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Neural Crest and the Origin of
Vertebrates: A New Head

Carl Gans and R. Glenn Northcutt

In the extensive discussions on the
origin of vertebrates (/-3), there has
been an emphasis on characters shared
between early vertebrates (and their de-
scendants), and other deuterostomes—
particularly the protochordates (Table
1). This emphasis on similarities, and
thus on characters that appear to be

leads us to propose the hypothesis that
vertebrates have evolved from proto-
chordate-like ancestors primarily by
elaboration and differentiation of their
epidermal nerve plexus and by muscular-
ization of their hypomere. This hypothe-
sis is supported by the observation that
many of the sensory, integrative, and

Summary. Most of the morphological and functional differences between verte-
brates and other chordates occur in the head and are derived embryologically from
muscularized hypomere, neural crest, and epidermal (neurogenic) placodes. In the
head, the neural crest functions as mesoderm and forms connective, skeletal, and
muscular tissue. Both the neural crest and the epidermal placodes form special sense
organs and other neural structures. These structures may be homologous to portions
of the epidermal nerve plexus of protochordates. The transition to vertebrates
apparently was associated with a shift from a passive to an active mode of predation,
so that many of the features occurring only in vertebrates became concentrated in the

head.

primitive for chordates, has masked
some major differences between verte-
brates and all other deuterostomes. Con-
sideration of these disparities allows
analyses of the functional shifts that
seem to have occurred with the origin of
vertebrates.

Our analysis of new data from devel-
opmental biology, neurobiology, func-
tional morphology, and systematics

The authors are professors of zoology in_ the
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motor systems of vertebrates, as well as
their supportive skeletal structures, are
derived embryologically from neural
crest and epidermal (neurogenic) plac-
odes. In the process, these embryonic
tissues form the anterior part of the
head, most of which represents a new
vertebrate unit.

The structural differences between
protochordates and vertebrates are pre-
sented in Table 2, along with notes on
the embryonic origins of the vertebrate
structures. Consideration of the func-

28. G. Shafer, A Mathematical Theory of Evidence
(Princeton Univ. Press, Princeton, N.J., 1976).
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tions of these systems and of their phylo-
genetic development leads to a new in-
terpretation of the phylogeny of the ver-
tebrate head.

Comparison of Vertebrates and

Protochordates

At some stage of their life history, all
chordates show such apparently derived
characters as a dorsal hollow nerve cord,
a notochord, segmented muscles (in an
unsegmented trunk), and a perforated
pharynx (I/-3). However, certain as-
sumed correlates of these characters
prove to be only superficially similar in
different chordate types (Table 3). For
instance, although protochordates and
vertebrates both have a pharynx, that of
vertebrates differs (i) in having a carti-
laginous rather than a collagenous skele-
ton (4, 5, 8), (i) in pumping water with
the branchiomeric muscles rather than
cilia (1), and (iii) in having gills and
internal, muscular aortic arches, both of
which are lacking in protochordates (6—
8). Similarly, although the myotomes of
the axial musculature are staggered in
cephalochordates, those of vertebrates
lie in symmetrical pairs. In addition, the
trunk muscle cells of cephalochordates
extend to the nerve cord, where the
motor endplates lie. In contrast, the mo-
tor endplates of vertebrates lie at the
termination of peripherally passing spi-
nal nerves (9). The differences between
protochordates and vertebrates even af-
fect superficially similar structures.

Vertebrates differ from other chor-
dates because they are mobile predators,
the predatory activities of which, wheth-
er or not utilizing jaws, inevitably in-
volve the modified skeletal elements and
muscles of the pharynx. This active pre-
dation is directed by an elaborate array
of special sense organs and their inte-
grating circuitry. Predation is supported
by an advanced metabolic mechanism
with specializations for exchange and
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distribution of respiratory gases. Al-

though some of these attributes involve :

modification of preexisting portions of
the protochordate anatomy, many other
attributes concern structures that the
vertebrates have assembled into the
head. This ‘‘new’’ part of the head repre-
sents an addition that includes two suites
of functional characters: (i) detection and
capture of prey and (ii) the exchange and
distribution of respiratory gases.
Clearly, vertebrates have a substantial
suite of shared-derived characters that

distinguish them from protochordates -

and from invertebrates (Table 2). The
presence of théese characters in itself is
not a key to an understanding of verte-
brate ancestry. Their occurrence is un-
expected and demands an explanation of
the transition that led to their develop-
ment and the subsequent successful radi-
ation of vertebrates. Because the differ-
ences involve multiple organ systems, it
is appropriate to search for a common
denominator that would allow an expla-
nation of possible transitions between
protochordates and vertebrates. We sug-
gest that this common denominator is
embriyonic development.

Development 6f the Shared-Derived

Characters

Analysis of the shared-derived charac-
ters of vertebrates (those advanced mor-
phological attributes that characterize
the group) indicates that these develop
from one of three embryonic tissues: the
hypomere, the neural crest, and the epi-
dermal placodes (Table 2). The contribu-
tion of hypomere (the ventral, unseg-
mented lateral plate portion of the meso-
derm) has long been recognized: What
has not been emphasized is that most of
the new hypomeric contributions reflect
hypomeric muscularization in verte-
brates. This muscularization leads pri-
marily to the branchiomeric muscle of
the pharynx (10), the muscle of the walls
of the gut, and the muscular heart. Al-
though hypomere is a fedture of many
deuterostomes, the occurrence of well-
developed muscular layers is not (I, 8).
The distribution of hypomeric muscle
across deuterostomes (some echino-
derms, enteropneust hemichordates, and
vertebrates) suggests that muscle has
evolved -independently a number of

_ times, from more primitive myoepithelial
cells (11).

The neurogenic epidermal placodes
are generally described as thickenings of
the ectoderm at those cephalic sites at
which sense organs will form; they actu-

ally originate from a zone adjacent to the -
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anterior portion of the neural tube. The
neural crest tends to be defined as paired
strips of tissue, that lay adjacent to the
edges of the neurectoderm and are foid-
ed inward along its sides during closure
of the neural tube. Both epidermal plac-
odes and neural crest are involved devel-
opmentally in many vertebrate sense or-
gans, and neural crest has long been
known to contribute to other vertebrate
structures (12, 13). Some texts of devel-
opmental biology even list neural crest
as a vertebrate character (/4). The recent
data in developmental biology obtained
with the use of tritiated thymidine label-
ing and quail-chick chimeras have cor-
roborated earlier findings, and these
techniques have revealed that many oth-
er tissues derive from the neural crest
and epidermal placodes (I5-19) (Table
2).

Embryologically, both neural crest
and epidermal placodes are found adja-
cent to the néurectodermal neural plate,
in a zone surrounding its anterior and
lateral edges. A number of developmen-
tal studies show that initially neural crest
is incorporated into the neural tube, to
form its dorsal-most alar closure; later
neural crést migrates outward and comes
to lie adjacent to the closed neural tube,
immediately beneath the ectoderm (20).
It migrates from here to highly specific
locations in regions throughout the body
(15-19). . The - epidermal (neurogenic)
placodes, unlike neural crest, are re-
stricted initially to the head. The pla-
codes consist of a dorsolateral‘and ven-
trolateral series (19, 21). The dorsolater-

.l series lies adjacent to the neural crest

and forms special sense organs and pos-

Table 1. Taxonomic overview of deutero-
stornes. These are bilateral organisms with

the anus formed from blastopore, enterocoe-

lous ‘for'mation of coelom, indeterminate
cleavage, and ciliated larva (4).

Phylum Echinodermata

Phylum Pogonophiora
Beard worms

Phylum Hemichordata* (6)
Includes acorn worms (enteropneusts)
and .pterobranchs

Phylurh Chordata*

Subphylum Urochordata i
Includes tunicates; thalaceans, and larva-
ceans o

Subphylum Cephalochordata
Amphioxus

Subphylum Vertebrata
Superclass Agnatha

Includes lampreys and hagfish
Superclass Gnathostoma

Includes bony and cartilaginous fishes,

amphibians, reptiles, mammals, and

birds

*The térm ‘‘Protochordata’ includes all chordates
except vertebrates.

sibly the adenohypophysis (22). The ven-
trolateral epibranchial placodes lie adja-
cent to the pharyngeal pouches and form
the sensory ganglia of the cranial nerves
that innervate the taste buds. The close
spatial arrangement of neural crest and
epidermal placodes in the developing
embryo has led to the belief that these
tissues are associated in some mariner.

Relation of Neural Crest to
Epidermal Placodes

Although developmental studies re- -
veal that the shared-derived characters
of vertebrates arise from a limited num-
ber of embryonic tissues, these stidies
do not provide insights into the phyloge-
netic origin of these tissues nor into the
selective pressures that may have pro-
duced the changes. However, all these
shared-derived characters are involved
with the functions of gas exchange or the
detection, ingestion, and processing of
food. Specifically, the structures devel-
oping from neural crest and placodes
(Table 2) are involved significantly with
sensory and integrative functions: This
again raises the question of the relation
between neural crest and epidermal plac-
odes. o

Placodes and neural crest have many
parallel characteristics (15-19, 21). Both
are derivatives of ectoderm and can mi-
grate. Both form sensory. neurons and
special sense organs. Both produce or
induce . extracellular mucopolysaccha-
rides as an extracellular matrix. Both
must interact to form many structﬁres.
Placodes differ from neural crest in that
they occur only in the head; in contrast,
the tissues derived from neural crest
arise along the trunk and tail as well.
Only placodes form sensory receptors,
whereas.only the neural crest forms mo-
tor neurons (15-19).

The similarities suggest that the tis-
sues are somehow associated, either on-
togenetically or phylogenetically. The
differences suggest that placodes are not
part of the neural crest, and that they do
not induce, nor are they induced by,
neural crest. It would seem most likely
that these two embryonic tissues are
parallel derivatives of a single precursor,
presumably a precursor that was in-
volved in the formation of sensory, inte-
grative, and motor tissues of protochor-
dates.

The sensory, integrative, and, to a
large extent, motor systems of hemichor-
dates and protochordates reside in an
epiderimal nerve pléxus. This plexus has
a variable degre¢ of mid-dorsal conden-

sation, infolding, and cephalization (23,

269



24). However, adult urochordates have
secondarily simplified the centralized
nervous systems seen in their larval
stages (24).

Other deuterostomes have not only an
epidermal nerve plexus, but also a peri-
visceral one. The embryonic origin of the
perivisceral plexus has not been investi-
gated fully; however, it is usually con-
ceded that neurons in metazoans arise
only from ectodermal tissues (24). If this
is thé case, then the perivisceral plexus
probably arises from ectodermal celis
and migrates into the wall of the gut.
Apparently, the embryonic precursors of
the peripheral nerve plexuses of deutero-
stomes are migratory, a property charac-
teristic also of neural crest and epidermal
placodal tissues. These considerations

are consistent with the suggestion that
parts of the central nervous system and
special sense organs of vertebrates arose
phylogenetically by a condensation and
elaboration of the diffuse epidermal
nerve plexus characteristic of other deu-
terostomes.

Origin of the Skeletal System

Although the differences in their sen-
sory systems are profound, perhaps the
most striking difference between verte-
brates and protochordates is the posses-
sion of a head skeleton in the former.
The head skeleton is composed of carti-
lage and calcified tissues (bone, dentine,
and enamel). Both protochordates and

Table 2. Shared-derived characters of vertebrates. Abbreviations: NC, neural crest; P,
epidermal placodes; H, hypomere; MH, muscularized hypomere; DH, food deteéction and

ingestion; G, gas exchange; F, food processing.

Character 4 Embryo:ﬁc Assoc.iated
origin functions

Nervous system

Cranial nerves with sensory ganglia NC, P DH, G

Trunk nerves with sensory ganglia NC DH

Peripheral motor ganglia NC G, F

Forebrain NC? DH, F
Paired special sense organs

Nose P DH

Eyes (accessory organs) NC? (P) DH

Ears ) DH

Lateral line mechanoreceptors P DH

Lateral line electroreceptors P DH

Gustatory organs NC, P DH
Pharyngeal and alimentary modifications

Cartilaginous bars NC DH,F, G

Branchiomeric muscle MH DH,F, G

Smooth muscle of gut MH F

Calcitonin cells NC G

Chromaffin cells—adrenal cortex NC DH, F
Circulatory system

Gill capillaries H G

Muscularized aortic arches NC G

Muscular heart MH G
Skeletal

Anterior neurocranium and sensory capsules NC DH, F

Cephalic armor and derivatives NC i DH

*See references (I5-19, 21, 27).

Table 3. Some spurious similarities between vertebrates and protochordates (I, 3, 8).

Character

Complication

Anterior brain
Sense organs

Only occurs in vertebrates. Nonneural in cephalochordates
Although sense organs occur in both groups, protochordates have

only simple, peripheral and central receptors, and lack the com-
plex paired peripheral sense organs characteristic of vertebrates

Pharyngeal skeleton
in protochordates
Transport of water

Formed of cartilage in vertebrates; only contains collagen and chitin

Pumped through pharynx by muscle in vertebrates

Driven by ciliary movement in protochordates

Gas exchange sur-
faces
Aortic arches
in protochordates
Food transport
chordates

Capillary gill exparisions in vertebrates
No pharyngeal specializations in protochordates
Muscular-walled in vertebrates; nonmuscular, covered with collagen

By muscular peristalsis in vertebrates; by ciliary motions in proto-

vertebrates have an epithelial notochord
for support, but in vertebrates the noto-
chord extends only to the level of the
basicranial fenestra, rather than to the
rostral tip of the head as in protochor-
dates. The extensive cranial skeleton of
vertebrates arises embryologically from
a pharyngeal skeleton (derived from neu-
ral crest), an integumentary skeleton (de-
rived from neural crest and sclerotomal
mesoderm), an anterior neurocranium
(derived from neural crest), and a poste-
rior neurocramium (derived from neural
crest and sclerotomal mesoderm, respec-
tively) as well as olfactory (neural crest),
optic (neural crest), and otic (neural
crest and sclerotomal mesoderm) senso-
ry capsules (12, 17, 18, 25). It seems
noteworthy that the rostral portion of
the skull is entirely of neural crest
origin.

Ostracoderm agnathans seem to have
had all of the cephalic skeletal compo-
nents seen in modern vertebrates (26).
However, the best preserved portion of
their skeletons is the ossified integumen-
tary armor. The external surface of this
armor apparently consisted of a dentin-
ous layer, sometimes with a surface
coating of an enamel-like material. The
deeper layers of the dermal armor were
bony, with the middle layer of each plate
perforated by many more vascular and
collagen-filled channels than the inner-
most one. Although many of the shared-
derived vertebrate characters arise from
neural crest and epidermal placodes, and
are related to sensory or integrative
functions, the supportive tissues form a
major category that initially seems unre-
lated to neural function. However, both
neural crest and placodal tissues are in-
volved in the secretion of proteoglycans,
that is, mucopolysaccharides (15; 17, 27—
29). Moreover, it is possible that at first
occurrence these tissues were associated
with a sensory rather than a supportive
function.

Transduction Enhancement

The larval stages of most deutero-
stomes are ciliated, and it appears that
these cilia have both sensory and motor
functions (30). Previous studies suggest
that the sensory receptors of most verte-
brates represent modified ciliated cells
(37). The mechanoreceptive neuromasts
of the vertebrate lateral line system have
many of the properties presumed to
characterize primitive ciliated sense or-
gans. However, the lateral line systems
of lampreys (32), all cartilaginous fishes,

. and primitive bony fishes have an addi-

tional class of modified ciliated recep-
tors, namely, the electroreceptive ampul-



lary organs, which are capable of detect-
ing weak electric fields (33). In view of
the distribution of electroreceptors, it
seems likely that the earliest vertebrates
also possessed ampullary electrorecep-
tive organs. Furthermore, a number of
fossil fishes had a pore-canal system,
consisting of supposed electroreceptors
(34). The flask-shaped cavities of the
pore-canal system were lined with dense
enamel-like tissues, as was the surface of
the dentinous protrusions of the integu-
mentary armor. These enamel-like tis-
sues, as well as the underlying bone, are
formed of crystalline hydroxyapatite de-
posited on a collagenous matrix. It has
been suggested that the high resistivity
of this crystalline material increased the
sensitivity of electroreception (35).

The development of the deep bony
layers of the integumentary armor could
have developed later as a consequence
of the formation of the dentinous and
enamel-like tissues. Consequently, bone
initially may have functioned to maintain
the spacing of the peripheral detectors

rather than to facilitate receptor sensitiv--

ity (36).

Cartilage differs from bone by having
proteoglycans, rather than hydroxyapa-
tite matrix deposited on the collagenous
frame. These proteoglycans are histo-
chemically similar to the material of the
gelatinous cupulary organs of the mecha-
noreceptive neuromasts (28). We suggest
that mechanoreception was a primary
function of this material. Analysis also
indicates that the proteoglycans of the
pharyngeal basket may initially have
been secreted by pharyngeal deforma-
tion detectors. Later in evolution, pro-

-teoglycans became more widespread and
increased the elastic storage capacity of
the pharyngeal skeleton (37). Both bone
and cartilage apparently spread from
their primary association with the integu-
mental and pharyngeal skeleton. Bath

appear as derivatives of neural crest in.

the facial skeleton, involving chondrifi-
cation and ossification of the sensory
capsules and braincase. More important,
both appear in the postotic cranium and
in the axial and appendicular skeletons,
all of which are formed of mesodermal
sclerotom¢ without neural crest or placo-
dal contributions (38). Apparently, the
capacity to deposit proteoglycans and
hydroxyapatite, perhaps in association
with fibronectins (39), involves a shift of
the secretory or inductive capacity
among cell lineages. The potential for
such change of tissue specificity has now
been observed, for instance, for en-
zymes among populations and even spe-
cies of Drosophila (40).

These considerations suggest that
skeletal materials arose from neural crest

in the pharynx and integument of the
head and that they later appeared in the
cranial capsule and still later in the post-
otic skeleton. They support the concept
that the postotic skull and the vertebral
and appendicular systems arose first in
gnathostomes and that the situation seen
in Recent agnathans is, in this sense, not
degenerate but primitive (41).

The relative antiquity of cartilage and
bone remains in dispute (42). If cartilage
is viewed as a material that initially aided
transduction-amplification and only later
became involved with facilitation of the
elastic recoil of the pharynx, it was pre-
sumably involved in the shift of the pha-
ryngeal structures from filter-feeding to
ventilation (43). The probable role of the
neural crest in this shift to ventilation is
further indicated by its contribution to
the muscular aortic walls and the senso-
ry neurons involved in proprioception
(15-19). The enhancement of gas ex-
change in the pharynx must have preced-
ed the reduction of diffusional gas ex-
change across the integument, which
would have been a corollary of any ex-
tensive bony armor. It follows, then, that
the primary cartilage of the pharynx
must have arisen earlier than dermal
bone. Apparently, cartilage later devel-
oped a role as an embryonic supportive
tissue, particularly in zones of articula-
tion (44). The skeletal tissues thus ap-
pear to be derivatives of sensory trans-
ducers, but also show a strong associa-
tion with the enhancement of gas ex-
change.

The New Head

The preceding arguments suggest that
most novel vertebrate characters were
derived by modification of preexisting
embryonic tissues in protochordates.
Hypomeric muscularization seems to be
a common phenomenon, as is the origin
of the neural tissues from the ectoderm.
However, it is more difficult to under-
stand why the neural crest should func-
tion like mesoderm in the anterior head.
This is clearly the most striking change

“coincident with vertebrate origins; to

make a crude analogy, the vertebrate
head may be conceived as an addition to
the existing body of protochordates.
Although there have been many stud-
ies of vertebrate head segmentation,
they disclose no simple pattern and in-
vestigators disagree about mechanisms
and their significance (45). There are at

-least two segmentation series, the epi-

meric and the hypomeric one. Yet, such
rostral structures as the dermal bones
and the anterior neurocranium do not fit
either series. The formation of these new

structures by an elaboration and modifi-
cation of the unsegmented embryonic
nerve plexus seems to be consistent with
the absence of a clear segmental pattern.
Thus, the existing segmentation of the
head of protochordates was not . dis-
turbed; instead, the capsules associated
with the special sense organs and the
proliferation of the anterior end of the
nerve cord developed anterior to the .
rostralmost notochordal tip and its flank-
ing epimeres (somites and segmented
blocks of dorsal mesoderm).

Both series of truly segmented struc-
tures seen in vertebrates then are reten-
tions from a protochordate level of orga-
nization. The epimeric segmentation de-
rives from the muscularization of body
tissues for locomotion, and the branchial
segmentation from hypomeric modifica-
tion for filter-feeding. The origin of ver-
tebrates did not involve any further seg-
mentation. According to this view all
expressions of segmentation of the ner-
vous system relate to the existing epi-
meric and hypomeric segmentation of
the mesoderm.

Even though the basic developmental
sequences remain unchanged, the utili-
zation of neural crest tissues would per-
mit major structural modifications.
Thus, gastrulation and its attendant re-
distribution of mesodermal tissues, in-
cluding the chordamesoderm, need not
be reorganized (46). Instead, the modifi-
cation may have been concentrated in
the ectoderm and all of the observed
changes would involve the ectoderm and
its interactions with other tissues. Ante-
rior prolongation utilized the matrix-
forming capacity of the epidermal nerve
plexus; it-did not increase the number of
anterior mesodermal segments or cause
their rostral elaboration. Many of the
complications encountered when at-
tempting to establish a simple solution to
the ‘‘segmentation’” of the prootic head,
therefore, only reflect the fact that much
of this region is intrinsically unsegment-
ed. The epidermal modifications provid-
ed a framework for an array of sequen-
tial, but not segmentally, arranged struc-
tures.

Scenario

When the shared-derived characters
for vertebrates are contrasted with the
characters of chordates, it appears that
vertebrates arose gradually from animals
resembling ciliated filter-feeding proto-
chordates that used muscular propulsion
in their adult stages (Fig. 1). Apparently,
such organisms resembled Recent ceph-
alochordates. They had a notochord that
could be bent by the sequential and



alternating contraction of myotomal
muscles, and a pharyngeal basket with a
skeleton of collagenous branchial bars.
These animals also seem to have been
filter-feeders that transported both a mu-
cous strip and water currents by ciliary
propulsion and to have utilized a ciliated
endoderm to transport food down the
gut. Presumably, they obtained their res-
piratory gases by diffusion across the
pharyngeal walls and the -body surface.
Further, their circulation involved only
myoepithelial pumping action at the base
of the aortic arches; they lacked both a
central heart and capillaries on the sur-
face epithelium of the pharyngeal bars
(47). These organisms may have differed
from modern cephalochordates in having
a far more extensive epidermal nerve
plexus (48).

The primary shift to a vertebrate con-
dition apparently involved a modifica-
tion of the filter-feeding mechanism to a
mechanism that permitted use of selec-
tive predation and made larger prey
items accessible. To the extent that larg-
er prey was available in the environ-
ment, its capture would not only have
increased the range of nutrients, but es-
tablished advantages for increased pred-
ator size and consequently for increased
metabolic output; an improvement of the
mechanism for gas exchange would then
have acquired a substantial advantage.

This improvement was accomplished
by muscularization of the hypomere into
“‘branchiomeric’’ muscle and by the ca-
pacity for muscular deformation of the
pharynx. Also, there was replacement of
collagenous pharyngeal bars by more
elastic cartilaginous ones that permitted
elastic recoil, using the energy stored
during muscular pharyngeal deformation
(43). In parallel, there was subdivision of
the circulatory system into capillary
beds beneath the gill epithelia, muscular-
ization of the aortic arches, the develop-
ment of a central heart and circulating
erythrocytes. Also, the wall of the gut
became muscularized and this increased
the capacity to deal with larger prey
items in a larger lumen utilizing extracel-
lular digestion. All of these changes in-
volved the development of new sensory,
integrative, and motor controls, which
apparently were centralized by expand-
ing the neural tube to form the spinal
cord and hindbrain. At this stage the
paired and external special sense organs
devéloped, as well as a central integra-
tive capacity for utilizing the increased
information they provided.

A further level of modification in-
volved the enhancement of electrorecep-
tion and its development into a major
sensory modality capable of detecting
distant and hidden prey. The key change
was the enhancement of the detecting
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capability of the system by the deposi-
tion of hydroxyapatite. These deposits
led first to dentinous and enamel-like
tissues, to maintain the spatial orienta-
tion of the sensory receptors. The devel-
opment of such a bony base, including
the ossification of the neurocranium,
clearly occurred late in the transition to
the vertebrate condition, as the first rec-
ognizable agnathans already had all ma-
jor sense organs, brain divisions, and
cranial nerves (26). Ossification, then, is
the latest rather than an early indicator
that the vertebrate grade has been at-
tained—an achievement that had been
preceded by acquisition of most of the
aspects that we identify as shared-de-
rived characters of vertebrates.

This sequence of modifications sug-
gests how a shift from filter-feeding to
active predation could allow and facili-
tate an increased metabolic rate (49) and
the structural correlates thereof. Many
of these modifications probably occurred
in postmetamorphic adults rather than in
the early embryonic stages of the proto-
vertebrates. Metamorphosis occurs in all
protochordates and most anamniotic
vertebrates; hence, it presumably oc-
curred: in the transitional forms. Thus,
the larval stages of the earliest verte-
brates likely retained some level of cilia-
tion, filter-feeding, and other aspects,
interpreted here as conservative proto-
chordate characters.

While these modifications were being
evolved, the new sense organs and the
integrative specializations of the new
vertebrates apparently developed anteri-
or to the existing nerve tube. Thus, most
of the vertebrate head and brain lies
anterior to the tip of the notochord. Most
of the new tissues and organs, as well as
their surrounding and supportive ele-
ments, derive embryologically from tis-
sues that formerly gave rise only to the
epidermal nerve plexus. This change ac-
counts for many of the differences in the
organization of the structures between
the vertebrate head and the trunk; much
of the head represents an addition and
does not represent a modified portion of
the existing trunk (50).

The final stage would have involved
the modification of the anterior gill bars
into the articulated jaws, characterizing
gnathostome animals. The ‘“‘new’’ head,
formed in the preceding stage, is ho-
mologous only to that portion of the
gnathostome head which lies anterior to
a line passing through the otic region; the
(mesodermal) postotic skull develops as
part of the transition to gnathostomes.
Furthermore, the gnathostome condition
is marked by such associated specializa-
tions as discrete teeth and by the first
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appearance of true vertebrae. At this
level, the scattered segmental cartilages
of agnathans are transformed into the
more complex and articulating vertebral
arches that later provide replacement of
the notochord. As vertebrae appear to
have arisen only at the gnathostome lev-
el, it may be appropriate to resurrect the
name and implied concept Craniata for
the agnathans plus gnathostomes, now
referred to as the Vertebrata.

Alternatives and Implications

There should be little or no disagree-
ment about the structures we consider
vertebrate nor about their embryonic ori-
gins. Furthermore, there is likely to be
little disagreement about the present bio-
logical roles of these vertebrate ele-
ments. Alternative views are possible
about the phylogenetic sequence in
which these vertebrate characters ap-
peared and about their phyletically early
functions or their advantages at the time
of origin.

It could be argued that rather than
being selected by the advantages associ-
ated with active predation, many of the
characters only reflect a shift to larger
size of animals that retained filter-feed-
ing. However, the sensory structures,
which so obviously characterized even
the earliest vertebrates, are distance re-
ceptors, and elsewhere only occur in
actively predacious animals. Even more
profound disagreements might concern
the possible origins of neural crest and
placodes, and the reality of their homolo-
gy to the epidermal nerve plexus of other
deuterostomes. They might be homo-
plastic and have independently evolved
from ectodermal tissues.

Although phyletic hypotheses cannot
be tested directly, predictions that follow
from them are subject to test. If our
hypothesis is correct, ectodermal plac-
odes and neural crest should share more
similarities with epidermal nerve plexus
than any one of them does with other
ectodermal derivatives. This would not
be expected if they were all separate and
independent derivatives from ectoderm.
The possibility could be checked as soon
as monoclonal antibodies against neural
crest or placodal tissues become avail-
able.

There are also other identified bio-
chemical markers, such as the S-100
protein which already has been demon-
strated in numerous crest-derived tissues
(51). If we are correct, some such sub-
stances should also occur in tissues de-
rived from the placodes and in the epi-
dermal nerve plexus of protochordates
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(but not in ectoderm generally). Obvi-
ously, the compounds of interest are
those which are neither common proper-
ties of all ectoderm nor of only one of the
three tissue types.

The general hypothesis offered here
may allow a reexamination of various
conflicting views regarding issues, such
as coelom formation and the putative
sister group of the Chordates. Also it has
important bearing on the issue of head
segmentation, because the theory invali-
dates the traditional view that branchio-
meric cranial nerves are serial homologs
of the dorsal spinal ones. It also raises
questions about the origin and subse-
quent evolution of the paired sense or-
gans, as well as the possibility that the
forebrain and its paired evaginations,
which form the epiphysis, paraphysis,
and eyes, arose later in phylogeny than
the remainder of the central nervous
system.
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American monographs having as their
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are working to reduce waste and pollu-
tion as much as possible; and both coun-
tries are finding the latter difficult to
accomplish because of the high cost of
pollution abatement measures or an in-
adequate level of field inspection and
enforcement.

The objective of this article is to exam-
ine the state of resource conservation
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and environmental protection in the
U.S.S.R. at the beginning of the 1980’s,
as compared to the early 1970’s. Without
question, much environmental improve-
ment took place in the Soviet Union over
the past 10 years, but in what areas were
significant advances realized and in what
areas not? In the United States, the
1970’s were the ‘‘decade of the environ-
ment’’; was this also the case in the
U.S.S.R.?

Economic Imperatives

Both environmental degradation and
environmental improvement normally
take place at a slow but steady pace,
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Union in the 1970’s, however, these
changes were influenced by two eco-
nomic events of particular concern. The
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1979, from which the Soviet Union was
not entirely isolated. Both events have
given new impetus to the subject of
resource conservation in the U.S.S.R.
and will help put the rest of the discus-
sion into perspective.

The downturn in average annual rates
of increase in Soviet industrial produc-
tion has been accompanied by a clearly
stated need to improve the efficiency
with which natural resources are used.
Soviet spokesmen acknowledge that
such improvement would not be difficult,
and the 1972 studies cited many lamenta-
tions in the Soviet press over wasteful
practices in such industries as petroleum
extraction and timber harvesting (I, pp.
96—106). Particularly common were the
burning off of large quantities of well-
head gas and the carrying out of inade-
quate reforestation measures. The situa-
tion apparently has improved only mar-
ginally, and leading journals still fre-
quently protest, for example, the waste
of natural gas that accompanies the ex-
traction of petroleum and coal (3).

The situation prompted a front page
article in Pravda in 1981 (4) which pre-
sented a resolution calling for more effi-
cient use of natural resources. It was
frankly stated that ‘‘compared to the
best world indices, we expend greater
amounts of raw materials and energy per
unit of national income. . . . [T]he CPSU
Central Committee and the USSR Coun-
cil of Ministers consider it necessary to
fundamentally improve all efforts to
economize and make efficient use of raw

. materials, supplies, fuel, and power in all

branches of the national economy’’ (4).
As one response to this, an increased
emphasis on recycling, especially of
newspapers and municipal wastes, has
taken place in the past 10 years, parallel-
ing similar efforts in the United States.
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