

), which form an actomyosin-containing constriction ring
during cell division.

 

22

 

 This model suggests that green plants took a radically differ-
ent evolutionary path in which movement was a low priority; meanwhile, traits we
share with plants, such as multicellularity and tissue differentiation, are the result of
convergent evolution rather than a common inheritance.

However, other lines of evidence, including analysis of a different set of genes,
suggest a closer relationship between plants and metazoans that excludes the fungi.
For example, plants and metazoans express homologues of p300/CBP acetyltrans-
ferases, but fungi do not.

 

23,24

 

 Atrial natriuretic peptides have been identified in
both metazoans and green plants, and serve to regulate solute flow through tissues
in both groups.

 

25,26

 

 GATA transcription factors, similar to those in metazoans, are
present in plants and regulate transcription in response to light and nitrates.

 

27

 

 MADS-
box transcription factors are also found in plants, where they regulate aspects of de-
velopment including flower formation.

 

28

 

 The entire suite of G1-regulating proteins,
including E2F and Rb, appear to be exclusive to the metazoans and green plants, as
are the signals regulating the designation of totipotent stem cells.

 

29

 

 These findings
will need to be resolved in future models of the plant–animal–fungus trifurcation.

 

METAZOANS AND MULTICELLULARITY 
(800–700 MILLION YEARS AGO)

 

Some protists (algae, kelp) and many fungi exist as complexes of cells rather than
as free-living organisms. However, multicellularity is a hallmark of metazoan life

FIGURE 2. Divergence of the eukaryotes. Eukaryotes, still single-celled, split into
more than sixty separate lines. The timing of plant divergence remains conjectural [in color
in Annals Online].
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(F

 

IG

 

. 3). The most primitive extant metazoan phylum, Poriphera (sponges), as well
as members of the sister phylum Cnidaria (corals) form motile, flagellated blastulae
that migrate and eventually attach to substrate to form new multicellular organisms
with two basic cell layers separated by a gelatinous matrix. New insights into the
molecular origins of multicellular life, and the basal position of Poriphera in the an-
imal kingdom, have been recently reviewed.

 

30,31

 

 Most of the important fundamental
features of multicellular life are present in Poriphera and simply undergo further
specialization and refinement as evolution proceeds. Several of the more important
innovations will be mentioned here.

 

Separation of Cell Layers

 

Sponges, like corals and jellyfish, are diploblastic: that is, they have only two em-
bryonic cell layers, endoderm and ectoderm. They have a single central body cavity,
or coelom, in which eating, gas exchange, and reproduction occur. The endodermal
lining of this cavity is involved in three major functions: circulation of seawater
(through ciliary action), nutrient absorption, and reproduction, through capture of
sperm that may filter into the coelom. Subsequent evolutionary events will gradually
separate these functions in higher metazoans, but this observation from Poriphera
suggests that a single endodermal cell type was responsible for all three in the last
common ancestor of all animals.

 

Matrix Molecules

 

An extracellular matrix is required to hold cells together, and collagen and beta-
crystallin first appear in this context.

 

32

 

 Collagen will go on to become the most abun-
dant protein in the metazoan kingdom. In sponges, collagen synthesis has been
shown to be regulated by a homologue of myotrophin, evidence of an early autocrine/
paracrine loop directing cell growth, and analogous to the induction of cardiac
hypertrophy by mammalian myotrophin.

 

33

FIGURE 3. The opisthokonts, ancestors of multicellular life. A representative meta-
zoan (a sponge) is shown [in color in Annals Online].
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Cell–Cell Communication and Recognition

 

Disaggregated sponge cells can re-associate in a process that depends on a pro-
teoglycan aggregation factor and its receptor, a membrane protein with immunoglo-
bulin and scavenger receptor homologies.

 

34

 

 The sponge possesses the ability to
recognize and reject allografts from other sponges, and the grafted cells undergo pro-
grammed death with upregulation of a death domain–containing receptor homolo-
gous to Fas.

 

35

 

 Related innovations thought to have arisen in Urmetazoan ancestors
include cell–cell and cell-matrix adhesion molecules, epithelial tight junctions, an
early immune system, and the allocation of pluripotent stem cells with surface mark-
ers resembling those on mammalian precursor cells.

 

36,37

 

 Proteins with homology to
Bcl-2 can be found in sponges,

 

38–41

 

 showing that both immune recognition and apo-
ptosis are phylogenetically ancient. Apoptotic signaling pathways are also found in
plants,

 

42

 

 strengthening the argument that all multicellular organisms are related from
a common ancestor (see above).

 

Body Patterning Molecules

 

The body plans of the earliest multicellular animals, including Poriphera, do not
include a head or a tail or indeed any axis of symmetry. Radial or axial body plan
symmetry are likely to have appeared in an ancestor common to both the Cnidaria
(e.g., corals, jellyfish, sea anemones, hydra) and Bilateria, from which mammals are
descended (F

 

IG

 

. 4). It is this hydra-like ancestor that may have taken the first steps
toward mesoderm as well.

 

43,44

 

 As noted earlier, jellyfish are diploblastic, with outer
and inner cell layers separated by a jellylike substance, the mesohyl; however, during

FIGURE 4. The first animals. Early branching of the metazoan family, of which
Porifera are considered basal members [in color in Annals Online].
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the medusa, or sexually reproductive, stage of the jellyfish life cycle, a number of
specialized non-myoepithelial cells are found, including striated muscle cells, and
sensory and nerve cells.

 

45

 

 The striated muscle cells derive from a third germ layer
that separates from the ectoderm early in medusa development,

 

46

 

 possibly analogous
to the middle germ layer of Bilateria, and express muscle-specific forms of troponin
and myosin heavy chain. Further evidence that this third germ layer is a prototype of
mesoderm is that it expresses the mesoderm-patterning genes Twist and Brachyury,
as well as the muscle regulatory proteins MEF-2 and Snail.

 

45

 

THE SYMMETRICAL BODY PLAN: BILATERIA
(700–600 MILLION YEARS AGO)

 

All Bilateria are unequivocally triploblastic. At the root of this group are the flat-
worms, with later branches including the Ecdysoa, ancestors of the insects; the
Lophotrochozoa, ancestors of annelids and mollusks; and the Deuterostomes. Our
bilaterian ancestors were probably wormlike organisms with a recognizable front
and back end (including a one-way intestine with anus), but lacking a recognizable
head or eyes.

 

47

 

 Patterning of the sagittal axis, and the development of a head with a
separate opening to the environment, occurred with the radiation of the Bilateria and
apparently coincident with the expansion of the Hox gene cluster.

 

48

 

 Evidence sug-
gests that a single prototype of these pattern-dictating genes underwent one or more
rounds of tandem duplication around the time of the great Cambrian explosion, a
time when a large increase in the number of life-forms appears in the archaeologi-
cal record.

 

49

 

 The Hox gene cluster dictates segmentation, headness, and tailness in
the Bilateria,

 

50,51

 

 and increasing copy number and divergence of these genes has
been accompanied by increasing body plan complexity. In addition to the anterior–
posterior axis, a clear dorsoventral axis becomes established sometime during bilat-
erian evolution.

 

The Tubular Heart

 

A critical step, the appearance of a single or paired heart primordium, occurred
in a bilaterian ancestor—most likely prior to the divergence of Deuterostomes and
Ecdysoa. Based on commonalities among the major branches of Bilateria (F

 

IG

 

. 5),
this structure was most likely a tubular, pulsatile structure that lacked an enclosed
vascular system but instead served to force fluid through pericellular interstices.
Lacking chambers, septa, and valves, these early heart tubes probably did not drive
unidirectional blood flow. During embryogenesis in insects, mollusks and annelids,
this heart tube begins as an invagination from the gut, and continuity between the
heart tube(s) and gut persists into the adult form. The myocytes investing the heart
tube may have features of myoepithelium, vertebrate cardiomyocytes, and/or stri-
ated muscle, depending on the organism, and may have self-renewal properties.

 

52

 

The Drosophila heart contains additional features such as a cardioaortic valve and
pericardial cells.

Whether the insect and vertebrate hearts evolved independently has been argued
for nearly 200 years, largely on anatomic grounds: the insect heart tube is dorsal,
while the vertebrate heart is ventral. Although it is possible that the emergence of
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insect and vertebrate hearts from non-cardiac mesoderm were separate events after
the divergence of Deuterostomes and Ecdysoa, another point of view is that a simple
longitudinal heart tube was present in the earliest bilaterians and subsequently un-
derwent independent morphological and gene regulatory modifications. Functional
and genetic, if not anatomic, evidence supports a close relationship between this pri-
mordial structure and the mammalian, chambered heart. The Drosophila heart tube
is induced by expression of a homeotic gene, tinman, which was later found to have
a mammalian homologue with the same function (Nkx2.5). Nkx homologues play
similar roles in amphioxus and tunicates and have been cloned from octopus and cuttle-
fish.

 

53

 

 Drosophila heart cells also express homologues of MEF2 and Hand, two
genes involved in cardiogenic differentiation in vertebrates.

 

54–56

 

 Orthologous gene
regulatory patterns dictating nervous system development and anteroposterior pat-
terning are also shared between Drosophila and vertebrates. These similarities can
be explained by body plan inversion or structural relocations in the descendents of a
common ancestor that already possessed a heart tube, notochord, and anteroposterior
axis.

 

57

 

 Interestingly, the single 

 

Caenorhabditis elegans

 

 MEF-2 homologue, 

 

ceMEF2

 

,
is dispensible for myogenesis, indicating that nematodes may have evolved alterna-
tive functions for this protein.

 

58

 

THE TWO-ENDED ANIMAL: DEUTEROSTOMES 
(~600 MILLION YEARS AGO)

 

The Deuterostomes

 

 

 

include the Echinodermata (e.g., sea urchins, starfish), Hemi-
chordates (acorn worms) and Chordates.

 

 

 

The Deuterostome body plan

 

 

 

has a through-

FIGURE 5. The two-ended body plan. Major branches of the Deuterostomes are
shown. Two important model organisms, Drosophila and C. elegans, belong to the arthro-
pods and nematodes, respectively. The diagram depicts the novel two-stoma body plan [in
color in Annals Online].
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gut, with two openings at the head and rear of the bilaterally symmetric body plan,
in place of the single gastrovascular–reproductive opening of earlier metazoans. Cre-
ation of the new opening, the mouth, involves specialization of head structures that
require expression of the patterning genes Otx, Forkhead, Brachyury, and Goose-
coid, among others. These gene products dictate both the appearance of the anterior
gut and of a dorsal cluster of nerve cells that replaces a diffuse net of nerves.

 

43,59

 

With these promising innovations, the original Deuterostome is still thought to
have been a headless, eyeless, worm-like creature similar to the modern acorn worm.
This latter organism is an enteropneust (“gut-breather”) suggesting that our common
ancestor still lacked segregation of gas exchange and digestive functions. Appear-
ance of the mouth marks the beginning of the separation of gut and vascular system and
is a critical feature distinguishing Deuterostomes from the other two major branches of
Bilateria: Ecdysoa (e.g., fruit flies), and Lophotrochozoa (e.g., annelid worms).

Deuterostome evolution coincides with the beginning of the multiplication and
functional divergence of genes encoding components of the contractile proteins. Su-
perimposition of molecular phylogenetic trees suggests that significant radiation of
striated muscle actin, myosin, and troponin isoforms occurred during the Cambrian
Explosion sometime between 570 and 540 million years ago (MYA). In particular,
divergence of smooth and striated muscle isoforms of the EF-hand proteins (myosin
essential light chains, cardiac myosin regulatory light chains, and tropinin C), as
well as striated- and smooth-muscle forms of myosin heavy chain and actin, appear
to have taken place during or before the appearance of the chordates.

 

60

 

THE NERVOUS SYSTEM GETS ORGANIZED: CHORDATES
(~550 MILLION YEARS AGO)

 

The Chordates are defined by the presence of a dorsal nerve cord and a muscular
supporting notochord (F

 

IG

 

. 6). Three major chordate branches extant today are the
Urochordates (tunicates), the Cephalochordates (e.g., amphioxus), and the Verte-
brates,

 

 

 

which have a segmented bony enclosure for the axial nervous system. Myo-
tomes and skeletal muscle are well established in the chordates, although phylogenetic
trees suggest that the myogenic factors MyoD and Myf arose earlier. The basal mem-
bers of this family, the sea squirts, typically have a notochord only during the larval
stage, which involutes after attachment and immobilization. Other new features in
animals from this group include development of a filter-feeding pharynx or gill
structures,

 

61

 

 the first appearance of an organized liver (amphioxus), and complete
self-containment of the vascular system.

Both amphioxus and tunicates have a tubular heart that contracts rhythmically.
The direction of flow may alternate in isolated tunicate heart preparations (M. Morad,
personal communication). As in earlier Deuterostomes, these vessels are centered on
the gut and pharynx, although no longer continuous with it. Features unique to am-
phioxus are the presence of both dorsal and ventral vessels, several parts of which
are contractile.

 

62

 

 The notion that these indeed constitute a heart equivalent is sup-
ported by the identification of an amphioxus Nkx2.5 homologue (

 

AmphiNk2-tin

 

) that
is initially expressed in the ventral vessel.

 

53 

 

This heart lacks chambers, valves, or
endothelial lining and consists entirely of myocardial cells.

 

52
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BRAINS AND HEARTS: THE VERTEBRATES 
(~500 MILLION YEARS AGO )

 

At the base of the Vertebrate branch are the hagfish and lampreys (F

 

IG

 

. 7). Hagfish
(

 

Myxinidae) have a partially calcified skull, but a cartilaginous vertebral column, so
that they only just qualify as vertebrates. Their closed vascular system has several
contractile components in series, including the portal vein heart and the systemic

FIGURE 7. Some vertebrate innovations in cardiac morphology and function. Note the
apical position of Felis domesticus [in color in Annals Online].

FIGURE 6. Chordates: the gut and gas exchange separate. Development of the en-
closed vascular system, distinct from the gastrointestinal tract, appears first in Chordates.
Tunicates (sea squirts) are basal members of the chordate family, as seen here in larval form.
After anchoring to the sea floor, adult tunicates lose their nervous system, gills, and mobil-
ity, but retain a cardiovascular system [in color in Annals Online].
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heart. The portal vein heart delivers blood to the gill vasculature and is roughly anal-
ogous to the right-sided cardiac chambers in birds and mammals. The Myxine portal
vein heart and both atria express a natriuretic peptide.63,64 Subsequent vertebrate
evolution has produced many radical innovations in cardiac shape and function, in-
cluding chambers and valves, separate respiratory and systemic circulations, endo-
thermy, gap junctions, and the conduction system. A detailed discussion of each of
these is beyond the scope of this review; the reader is referred to several excellent
papers on general and specific aspects of vertebrate heart development.65–67

Endothermy and Energy Conservation

A recurring theme in vertebrate evolution is the development of adaptations to
manage energy consumption and storage. Steps to improve bioenergetic efficiency,
such as optimizing the efficiency of blood circulation, modifying metabolic and con-
tractile protein functions under periods of stress, and providing central nervous sys-
tem control over cardiac activity can be identified at various stages of vertebrate
evolution. The development of endothermy in avians and mammals (and possibly
therapods) conferred greater environmental adaptability and reproductive success68

but also increased the metabolic cost of daily living.69 This will have increased de-
mand on the heart and cardiovascular system to deliver nutrients, as well as have in-
creased the amount of effort needed to obtain nutrients from the environment. Many
vertebrates undergo metabolic slowing during periods of limited resources, and
some, including hagfish, can survive extended periods of anoxia. Similar adaptive
methods, such as a switch to anaerobic glycolysis under hypoxia, can be observed in
the mammalian myocardium.70

Isoform Specialization

Gene duplications likely facilitated many of the innovations of the vertebrate
heart. The Devonian period (~420 MYA) saw a huge proliferation of fish species, a
movement from marine into fresh water environments, and eventually the first
scramble of vertebrates onto land (~300 MYA). The accompanying radiation of many
genes encoding contractile and cytoskeletal elements, creatine kinase, and natriuretic
peptides led to altered molecular properties for these proteins, and provided for func-
tional specialization.71–74 Cardiac actin and cardiac troponin C diverged from their
skeletal counterparts prior to the frog–mammal divergence (350 MYA), while the
three classes of cardiac, slow skeletal, and fast skeletal muscle isoforms diverged
some time before the bird–mammal separation. Functional specialization is illus-
trated by trout cardiac TnC, which exhibits amino acid changes that confer increased
calcium sensitivity, offsetting the desensitizing effect of cold and allowing cardiac
function to be maintained at low water temperatures.75 The acquisition of novel tran-
scriptional regulatory properties for contractile proteins permits great plasticity in
the vertebrate heart, including the ability to increase contractile protein mass rap-
idly.76 Products of gene duplication may also acquire divergent regulatory proper-
ties: although cardiac and skeletal actin isoforms are tightly conserved at the protein
level, their gene control regions are highly dissimilar.77–80 Divergence at the pro-
moter level provides for different levels of transcriptional response depending on the
extracellular milieu, and for the recruitment of isoforms with specific adaptive prop-
erties during periods of increased demand.
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Separation of the Pulmonary Circulation

Definitive organization of the original tubular heart into separate systemic and
pulmonary circulations occurred sometime between separation of the teleost fish and
amphibians (350–300 MYA).81 Teleost fish hearts have only two chambers that serve
both for oxygenation and tissue perfusion, connected by an atrioventricular valve,
while the amphibian heart has two atria and a single ventricular chamber. In reptiles,
a muscular ridge running from the apex to the base of the ventricle creates directed
flow of oxygenated and deoxygenated blood. This ridge is small in turtles, and con-
siderable mixing occurs, but in lizards and snakes, the ridge is larger and separation
is more efficient.82 Birds and mammals have complete atrial and ventricular septa,
allowing separation between oxygenated and deoxygenated blood, and a full divi-
sion of the systemic and pulmonary circulations. The importance of this divided and
directional flow can be observed when the system is defective.83

Myocardial Regeneration (Or Not)

The ability to efficiently replace lost myocytes disappeared sometime around the
appearance of warm-bloodedness. Unlike mollusks, arthropods, and amphibians,52

mammals cannot generate significant numbers of new ventricular myocytes after
birth, either through self-renewal or replacement. This loss has become a significant
liability only very recently, with the appearance of Homo sapiens sapiens and the
unique ability of Western societies to meet and exceed daily caloric requirements.84

Recent, detailed studies have identified a pool of undifferentiated mononuclear pre-
cursor cells in human ventricular myocardium, identifiable by expression of one or
more surface markers including c-kit and sca-1;85–87 a second population of isl-1–
positive precursor cells has recently been observed in the atria and right ventricular
outflow tract.88 The extent to which these cells resemble the various types of precur-
sor cells identified in myocardial tissue from arthropoda to ascidians and whether
myocardial regenerative capability will be re-created in humans are currently topics
of intensive research.

Cell–Cell Communication

Connexins are proteins that form intracellular junctions that transmit several
types of chemical and electrical signals. The appearance of connexin-based gap
junctions parallels the increasing complexity and size of the vertebrate heart. A basal
connexin has been reported in chordates and more than 20 separate connexin family
members are found in mammals. Rapid communication through gap junctions is a
critical factor allowing the vertebrate heart to contract in a rapid, synchronous man-
ner, as distinct from the more peristaltic, wave-like contractions of invertebrate
hearts.89 Synchronous contraction contributes to biomechanical efficiency and was
further promoted in vertebrate evolution by the appearance of a specialized electrical
conduction system. The development of the major components of this system has
been reviewed elsewhere90,91

Love and the Mammalian Heart

The process of gradual separation of the primitive body cavity into three distinct
functional systems is nearly complete in mammals. The combined digestion-sex-
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respiration organ has become the gastrointestinal tract, the reproductive system, and the
heart. Clues to their ancient unity can be found in their early embryonic gene expres-
sion programs and differentiation cues.92 Interestingly, central nervous system con-
trol over these functions has evolved in tandem, re-investing the heart with a role in
reproduction. In hagfish, a single, unmyelinated nerve (the vagus) sends branches to
the viscera, but there is no direct innervation of the heart. In lower vertebrates, this
innervation couples cardiac function to perception of danger by inducing a state of
immobilization.93,94 Higher vertebrates utilize the well-known fight-or-flight re-
sponse, which inhibits vagal immobilization and stimulates heart rate through secre-
tion of sympathoadrenal hormones into the bloodstream. A recent evolutionary
feature, specific to mammals, is the development of a myelinated vagus nerve with
sources in the medullary nucleus ambiguus. Changes in vagal tone are critically re-
sponsible for rapid slowing and speeding of heart rate in mammals. At the same time,
efferent pathways from the mammalian frontal cortex allow vagal tone to be influ-
enced by perceptions of safety and desire for social proximity. The individual is thus
able to become calm and receptive to interaction, which might otherwise be terrify-
ing, and invoke death-feigning or flight. This function of the vagus nerve critically
enables the behavior required for courtship, copulation, and sustained pair bond-
ing.94 The tendency to identify our hearts as the location of affection, passion, and
constancy may therefore have a sound basis in mammalian neurophysiology. Is the
latest chapter in cardiac evolution to be the development of love?
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