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My topic, the emergence of order on the behavioral level, has two
aspects. Since behavior emerges from the physiological activities of
the nervous system, neurogenesis and the genesis of behavior are
inseparable. The development of organization in the nervous system,
in turn, has to be dealt with in terms of morphogenesis, cytogenesis,
including ultrastructure, and physiological activity. Observation has
to be supplemented by the analytical experiment. Such a multidisciplinary approach to our problem ranging from the behavioral to the
ultrastructural level, is the great challenge for the future. It is beset
with difficulties, not the least of which is the matter of communication
between investigators in these different areas. A more immediate dif
ficulty for my topic, apart from the fragmentary nature of the available
material, is the fact that the relations between neurogenesis and the
origin of behavior are by no means as straightforward and parallel as
one might have expected. I shall attempt to deal with some of the
intricacies of these relationships in a rather general way, but my old
informant, the chick embryo, will supply most of the illustrations.
EXPERIMENTAL NEUROGENESIS

Experimental neurogenesis has elucidated some of the mechanisms
by which the complex organization of the CNS, the patterns of central
fiber tracts and of peripheral nerves, and the specific synaptic and
terminal connections are established. I shall recall briefly some of the
procedures that create order on the structural level. Mitotic activity
in the CNS and in ganglia is programmed in space and time, and the
mitotic patterns foreshadow the patterns of regional distribution of
neuroblasts (Coghill, 1924; Hamburger, 1948; Källen, 1965; Watterson, 1965). Directional migration of neuroblasts, both within the CNS
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and by neural crest and placodal derivatives, has been recognized as
one of the most significant procedures by which the assembly of brain
nuclei, stratifications, cell column formation and localization of periph
eral ganglia is achieved ( Levi-Montalcini, 1964). But the agencies
that guide and direct the neuroblast migrations are obscure. The
establishment of the complex patterns of intracentral fiber tracts and
of peripheral nerve patterns can be attributed to subtle interactions
between the "growth cone" and the substrate or matrix on which it is
spun out. "Contact guidance" by oriented structural or ultrastructural
elements in the matrix (Weiss, 1941a, 1955) is probably combined
with specific biochemical matching properties of fibers and constit
uents of the matrix to provide the directional cues; but again, we
know very little concerning their molecular basis. It would seem that
this problem could be most profitably approached in tissue culture.
A variety of experiments demonstrate a wide spectrum of degrees of
selective affinities between different types of axons and their substrate,
and along different segments of the pathways ( Hamburger, 1962 ). The
crucial step in the development of neural networks is the establishment
of specific synaptic connections. On the basis of extensive experimental
work, Sperry (1951, 1963, 1968) has developed the idea that selective
chemo-affinity between the nerve ending and the neuron with which
it synapses establishes the permanent contact between them. Such
chemo-affinities are perhaps related to the above-mentioned matching
properties between outgrowing fibers and the matrix, which we think
are responsible for directional fiber growth, and perhaps also for
directional migration of neuroblasts. As soon as order is established,
problems of maintenance arise for the young neuroblasts. Their sur
vival is threatened if they fail to establish, or lose, their interconnec
tions with other neurons (transneuronal degeneration) or with the
peripheral organs in which they terminate (Hamburger, 1956). For
the growth of sympathetic and spinal ganglia, the nerve growth factor
seems to be an essential metabolic requirement (Levi-Montalcini,
1966).
All these mechanisms taken together carry neurogenesis to an
advanced state of neural organization. Later on, we shall scrutinize the
question of whether or not sensory input is a necessary requirement
for the completion of neurogenesis to the point where integrated
behavior becomes possible. The mechanisms of neurogenesis include
an extraordinary variety of ever-changing, yet carefully programmed
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interactions between parts of the nervous system, and between neural
and nonneural structures. The bafHing complexity of the neurogenetic
process matches the complexity of the finished product. The un
resolved problems are clearly formulated. The field for the molecular
n^urobiologist is wide open.
BEGINNINGS OF FUNCTIONAL ACTIVITY

Since the development of functional activity is the central issue of
this discussion, we - shall inquire first into its beginning. The term
"functional activity" has two meanings: the bioelectrical activity of
neurons and neuron networks; and motility or behavior. Since record
ings of potentials at the earliest stages of neurogenesis have not been
made as yet, motility is the only criterion of early bioelectrical activity.
Motility begins remarkably early in embryos: in the salamander in
intermediate tail bud stages; in the chick, in limb bud stages (3/2-4
days), in the mouse at 14 days, and in the human at 7^2-8 weeks
menstrual age, when fingers and toes make their appearance. In all
vertebrate embryos, the first sign of motility is rather uniformly a
bending of the head; motility spreads from the neck muscles tailward,
reflecting the cephalocaudal sequence of neuromuscular maturation.
Sinusoid waves are characteristic of early stages, but in amniotes the
pattern soon becomes irregular. In all forms in this first phase, spon
taneous as well as evoked motility is total body movement involving
all parts that are capable of motility. The movements may be co
ordinated or uncoordinated (see below).
There is a close correlation between structural and functional matu
ration: very young neuroblasts are capable of impulse transmission,
and very primitive synaptic connections and neuromuscular contacts
suffice to mediate overt motility. CoghüTs pioneer work on Ambystoma
(1929) has shown that each behavioral advance, for instance, that
from head bending to coil and to S-flexure, follows immediately upon
the completion of new synapses; this seems to be a general rule also
in higher forms. For instance, in mammals, the earliest bending of the
head can be elicited by tactile stimulation of the head surface. The
area innervated by the trigeminal nerve is the first reflexogenous zone
(Barron, 1941). Humphrey (1954) has shown that in 8-8K week
human embryos the descending fiber tract of the trigeminal nerve
reaches the level of the 2nd-4th cervical segment, and dips into the
gray matter, at exactly the time when the first neck muscle contrac-

254

VIKTOR HAMBURGER

tions occur. The fibers synapse with secondary commissural neurons
that already have established connections with the contralateral motoneurons at a much earlier stage (Windle and Fitzgerald, 1937). The
details of incipient synapse formation on motoneurons at the stage of
onset of motility have been observed with the electron microscope in
a 28-mm macaque embryo (Bodian, 1966). The stage corresponds to
that of the aforementioned human embryo. The boutons are few in
number and very primitive. Synaptic vesicles and the beginnings of
junctional densities are present, but mitochondria are rare. All boutons
are apposed to dendrites, and of one type only, in contrast to the
variety found in the adult. Bodian comments that "onset of function
follows very closely the minimal development of essential synaptic
structures. . . . The suggestion is obvious that observed synaptic bulbs
are excitatory, and that inhibitory synapses, implying more complex
reflex patterns, are not yet developed" (1966, pp. 131-132).
The neuromuscular connections are equally primitive in the early
phases of motility. When trunk motility begins in the 3/2- to 4-day
chick embryo, myofibrils just begin to differentiate in the trunk somites
(Allen and Pepe, 1965) and cholinesterase (ChE) is diffusely dis
tributed in the myofibrils (Mumenthaler and Engel, 1961). Distinct
motor end plates do not appear until day 10 (Drachman, 1965). Like
wise, distal leg muscles begin to contract at 7-7M days when ChE is
still diffuse; motor end plates are not well differentiated until day 13
or 14 (Drachman, 1965). It would be of great interest to study the
ultrastructural details of these provisional neuromuscular contacts.
Coghill (1929) had already fully realized that neuroblasts manage to
combine growth and differentiation with functional activity, long
before myelination begins.
The link between structural differentiation of synapses and the
onset of bioelectrical activity is difficult to establish in vivo. This has
been accomplished in vitro, in the long-term organ cultures of em
bryonic fetal rat spinal cord and brain which permit direct electrical
recording (Crain, 1966; Crain and Peterson, 1967; Crain et al, 1968b).
Motility begins in the rat at 16 days ( Angulo y Gonzalez, 1932). Spinal
cord expiants were made of 14- to 15-day embryos, i.e., prior to synapse
formation. During the first 2 days in culture, only simple spikes can be
obtained, indicating discharges of individual neuroblasts. After 2r-3
days, long-lasting spike barrages and slow waves can be evoked. The
increase in the complexity of bioelectrical activity suggests that poly-
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synaptic networks are now in operation (Crain and Peterson, 1967).
Parallel electron microscope studies on the same material by Bunge
et al. (1967) have shown that, indeed, the neural tissue is practically
free of synapses during the first 2 days in culture, and that primitive
synapses appear with increasing frequency during the subsequent
days. These experiments demonstrate the capacity of neuroblasts to
produce action potentials before they synapse, and they confirm the
finding that functional impulse transmission in vivo occurs immediately
after the formation of a primitive synapse.
One can ask whether impulse propagation is a necessary prerequisite
for the formation of individual synapses or of complex synaptic net
works. The question was answered in the negative by experiments in
which cultures of fetal rat spinal cord and fetal and newborn mouse
neocortex were exposed to the blocking agent xylocaine during the
critical period of synapse formation. ( Xylocaine blocks all bioelectrical
activity, not just synaptic transmission.) The block was started at a
stage before the first synapses were formed and continued for 5-30
days. Within a few minutes after the removal of the blocking agent,
evoked potentials of considerable complexity and long duration were
obtained. Hence the chronic block of bioelectrical activity did not
interfere with synapse formation in complex networks (Crain et al.,
1968a).
SPONTANEOUS MOTILITY IN EMBRYOS

The organ cultures of mammalian nerve tissue exhibit another
characteristic feature of special interest to us—the capacity for spon
taneous generation of bioelectrical activity. Our studies of the chick
embryo have shown that this propensity of neural tissue for spon
taneous discharges is the sole basis for its motility, up to 17 days.
Since other forms display a similar type of embryonic behavior, this
phenomenon would seem to be an important key in our understanding
of the beginnings of behavior, in general.
Spontaneous neuronal activity has been defined by Bullock and
Horrid ge ( 1965, p. 314) as "repetitive change of state of neurons
without change of state of the effective environment, that is, activity
without stimulation other than the sanding conditions." If such activi
ties are transmitted to muscles, we speak of "spontaneous motility."
We should distinguish furfiier between "endogenous" and "sponta
neous" discharges. Endogenous bioelectrical activity can be defined as
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resulting from the intrinsic metabolic processes of the neuron. Spontaneous activity is defined more broadly; it includes discharges that
may be generated anywhere in the nervous system, and transmitted
synaptically to other parts.
The characteristics of the motility of the chick embryo have been
described repeatedly (Hamburger, 1963; Hamburger et al., 1965), and
I shall summarize them only briefly. As was mentioned, movements
begin at 3?2 days with the bending of the head, and extend subse
quently to trunk, tail, and limbs. Beak clapping, eyeball and lid
movements are added to the repertory as soon as the respective neuromuscular connections are established. Activity builds up gradually
from a few twitches per minute until, at 13 days, the embryo is in
motion 80% of the observation time. Activity is performed in cycles, the
activity phases lengthening in duration while the inactivity phases
get shorter. It should be pointed out that the oscillations recorded in
organ cultures of mammalian nerve tissue (Crain, 1966) and from the
surface of optic tectum and cerebrum of old chick embryos in vivo
(Peters et al., 1960; Corner et al., 1967) are of a different order of
magnitude.
Lack of organization or integration is the main characteristic of this
motility. The movements are mostly convulsive-type jerks and twitches
and occasional head thrusts. They appear to be random movements in
the sense that different parts are active independently of each other.
During an activity phase, legs, wings, head, or beak may move syn
chronously but in an uncoordinated fashion, or any part or parts may
be at rest while the others move. The combinations seem to be un
predictable. Our observations have failed to identify relationships that
might be interpreted as antecedents to walking, pecking, drinking, or
other posthatching activities (with the exception of occasional wing
flutters); but a rigid statistical analysis is required to verify this point.
We have called the random movements type I motility (Hamburger
and Oppenheim, 1967). A modification of this type is designated as
"startle" or type II motility. It is defined as a tremor of spasmodic
movements passing rapidly through the body.
A distinction should be made between integration of movements of
parts, as in alternating leg movements, and coordination of muscle
groups within a part. Coordination, so defined, may well be present in
type I motility, in the absence of integration. For instance, one might
expect leg flexion to involve the excitation of synergistic flexor muscles
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and the inhibition of their antagonists. However, even this cannot be
taken for granted. An EMG study of muscle reflexes in fetal sheep of
60-67 days (gestation time: 140-150 days) showed a myotatic
response of the m. gastrocnemius to slight stretch, but the antagonistic
m. tibialis anterior, instead of being inhibited, showed simultaneous
excitation. Not until 30 days later did inhibition come into effect
(Änggard et al., 1961). The experiment suggests that the central
action systems have their own program of maturation. The diffuseness
and jerkiness of the type I motility in the chick may be due, in part,
to the lack of muscle coordination.
What is the evidence that the rhythmical embryonic motility up to
17 days is actually spontaneous (as defined above)? Alternative expla
nations are that the movements are triggered by changes in the bio
chemical milieu, or by sensory stimulation. It is unlikely that changes
in the composition of agents carried in the circulation play a role. If,
in 36-hour embryos, sections of the spinal cord are extirpated at dif
ferent levels, the parts rostral and caudal to the gap show cyclic
motility in later stages, but the parts are not synchronized; one part
may be in an activity phase while the other is inactive.
Special attention was paid to the possible role of sensory input in
type I activity. Such stimulation can be discounted for the period from
the beginning of motility to day 7 or 7/2, for the simple reason that the
reflex circuits are not closed until that stage (Preyer, 1885; Visintini
and Levi-Montalcini, 1939); hence afferent impulse transmission is not
feasible. The period from 8 to 17 days is covered by the following
experiments: A total deafferentation of both legs was achieved by a
double operation performed on 2-day embryos : removal of the thoracic
spinal cord to the extent of 5 somites, and extirpation of the dorsal
half of the lumbosacral spinal cord, including the neural crest ( Ham
burger et al., 1966). The intact basal plate produced normal motor
columns which supplied the legs with normal motor innervation. The
legs were completely insensitive to extero- and proprioceptive stimula
tion. Leg motility was quantitatively within the normal range up to
15 days and qualitatively normal in more than half of the cases. The
decline in motility observed between 15 and 17 days can be attributed
to a deterioration of the neural tissue which was observed in all cases
of reduced motility. Deafferentation of the head skin was achieved by
Dr. Narayanan by bilateral extirpation of the neural crest primordia
as well as the placodal primordia of the trigeminal ganglion (un-
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published). Tactile stimulation tests proved that the deafferentation
had been successful. Motility was quantitatively and qualitatively
normal up to 15 days. Complete elimination of vestibular stimuli by
bilateral extirpation of both otocysts in 3- to 4-day embryos by Dr.
Decker (unpublished), likewise did not interfere with normal motility,
up to 17 days. Incidentally, all these experiments rule out the claim
that self-stimulation, for instance, by brushing of the legs against the
head, plays an important part in the initiation and organization of
motility patterns.
Our working hypothesis assumes that the overt motility up to 17
days is due to discharges that are generated spontaneously in neurons
distributed throughout the CNS and that the discharges sweep through
the entire system and activate all neuromuscular pathways indis
criminately. The brain contributes excitatory stimulation, since spinal
embryos show a reduction in overall activity ( Hamburger and Balaban,
1963; Hamburger et al., 1965). Different brain parts participate dif
ferentially at different stages (Decker and Hamburger, 1967).
This hypothesis can be tested only by electrophysiological methods.
It is essential now to find out what is going on in the nervous system
during the activity phases and the inactivity phases, by recording
electrical activity in vivo. Dr. Sharma, in collaboration with Dr. Sandel
of our Biomédical Computer Laboratory has made a beginning. The
previous recordings of Peters et al. (1960) and of Corner et al. (1967)
were confined to EEG patterns of the brain and evoked potentials of
embryos that were mostly older than 15 days, that is, some time after
the brain influence on motility had been established.
Our findings on the chick embryo were confirmed in essential points
by Corner and Bot (1967). (The lower total activity values reported
by these observers can be explained by differences in the definition
of an inactivity phase. We have defined it as a period lasting 10
seconds or longer. Corner and Bot have included the shorter rest
periods in their calculation of duration of inactivity phases.) To what
extent can these findings on the chick embryo be generalized? Rhyth
mical, unintegrated motility of the same type has been found in the
lizard embryo (Hughes et al., 1967) and in the turtle (Tuge, 1931;
Decker, 1967). In the anuran Eleutherodactylus, a bufonid without
a free-swimming larval stage, a phase of unintegrated motility precedes
the coordinated postmetamorphic swimming and walking movements
(Hughes, 1965).
The situation in mammals is not clear, because no detailed informa-

ORIGINS O F INTEGRATED BEHAVIOR

259

tion on spontaneous motility is available. In the earlier work, in the
1930's, all interest was focused on evoked responses. One gathers from
the few observations on record that the initial phase of head bending
and sinusoid trunk flexions is followed by a period of so-called "total"
or "mass" movements, in which all parts of the body are involved in
unintegrated activity, much like that in the chick embryo (Windle,
1940). In the human embryo, this phase lasts for almost 2 weeks
(Humphrey, 1964). Since in mammals the reflex circuits are in opera
tion from the beginning of motility, these mass movements occur
spontaneously as well as in response to stimulation of the early reflexogenous zones. Their spontaneous performance indicates that sensory
input is not a necessary prerequisite; but the other alternative, that
changes in the internal milieu are responsible, has not been ruled out.
In contrast to the amniotes, embryonic motility in amphibians
(except Eleutherodactylus) and teleosts is integrated from the begin
ning (see below), and no phase of random motility has been observed.
Yet, even in these forms, the early phases of development of behavior
at least up to the swimming stage, seem to be based on nonreflexogenic
spontaneous discharges. In the toadfish Opsanus tau, Tracy (1926) has
found that responsiveness to tactile stimuli does not begin until after
hatching, in the free-swimming stage, that is, 2/2 weeks after the onset
of motility; and Corner (1964) observed spontaneous, rhythmical
swimming in anuran larvae. No relevant data are available for
salamanders.
On the basis of all this material, we are inclined to generalize our
notion that nonreflexogenic, endogenously generated activity of the
embryonic nerve tissue, resulting either in random motility or in
integrated motility, plays an important role in the development of
behavior. The random type seems to be limited to those embryos that
lead a prolonged sheltered life in the egg or uterus. The biological
significance of random movements seems to be to guarantee the
normal development and maintenance of joints, and the maintenance
of muscles, since prolonged paralysis of the chick embryo results in
ankylosis and muscle abnormalities (Drachman and Coulombre, 1962;
Drachman and Sokoloff, 1966; Sullivan, 1966, 1967).
ORIGINS OF INTEGRATED BEHAVIOR

We turn next to the question: What are the origins of integration in
behavior? As was indicated, the answer is different for lower and
higher forms. Coghill (1929), in his studies of the salamander Am-
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bystoma, has made a strong case for the continuity of integration from
the first bending of the head through intermediate stages, such as coil
and S-flexure to swimming, and from there to terrestrial locomotion,
feeding, etc. Behavior development in this form is a "progressive
expansion of a perfectly integrated total pattern" (p. 38), discrete
local movements and reflexes arising by emancipation or "individuation" from the total pattern. In this case, the differentiation of neural
patterns and of behavior patterns runs strictly parallel. The behavior
development of teleosts seems to be very similar (Tracy, 1926).
Taking the chick embryo again as a representative of higher forms,
we find a more complex situation. Unintegrated activity is the prevail
ing form of behavior up to 17 days. One finds occasional wing flutters
in earlier stages, and Gottlieb and Kuo (1965) have described alternat
ing leg movements in the 10-day duck embryo. But the general picture
is that of unorganized motility. Day 17 is truly a turning point in the
chick. From then on the types I and II movements decline, and a new
type of integrated movement, which we designate as type III, makes
its first appearance. These movements lead through a sequence of
clearly definable intermediate steps to the attainment of the hatching
position prerequisite for hatching. The hatching act itself (climax) is
a modification of the prehatching type of motility. The whole process
has been described in detail ( Hamburger and Oppenheim, 1967 ), and
I shall restrict myself to a few pertinent points. At the beginning of
day 17, the embryo is oriented lengthwise in the shell, with the tarsal
joints near the pointed end and the neck which is bent straight down
ward, near the membrane that separates the embryo from the air
space at the blunt end. The beak is buried in the yolk sac between
the legs. Two days later, most embryos are in the hatching position:
The neck is twisted to the right in a tight coil. The right side of the
head is tucked under the right wing which is apposed to the inner shell
membrane. The beak is positioned obliquely against the shell; its tip is
at a distance of a few millimeters from the shell. It has penetrated the
inner membrane. Hatching is accomplished by sharp, powerful back
thrusts of the upper beak against the shell. All other parts of the body
are also involved, with the exception of the wings: A rapid wriggling
movement passes from head to tail; the shoulder and tarsal joints are
pressed against the shell. After these thrusts have been repeated
several times, whereby the pipping hole is enlarged, a rotatory com
ponent is added involving the whole body and the legs. As a result,
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the beak thrusts which are now repeated at rather regular intervals,
shift gradually along the outer circumference of the air chamber, in an
anticlockwise direction, when viewed from the blunt pole. When the
shell is opened approximately two-thirds around this circle, the cap
is loosened sufficiently to be lifted off by a few vigorous body wriggles,
wing flutters and stemming of the tarsal joints against the pointed end.
The complicated prehatching movements which result in the lift
ing of the head out of the yolk sac, the tucking of the head under
the right wing, the shifting of the body to attain the hatching position,
and pipping, have several features in common with the movements
at climax which differentiate them from the type I movements. These
characteristics are: the involvement of all parts of the body in an
integrated fashion, and a distinct rotatory component. Furthermore,
most of these movements, with the exception of the back thrusts of the
head, are rather smooth, in contrast to the jerky type I movements. We
have considered all prehatching and hatching movements as modifica
tions of a basic pattern of integrated motility and designated them as
type III motility (Hamburger and Oppenheim, 1967).
The question then arises as to the relation of this pattern to the type
I motility. It does not seem possible to derive the former from the latter
for the following reasons: First, they are very different in appearance,
as was just mentioned. In particular, the rotatory component is not part
of the repertory of the type I movements. Perhaps the most convincing
evidence is the observation that unintegrated type I movements do not
disappear after 17 days but are merely suspended during episodes of
integrated movements, for instance, during tucking or pipping and
climax. They are resumed during the intervals between such episodes,
though at a reduced rate. According to Corner and Bot (1967) they
continue even after hatching. Obviously, the unintegrated motility is
not simply transformed into integrated motility.
Yet, in a different sense, there is a link between the two types of
motility. The same muscle groups that flex and extend the legs during
spontaneous motility, operate in walking and standing; the muscles
involved in beak clapping before hatching are used in food pecking
and drinking, etc. In other words, at the level of muscular units, com
ponents of type I motility are incorporated in the integrated hatching
and posthatching action patterns.
Since, during the last 3-4 days before hatching, the type I move
ments are performed during the intervals between the type III move-
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ments, it is clear that the "final common paths" of Sherrington, that is
the motoneuron connections with muscles, are activated alternately
by massive electrical discharges that excite all motoneurons indis
criminately, and by highly selective discharge patterns characterized
by a subtle interplay of excitation and inhibition of appropriate muscle
groups. One is reminded of an orchestra, where the same players use
the same instruments for tuning and for playing tunes. It would be of
interest to find out how the prehatching and hatching (type III)
movements are triggered off and the type I movements simultaneously
inhibited. Are the former induced by changes in the biochemical
milieu, such as 0 2 or C 0 2 or hormone concentrations in the circulation?
In summary, our observations on the chick embryo indicate that
prehatching and hatching behavior, as well as the major posthatching
activities, such as walking, pecking, righting, etc., do not emerge as
the culmination of a gradual build-up from simpler antecedents; in
stead, they are activated rather suddenly and performed with a con
siderable degree of perfection the first time they are performed. Need
less to say, practice and learning enter into the picture immediately
after hatching.
At first sight, the notion that complex actions appear suddenly and
without antecedents seems to violate the principle that all develop
ment, including that of behavior, is a continuous and gradual process.
This, of course, is based on a misunderstanding. The continuity is
found on the level of neurogenesis which proceeds gradually from a
primitive structure to the most intricate organization of neuronal inter
connections. This process of gradual elaboration of organization can
be followed even on the behavioral level, by the simple expedient of
eliciting responses through tactile stimulation, at different stages. This
method was used extensively in the many studies that were made on
mammalian embryos and fetuses during the 1930's and 1940's. By
systematic stimulation experiments, the investigators followed, stage
by stage, the gradual elaboration of reflexes (Carmichael, 1954;
Hooker, 1952; Windle, 1940). In several instances it was possible to
correlate rather closely the neurogenetic growth and differentiation
processes with the progression in behavior (Humphrey, 1964). For
instance, in the human embryo, the palmar surface of the hand becomes
sensitive very early, at 10.5 weeks. The response is an incomplete
closure of the fingers. Sensory nerve branches have reached the skin
at that stage. At 13-15 weeks, the closure is complete and sustained
for some time. At 17 weeks, a true grasp is observed, and at 27 weeks,
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the fetus can almost support himself with the grasp of one hand
(Hooker, 1952).
THE ROLE OF SENSORY INPUT IN THE DEVELOPMENT
OF INTEGRATED BEHAVIOR

The stimulation experiments which we have just discussed reveal
the inventory of behavioral responses of the embryo; but they were
not used as an analytical tool to determine whether stimulation plays
a role in the molding of integrated behavior. We shall discuss briefly
a variety of other experiments that shed light on this problem.
Narcotization

Experiments

As was mentioned before, behavior in urodeles is integrated from
the beginning of motility and beyond the swimming stage. In the fre
quently cited narcotization experiments on salamander larvae, from
the premotile stage through the stage of free swimming, it was found
that the performance of the embryos was normal, after the blocking
agent had been removed ( Harrison, 1904; Carmichael, 1926; Matthews
and Detwiler, 1926). The experiments establish two points: neither
neuromuscular activity nor proprioceptive self-stimulation are neces
sary prerequisites for the attainment of the swimming activity. How
ever, since the blocking agent, chloretone, operates on the motor end
plates, the bioelectrical activity in the nerves was not blocked. The
previously mentioned organ culture experiments on mammalian nerve
tissue are pertinent to this point (Crain et al., 1968a). In these ex
periments, the formation of synapses occurred while all bioelectrical
activity was suspended. If extrapolation to the chick nervous system
in vivo is permitted, then the propagation of bioelectrical activity in
the nerve may not be relevant. In previously mentioned experiments,
the spontaneous motility in chick embryos was paralyzed during the
middle phase of incubation (Drachman and Coulombre, 1962; Drachman and Sokoloff, 1966). The ensuing severe deformation of joints
usually prevents hatching. However, a few embryos did hatch, indicat
ing that a 1- to 2-day paralysis does not interfere with the type III
movements. A systematic analysis of this problem would be of interest.
Autonomous Differentiation vs. Learning
In recent decades, the old theory that sensory information guides
the development of integrated activity by selecting adaptive patterns
of perception and motor activity from initial random performance, by
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trial and error, experience and learning, has been thoroughly dis
credited, largely through the pioneer work of Weiss and Sperry.
Nobody believes any more that walking or visual perception in its
complexity are learned in embryonic or fetal stages. Ironically, the
chick and other embryos start out actually with random movements,
but they are not the raw material for locomotion or any other adaptive
behavior. The widely accepted modern theory holds that the neural
apparatus for integrated behavior differentiates autonomously, and that
the appropriate interconnections are prewired in forward reference to
functional activity, but without benefit from it. The evidence against
the former and in support of the latter theory has been reviewed fre
quently in recent years (Weiss, 1955; Sperry, 1951, 1965; Sperry and
Hibbard, 1968), and I shall not dwell on it. The case for the develop
ment of central action systems, independently of sensory input, has
been strengthened by the demonstration that a number of complex
activities in the adult are performed on the basis of patterned spontaneous neural activity, and that in these instances sensory input con
tributes at best a nonspecific tonic or modulating effect. This holds for
the rhythmic fin movements in teleosts (von Hoist, 1935), for the
rhythmic flight patterns in the cicada (Wilson, 1961), for sexual
behavior in insects (Roeder, 1963), and many other behavioral activi
ties. One of the central issues of the modern theory concerns the
mechanism by which the specificity of synaptic connections is guar
anteed. Sperry's theory of selective chemoaffinities between the part
ners that enter into synaptic relationship was based originally on the
retinotectal connections in regenerating optic nerves. It has found
indirect strong support from the electrophysiological investigations
of Gaze and his co-workers (Gaze, 1967; Jacobson, 1966); they have
shown that regenerating optic fibers actually return to the tectal
neurons with which they had been connected in the first place.
Although the bulk of the evidence for the present theory derives
from regeneration experiments on adult teleosts and amphibians,
several crucial experiments were done on embryos. For instance, Weiss
(1941b) transplanted limb buds of the salamander Ambystoma in
premotile stages from the left to the right flank, where they grew out
in the wrong direction. He found that "from the very first stages of
motility, the limbs moved in reverse" (p. 58). This implies that the
spinal coordination center for locomotion differentiates through in
trinsic developmental mechanisms in complete disregard of the
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resulting functional maladaptation which is never corrected. In another
experiment, the legs were deafferented in frog tadpoles before leg
function had started; yet coordinated locomotor function was not
impaired. On the sensory side, we have the experiments of Székely
(1954, 1968) and Jacobson (1966), in which embryonic eyes of urodeles were rotated at successive developmental stages. It was estab
lished that the regional specification of the retina cells on which the
specification of their tectal connections is based, becomes fixed already
before the optic nerve fibers have reached the brain. The same holds
for the retina of the chick embryo (DeLong and Coulombre, 1965).
Hence, sensory input has to yield to chemoaffinity as the crucial
mechanism of synapse formation in development as in regeneration.
Sensory Guidance of Prehatching and Hatching

Behavior

There are several other ways by which sensory input could influence
embryonic behavior. For instance, it could provide receptor-specific
information for control and orientation of integrated embryonic
behavior, as it does in postnatal life. We have tested this point in the
chick embryo. The previously discussed experiments have excluded the
role of sensory input only for the nonintegrated spontaneous motility
up to 15-17 days. Are the prehatching and hatching movements like
wise driven exclusively by endogenously generated discharges, or do
they require sensory guidance?
We have discussed before the ( unpublished ) deafferentation experi
ments of Dr. Narayanan, in which the trigeminal ganglia were re
moved bilaterally, and the bilateral otocyst extirpations of Dr. Decker
(unpublished). In both instances, the spontaneous motility up to 17
days was unaffected, but none of the experimental embryos performed
the type III movements with the rotatory component; hence none of
them hatched. Most of them remained in the typical 16-day position,
with the beak buried in the yolk sac, although several lived to day 20.
The experiments are inconclusive. The failure to perform the prehatch
ing and hatching movements could be due to the lack of orientation in
space or to lack of orientation by tactile head stimuli, respectively.
Alternatively, sensory input from these two sources could normally
supply merely a tonic, facilitating influence on an otherwise endo
genously driven system. A third possibility is an impairment of central
nervous structures as the result of transneuronal degeneration. LeviMontalcini (1949) has demonstrated degenerative changes in several
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cochlear nuclei and the absence of the nucleus tangentialis of the
vestibular system following unilateral otocyst extirpation. We have not
yet studied the trigeminal material in this respect.
Some other recent experiments indicate that tactile self-stimulation
of the head or trunk by legs or wings, or proprioceptive feedback from
the limbs, do not trigger prehatching or hatching motility or influence
it in other ways. Bilateral extirpation of both leg buds was done by
Miss M. Helfenstein. Absence of legs does not interfere with tucking
and with the attainment of the hatching position, and 9 out of 15
embryos that were raised to advanced stages actually pipped. Obvi
ously, the embryos were capable of performing the integrated type
III movements. However, none hatched, probably because the rotatory
movement of the body during climax requires the pressure of the tarsal
joints against the shell and their alternating stepping movements. Dr.
Narayanan extirpated the right wing bud. No changes in the type III
movements were observed, and all embryos hatched. Of course, these
experiments do not exclude all self-stimulation, and the question is
not settled.
Facilitation of Posthatching Behavior by

Self-stimulation

Developmental behaviorists contend that self-stimulation in prenatal
stages may have significant formative effects on postnatal behavior, not
necessarily in the sense of learning or conditioning, but by more subtle
mechanisms, such as "facilitation" (Gottlieb and Kuo, 1965; Kuo,
1967). So far, there is no experimental evidence for this claim, but the
following experiments of Gottlieb (1966) are suggestive in this respect.
They deal with auditory cues for recognition of the species-specific
maternal following-call by newly hatched chicks or ducklings. Ten to
35 hours after hatching, they were tested for their following response
to replicas of hens of their own and other species that emitted selected
types of calls. Prior to the experiment, that is, in the incubator and
brooder, they had been exposed to their own chirping and to that of
their siblings. Only one variant of the various experiments is pertinent
to our discussion: One group was exposed to additional tape-recorded
chirping, while in the brooder. The extra stimulation enhanced in
several measurable parameters the following response to the speciesspecific maternal call, but to no other auditory cues. Here, then, the
reinforcement of one type of auditory stimulation ( chirping ) facilitated
selectively the response to an entirely different auditory cue. It is true
that this experiment does not involve prehatching stimulation; nor is it
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claimed that the normally operating vocal self-stimulation before and
shortly after hatching is a factor in the formation of the response to the
maternal call. The experiment is presented merely as a model to show
how sensory input in prehatching stages could conceivably influence
posthatching behavior in subtle ways other than the conventional
conditioning processes.
CONCLUDING REMARKS
One might have wished that the holistic dream of E. G. Coghill had
been fulfilled: that behavior in all vertebrates is integrated from begin
ning to end. Instead, we are confronted with a puzzling diversity of
phenomena that are difficult to fit in a coherent theory. A few solid
building blocks have been assembled: the concept of selective chemoaffinity has proved its value as a fruitful heuristic hypothesis; the idea
of autonomous neural differentiation that proceeds according to an
intrinsically determined program has won over the rival idea that
adaptive neural connections are the result of selection, by trial and
error, from a randomly interconnected network; the role of sponta
neous motility in embryonic behavior has been recognized. But in all
instances, probing in depth is the immediate challenge. Selective
affinity is a general notion that needs a concrete underpinning on the
molecular level. The exploration of the electrophysiological properties
of the developing nervous system is at its very beginning; on the
behavioral level, the speculations about storage of prenatal "ex
periences" and their influence on postnatal behavior are, up to now,
without critical experimental foundations.
While the competence of the individual investigator determines the
range and limits of his radius of action, compartmentalization in
thought will not get us very far. I have tried to show that an overall
view can be achieved only by pooling the resources of a variety of
branches of neurobiology. Using as tools microsurgery on the em
bryonic nervous system, tissue culture, electron microscopy, cytochemical and biochemical microtechniques, modern electrophysiologi
cal approaches, and rigid experimental methods in developmental
psychology, and adding a bit of ingenuity, we may achieve, eventually,
a synthesis of our presently fragmented ideas of the way integrated
behavior comes into existence.
The experiments from this laboratory were supported by grant No. 5721 of
the NINDB of the PHS.
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