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B. Ontogeny of the Auditory System

|. Embryology of the Auditory Receptor?

1. Early Development of the Inner Ear

Table 1 summarizes the literature on the ontogeny of the vertebrate inner ear.
The early literature was reviewed by MINOT (1892), while later reviews con-
centrated on selected topics. BASTand ANSON1949) present a detailed account of
normal morphogenesis and histogenesis in mammals, especially man. ALTMAN
(1950) presents a briefer but excellent account of normal development, and
includes much of the comparative and experimental literature. YNTEMA1955)
summarizes the work on amphibians, dealing primarily with inductive interactions
and polarization of the ear and surrounding tissue, and VANDEWATERind RUBEN
(1976) present an up-to-date account of the experimental research in this area.
Table 1 is restricted to inner ear and ganglion cell development, and does not
include the following related topics: induction and differentiation of otic capsule
and surrounding tissues (YNTEMA,1955; VANDE WATERand RUBEN,1976);
ontogeny of the middle ear (BASTand ANSON,949; CANDIOLLé&nhd LEVI,1969;
STEPHENSI972); and pathological abnormalities, including those of known
genetic origin (BASTand ANSON,1949; HARDY,1975; VANDEWATERand RUBEN,
1976).

The earliest embryological sign of an auditory apparatus is a thickening of the
ectoderm on either side of the head at a rostrocaudallevel approximately at the
middle of the hindbrain. This thickening, first recognized as the anlagen of the
inner ear by HUSCHKEI831), is the auditory placode. It will eventually become the
entire otic labyrinth, a continuous series of epithelium-lined tubes housing the
auditory and vestibular organs. The placodal region invaginates to form the
auditory pit, which then splits off from the overlying ectoderm to form the
auditory vesicle or otocyst. These processes and the ensuing evagination of the
otocyst into three primary ducts (endolymphatic duct, utriculus, and sacculus)
have been described for many species, and timetables are often given (see Table 1,
A.). Perhaps the best description is provided by BASTand ANSON(1949). The
cochlear duct forms as an outgrowth of the rostromedial portion of the sacculus.
Although it has not been firmly established whether cell addition occurs pre-
ferentially at the saccular (basal) or apical end during cochlear duct outgrowth,
RUBEN1967), using the 3H-thymidine negative-labeling method in mice, found
that cells that had gone through their terminal mitosis earliest (oldest cells) were
located at the apical end of the mature cochlea, while younger cells were located at
progressively more basal portions. These data led RUBENo hypothesize that "the
growth area might be at the junction of the cochlear duct and the primitive
saccule" (p. 39). To the knowledge of the present author, these results have not
been replicated in other species, nor has the hypothesis been adequately tested by

2 Phylogeny of the auditory receptor is not discussed in this chapter. The reader is referred to the
excellent discussion by WEVER (1976).
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Fig. 1A-D. Taken from oRAHILL Y (1963) this figure shows the early stages of otocyst formation in the
human embryo. Numbers at the lower right of each micrograph indicate embryonic stage.
Magnification of all photomicrographs is about x 250. (A) Two-somite (about 20th post-ovulatory
day) embryo. Section through right rhombencephalon. Otic region seen as lateral (right side)
continuation of rhombencephalon. Mesenchymal tissue lies between otic region and neural ectoderm;
(B) 10-somite (about 22-day) embryo. Section through left neural tube. Cell bodies of otic plate occupy
basal position, no thickening of plate has occurred; (C) l6-somite (about 24-day) embryo. View
through left neural tube and left otic region. Extensive cell division has led to thickening and partial
invagination of placodal region, forming an otic pit. Note juxtaposition ofotic pit and neural tube; (D)
24-somite (about 26-day) embryo, right otocyst and edge of neural tube. Continued cell division and
invagination has produced an otic vesicle. Only a narrow pore extends between the cavity and surface
of the embryo. Vesiclein close contact with thombencephalon (left). Note cells below vesicle; these are
probably early neuroblasts of the VIIIth nerve ganglia

investigating  proliferative zones at various stages of cochlear duct outgrowth. In
addition to providing additional information concerning cell addition, such
investigations  might shed light on the mechanics of spiral formation, e.g, cell
proliferation around the duct may occur at unequal rates.

Inductive interactions involved in the early stages of otocyst development have
been extensively studied in amphibians, and to a lesser extent in chick and mouse
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embryos. The first interaction noted in the literature involves the placodal region
and the chordamesoderm, which during gastrulation comes to lie under the
presumptive auditory field. Transplantation and in vitro experiments have firmly
established that the underlying mesoderm plays an important role in differen-
tiation of the placodal region and in the early stages of vesiculation.

Following invagination, the vesicle lies in very close apposition to the rapidly
developing neural folds. At this stage, the rhombencephalon exerts a powerful
influence on further development. In amphibians, the experimentally induced
absence of a hindbrain causes the vesicle to remain cystic, and histogenesis is
minimal. The inductive role of the rhombencephalon in mammalian otocyst
differentiation is more difficult to determine experimentally, but is strongly
supported by two lines of research. First, the remarkably close apposition between
the developing otocyst and the neural folds is present in man and other
mammalian species as well as amphibian and avian embryos (Fig. 1). Second, in
several strains of mutant mice, where a primary etiology is thought to be a
malformation of the thombencephalon, the inner ear fails to form normally (vaN
DE WATER and RUBEN, 1976). The next phase of investigation in this area will
undoubtedly be to determine the biochemical nature of the. above tissue in-
teractions. Unfortunately, in the ontogeny of the otic labyrinth, the interactions of
biochemical, mechanical, and hydrostatic factors will be unusually difficult to
work out. On the other hand, the re-emergence of in vitro analyses, especially in
conjunction with mutant strains and microsurgical manipulation, holds great
promise for this area of research (see VAN DE WATER and RUBEN, 1974).

Investigations of polarization of the ear have been essentially nonexistent in
the last 30 years. Earlier studies have shown that rotation or disharmonic
transplantation of the placodal ectoderm in amphibians can lead to a variety of
results, including dwarfed structures, reversal of normal polarity, or mirror-image
reduplication of either the rostral or the caudal half, depending on the age at which
the manipulation takes place or the ages of donor and host embryo. In light of the
current interest in embryological gradients, it is somewhat surprising that no
recent studies have utilized in vitro methods in combination with biochemical
analyses and/or manipulations in attempts at further study of the nature of the
polarization gradients. Furthermore, since the inner ear is composed of several
different organs with distinct central connections, investigations of the nature of
the central connections, influences on target cells, or behavior effects ofmanipulat-
ing the polarization are in order.

There is also a relative paucity of literature concerning the proliferation of cells
in the organ of Corti. An elegant contribution by RUBEN (1967) is the only
investigation of proliferation of the various cell types. Two aspects of this study
merit additional discussion and future attention. First, it was found that the
majority of cell types in the organ of Corti of mice all underwent their terminal
mitoses on the 14th day of gestation. These included spiral ganglion cells, inner
hair cells, outer hair cells, inner pillar cells, outer pillar cells, Deiter's cells,
Hensen's cells, Claudius' cells, inner supporting cells, and external sulcus cells; This
remarkable synchrony of structurally and functionally divergent cell types sug-
gests to this author either a common origin or some active process regulating the
synchronization of proliferation. Also of considerable interest is the finding (noted

J
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above) that the organ of Corti demonstrates an apical-to-basal proliferation
gradient; that is, the first cells to go through their terminal mitosis are found near
the apex, while later-dividing cells are distributed at progressively basal locations.
This finding is somewhat surprising when considered in conjunction with the facts
that the spiral ganglion cells show an opposite (basal-to-apical) proliferation
gradient, and virtually all other aspects of cochlear and central nervous system
differentiation show a basal-to-apical sequence (see below). In later investigations,
RUBENand his colleagues have utilized short-term exposure to 'H-thymidine to
investigate cellular Kinetics in the inner ear of normal and mutant mice. These
investigations led to the demonstration that the pattern of nuclear migration is
similar to that found in the neural tube; synthetic activity occurs near the
basement membrane and mitosis at or near the lumen. In addition, observations
on the Kreisler mouse (Kr/Kr), which is known to suffer aberrant rhomben-
cephalon development, suggest a neural influence on cellular proliferation in the
inner ear. These pioneering studies by RUBENhave, therefore, raised many
important questions regarding the cellular dynamics responsible for normal and
abnormal cochlear development. Additional studies, focusing on the neural
regulation of cell proliferation, the origins of the varions cochlear cell types, and
cellular migration within the cochlear duct. will yield valnable information for
understanding developmental anomalies of the inner ear.

2. Differentiation * of the Organ of Corti

Although adequate means for identifying proliferation times of unidentified
cell types became available only recently, examination of tissues during develop-
ment has been a chief pastime of both embryologists and comparative anatomists
for centuries. Thus it is not surprising that within 10 years of the time when Corti
provided the first detailed description of the organ that bears his name, KOLLIKER
(1861) published the first description of its development in man. Since that time
well over 100 papers have described the differentiation of the organ of Corti in
most vertebrates. What may be surprising, in view of the technical advances in
fixation, microscopy, and staining over the last 100 years, is that the most detailed
descriptions of the final stages of this differentiation are still those in RETzIUs's
two-volume opus, Vas Gehororqan der Wirbelthiere (1884).In Fig. 2 one of his
magnificent plates has been reprinted, showing the basal, middle, and apical turns
at three stages of development in the cat. Figure 3 is included for identification of
the major cell types.

Inspection of Table 1, Section D, quickly reveals the principal findings on
histological differentiation of the organ of Corti. The majority of studies present
an ontogenetic timetable of the normal appearance of the organ for the species in
question. The fundamental principles shown by these studies are: i) Histological
differentiation of all elements at a given cochlear location occurs in synchrony; ii)
Differentiation occurs first in the basal turn and proceeds apically;' and 1iii)
Differentiation of inner hair cells slightly precedes that of outer hair cells.

3 "Differentiation" in this chapter refers to an ongoing histological or morphological process, not
a particular state or stage of development.
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Posterior
B

Fig.3A and B. From BAST and ANSON1949), Fig. 46. Drawings of horizontal section through middle
turn ofcochlea from 6-month-old human infant. (A) General structure of cochlea (magnification about
x 16). Abbreviations: CD, cochlear duct; RM, Reissner's membrane; SL, spiral ligament; ST, scala
tympani; STV, stria vascularis; SV, scala vestibuli; (B) Detailed structure of organ of Corti,
semidiagrammatic (approximately x 220). Abbreviations: B.cC., border- cell; €€, cells of Claudius;
c.c.T., cellular connective tissue; c.R., cells of Hensen; D.F.M., dense fibrous membrane; 1.H.c., inner
hair cell; 1.S..inner sulcus; N.F., nerve fiber; O.H.C., outer hair cell; O.P.C.D., outer phalangeal cell of
Deiters; O.P.R.C., outer pillar rod of Corti; D.T., outer tunnel; p.e, pillar cell; R.M., Reissner's
membrane; S.N., space of Nuel; T.B.S.L., tip of bony spiral lamina; T.e, tunnel of Corti; T.M.,
tectorial membrane

The synchronous development of cellular and morphological aspects of the
organ of Corti is evident throughout this literature, but perhaps the best example
is to be found in waba (1923). In this extensive quantitative study on the ontogeny
of the organ of Corti in the rat, wAapA demonstrated remarkable developmental
synchrony of hair cells, supporting cells, and numerous morphogenetic  measures.
Since  WADA'S work, histochemical measures on the organ of Corti and- stria
vascularis of the rat have provided additional data supporting this observation.
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The finding of synchronous differentiation of fuuctionally related cell types is not
new in itself, but does suggest that either intercellular regulation of development or
some additional controlling factor may be present. Furthermore, it is interesting to
note that the maximal period ofhistological differentiation also coincides with the
onset of auditory function. The possible causal relations between the structural
and functional differentiation will be more fully discussed below, but it is
important to point out that developmental synchronies of functionally related cell
groups are common (cf.BURR, 1932; RUBEL et al., 1976).Often a relationship with
functional ontogeny is suggested. .

Without doubt, the most frequent conclusion of studies on differentiation of
the organ of Corti is that differentiation begins in the basal portion and proceeds
apically. This relationship can be clearly seen in Figure 2, and appears true for
each aspect of cellular differentiation that has been investigated. Several authors
(cf. BREDBERG, 1968) have noted upon close examination that this gradient is not
unidirectional; the differentiation begins near the middle of the basal turn rather
than at the basal pole. In any case, the unanimous observation of a developmental
gradient, in conjunction with the finding that the endocochlear potential is
uniform throughout the cochlea at all ages, strongly suggests that neither
hormonal changes nor a change in the general ionic environment are regulating
the developmental synchrony noted above.

The slight developmental precedence of inner hair cell differentiation over that
of outer hair cells has been confirmed by many investigators, and in many
mammalian species. This sequence is also true of innervation; inner hair cells
receive innervation slightly before outer hair cells (Table 1, E.). Although the
significance, if any, of this finding is unclear, several additional differences between
these two populations can be related, namely: only about 10% of the nerve fibers
innervating the cochlea synapse on outer hair. cells, whereas 90-100 % innervate
the inner hair cells [note that the mammalian cochlea has three or four times as
many outer hair cells as inner hair cells (BREDBERG, 1968)]; outer hair cells are
more susceptible to chemical or acoustical trauma than inner hair cells; and inner
hair cells are sustained longer in cochleopathic mutants and during old age than
outer hair cells. It is interesting that the later-developing outer hair cells appear
considerably more susceptible to insult and receive a small percentage of the total
cochlear innervation. When the functional differences between inner and outer
hair cells become firmly established, it may be possible to sort out these
relationships.

The application of technical developments in histochemistry and electron
microscopy to the problems of cochlear differentiation have primarily served to
reaffirm tbe conclusions stated above. Oxidative metabolism, as expected, follows
tbe sequence, and is temporally coincident with differentiation. Until more is

."known regarding the synaptic chemistry of the adult cochlea, little further progress

regarding its developmental regulation is possible. Electron microscopic in-
vestigations, primarily by HILDING (1969) and his colleagues, have yielded
information on the time at which efferent and afferent terminals are first observed.
In addition, kikucHi and HILDING (1965, 1966) provided the important obser-
vation that hair cells, supporting cells, and possibly cells of the stria »ascularis
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contain a single kinocilium and numerous cilia in the newborn mouse. Around the
time of onset of cochlear function, supporting cells lose these structural elements
and hair cells lose the kinocilium, but retain the basal body. This observation with
regard to hair cells reaffirms their essential structural, and probably functional,
similarities to other mechanoreceptors.

The most promising development for advancement in our understanding of the
mechanisms involved in cochlear differentiaton is the resurgence of research on
cochlear development in vitro. Since the classic studies of FELL (1928-29) it has
been well known thai the otocyst will show relatively complete morphological and
histological differentiation in vitro. Several laboratories are now utilizing in vitro
preparations  of the chick or mouse cochlea to investigate normal and pathological
cochlear development (FRIEDMANNand BIRD, 1961, 1967; ORR, 1968, 1975; VAN
pe WATER and RUBEN, 1974; SOBKOWICZet al., 1975; ROSE et al., 1977). In
addition to demonstrating  that most oOf the ontogenetic relationships  described
above occur in culture, these investigators have begun to unravel the influence of
intercellular environmental factors on cochlear differentiation. Most important for
the present purpose is the repeated demonstration, in both mutant mouse and
normal chick cultures, that the presence of nerve fibers from the ganglion cells is ~
necessary for complete differentiation of the hair cells. In areas where nerve fibers
are absent, differentiation of the organ of Corti is arrested at an immature stage. In
the future it should be possible to utilize in vifro preparations to determine the
mechanisms underlying such cellular interactions and temporal gradients in the
organ of Corti.

3. Origin of Cochlear Ganglion Cells

The origin of cochlear ganglion cells has been the subject of much debate
during the 20th century. From examination of histological sections and organ
dissection, most classical anatomists were of the opinion that the acousticovesti-
bular and geniculate ganglia were initially fused, and of neural crest origin. After
migration from the neural tube, further proliferation and then eventual subdivid-
ing of the separate ganglionic masses were thought to occur (ADELMAN,1925).
STREETER(1906a, 1912) is usually credited with initiating the view that the VIIth
and VIIIth nerve ganglion cells are not derived from a common primordium, the
geniculate ganglion being derived principally from neural crest and the acousti-
covestibular ganglion cells arising from the ectoderm of the otic placode. Largely
through the influence of ADELMAN(1925), the former view found its way into most
textbooks, while during the same period noted embryologists were proving it
fallacious in amphibians. Thus a large number of transplantation and extirpation
studies (see Table 1, E), culminating in the Nile blue marking experiments of
YNTEMA(1937), conclusively showed that in amphibians, the acousticovestibular
ganglion cells are derived from the medial wall of the otic vesicle. As these cells
split off from the vesicular pouch, they come in close apposition to the cresl cells,
which will later form lhe geniculate (VIIth) ganglionic mass; hence the earlier
confusion. Therefore the problem appeared resolved, at least for amphibians, and
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subsequent detailed examination of normal tissue in developing chick (PROCTOR
and LAWRENCE, 1959), cat (HALLEY,1955), sheep (BATTEN, 1958), and human
embryos (POLITZER; 1956) all confirm that cochlear and vestibular gangliou cells
are of placodal origin. As each of these authors shows an elegant series of
micrographs of presumptive ganglion cells budding off from the developing
otocyst (Figs. 4 and 5), general resolution of the problem was apparent.
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Recently, the accepted view of placodal origin has been challenged on two
grounds. On the basis of electron-micrographic evidence that nerve fibers first
invade the region of the hair cells at 6-8 days in the chick embryo (in vivo and in
vitro), FRIEDMANN969) claims that the ganglion cells are not of placodal origin;
otherwisefibers would be apparent at the earlier stage suggested by PROCTORnd
his colleagues. In addition to the obvious weakness of this negative argument,
FRIEDMANpPfesents no evidence that his cultures were devoid of ganglion cells,
and he clearly states that the afferent fibers are critical for hair cell differentiation.
The second, and equally suspect, challenge to the view of placodal origin arises
from an extensive series of investigations of cochlear differentiation in mutant mice
by DEaL (1967, 1970). Examination of the inner ears of mutants known to suffer
from abnormal neural crest developmeut revealed gross malformations of the
organ of Corti. From these results, DEal reasoned that the cochlear ganglion cells
were at least partially of neural crest origin, in spite of the fact that the ganglion
cell degeneration was less severe and appeared secondary to that of the sensory
epithelium. The primary etiology of the mutations is'not known, and it is well
known that the differentiation of neural crest derivatives is highly dependent on
their migratory and postmigratory environment (WESTONI]971). Thus it is highly
possible that the neural crest abnormalities in these animals are secondary in
nature. Furthermore, the fact that the ganglion cells themselves were largely
spared in many of these animals casts serious doubt on DEaL'S conclusion. At
present, therefore, the present author feels that there is little or no evidence
supporting a neural crest contribution to the neurons of the cochlear ganglion of
any vertebrate. However, in view of the evidence suggesting two types of ganglion
cells (SPOENDLIN966, 1970, 1974) and the previous suggestion of dual placodal
and crest origin of the trigeminal. ganglion (HAMBURGER961), this possibility
must not be excluded until the critical experiments have been done. Such
experiments, which would involve transplantation of otocysts from 'H-thymidine
labeled donors to unlabeled host embryos prior to the stage of neural crest
migration, are now quite feasibile in aviau embryos and would presumably lay
this issue to rest.

Fig.4A-E. VIIIth nerve ganglion cells budding off right otocyst of sheep embryos. From BATTEN
(1958). (A) Transverse section of 7.2-mm sheep embryo showing two early placodal buds (1 and 2) on
medial wall of otic vesicle. Both buds appear to be sliding ventrally between parent epithelium and
basement membrane. x approx. 270; (B) Three placodal spurs associated with rostromedial wall of otic
vesicle in 8.0-mm sheep embryo. Spur 3 still enclosed by tubular evagination of basement membrane,
but spur 4 completely detached from epithelium. Immediately below lies diffuse tip of mass of detached
placodal cells that constitute rudiment of acoustic ganglion (G. VIII). x approx. 270; (C) Transverse
section of S.2-mm sheep embryo showing lateral wall of otic vesicle with four groups of placodal cells
apparently migrating towards acoustic ganglion. Upper two spurs (5 and 6) already free of otic
epithelium. Of lower spurs, 7 consists of cluster of cells probably about to detach, and S is small free
spur attached to otic epithelium in previous section. x approx. 270; (D) Coronal section through
cranial third of otic vesicle in S.2-mm sheep embryo. Note groups of small deeply staining placodal cells
apparently migrating over lateral face of vesicle towards rudiment of acoustic ganglion (G. VIII).
xapprox. 120; (E) Coronal section through same 8.2-mm embryo as Fig4D but passing through
cranial edge of otic vesicle. Lateral groups of placodal cells have almost reached acoustic ganglion and
make contact with it in next section. Arrow (9) indicates two spurs of placodal cells presumed to be
streaming into ganglion. Small bud of placodal cells probably about to detach from lateral wall of
vesicle is visible at 10. x apprcx. 120
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Fig. 5. Transverse section through rostral pole of otocyst (H) from 4-mm human embryo. Shows
juxtaposition of otocyst to anlagen of facial ganglion (F) and to neural tube (N). Cells ventromedial to
otocyst may be early cells of acoustic ganglion. From poLITZER (1956)

4. Innervation of the Organ of Corti

With osmium-fixed and reduced silver preparations, it has been repeatedly
demonstrated that nerve fibers (presumably distal processes of the ganglion cells)
are present in the developing cochlea at remarkably early stages. In the human, for"
example, fibers entering the vesicle have been reported as early as 4/, weeks of
gestation. In cat, nerve fibers are apparent in the developing organ of Corti at 30
days' gestation (approximately midterm).

In both mice and chickens, where the relevant data are available, the presence
of nerve fibers has been reported at times prior to the period of terminal mitosis of
ganglion cells. Thus it is entirely plausible that the ganglion cells spin out their
peripheral process as they migrate from the lumen of the otic vesicle, such as has
been demonstrated for the axons of cerebellar granular cells. In contrast to the
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early appearance ofaxons, however, electron microscopic examination reveals
. that synaptic terminals are not present wuntil just prior to cochlear function. In
humans, synapses first appear in fetuses at 6-7 months, and in cats, afferent
terminals are seen at about 58 days of gestation. The obvious question posed by
this contrast is whether the peripheral processes of ganglion cells play some role in
cochlear differentiation prior to synaptogenesis. The classic observation that these
fibers may "wander" throughout the presumptive cell types of the developing
organ suggested an inductive role, which recent studies have confirmed. That is,
tissue culture studies on normal avian and mammalian otocysts, as well as in vivo
and in vitro studies on mutant mice, all lead to the conclusion that some aspects of
hair cell cytodifferentiation  (e.g. formation of cilia) do not occur in the absence of
cochlear nerve fibers. Furthermore, in areas where nerve fibers are absent, the
morphology of the organ of Corti remains rudimentary. In this regard it may also
be important to note that innervation of the organ of Corti occurs first in the basal
turn and spreads predominantly apically, as described above, and that inner hair
cells are innervated prior to outer hair cells. Finally, RUBEN (1967) has reported a
basal-to-apical =~ gradient of ganglion cell proliferation in the mouse. Taken
together, and in relation to the differentiation gradients apparent in the organ of
Corti, these observations strongly suggest that the ganglion cells may be providing
a powerful regulatory and determinative influence upon cytological and mor-
phological differentiation of the organ of Corti.

In addition to the terminals from the cochlear ganglion, hair cells of the organ
of Corti receive efferent innervation via the crossed and uncrossed olivocochlear
bundles. Early studies that concentrated on the presence or absence of nerve fibers
did not discriminate between cochlear nerve and olivocochlear fibers, and recent
histochemical attempts have met with the difficnlty that early in development the
ganglion cells, as well as eflerents, stain positively for acetylcholinesterase  (e.g.
DILLARD, 1968). Extensive electron-microscope (EM) studies on a variety of
mammals by HILDING and his colleagues (HILDING, 1969; SUGIURA and HILDING,
1970; pusoL and HILDING, 1973) have shown that efferent terminals are formed
after cochlear nerve terminals, and become apparent only slightly (1-2 days) prior
to the onset of cochlear function.

II. Development of Central Auditory Pathways

The literature summarized in Table 2 deals with the ontogeny of neurons and
their processes in the auditory pathways of the central nervous system. The table is
organized by levels of the neuraxis. Within each level the author has attempted to
lind information on proliferation and migration, development of the soma,
development of axonal and dendritic processes, development of synaptic ter-
minals, ontogeny of interneuronal transmission, and where appropriate, myelin-
ation. In some cases large bodies of literature have been intentionally  omitted,
where the investigations were directed at a more general topic (e.g. cortical or
thalamic development) and only studies where a primary concern was that for
ontogeny of the auditory pathways have been included. In other cases, omission of
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the classical literature was due to the difficulty in securing adequate translations.

References dealing with central nervous system effects of early pathology or
mutations of the inner ear have been largely omitted from this table; the reader is
referred to the excellent paper by WESTand HARRISON1973), which thoroughly

summarizes the earlier work in this area, as well as presenting a thorough analysis
of brainstem abnormalities in the deaf white cat. Finally, studies on the develop-
ment of synaptic function which have utilized acoustic stimulation are included in
Table3 and discussed under the heading "Onset of auditory function" (Section
B.IIL).

The details of Table 2 are relatively self-explanatory. Thus this section only
attempts to point out some of the general principles, areas of controversy, and
areas in which more work seems especially desirable.

The interrelationships of functionally related neurons during ontogeny have
been an area of continuing interest to developmental neurobiologists. However,
relatively few studies have taken what might be called a "functional systems
approach" toward studying the early ontogeny of the auditory pathways. Rather
most investigations concentrate on a single nuclear region or on functionally
unrelated parts of the brain (e.g. "ontogeny of the diencephalon"). Thus, the vast
majority of investigations provide valuable descriptive information on the on-
togeny of a particular region, but shed little light on the interrelationships between
developing neurons. An examination of the body of literature cited in Table 2
reveals that for virtually every postproliferative phase of development, functional
relationships between afferent fibers and their target cells have been hypothesized
or conclusively demonstrated. Most modern investigations suggest that the
migration of neurons to their final site is not influenced by their afferent
innervation (JACOBSON970).On the other hand, the investigations of LARSELL
(1934) suggest that the cochlear nuclei in the frog are influenced by the incoming
VIIIth nerve fibers during metamorphosis. In the opinion of this author, the matter
is not completely closed. MOREST(1969a), suggests that afferent fibers could
influence the final stages of nuclear migration within neurons of the medial
trapezoid nucleus (see Section 3.2, below). In addition, we have recently acquired
evidence that otocyst removal in the chick embryo will influence the final location
of cells in n. anqularis (PARKSand RUBEL,unpubl.). Unfortunately, current
techniques for studying the position of proliferation and migratory routes of cells
making up a single nuclear region do not allow adequate resolution of this
problem. The development of more refined methods, such as isotope injections
limited to a precise area of the neural tube, or refinements of genetic marking
techniques, may alleviate this problem. With respect to other ontogenetic events,
the results are mnch more convincing; cellular development, dendritic develop-
ment, postsynaptic specializations, and myelination are probably influenced by
afferent fibers and/or the electrical activity of the developing auditory system.

Probably the most pervasive result found in the literature on the ontogeny of
synaptic transmission in central auditory pathways is that the primary central
pathways are laid down and functional well in advance of cochlear function. This
finding, first hypothesized by RAMONvy CAJAL (1960), has been repeatedly
confirmed by anatomical and electrophysiological studies. On the other hand, it
should not be hastily concluded that chemical or electrical communication



Development of Central Auditory Pathways t65

between cells is not involved in the establishment of these pathways; essentially
nothing is known about the inherent -electrical activity of the auditory system prior
to the onset of cochlear function. Furthermore, some observations suggest that the
early phases of pathway development may not be entirely independent  of
intercellular regulation. For example, several authors have noted that the first
fibers to enter the medulla are from ganglion cells which will innervate the basal
(carliest developing) portion of the cochlea. A similar developmental gradient is
observed in both first- and second-order nuclei of the chicken brainstem. That is,
the rostral (basal projection) areas of both nuclei precede the caudal parts in both
cell death and cell growth (RUBELet al., 1976). Itis conceivable that these parallels
between gross changes in the cochlea and brainstem nuclei are coincidental, but
the findings again point to a need for more detailed studies of parallel de-
velopmental processes within functionally connected cell groups.

There are several topics about which little or no information is available on the
ontogeny of auditory pathways. The most important of these have been noted
above, namely the origin, proliferation, and migration of cells. Investigations on
the proliferation and migration of the cochlear nuclei from the rhombic lip (HIS,
1890; PIERCE, 1967) stand as the exceptions; the cell groups have been carefully
studied during their apparent migratory route. In addition, the "birthdate" (time of
final mitotic cycle) has beeu established for several nuclei in a few species.
However, it is becoming increasingly probable that cellular interactions at the
lumen and during migration may be critical for understanding the ontogeny of
neural networks. In lieu of new methods for studying these phenomena, the
convergence of short-term 3H-thymidine labeling, electron microscopic and Golgi
methods may yield valuable hypotheses about the nature of such interactions. For
example, we have previously suggested that cells in the brainstem auditory system
may establish or specify their topographic  connectivity during migration (RUBEL
et al, 1976), and LAUDER and BLOOM (1976) suggest that connectivity may
influence neuronal proliferation. Detailed studies of labeled neurons will establish
the validity of these speculations.

Another area in which little information is currently available is the time at
which cellular connections are established between post-migratory neurons within
the auditory system. Such contacts may take two forms. On the one hand, a
neuron projecting from, for example, the inferior colliculus to the medial
geniculate body (MGB) may establish contact with the MGB cell but not form an
excitable synapse. In this case, we have little access to either the time of
establishment  or the pattern of projections with current methods (but see
CROSSLANIDt al., 1975). On the other hand, at the time when synaptic connections
are made, it is possible to identify the afferent projection by electrophysiological
methods, and the concomitant changes in both presynaptic and postsynaptic
processes by Golgi impregnation and electron microscopy, No single study has
combined these methods, but PYSH (1969) has reported a two-fold increase in
synaptic density with a large decrease in neuronal density in the inferior colliculus
of rat, at a time when the oxidative metabolism dramatically increases and
cochlear function begins. In addition, MOREST (1968, 1969a) utilized Golgi
impregnations to give an elegant demonstration of an intimate correspondence
between the temporal development of dendrites in the medial nucleus of the



166 E. w.,RUBEL: Ontogeny of Structure and Function in the Vertebrate Auditory System



167

Development of Central Auditory Pathways

< oo el
=son Npe

1 an._ﬂ.,

73
m

z IS0 SEW

Foor S o

2 | ‘Bown o
o=E" R

105 'NRo=

=00 o
e o3

= ~n_uvna l oso
“U,~ We==

oce w |

Sf==

Dcediy

-—@ W=

B S

Lo

| =305



168 E. W. RUBEL: Ontogeny of Structure and Function in the Vertebrate Auditory System

| & |~e



20, Moy |

Som

"
0o ~0O
2 oM

myy w
n

S

., G,
000 ," ;§
o=
§B~ O
S u
o)

X

Development

ogMm=0

og.

[a»)
S

Qoc= 11

of Central Auditory

FemO\
g9y
P::'O0\u
WO\::;'U-Il

G0 ~C, 2
W~ \>/<I

3 a8Id;;s~

OJ C0;1’>\"': ol

" ro>,~~_

% ~~ 35
~TO< o

'O

it ~30a s

e

.0

€
ses ~
m U
' ~

|O
&~ o
~ E' !
di:~ m

l— v
o= o'

Pathways

uQJng

2 ooz

@
=

169

100

:'E”o



170 E. W. ruBeL: Ontogeny of Structure and Function in the Vertebrate Auditory System

trapezoid body and the arrival of afferent axons. Aside from these examples, there
are virtually no detailed investigations of the ontogeny of projections onto cells of
the auditory pathway. Coupled with the paucity of knowledge on neurochemistry
and its development in the central auditory pathway, these omissions make it
impossible to state the temporal contingencies that occur during normal auditory
system development.

Two final areas that should receive increased attention are: i) the development
of centrifugal projections within the brain; and ii) the ontogeny of topographical
specificity. The former has received little attention in any sensory system, and
probably plays a critical role in the ontogeny of mature function. The topic of
specificity, on the other hand, has received a great deal of attention in the visual
system (see Chapters by HtRSCHand LEVENTHAdnd BATE)Since the concepts
stemming from the work on the visual system could be examined and extended by
considerations of the tonotopic and binaural representations in the auditory
pathways, it is hoped that future research will be directed at this problem.

ITII. Development of Auditory Function

The functional characteristics of the auditory system can be assessed by
physiological and behavioral means; each has advantages and disadvantages. The
readily available microelectrode and macroelectrode methods make it possible to
analyze the functional capacity of different parts of the system in such a way as to
answer such questions as the following: is the system functional, i.e, does it
respond to sound? what frequencieselicit responses? are the changes in relative
sensitivity over age? and do changes in frequency of amplitude sensitivity relate to
morphological changes in the peripheral or central auditory pathways? More
recently a number of laboratories have begun to investigate the ontogeny of
"coding properties" of cells within the auditory system, presumably in order to
relate properties such as tuning curves, phase locking, or response profiles to the
ontogeny of behavioral capacities. Unfortunately, in no case is it clear what
specific properties of unit response functions are related to any behavioral
capacity, and clear examples of units responding as species-specific "feature
detectors" have not been established (CAPRANtCA]977). Therefore, although
studies of unit coding characteristics are of interest for understanding nervous
system ontogeny, the results should not be considered indicative of an organism's
ability to respond selectively to meaningful environmental acoustic differences.
Behavioral investigations of the ontogeny of auditory function, on the other hand,
can provide information regarding an animal's minimum perceptual abilities.
However, behavioral studies rely on a set of assumptions that are often difficult to
meet. These include: 1) That there is no ontogenetic change in the sensitivity of the
response measure or unconditioned S-R chain; ii) That the topography of the
response remains stable over time; and iii) That an organism's sensory capacities
are somehow tied to the motor system in such a way as to be able to generate
differential responses. Since these requirements can ahnost never be fully assumed
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when dealing with a developing system, negative results from behavioral studies
cannot usually be interpreted. Furthermore, because a stable response measure is
difficult to find, large numbers of subjects are usually required aud adequate
coutrol procedures or populations are essential. Taken together, these factors
often make behavioral studies of sensory ontogenesis more difficult to undertake,
and more open to criticism, than physiological investigations. Yet, in the final
analysis, we are concerned with understanding the ontogeny ofa system (audition)
with which the animal can make meaningful interpretations regarding its en-
vironment, leading to differential behavioral outcomes. Thus, behavioral in-
vestigations using carefully chosen response measures, adequate controls, and
sufficiently powerful analytical tools, are of the utmost importance.

In Table3, studies of functional development are subdivided by species and
major response measures. Although this table is primarily intended to summarize
the state of knowledge on the onset of auditory function, studies of functional
development which focus on more complex auditory processing have also been
included. Thus, investigations of cellular response parameters, behavioral differen-
tiation of acoustical properties, conditioning, and perception of species-typical
vocalizations are also included. Earlier reviews by GOTTLIEBI968b, 1971b) on the
onset of sensory function, BRADLEYand MISTRETTAI1975) on fetal receptor
development, and TEES(1976) were helpful in compiling the bibliography. As
earlier, there are several areas that are not covered fully in the table. First, most of
the literature on human behavioral development with respect to postnatal
auditory and language function has not been included, since postnatal develop-
ment of human auditory function is thoroughly reviewed by EISENBERG976),and
there are a number of recent texts on language development. Second, the
voluminous literature on human cortical evoked potentials has not been fully
covered, but the important findings are believed to have been noted and the
references cited provide access to the relevant literature. Third, the excellent work
of RUBENand his colleagues on the development of auditory function and its
degeneration in mutant mice is not included (MIKAELIAMnd RUBEN,1964, 1965;
MIKAELIA al., 1974; BROWNand RUBEN1969). As above, discussion of Table 3
will be limited to the important principles, controversies, and questions for future
research.

1. Onset of Cochlear Function

One primary goal of research on the ontogeny of auditory function, whether
physiological or behavioral, is to identify the relationships between structure and
function. The general problem of identifying structure-function relationships is
central to all life sciences; ontogeny would seem to be an unusually powerful
approach, since parallel ontogenetic changes in structure and function can be
investigated. Thus a large number of investigators have attempted to determine "the
final morphogenetic event" leading to the establishment of cochlear function by
studying cochlear morphology in parallel with either physiological or behavioral
indices of functional activity. It should be noted that freeing of the tectorial
membrane, development of the stria vascularis and associated endocochlear
potentials, formation of afferent terminals, formation of efferent terminals, and
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other aspects of cochlear development have all, at one time or another, been cited
as the final factor initiating cochlear function. Most investigators seem to prefer
giving credit to some sort of neural innervation change, but a minority also
propose biochemical changes or morphogenetic changes in hair cells or support-
ing elements of the organ of Corti. In point of fact, the single most common
observation throughout this literature is that simultaneously with the onset of
cochlear function, the .inner spiral sulcus forms by the regression and/or de-
generation of pseudostratified epithelium. This and other changes can be clearly
seen in the reproduction of RETZIUS'Hlustration of cochlear development of the
cat (Fig.2). Various investigators (e.g. BASTand ANSON,1949; ANGGARDI]965;
PUJOLand HILDING,1973)have recognized the probable importance of this event
for allowing a shearing force to be set up between the tectorial membrane and the
hair cell cilia. Without this sulcus (see Fig. 3) movement of the basilar membrane
would not be converted to transverse rocking movements of the organ of Corti,
which presumably generate the "adequate stimulus" for hair cell ionic fluctuations.
Although formation of the inner spiral sulcus is of great importance for the
establishment of cochlear function, it is probable that neither it nor any of the
other events noted above is uniquely responsible for the onset of hearing. As part
of his study on the ontogeny ofthe rat cochlea, which stands as the most thorough
investigation ofcochlear ontogeny to date, Wapa (1923)compared the cochleas of
rats that "reacted to a shrill whistle or handclap" with those of littermates that did
not respond. He concluded that "the inception of hearing does not coincide with
detachment of the tectorial membrane from the papilla spiralis, but with the
development of each constituent of the papilla spiralis and and the membrane
tectoria" (my emphasis) (p.154). Over half a century later this conclusion still
holds; contrary to the notion of a single developmental event that initiates
functional integrity, there seems to be some sort of autoregulation, such that
simultaneous growth and destruction of constituent cell types leads to a cochlea
that is electrically, chemically, and mechanically capable of rudimentary function.
And then, quite rapidly, the cochlea attains a maturity that cannot be distin-
guished from adults of the species. It is not clear whether a single causative agent
exists, or each element develops independently, or whether there is a form of
autoregulation that synchronizes all elements (through their oxidative metabolism
or some other process). However, the last idea should not be hastily discarded. Itis
now known that coinciding with the ontogenetic events leading to and immediate-
ly following functional onset of the organ of Corti, there are corresponding
changes in functionally related tissues, such as the maturation of Reissncr's
membrane, rapid maturation of the stria vascularis and concomitant development
of the endocochlear potential, growth of spiral ganglion cells, and maturation of
central nervous system elements. Not only is there synchrony in the time of
occurrence of morphological and chemical changes leading to functional integrity,
but the ensuing changes with respect to the pattern of development 1in the cochlea
and central nervous system structures presents a similar parallel. The basal-to-
apical changes in cochlear development are coincident with rostral-to-caudal
changes observed in the medullary nuclei of the chick embryo (RUBElet al., 1976);
basal portions of the cochlea are represented in rostral portions of these brain stem
nuclei, and apical (or distal) regions project to caudo-lateral sites (see Section 3).
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Fig.6. Each histogram shows normalized activity scores of 12-17  chicken embryos in response to
acoustic stimulation. ~Embryonic  stage (HAMBURGER and HAMILTON, 1951) at which subjects were
tested are indicated along right margin, frequency of acoustic stimulus along top. Each embryo tested
at one age with one frequency. Five trials were presented (5 min apart). In each trial, stimulus was
presented (115 dB, SPL) for 3s (black bar) and activity was electronically recorded for each $§-§ period
from stimulus onset for succeeding 63 s. Shaded bar indicates immediate poststimulus period. Positive
Zecores indicate increase in activity over baseline, and negativeZcscores indicate inhibition of activity.
"Mock" trials are nonstimulus trials; flat histogram indicates no recording artifact. At stage 40 (1'4-
15days) statistically  reliable inhibition of motility was found in response to 700~Hz and 1400~Hz
stimulus. At stage 41 (15-16days) reliable increase in motility was recorded to 700-Hz stimulus. At
stages 42 and 43 (16--18 days) all stimuli evoked increased activity. (From JACKSON and RUBEL, 1978)

Any considerations of the time at which cochlear fnnction begins must take
note ofthe species variability. Whereas GoTTLIEB (1971Db) paid specific attention to
the overwhelming similarity in the sequence of sensory system maturation in birds
and mammals (i.e.tacile-vestibular-auditory-visual), little is known regarding why
particular systems become functional when they do. Obviously it can be asserted
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that there is some selective advantage brought to bear, or that it is merely
coincident with the age and developmental state at which partition or hatching
occurs. However, these "explanations" add little to our understanding of what
particular selective advantage is accrued. In precocial birds, the auditory system
becomes functional, as defined by electrophysiological or behavioral measures,
well before hatching. For example, chick embryos will demonstrate a cochlear
microphonic or brainstem evoked potential response on day 12 or 13, and as
shown in Fig. 6, behavioral responses can be elicited by acoustic stimulation of the
intact egg on day 14--15(Stage 40). While it has been shown in some avian species,
and implicated for others, that parent- or sibling-produced sounds have a function
in regulating hatching or post-hatching behavior, such claims only appear to
concern the last two or three days prior to hatching. Thus, it is not at all clear why
the auditory system of the chick or duckling becomes capable of function 6-8 days
before hatching, much less why the human auditory system is functional around
30 weeks of gestation. Such early function may be a mere coincidence of
developmental stage at parturition. On the other hand, it is important to consider
two additional possibilities. First, it is conceivable that in order for the system to
be capable of appropriate functioning at the period of development where it will
first he utilized for signal analysis, extrinsic input from the external or internal
environment is actually being processed near the time functional activity can first
be elicited in the laboratory. Second, as suggested by GoTTLIEB (1971a, b), it is also
possible that functional activity intrinsic to the auditory system itself is somehow
regulating its development. In this case, the fact that function can be elicited in
unusual laboratory conditions may be merely an epiphenomenon.

2. Ontogenetic Changes in Stimulus Parameters

In addition to considering the time at which the auditory system first becomes
functional, it is important to consider the stimulus parameters which will first elicit
a response. In Table 3, these parameters (when available) are briefly noted in the
fourth column. While it is clear that responses can be elicited at decreasing
stimulus intensities and increasing repetition rates as the animal matures, these
parameters will not be discussed. Of more interest are the ontogenetic changes in
frequency parameters adequate to evoke a behavioral or physiological response.

Perusal of Table 3 indicates that in virtually every animal in which an adequate
range of frequencies has been used, responses can first be elicited by low to low-
middle frequency tones. Thus, in the human fetus, the tonal frequencies that first
elicit changes in heart rate or motility are in the SOD-1500Hzrange. This problem
has been most extensively investigated in cat, where MarTY and his colleagues
have systematically investigated evoked potentials and cellular responses through-
out the auditory system. Thus, information is available regarding onset of
responses from the cochlea and from each major nucleus along the central
auditory pathways, and behavioral responses to sound. Although the evidence is
somewhat conflicting, in that the first cochlear microphonic (OM) and behavioral
responses are to frequencies under 1kHz, while evoked potential and unit
responses are to tones in the 0.5 to 2.0kHz range, all studies agree that responses
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to frequencies above 2.5kHz are relatively delayed in comparison with low
frequency tones. Similar results (i.e. low or low-to-middle frequencies elicit
responses prior to high frequencies) have been found in most mammals and birds
where adequate testing has been conducted, and in every reported study the
extreme high frequencies for the species in question are the last to reliably elicit a
response.

It isnow wellknown that in birds and mammals, apical portions of the basilar
membrane respond maximally to low frequencies while basilar portions are most
responsive to high frequencies (BEKESY,960; DALLaS,1973).Therefore, if cochlear
differentiation and functional development were to correspond, an apical-to-basal
differentiation gradient would be predicted for the mammalian organ of Corti and
avian basilar papilla. As stressed earlier, however, studies of peripheral differen-
tiation have shown the opposite result. That is, differentiation of the hair cells,
innervation of the hair cells, development of the spaces of Nuel, opening of the
tunnel of Corti, formation of the inner spiral sulcus, differentiation of the stria
vascularis, etc., all occur first in the basal or mid-basal turn of the cochlea and last
at the apex. Thus there appears to be a dissociation between the ontogeny of
functional responses to tonal stimuli and the differentiation of the cochlea. Several
suggestions have been put forward to resolve this apparent paradox. Foss and
FLOTTOR®974) examined the ontogeny of startle responses of cats, rabbits, dogs,
and mink to pure tones of 125Hz to 8kHz, and consistently found that initial
responses were elicited by tones under 1.0kHz. Based on observations of the
locations of the major blood vessels in the mature human ear, they concluded that
the upper portion of the basal coil and lower portion of the second coil probably
receive an adequate blood supply earliest, and that the frequencies represented at
those locations are the first to elicit a response. Thus they contend that a
dissociation does not exist and that functional ontogeny of the cochlea and
corresponding frequency responses are governed by the developing circulatory
system. This view, however, ignores the fact that high-frequency responses are the
last to mature, while in the cochlea, differentiation of the apical turn is delayed.
Furthermore, their own observation that little is known about the ontogeny of the
cochlear vasculature, coupled with the fact that it most probably correlates with
the general gradient discussed above, compels this author to accept the dissocia-
tion and consider alternative explanations.

SAUNDERS al. (1973, 1974) observed that the ability to record high-threshold
brainstem-evoked potentials to frequencies above 1.3kHz in chick embryos
corresponds to the embryo's entrance into the air space of the egg and the
subsequent cavitation of the middle ear. These authors hypothesized that the
mesenchymal tissue of the immature middle ear may cause an impedance
mismatch leading to selective attenuation of high-frequency stimuli. Careful
inspection of their data, however, reveals that cavitation of the middle ear
corresponded with a 20-30 dB increase in sensitivity, which was uniform across the
0.1-3.0kHz range that could be considered. In addition, other indications of the
effects of middle ear loading (e.g. WEBSTERL962; Foss and FLOTTORP1974) and
direct measurements of impedance (ROBERTSOR{ al., 1968; KEITH,1975) suggest
that attenuation due to middle ear loading would be approximately uniform
across the audible frequency range. On tbe other hand, in the one study that
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bypassed the middle ear by direct acoustic stimulation of the oval window in
neonatal rabbits, ANGGARIDI965)reported that the earliest cochlear microphonic
potentials could be elicited by stimuli in the 2--4kHz range. Two days later CMs
were observed over the entire 0.2-10kHz range used and there was a uniform
threshold reduction of 30--35dB over the succeeding 20 days. Since no comparable
data exist on the ontogeny of CMs in rabbits with intact middle ears, it is not
possible to draw conclusions about differential middle ear attenuation dnring
ontogeny. It will be important, however, for future investigators to compare
response functions obtained by tonal stimulation of the intact ear with those
obtained by direct stimulation of the oval window.

A second explanation of the apparent dissociation between the morphological
development of the cochlea and the ontogeny of physiological and behavioral
responses has been reiterated (RUBELet al.,, 1976). We suggested that the
developing cochlea is indeed first responsive to sound in the region which is most
mature, i.e. near the middle of the basal turn in mammals and toward the basal
one-third in birds. However, the transduction properties of the immature cochlea
are probably not identical with those of the adult, and factors such as the greater
mass per unit area due to the immaturity ofthe organ of Corti, basilar membrane,
and inner spiral sulcus would cause an inertial load restricting the frequency
following of the basilar membrane to low frequencies and tending to damp the
displacement of the traveling wave. Thus, we have proposed that in the immature
animal the basilar portion of the cochlea is the first to transduce mechanical
vibrations into neural signals, but that dne to its immaturity (probably less tension
on the basilar membrane and/or greater cellular density ofthe basilar membrane
'and organ of Corti) its response is primarily to low frequencies. In this case, sound
transduction in the cochlea would commence toward the basal region in response
to low frequencies and progress first in both directions, and then apically.
Concurrently, there would be an increase in the ability to transduce successively
higher frequencies at the rapidly maturing basal end of the cochlea, while
progressively more apical regions would mature to the stage where responses to
low frequencies would be initiated (note that in the mature cochlea the basal
region responds to both low and high frequencies, while the apical region responds
only to low frequencies). Although our suggestion is slightly more detailed, several
previons authors (e.g. LARSELLetl., 1944; VANZULLind GARCIA-AuSIT,1963;
PUJOL and MARTY, 1970) have suggested that ontogenetic changes in the
mechanics of the cochlear partition are responsible for the discrepancy between
cochlear ontogeny and functional responses. In addition to its accordance with the
morphological observations on cochlear development, this hypothesis gains some
support from observations on central nervous system ontogeny. First, we have
recently shown (RUBElILet al., 1976) that the differentiation of 2nd- and 3rd-order
anditory regions in the chicken brainstem proceeds in a spatial direction which
corresponds to the basal-to-apical pattern observed in the cochlea. That is, normal
histogenic cell death, volumetric changes, and qualitative signs of differentiation
all occur initially in the rostral end of each nucleus, which receives projections
from the basal portion ofthe cochlea and responds to relatively high frequencies in
the mature system (RUBELand PARKS,1975). The caudal (or apical projection)
regions, which respond to low frequencies in the adult, are relatively delayed in
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Fig. 7. Spatial distribution of cell numbers in wm. magnocellularis and n. laminaris, across age. To
compensate for varying rostrocaudal dimensions of nuclei at dilTerent ages, total extent of nuclei is
represented in terms of cumulative percentages of distance from posterior to anterior end. Similarly, to
compensate for differing numbers of cells at different ages, number of cells is expressed in terms of
cumulative percentages of totals at each age. In particular, note increases in initial slope (at posterior
end) and decreases in final slope (at anterior end) for both nuclei at successively older ages, indicating
systematic shift in relative numbers of cells from anterior portion of each nucleus toward posterior
regions. NM, n. magnocellularis; NL, n. laminaris. (From RUBEL et al., 1976)

their differentiation. This rostral-to-caudal gradient for cell death in n. magnacel-

lularis (2nd-order neurons) and n. laminaris (3rd-order neurons) is shown in Fig. 7.
At day 9 of embryogenesis, the distribution of neurons over the rostral-caudal

extent of each nucleus is relatively uniform. By 11 days, this distribution deviates
from uniformity at the rostral end, where cell loss has begun. During the following
four days (11-15) cell loss occurs at successively more caudal locations, causing the
deviation from uniformity (45° line on graphs) to occur at points successively more
toward the caudal end. Similar changes occur when nuclear volumes arc analyzed
and, as noted, for a number of qualitative indices.

If neural activity or some other aspect of afferent input influences tbese
developmental parameters, which it almost certainly does (see Section C. III), this
gradient suggests that the neurons in the basal projection regions are the first to
receive afferent input, with apical projection regions becoming functional at
successively later times. This scheme would also explain the results reported by
PUJOLand MARTY(1968). Recording evoked potentials from the primary auditory
region (A1) of the feline cerebral cortex 2-3 days after birth, they found responses
only to low-to-middle frequencies. More importantly, potentials were localized
toward the rostral portion of the middle ectosylvian gyrus, which receives
projections from the base of the cochlea and which responds maximally to high
frequency tones in the adult cat. This finding does not rule out the possibility that
high frequencies are selectively attenuated by the immature middle ear. It does
suggest, however, that in very young kittens, the basal region of the cochlea is
responding to low-frequency stimuli and that the apex is unresponsive to low
frequencies, especially in view of the fact that at birth electrical stimulation of the
auditory nerve evokes responses throughout the primary auditory projection area.

A final resolution of the factors influencing the development of frequency
resolution in the developing cochlea is fundamental for an understanding of
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normal ontogeny of audition as well as for consideration of the role of experience
in the development of the central auditory pathways. In this regard it is interesting
to note that low- to middle-frequency sounds predominate in the embryonic
environment of mammals and birds. High frequencies are poorly represented
endogenously in the intrauterine environment and exogenous high frequencies are
attenuated more than lows by the abdominal wall of mammals (see Table 4) and
by the eggshell in birds (JACKSONand RUBEL, unpubl.), Since the tonotopic
organization of primary auditory regions of the brain have now been described for
many mammalian species and quantitative "maps" are available for the brainstem
nuclei of the chicken, it should be possible to resolve any ontogenetic changes in
frequency representation.  One method would be to correlate unit electro-
physiological responses to properties with position of the responding neural
elements. Another, more exciting, possibility would be to apply recently developed
"metabolic" methods such as labeled 2-deoxyglucose autoradiography  (KENNEDY
et al, 1975). Application of this last-named method to problems of functional
development, in general, offers the exciting prospect that stimulation can be
applied to an intact organism in its otherwise normal sensory environment.

3. Ontogeny along the Neuraxis

As implied earlier, very little can be said about the particular morphogenetic
events responsible for functional changes in the cochlea or central auditory
pathways. The cochlear microphonic  potential onset correlates with the ap-
pearance of a positive increase in amplitude of the endocochlear potential, and a
negative summating potential (DC shift in response to stimulation) recorded in the
scala media (ANGGARn, 1965). The summating potential reverses polarity, to
become positive, at about 15 days postpartum in the rabbit, which suggests that it
may be related to the later innervation of the outer, as opposed to inner, hair cells.
.However, anatomical confirmation that the time of innervation correlates with
this polarity shift has not been forthcoming.

In species where both CMs and nerve potentials have been examined, the onset
of responses attributable to VIIIth nerve action potentials seems to lag behind
onset of the cochlear microphonic by a day or two (see PUJOL and HrLDING, 1973).
In the mouse it appears that nerve potentials recorded directly from the VIIIth
nerve lag behind those recorded from the round window as well. It is not at all
clear why these differences should occur. They may represent differences in
recording sensitivity, or real dissociations between the functional elements initiat-
ing the various potentials. In any case, no morphological changes have been
identified that account for them.

Concurrently  with the onset of cochlear and nerve potentials, evoked poten-
tials can be recorded throughout the primary auditory pathways. The onset and
elaboration of these evoked potentials have been extensively described for most
laboratory  animals and for humans. Excellent reviews are available on both
human (HECOX,1975; EISENBERG]976) and animal studies (ROSEand ELLINGSON,
1970; MYSLIVECEK]970; SCHERRERet al., 1970). In addition to showing the ages
at which the evoked potentials are first elicited by a click or pure tone stimulus,
these studies can be summarized as follows: i) Evoked .potentials increase in
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amplitude with age, which is probably due to recruitment of more elements
responding to d stimulus of a given magnitude; ii) Thresholds decrease with age,
probably indicating mechanical or neural changes in the cochlea and peripheral
structures, increased ramification of neural processes, and, tentatively, changes in
the efficiencyof individual synapses; iii) Latencies of responses decrease markedly
during the first two weeks offunction and more slowly thereafter, which initially is
attributable to growth and myelination of peripheral axons, and then decreases in
central transmission time; iv) Increased ability to follow repetitive stimuli,which
may be attributed to the development of recurrent inhibitory mechanisms, changes
in transmitter availability, or changes in the ionic compartmentalization capacities
of the cells; iv) Increased recruitment (i.e, augmentation of response) with low
frequency. stimulation; vi) Increased complexity of evoked potentials (especially
cortical), with immature responses being dominated by the negative component,
and thentl!e initial positivity as well as later waves maturing.

Little advance has been made in identifying specific neuronal changes re-
sponsible for the various aspects of evoked potential maturation in the auditory
system. However, some progress has been made in determining the location(s) of
such changes. For example, by recording responses in the medial geniculate
nucleus and the auditory cortex, ROSEet a!. (1957) were able to establish that the
latency reductions were primarily of subcortical origin, rather than in the
thalamocortical relay. Similarly, a series of studies on human neonates (see HECOX,
1975) has extrapolated from the waveform identification available on adults to
determine that the initial latency change seen in human neonates isin VIIIth nerve
transmission time. The extensive series of investigations by the Czechoslovakian
group (see MYSLIVECEK970) s a further example; by using regional stimulation
and cortical recording, they have been able to delimit the sites of .several
ontogenetic changes to either peripheral. components or central neural networks.
By far the most systematic investigation of the ontogeny of auditory evoked
responses from the central nervous system has come from the French group (see
MARTY]962,1967; pusoL, 1972).This series of investigations has established that
1) Responses are obtained simultaneously 2,3 days postnatally in kittens in all
central nuclei of the primary auditory pathways; ii) The latency decreases occur at
successively higher levels of the neuraxi~; iii) Responses are elicited by tones (at
least three sinusoidal periods) before responses a.reohtained to clicks; iv) The
topography of acoustically-driven synaptic connections in the cortex may be
altered during the first postnatal week due to the loss of thalamic inputs to
superficial cortical layers (KONIG et al., 1972); and v) Auditory responses are seen
in association areas of the cerebral cortex concurrently (at 2-3 days in the kitten)
with primary responses. With respect to the last finding it is interesting to note that
responses to click stimuli were not reliably recorded in the kitten cerebellum until
several weeks after birth (SHaFERet a!., 1969).

4. Neuronal Coding of Pure Tones

In contrast to the plethora of information on evoked potential maturation,
there is a relative paucity of data on the response contingencies (stimulus coding)
of individual neurons during auditory system maturation. Undoubtedly, one
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reason that little attention has been directed toward this area is that neurons in
which the response contingencies are congruent with particular environmental
features ("feature detectors") have been less evident in the auditory than in the
visual system. As confidence dwindles in the heuristic value of a model asserting
the necessity of hierarchically organized feature construction, it may become
apparent that the ability to parametrically control the attributes of acoustic
signals will be higbly advantageous for understanding the ontogeny of information
processing in the brain.

The coding properties of neurons can be defined with respect to either the
stimulus properties that reliably elicit an extracellularly recorded neuronal
response (either increase or decrease in number of action potentials over time) or
the response characteristics themselves. One fundamental form of coding is the
tonotopic organization of neurons found within each nuclear region: the charac-
teristic frequency (CF), or lowest threshold excitatory frequency, of neurons within
a nuclear region is systematically distributed across the nuclear region. The
tonotopic organization undoubtedly results from the sequential spatial organi-
zation of the cochlea and topographic projection of each neural region onto its
target population. Tonotopic organization is apparent as early as neuronal
responses to stimulation can be elicited from the central nervous system (PUJOL
and MARTY]968; KONISHI]973; AITKINand MOORE]975). At the present time,
it is not possible to make a definite statement as to the extent of tbe neural region
that is occupied by neurons responsive to auditory stimulation at the early ages,
and there is reason to believe that the region responsive to a given frequency may
shift during development.

Less developmental work has focused on more complex coding parameters,
such as two-tone interactions, tuning curves, response areas, phase locking,
response types, and binaural interactions. Since these are critically important
considerations for future investigations, the ontogenetic information that is
available on each will be briefly described.

a) Two-tone interactions, typically where the cellular response to one tone is
inhibited by the addition of another frequency, have not been studied
developmentally.

b) Tuning curves indicate the excitatory thresholds of a unit at frequencies
surrouuding the characteristic frequeucy (CF) for that cell. A tuning curve
typically consists of a U- or V-shaped function, which indicates the frequency
specificity of the excitatory response. KIANGet al. (1965) introduced the use of a
quantitative measure ("Q") of the sharpness of tuning (Q ~ characteristic frequency
divided by the bandwidth 10 db above excitatory threshold). The Q measure is in
direct proportion to tbe sharpness of tuning (slope of the tuning curve). There are
several reasons to suspect that tuning curves may become sharper during the early
stages of auditory function. First, the general view of embryonic canalization
suggests not only that tissues become increasingly determined, but also that
physiological and behavioral processes might become increasingly specific during
development (WADDINGTON,952; RUBELand ROSENTHAIL975). Second, if
neuronal specificity with respect to the frequency of an adequate stimulus has
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anything to do with an organism's ability to differentiate between frequencies
(which is by no means certain), ontogenetic behavioral changes (see below) would
suggest That tuning curves become steeper with age. Finally, some authors (e.g.
KATSUKII961) have suggested that neuronal responses become more specific as
one ascends the neuraxis. If one accepts this notion, it is reasonable to believe
that the fine adjustments in the local circuitry that determines the parameters of
receptive field size may be established consequent to the formation of major
projection pathways. Thus, systematic quantitative studies on tuning parameters

throughout the developing auditory system are of prime importance for an
understanding of the ontogeny of frequency coding in the auditory system as well
as for a general understanding of the ontogeny of functional specificity in
perceptual systems. Unfortunately, one investigation (AITKINand MOORE,1975)
has been reported in which the ontogeny of tuning curves was systematically
studied. These authors did report the qualitative observation that units in the
kitten inferior colliculus became more frequency-specific with age, and presented

quantitative data. Average Q values increased with age. However, as the authors

point out, Q values normally increase as a function of frequency, and therefore
increased responsiveness to high frequencies may be responsible for this change.
Had the authors presented quantitative data separately for low frequencies (e.g.
500-2500 Hz), further interpretation might be possible. In any case, the obser-

vations of AITKINand MOOREare important as a preliminary statement. Future

researchers should follow their lead, and provide quantitative data on tuning

characteristics at brain stem and VIIIth nerve levels, as well as higher levels of the
auditory system.

c) The response area of a neuron can be represented by a family of functions
showing spike rate as a function of frequency and intensity of a set of stimuli.
Ideally, both excitatory and inhibitory zones are shown, by comparison with the
spontaneous activity of a cell. Response areas provide a much more complete
picture of the stimulus-response contingencies than tuning curves alone, and often
yield a very different picture of the complexities of coding than do tuning curves
(YoUNGand BROWNELL]976). In addition, response areas are dramatically
influenced by anesthetics, sleep, etc. Thus, developmental analyses of unit response
areas may be of extreme importance; such analyses, in conjunction with mor-
phological studies on the ontogeny of intranuclear and centripetal connections,
may yield clues as to the neuronal pathways responsible for the increased coding
complexities; and relationships between the behavioral abilities to analyze
acoustic information and the ontogeny of neural function may be revealed.

d) Phase locking refers to the extent to which responses of auditory neurons
are "locked" to a portion of the stimulating sinusoid, i.e. the degree to which
neuronal response intervals tend to be at the period, or some multiple of the
period, of the sinusoidal stimulus. There are good reasons to believe that phase
locking may be important for low-frequency sound localization, and it may be
involved in other acoustic processing capacities. Phase locking is typically found in
neurons responsive to low frequencies (<2kHz) although it has been reported up
to frequencies of about 5kHz. It is most often studied in neurons at relatively low
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levels of the neuraxis (VIIth nerve, cochlear nucleus, olivary nuclei, and inferior
. colliculus). The only published report on the ontogeny of phase locking is an
abstract by JAVELet al. (1975). In kittens under two weeks of age, they observed
phase locking of anteroventral cochlear nucleus cells to frequencies below 300 Hz,
but no phase locking to tones above 1000 Hz. It is not known what property of
peripheral or central processing is responsible for the limited range of phase
locking, but the fact that a cochlear microphonic response to higher frequencies
can be recorded suggests sites central to the transduction of mechanical to
electrical energy.

e) The ontogeny of binaural response properties of central neurons is another
area that has received little attention. One preliminary report (AITKIN and
REYNOLDS,1975) indicates that many inferior colliculus units in very young (5- to
20-day-old) kittens are binaurally responsive. Binaurally excited cells (E/E units)
displayed maximum firing to the same frequency applied to either ear (GOLDBERG
and BROWN, 1968). Unfortunately, these findings are difficult to interpret; since no
controls for interaural communication were performed, ipsilateral stimuli had to
be considerably louder (20-40db) than contralateral tones, and very few units
showed opposite responses to the two ears (EIl units) as compared to adults.
Future investigations of binaural response properties will be of particular
importance. The binaural nature of inputs to brainstem auditory neurons provides
a unique advantage for investigations of neurospecificity and the role of experience
in the ontogeny of a neuronal structure. Furthermore, quantitative studies on the
degree to which binaurally responsive neurons in young animals are "tuned" to
similar stimuli will provide additional information on how the fine properties of
neuronal coding are established.

i Response type 1is the final property by which neuronal responses are often
classified. This property refers to the temporal characteristics of responses, as
exemplified by post-stimulus-time  (PST) histograms. PUJOL and his colleagues (see
PUJOL, 1972; CARLIERet a!., 1975) have found a common ontogenetic sequence of
response types throughout the brain stem auditory system of the kitten. In the
VIIIth nerve, cochlear nucleus, and inferior colliculus of very young kittens (less
than 7 days old) only "ON" type responses are found; that is, a SOO-msstimulus of
adequate frequency and intensity typically evokes one or a few spikes within the
first 50ms and no further activity. At around the seventh day a "rhythmic"
response becomes apparent, in which the unit shows alternating period of activity
and silence during the stimulus. Initially the silent periods are long (10G-300ms),
and they gradually decrease until at 20 days most units respond with an initial
burst of diseharges followed by sustained activity until the tone is turned off.
Although these response types may bear some resemblance to the response types
described in the cochlear nucleus by KIANGand his colleagues (e.g. GODFREVet a!.,
1975), it is probably only a superficial similarity; the ontogenetic sequence is found
in the VIIlth nerve, wbere all units in the adult are of the later-developing
"primary" type. It seems reasonable to conclude that these ontogenetic changes
are occurring at the periphery. Whether they involve changes in centrally
originating efferent pathways (as suggested by CARLIERet al.,, 1975) is doubtful;
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changes in the afferent synapse, such as increased transmitter availability, would
be an equally parsimonious interpretation. Future studies in which the periphery
is 1solated from central influences will be of importance for understanding what
acoustic information the developing central nervous system has available. Only
then will it be feasible to attempt to understand the ontogeny of auditory
information processing in the central nervous system.

5. Responses to Species-Specific Stimuli

The use of pure tone stimuli for auditory neurophysiological investigations has
been widely criticized by students of animal behavior, because species-specific
acoustic signals usually contain frequency and/or intensity modulations as well as
stereotyped temporal modulations between utterances. These critics maintain that
neurons selective to the stereotypy ("feature detectors") should be sought, and a
number of laboratories are now devoting considerable resources to such in-
vestigations. Although some promising results have been reported (e.g. NEWMAN
and WOLLBER@G973)no convincing examples of cell groups that respond reliably
only to the species-specific vocalizations have been found. On the other hand, a
number of studies on adult animals have revealed neurons that are selectively
responsive to relatively complex parameters such as frequency modulation (e.g.
WHITFIELBnd EVANS.1965).

Similar criticisms can obviously be made of the research summarized above on
the ontogeny of neuronal responses. While most behavioral research has em-
phasized that early behavioral responses, especially discriminative responses, are
elicited by species-typical complex acoustic stimuli, the neurophysiology of
auditory system development bas been studied with the aid of pure tones or clicks.
One can argue that frequency is a fundamental property of acoustic signals, and
therefore merits priority of analysis, but it is also plausible that the auditory
system has evolved to give priority to biologically relevant stimuli. In the case of
young animals especially, energy and survival considerations would tend to favor
the relative disregard for less relevant stimuli. In this respect, it is interesting to
note that responses from young organisms can be evoked more readily with tones
than clicks, and with long duration tones (500ms) than short tones (50ms). Thus,
neurophysiological research on young animals, using biologically significant
stimulus arrays or synthesized variations thereof, may significantly alter our
conceptions of the ontogeny of central auditory processing networks.

6. Behavioral Studies of Sensory Coding

The only way to determine perceptual capacities at any developmental stage is
through behavioral studies in which organisms are required to responddifferen-
tially to stimuli that differ along some acoustic dimension(s). Only by showing that
all stimuli arc perceived and that differential responses can be elicited, is it possible
to show that a dimension is encoded. The literature on behavioral ontogeny-of
sensory coding is included in Table 3 and recent reviews of studies in human
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Fig. 8. Generalization gradients as function of stimulus frequency for I-day-old and 3- to 4-day-old

hatchling chickens. An orienting response [duration of distress call inhibition-Latency  to make distress

call following 90dB (SPL) tone stimulus] was habituated over 12 trials using an 800-Hz stimulus.

Separate groups (N = 10) then tested at 800 Hz (control group) 825, 850, 900, or 1000 Hz. One-day-old

chicks show differential orientation only to 1000-Hz stimulus, while 3- to a-day-olds show differential
response to SSO-Hz stimulus. (From KERRand RUBEL, 1977)

(EISENBERG,1976; ErMAS, 1975) and in other species (TEES, 1976) should be
consulted for more detail.

Most~ies have.used.complex stimuli in order to determine when language-
relevant or species-specific stimuli-are differentially. encoded. For example, several
investigators have shown that phonemic information is encoded by human
neonates and there is evidence that categorization may be centered around

-~phonemic boundaries quite early in development. These conclusions are reinforced
by the findings of both ear and hemispheric differences 1n neonatal audition.
Equally interesting is the finding that the ability of children to extract relevant
acoustic information from background noise continues to improve over the first 10
years.

While there is little information on the development of perceptual encoding by
other manimals, studies on avian species with tape-recorded signals have indicated
that recognition of species-specific or, parental vocalizations emerges after an
initial period 'of undiffcrenriated-responses to acoustic signals. Although these
investigations do reveal the time at which biologically relevant discriminations can

} be made, the complex nature of the stimuli makes it difficult to extract information
relevant to understanding of the ontogeny of perceptual encoding along any single

\— acoustic dimension. The wuse of synthetically altered stimuli, in which each
dimension can be individually manipulated; is beginning to alleviate this short-
coming, and promises to reveal-important principles (see GOTTLIEB, 1974, 1976b).

Our own studies on the ontogeny of perceptual coding have concentrated on
the encoding of a unitary acoustic dimension, frequency, in order to determine if
perceptual sharpening occurs with respect to this fundamental property. In two
studies (RUBEL and ROSENTHAL,1975; KERR and RUBEL, 1977) using different
responses, it has been shown that the encoding of frequency information becomes
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increasingly finer during the first 3-4 days after hatching in the neonatal chicken.
Both experiments used an habituation-generalization paradigm; an orienting

response to tone bursts of one frequency was first habituated and then a new set of
stimuli, differing by 0, 25, 50, 100 or 200 Hz was presented. Increased orientation

during tbe test trials indicated that the new frequency was being differentially

encoded. Results of the study by KERR and RUBEL are shown in Fig. 8. One-day-

old and 3- to 4-day-old chicks, while making distress calls, were given 12 trials at
approximately = 3D-second intervals. In each trial, a 90db, 800-Hz tone was
presented for 1.6s. Initially, the subjects oriented to the tone and ceased emitting
distress calls for 5-10s. With successive trials, the orienting response habituated,

and after 12 such trials either the same frequency (800 Hz) or a new stimulus was
presented. As seen in Fig. 8, 3- to 4-day-old chicks displayed an orienting response

(increased latency to emit distress calls) to an 850-Hz stimulus, while one-day-old

chicks did not demonstrate differential responding, except to the 1000 Hz stimulus.

These results are identical with those obtained using an eye-opening response

(RUBEL'and ROSENTHAL, 1975) and indicate that a fundamental acoustical

property such as frequency becomes increasingly encoded over the first 3-4 days"
after hajching, The extent to which 'similar processes are occurring along other
acoustic dimensions and -to which this result is generalizable to other species is
uncertain. Examination of other ontogenetic changes in perceptual encoding is of
importance for understanding  neural mechanisms underlying the ontogeny of
auditory information processing.

IV. Experiential Influences
on Auditory System Development

The influence of experiential events on the ontogeny of neural structure and
function within the visual system has been a focus of much recent research. Less
attention has been given to this problem by investigators concerned  with
development of audition. Two major reasons can be identified: i) In comparison
with visual features less information is available about the neuronal coding of
acoustic features; and ii) It is easier to control gross aspects (light vs. dark) of the
visual environment. The relative paucity of literature in this area is unfortunate,
since in many ways experimental control of individual parameters of acoustic
exposure is easier. Furthermore, in the visual system a large part of the processing
is performed at the retinal level, which makes it difficult to analyze the re-
lationships between chronic changes in visual exposure, receptor excitation, and
changes at each succeeding mneuronal level. In the auditory system, the re-
lationships between hair cell excitation and activity are much clearer, at least at
the cochlear nucleus level. As will be seen in Section C. IIl., the unique segregation
of the binaural inputs at brain stem levels affords the opportunity for very detailed
cellular analyses (e.g. see BENESet al., 1977).

Table 4 summarizes most of the available literature regarding the influences of
early auditory experience on cochlear, central nervous system, and behavior
development (see also MISTRETTAand BRADLEY,1977).
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The first item in Table 4 is included to point out that the normal mammalian
embryonic environment has potential for a reasonable amount of sound exposure,
especially in the low frequency range. Avian species also have the potential for
acoustic stimulation during embryogenesis. JACKSOMNnd the present author, using
a piezoelectric microphone inserted and sealed into chick eggs, have observed that
low-frequency signals « 1500Hz) are attenuated by 10-20db, and signals above
approximately 1800Hz are transmitted into the egg with little or no attenuation.

The remainder of Table 4 is devoted to the available examples indicating that
early environmental experieuce effects lasting changes on auditory system de-
velopment. A thorough coverage of this topic would also include congenital
pathologies in humans, known genetic malformations in other animals, and the
effects of early acoustic trauma. Human congenital pathologies are beyond the
scope of this chapter (see OMEROD]960; ALTMANNI964; SCHUKNECHd al.,
1965; LINDSA¥nd MATZ,1966).

Although the extensive literature on genetically caused malformations of the
inner ear has not been included, its possible relevance to the understanding of
environmental intluencesis worth noting. Genetically produced malformations of
the inner or middle ear provide naturally occurring manipulations. By causing
severe alterations in peripheral input to the central nervous system (CNS), these
and other pathological conditions can be used to define a "baseline" for indicating
how the CNS responds to gross changes in peripheral input. For this reason, as
well as for their clinical relevance, studies defining the etiology, timing, physiologi-
cal consequences, and behavioral deficits resulting from mutations affecting the
inner ear are of great importance. Several «animal models" of congenital deafness
have been discovered and a few have been studied extensively (e.g. HUDSOMNt a!.,
1962; MIKAELIANnd RUBEN,1964; MIKAELIADNt a!., 1965, 1974; DEOL, 1967,
1968, 1970; BROWNand RUBENJ969; RUBEN,1973; SUGAand BATTLER,1970;
MATtR, 1973).The recent introduction of in vitro methods for investigation of the
etiology of genetically caused inner ear malformations (VANE WATERind RUBEN,
1974) promises significant advances in this field. Relatively little work has been
directed toward elucidating the effects of degenerative mutations of the inner or
middle ear on central nervous system development. The most significant contri-
bution (WESTand HARRISON,973) describes severe reductions in cell size in some
areas of the cochlear nucleus and superior olivary complex, with little or no
atrophy in other areas of these brainstem auditory nuclei in two adult deaf white
cats. Although similar but less severe effects were found in one young mutant cat,
the subject population was too small to yield definitive conclusions. Future
investigations in this area should use mutant mice or some other preparation in
which sufficient subject populations are available to permit thorough developmen-
tal analyses. A systematic effort along these lines could yield important principles
for understanding the role of peripheral input on central nervous system
ontogenesis. One caution bears consideration. While mutant preparations may
provide a powerful tool, the primary etiology of the syndrome is seldom, if ever,
clear. That is, when the primary effect of the mutation is on the developing neural
tube (e.g. VANDEWATERand RUBEN,1974), the interpretation of central nervous
system changes becomes more difficult; any given difference between neurons in
normal and mutant animals may result from either direct effects of the mutation,
indirect (transneuronal) influerices, or a combination of both.
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The effects of acoustic trauma (and high-intensity noise exposure) on the
developing cochlea, auditory pathways of the brain, and auditory perception, has
been thoroughly reviewed by SAUNDERS&Snd BOCK(1977). Thus Table 4 includes
only a few of the available references. Two points merit added emphasis. First, it
appears that in young as well as older animals, high-intensity noise exposure
induces permanent structural changes in the inner ear; in fact, tbe available data
strongly suggest that the cochlea of young animals may be hypersusceptible to
acoustic trauma. Second, SAUNDER&hd his colleagues have built up a convincing
case for the idea that similar events are occurring with the induction of seizure
susceptibility through priming in normally seizure-resistant mice. Their data show
that primed mice have increased evoked potential thresholds, coupled with
hyperresponsitivity to high intensity stimuli. Although they have likened the latter
effect to discuss supersensitivity, direct evidence of changes in central nervous
system pathways is not available. In any case, the conclusion that priming serves
to "deprive" the central nervous system of normal sensory activation indicates that
this preparation may be useful for understanding the morphological and phy-
siological effects of auditory deprivation. However, a thorough analysis of the
effects of priming on the developing cochlea itself is a critical step; then it will be
possible to ascertain how priming influences the activity impinging on the central
nervous system (CNS) and thereby alters normal neuronal input..

Systematic attempts to understand how the ontogeny of neurons or neuronal
networks is influenced by auditory experience are lacking. The fewstudies noted in
Table 4 that have found changes in CNS anatomy or physiology have failed to
distinguish between alterations of normal ontogeny and degenerative effects (d.
SOLOMO2nd LESSACI968; GOTTLIEB]976a). Following examples provided by
studies on the mammalian visual system, the principal paradigm has been to
subject one group of animals to acoustic deprivation or alteration of the sound
patterns heard, and then make comparisons between these "experimental" subjects
and normal animals as adults. Typically, one neuronal locus is arbitrarily
examined with respect to cellular responses or evoked potentials. While such
studies may demonstrate an irifluence of acoustic experience on neural responses,
they provide little more. Failure to examine the cochlea or output thereof means
that the site of the "effect" is unclear; failure to examine the normal ontogeny of
the process under investigation, means that the developmental nature of the
"effect" cannot be interpreted; failure to sample systematically within the arbi-
trarily chosen neuronal population means that the specificity of the "effect" is
obscured; and failure to determine how the manipulation itself influences
neuronal activity within the auditory system, the mechanism(s) responsible for the
effect remain(s) undeterminable. Although these criticisms may appear unduly
harsh, it is the opinion of this author that attempts to ascertain the influence of
early experience on sensory system development should envision more than
demonstrating "an effect"; systematical control of the acoustic experience and
careful analysis of structural and functional changes at successive levels of the
auditory system could lead to more complete understanding of general principles.

Behavioral analyses of experiential influences on auditory perception have
been more systematic, especially those using avian species. Essentially four
methods have been used: i) Auditory deprivation; ii) Alterations of the normal
acoustic environment by application of artificial stimuli; iii) Artifical application
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of normally occurring stimuli or some variation thereof; and iv) Inferential
analysis drawn on correlations of early acoustic experience and later behavioral
responses.

Broad-band auditory deprivation appears to retard the development ofseveral
auditory functions. WOLF'§1943)early studies indicated that when rats are reared
in relative sound isolation, learning to use an acoustic signal as a cue for finding
food is retarded. TEES1967a,b) found that perceptual discriminations of stimulus
duration and pattern are impaired. Since neither investigator examined normal
ontogeny of auditory perception, the developmental nature of these deficits cannot
be assessed. Studies on ducklings and chicks, on the other hand, have addressed
development. GOTTLIEB'tvestigations of duckling embryos and hatchlings
(Section Cl) have shown that the development of differential responsiveness to
species-typical call characteristics, including repetition rate, dominant frequency,
and frequency subunits, is delayed when the organisms are deprived of hearing
their own and their siblings' vocalizations. Our own investigations of the influence
.of auditory experience have concerned the ontogeny of differential responsiveness
to stimulus changes that vary along the frequency dimension. After confirming
that 3-4-day-old neonatal chickens make finer frequency distinctions than 1-day-
old hatchlings (Fig. 8) KERRand RUBEI(1977) used plastic ear plugs to attenuate
auditory input over this period. The ear plugs were evaluated by brainstem evoked
potential frequency threshold functions, and found to attenuate acoustic input 38-
42dB across the entire audible range. Figure9 shows the results of generalization
testing on deprived animals 45 min after the ear plugs were removed, compared to
results from normal 3- to 4-day-old chicks, and chicks that went through the
deprivation procedures except for insertion of the ear plugs (shams). The results
clearly show that deprived subjects have flatter generalization functions than either
normal or sham subjects, and were comparable to I-day-olds in Fig. 8. It is of
importance that the deprived animals do not differ from the other groups at
800Hz or 1000Hz, indicating that the results are not due to differences between
the groups in either '"general arousal" or sensitivity to acoustic stimuli (i.e,
increased thresholds), but are specific to categorization of sounds along the
frequency dimension. Taken together, Figs. 8 and 9 clearly indicate that de-
privation has retarded the normal perceptual sharpening that takes place during
the first 3-4 days after hatching in the chicken. Whether this retardation of
perceptual discrimination will be corrected during longer periods of deprivation or
with exposure to a normal acoustic environment, and the extent to which the
perceptual sharpening is dependent on the specific frequencies available in the
organism's environment are problems currently being investigated.

Experiments in which an artifical auditory stimulus isapplied during some period
of embryogenesis, and later behavior is examined (see Table 4, Item 5) are of
interest for at least two reasons. First, as noted by GOTTLIEBI968a), it should not
necessarily be presumed that the perception of a sensory stimulus will lead to a
measurable motor response. That is, the formation of sensory-driven reflexes,
which require a connection between the receptor-activated neural pathways and
effector networks, may evolve under different selection pressures than the receptor
systems themselves. For example, if externally or internally generated stimuli are
important for the organization of the receptor and neural information processing
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Fig. 9. Same paradigm as Fig.8. Three groups of 3- to 4-day-old chickens (50/group) were used.
Deprived (Dep) subjects had been deprived of 40--45 db acoustic stimulation from embryonic day 18.5
until approximately 1hr before testing. '"Sham" subjects were treated like deprived group except for
actual acoustic deprivation. '"Normal" subjects were untreated controls. All subjects were habituated
(12 trials) to 800-Hz (90 dB, SPL) stimulus and then tested at one of indicated frequencies (each data
point represents mean of 10 subjects); 800 Hz (control group for each age), 825 Hz, 850 Hz, 900 Hz,
1000 Hz. "Latency" indicates time to resume distress calling following stimulus, time subject orients to
the stimulus. Normal and "sham" subjects show differential orientation at 850 Hz, while subjects
deprived of normal acoustic experience do not show differential orientation until 1000 Hz-200 Hz
from training stimulus. (From KERR and RUBEL, 1977)

networks, such stimuli may not elicit any observable reflexive response. Thus, one
method by which the onset of sensory function can be determined is through brief
exposure to a stimulus at one point in development and later assessment of its
influence on behavior development. The second and more usual rationale for these
experiments is to ascertain how embryonic stimulation may influence later
behavioral responses, such as conditioning or following preferences. Of at least
equal importance are possible effects of sensory experience on the rate of behavior
development, e.g. time at which hatching occurs (see viNnce, 1973).

Experimental manipulations of an organism's normal acoustic environment
have been systematically attempted only for avian species" Most such studies are
concerned with how specific aspects of an organism's auditory experience come to
control species-specific or individual-specific perceptual preference behaviors. By
sytematically varying the parameters of acoustic stimuli impinging on the avian
embryo, GOTTLIEB has shown that preference behavior can be markedly in-
fluenced. Such manipulations may also influence the rate of perceptual develop'
ment (GODLIEB,  1971a) and the rate of behavioral and physiological maturation
processes in general (viNcg, 1973).Thus, it is critical that future investigations are

4 In addition to the studies listed in Table4, the extensive literatures on the effects of auditory
experience on the ontogeny of bird song and human language are relevant, but not considered, as these
subjects concern primarily '"production" rather than '"reception'.
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designed in a way that will allow dissociation of general metabolic from specific
perceptual effects.

The last method that has been used to examine the role of auditory experience
in perceptual ontogeny attempts to correlate the normal auditory experience of an
organism with later perceptnal behavior. The research of BEERand Evans on gulls
has convincingly shown that experience of the chick allows it to recognize
individual nuances of the parental voice, and to generalize this throughout the
range of parental vocalizations. A conceptually similar approach was used in
experiments with human neonates and toddlers by sALk (1962). Although the
latter publication received much attention in the popular press, it has been largely
and unjustly ignored in the scientific literature. The theoretical and practical
importance warrants replication and extension of SALK'S findings.

Finally, intermodal influences on the ontogeny of the auditory system should
be considered. Two investigations suggest hypertrophy of the auditory cortex
following alterations in visual and somesthetic stimulation (Table 4, Itern 8). While
a great deal more research is needed in this area, these studies imply that
"increased reliance" upon the auditory system may affect the development of
neuronal elements. Thus, an integrated series of behavioral and neurological
investigations of the effects of crossmodal manipulations may yield additional
understanding of how psychological constructs such as "attention "are transform-
ed into meaningful neuronal attributes contributing to the regulation of

behavior.

C. Developmental Neurobiology and Auditory System
Ontogeny

This section gives brief descriptions of three. research programs in which the
vertebrate auditory system is being investigated in order to solve general problems
of developmental neurobiology. The purpose is to demonstrate that some of the
unique characteristics of the vertebrate auditory system make it especially
applicable for illuminating general principles of nervous system and behavior
development. In addition to the research program currently under way in the
present author's laboratory, GOTTLIEB'S investigation of the ontogeny of species-
specific perceptual behavior in embryonic and neonatal ducklings, and MOREST'S
examinations of neuronal migration, synaptic terminal growth, and dendritic
elaboration are described. Of the many excellent research programs involving the
elaboration ofauditory processes, these two have been selected principally because
of their contributions toward an understanding of general problems of de-
velopmental neurobiology, their systematic nature, and the present author's own
familiarity with them. The summaries below are not intended to provide a
thorough review of the authors' work, but rather to provide an overview, and to
.exemplify how study of the developing auditory system may increase understand-
ing of general principles of nervous system and behavior development.
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I. The Ontogeny of Species-Specific Perceptual Behavior

While other investigators interested in perceptual development, especially
preference behavior, were stressing the importance of imprinting for determining
the stimulus characteristics guiding responsiveness to environmental stimuli,
GOTTLIEB (1965a) discovered that when given a choice between a parental call of
their own species and that of another species, naive ducklings and chicks
overwhelmingly approach and follow the species-typical stimulns. Furthermore,
even after extensive exposure or active "imprinting training" with the atypical
stimuli, a clear preference for the mallard maternal call over that of the chicken or
wood duck is shown by Peking (domesticated mallard) ducklings. In addition to
calling for a re-evaluation of the interpretations commonly associated with
imprinting, this series of studies posed the important question: During the normal
course of ontogeny, what factors are responsible for the development of species-
typical ("innate") behaviors? GotrTLIEB (1976b) and others have reviewed the
various theoretical arguments around this question. Basically it comes down to the
following distinction. Do the neural networks responsible for species-typical
behaviors arise without relevance to an organism's sensory environment or
behavior, or is the stereotype ofthe final phenotype partially due to commonalities
of the developing organisms' interactions with their environment? GOTTLIEB'S
original discovery of a marked preference for the species-typical maternal call
among naive chicks and ducks was taken by some as an indication that perceptual
preference behavior developed without regard to an organism's sensory environ-
ment. However, strongly influenced by the teachings of Kuo (see Kuo, 1967),
GOTTLIEB  has utilized this preparation to show that an organism's sensory
environment, an important part of which is self-generated, plays an important role
in the development of species-specific perceptual distinctions.

The specific details of these studies can be found in the original reports and
have already been summarized (see GOTTLIEB, 1971a, 1976b). Briefly, in one series
of investigations, the embryonic development of the ducklings' ability to differen-
tially respond to the species-typical maternal call was evaluated. It was found that
4-5 days prior to hatching (days 22 and 23) the mallard call causes a reliable
~rease. in bill movement, while on day 24, when the animals normally enter the
air space and pulmonary respiration begins, the mallard call begins to elicit an
increase in bill movements and vocalizations while other calls do not elicit reliable
changes in these activities. Following collection of these baseline data on normal,
communally incubated embryos, GOTTLIEB demonstrated that by incubating eggs
in sound-isolated compartments or exposing eggs to increased auditory stimu-
lation (sibling calls played over a loudspeaker), the time at which the bill-clapping
response to the mallard maternal call shifted from inhibitory to excitatory conld be
retarded or accelerated, respectively. While it is not possible to ascertain from
these results whether the acoustic manipulations caused a generalized change in
developmental rate (e.g.vINCE, 1973)or specifically influenced maturation of the
auditory system, these findings do suggest that the kind of acoustic stimulation to
which embryos are normally exposed influences the development of differential
responding to species-typical vocalizations. The fact that 22-day-old embryos

1
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respond selectively to the mallard maternal call indicates that the ontogeny of the
inhibitory response is independent of auditory experience.

In the second series of studies, GOTTLIERirectly tested the idea that an
organism's own behavior can provide stimulation that influences the development
of perceptual preference behavior. The development of a procedure for devocaliz-
ing duckling embryos (GOTTLIEBand VANDENBERQ@G968) allowed complete
control over the acoustic environment. When devocalized, isolated ducklings were
given a choice between the mallard maternal call and that of the wood duck or
chicken, they were found to be deficient. Normal ducklings 24 hrs after hatching
show an overwhelmingly preferential approach toward the mallard call; ducklings
deprived of hearing their own and siblings' vocalizations during the perihatching
period did not show a reliable preference between mallard and wood duck calls
until later than normal hatchlings, and did not preferentially choose the mallard
over the chicken call at 48 or 60hrs after hatching (GOTTLIEB]971a). Upon
further analysis of these deficits (see GOTTLIEB]976b, for summary), it has been
found that both the repetition rate of notes in the maternal call and frequency
parameters are bases on which normal ducklings choose the species-typical call.
When deprived of hearing their own vocalizations or those of their siblings,
deficiencies in the development and the maintenance of the discriminative
behavior result, and when provided with supplementary stimulation that contains
the appropriate parameters, the preferential responding is regained.

In summary, GOTTLIERas capitalized on the auditory perceptual behavior of
avian embryos and hatchlings to demonstrate that the neural substrate re-
sponsible for the ontogeny of species-typical or "innate" behaviors may be
powerfully influenced by normally occurring environmental events, some of which
are provided by the developing organism itself. GOTTLIERimself has put it more
fully in the following passage from his 1971 monograph:

Because of the demonstrated contribution of normally occurring stimulation in regulating the
embryo's and hatchling's usual responses to the maternal call of their species, it can be said that the
epigenesis of species-specific perception is a probabilistic phenomenon, and does oat represent merely
an unfolding of a fixed or predetermined organic substrate independent of normally occurring sensory
stimulation. According to the present results, natural selection, insofar as it has played a role in the
evolution and maintenance of species-specific perception, would seem to have involved a selection for
the entire developmental manifold, including both the organic and normally occurring stimulative
features of ontogeny (pp. 148-149).

II. Post-Mitotic Migration and Differentiation
of Neurons in the Central Nervous System

In what is deservedly becoming a elassic series of reports (MOREST 968, 1969a,
b, 1970a,b), MOREShas made several important contributions to our understand-
ing of the processes involved in neuronal differentiation. The problem addressed
by MORESTan be stated as follows. Given that neurons are assembled in definitive
locations, and that at a given location many of the architectural characteristics of
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both presynaptic and postsynaptic processes are highly stereotyped, how are these
factors regulated? More specifically, what causes the soma of a neuron to migrate
to a specificlocation and by what route does it get there? What factors lead to the
stereotyped form of terminal arborizations in a given location, especially when
collaterals to another location have a completely different form? And by what
means do particular dendrites of a neuron acquire their highly stereotyped form,
when other dendrites of the same neuron have very different architecture? While
MOREST'Stndies do not, by any means, answer these complex questions, they do
provide important insights toward eventual clarification.

In contrast with the experimental investigations described above, MOREST'S
studies used tissue from normal animals. A second important difference is that
while GOTTLIEBi8search program has a single overriding theoretical premise, the
present studies are descriptive in nature, attempting to define the normal sequence
of events occurring in the development of a neuron and then inferring possible
causal relationships. Finally, GOTTLIEB'Smpirical work is restricted to the
ontogeny of perceptual behavior in chicks and ducklings, and the generality of his
findings remains to be determined; whereas MORESTmade his initial observations
on auditory centers of the brainstem, principally the medial trapezoid nucleus
(MOREST]968, 1969a), but has made the additional important step of assessing
their generality in other parts of the brain (MORESTI969b, 1970a, b).

MORESTas primarily used a modification of the rapid Golgi method (MORF.ST
and MOREST1966) and supplemented this with tissue impregnated by Golgi-Cox
and Golgi-Kopsch methods. The ontogeny of the principal neurons of the medial
nucleus of the trapezoid body formed the basis of the original observations. This
nucleus, which receives a principal input in the form of large calyces of Held from
the contralateral ventral cochlear nucleus, was chosen because of several unique
characteristics. First, the principal cells are large neurons, characteristic in shape,
that can be recognized throughout most of mammalian embryogenesis. Second,
their dendritic arborizations are sufficiently distinctive that throughout develop-
ment they can be differentiated from dendrites of the stellate and elongate cells of
the same nucleus. Third, each principal neuron perikaryon receives synaptic input
from one and only one axonal calyx of Held. Finally, the calyces of Held are
among the largest synaptic endings in the mammalian brain; they are architec-
turally homogeneous, and they are only seen on the cell bodies of the principal
neurons; because of these characteristics they can be unambiguously recognized
throughout their development. These characteristics, therefore, yield a preparation
uniquely suited to analyses of the normal ontogeny of post-mitotic neuronal
development, especially with respect to -ternporal characteristics of changes in
presynaptic and postsynaptic elements -occurring during the period of
synaptogenesis.

Three aspects of neuronal differentiation were clarified in MOREST'Bapers: 1)
The final stages of neuronal migration; ii) The elaboration of presynaptic
elements; and iii) The elaboration of dendrites. Most previous descriptions of the
migratory action of neurons were made from Nissl-stained material and pictured
undifferentiated, round cells from the mantle layer moving by ameboid action
through adjacent tissue to their final resting place. After arriving at the final
destination, axons and dendrites were presumed to extend from the soma, and
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concurrently or soon thereafter afferent' axons formed synapses on the cell body
and dendritic processes. By following the presynaptic and postsynaptic elements of
the principal neurons of the medial trapezoid nucleus from closely timed litters of
cats, rabbits, and opossums, MOREST proposed quite a different view. When first
recognized, the neogenic neurons lie near the outer limiting membrane, to which
they are attached by a process ending on the membrane. Another process extends
toward the lumen. Both processes are characterized by large growth cones and
numerous filopodia. As the afferent axons grow into the area that will later
become the medial trapezoid nucleus, they initially contact the internally extend-
ing primitive process. The axonal extension of the principal neuron apparently
arises from this internal protoplasmic process at a site within what will become the
nuclear boundary. The nucleus of the neuron moves through this internal
primitive process, to a position adjacent to the origin of its axon and where the
presynaptic endings are differentiating.

The incipient calyces of Held grow in the trapezoid body through the
ipsilateral nucleus, apparently without forming connections with the principal
neurons or their processes. Continuing in the decussation of the trapezoid body,
they enter the position of the medial nucleus as large growth cones with numerous
filopodia radiating through the tissue. Wheu they approach and contact a
principal neuron or its internal process, many thin sinuous branches entwine the
postsynaptic elements. Gradually, as the neuronal nucleus moves into the vicinity
of the afferent ending, the branches either coalesce or are replaced by the broad
branches forming definitive calyciform endings. After forming its definitive calyx
on one principal neuron, the afferent fiber issues collateral growth cones, which
eventually ramify extensively in the surrounding areas of the nucleus.

Dendritic differentiation appears to follow a similar course. Dendrites arise
from the neogenic principal neurons as growth cones with abundant filopodia
extending from the dendritic ramifications and cell body alike. Gradually, the
dendrites establish their stereotyped branching pattern and spine configuration
while losing the transitory filopodia. Concurrently with the elaboration of
dendritic stereotypy, afferent axons form their characteristic presynaptic con-
figuration. That is, "the development of the dendritic branches accompanies the
elaboration of the particular type of axonal plexus that will become synaptically
related" (MOREST, 1969a, p. 271).

These descriptions of the events surrounding synaptogenesis and dendritic
elaboration are normative. They provide a catalog of several important morpho-
genetic events, and a timetable of their occurrence. By close examination of
simultaneously and successively occurring processes in functionally related neu-
ronal elements, MOREST was also able to make a number of provocative
suggestions regarding the importance of temporal contiguities and mutual in-
teractions of incipient presynaptic and postsynaptic processes for sculpting the
final functional elements. Although most of the hypotheses put forth regarding the
inductive roles of presynaptic and postsynaptic elements remain to be adequately
tested, the heuristic value of these contributions for understanding the elaboration
of neuronal networks is evident. Furthermore, thorough descriptions ofthis kind
are necessary before definitive experiments can be designed or their results
interpreted.
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III. Peripheral Influences on the Ontogeny
of Neural Structure and Function

The research program presently under way in the present author's own
laboratory isin many respects an attempt to integrate the approaches and findings
of GOITLiEBind MORESTSimply stated, the overall objective is to understand the
ways in which the development of neural structure and function are influenced by
stimuli impinging upon an organism from its environment. While this is not a
unique problem, most previous approaches have utilized the mammalian
or amphibian visual system (see Chapter 7). Although these preparations
have yielded a number of interesting discoveries, general principles by which
experiential events affect the ontogeny of neuronal networks have not been
forthcoming. The characteristics of structural and functional organization found
in the avian brainstem auditory pathways offer a system uniquely suited to
investigations relating neural ontogeny to afferent input.

Two considerations have guided our work on this preparation. First, the
assumption is made that an organism's sensory experience influences neural
ontogeny through chronic changes in the amount or pattern of afferent activity
impinging on the nervous system. Thus, to understand the principles of experien-
tial influences it is necessary to determine the effects of known changes in the
quality or quantity of afferent input on the fnnctional and structural ontogeny of
neural networks. Viewed in this way, "experiential influences" are considered as
one type of tissue interaction that may playa role in the ontogeny of neural
elements and the relative influences of both drastic and subtle changes in afferent
inpnt at each stage of development are of importance. While total elimination of
afferents to a neuron almost certainly interrupts more cellular processes than
subtle changes in the pattern of synaptic activation, at least a portion of the
syndrome produced by denervation is due to the elimination of synaptic activity.
Thus, the examination of developmental changes produced by total removal of a
class of afferents should yield a catalog of events, each of which can be
systematically evaluated upon progressively more subtle manipulation of the
afferent supply.

The second consideration refers to the necessity of using a developmental
approach to the processes under examination. That is, for a full appreciation ofthe
principles by which afferent input can influence the development of structure
within a neural network, it is necessary to understand the normal sequence and
timing of developmental events. Only then is it possible to ascertain the de-
velopmental nature of changes induced by perturbations of the neuronal environ-
ment (SOLOMOad LESSACL968; GOTTLIEBL976a). Furthermore, as exemplified
by the work of MORESTa thorough normative analysis can often provide valuable
insights into the possible tissue interactions responsible for the ontogeny of
normal neural structure and function.

These and other considerations led the present author to select the avian
brainstem auditory pathways for investigation. More specifically, nucleus magno-
cellularis and nucleus laminaris, which are comprised of 2nd- and 3rd-order
auditory neurons respectively, appeared to be uniquely suited to investigations of
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the role of afferents in neuronal development and maintenance. Furthermore,
hehavioral studies on the ontogeny of auditory information processing provided
an interesting behavioral parallel in which the role of acoustic experience could be
investigated. Our initial investigations [RUBEL and PARKS, 1975; parks and
RUBEL, 1975) were primarily intended to provide detailed structural and
functional information on the organization of this neuronal system, in order to
determine its applicability to this line of investigation. The normal morphological
ontogeny of n. magnocellularis and n. laminaris at the light microscope level was
then described (RUBEL et al., 1976), and these observations are currently being
extended by neurophysiological and electron microscopic analyses of normal
development. Finally, the present author's group has begun to describe how
modifications of afferent input can alter the development and maintenance of the
normal neuronal elements in this system (PARKS and ROBERTSON, 1976; JACKSON
and RUBEL, 1976; BEnNEs et al., 1977; parks and RUBEL, 1977). The following
account brielly describes the results of these investigations. The emphasis will not
be a close examination of the results obtained in these studies, but to show how the
unique characteristics of this particular neuronal system make it ideally suited to a
thorough analysis of the various roles that afferent information may play in the
ontogeny of neural structure and function.

The primary auditory pathways to the medulla of the chicken embryo and
hatchling are schematically shown in Fig. 10. Axons of the first-order neurons,
situated in the cochlear ganglion, enter the dorsolateral quadrant of the medulla
and bifurcate into a lateral and a medial bundle. The lateral branches terminate in
a cochleotopic manner in nucleus angularis (N A), which is a triangular nucleus
composed of mixed cell types lying in the dorsolateral angle of the medulla. The
medial branches of the VIIIth nerve course along the lloor of the fourth ventricle
(IV) to terminate in n. magnocellularis (NM). N. magnocellularis is a well-defined
cluster of large round or ovoid cell bodies, which are either devoid of dendrites or
have short bushy rudimentary dendrites. The cells are organized in a columnar
manner (dorsal-ventral or dorsolateral-ventromedial) with VIIIth nerve afferents
conrsing between the columns and terminating principally on the cell bodies as
large endbulbs. As also shown in Fig. 10 n. laminaris (NL) in chickens is composed
of'a discrete monolayer of cell bodies with bipolar dendritic orientations. Cells of
n. laminaris receive binaural, spatially segregated innervation from the magnocel-
lular nuclei; axons from NM pass in the uncrossed dorsal cochlear tract to
innervate the dorsal dendrites and cell bodies of the ipsilateral n. laminaris, and
decussate in the crossed dorsal cochlear tract to innervate the ventral dendrites
and the cell bodies of the contralateral laminar nucleus. This relatively simple
structural organization, the accessibility of avian embryos for neurophysiological
studies or peripheral manipulations, and the possibilities for precise control over
the acoustic environments of embryos and hatchlings, warranted further in-
vestigation of the functional organization of n. magnocellularis and n. laminaris.

Nenrophysiological examination of these nuclei and a detailed analysis of the
projections from n. magnocellularis to n. laminaris revealed the following proper-
ties. N. magnocellularis cells respond only to a narrow range of frequencies played
to the ipsilateral ear. The cells display sharp excitatory tuning curves and primary-
type response histograms, and always have a definable excitatory characteristic
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Fig. to. Schematic drawing showing projections from cochlea via cochlear ganglion to n. angularis (NA)
and n. magnoceliularis (NM); and spatially segregated, bilateral projections from n. magnocellularis to n.
laminaris (NL). IV-4th  ventricle

frequency. The cells are organized in isofrequency columns, in which all cells
respond to a similar characteristic frequency, and the physiologically-defined
columnar organization corresponds to the anatomically observed cell columns. N.
laminaris cells are binaurally activated by acoustic stimuli and usually show
similar characteristic frequencies and thresholds to stimulation of each ear. That
is, NL neurons are maximally activated by the same frequency range applied to
either ear. In other respects their responses are similar to neurons of NM. The
organization ofneurons of both nuclei is characterized by a highly stereotyped and
similar tonotopic organization; cells maximally responsive to low frequencies are
situated in the caudolateral aspect of each nucleus and higher frequencies activate
cells at progressively rostromedial positions. This tonotopic organization is
sufficiently stereotyped that quantitative analyses of the relationships between the
position of a cell in each nucleus and its characteristic frequency allows accurate
prediction of this functional characteristic (within 200-400 Hz) from positional
information alone. The utility of this finding is that it allows independent
prediction of the characteristic frequency of a neuron, which can be compared to
results obtained as a function of manipulations of an organism's acoustic
environment.

Small lesions made in n. magnocellularis through tungsten microelectrodes
after recording the characteristic frequency of cells in the lesioned area allowed
further delineation of the organization of projections from n. magnocellularis on
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one side of the brain to both laminar nuclei. Analysis of this tissue confirmed the
spatial segregation of binaural projections onto each laminar nucleus (see Fig. 10).
In addition, it was found that a lesion placed in a restricted portion of
magnocellularis resulted in terminal degeneration in corresponding rostrocaudal

and mediolateral positions in the two laminar nuclei. That is, there is a precise
tonotopic and topographic projection from each region of n. magnocellularis to the
dorsal side of ipsilateral n. laminaris cells and the ventral aspect of neurons in the'
corresponding position on the other side of the medulla. Furthermore, obser-
vations of Golgi-stained tissue have revealed that the dendrites of n. laminaris cells
are confined to the glia-free margin surrounding the perikaryon lamina (see Fig.
13). These results allow precise delineation of the receptive cell surfaces of n.
iaminaris neurons as well as unusually precise specification of the source and
functional properties of input to each dendritic surface of the neurons.

The morphogenesis of n. magnocellularis and n. laminaris was then investigated
in several closely timed series of chicken embryos (RUBEL et al., 1976). The primary
purpose of this investigation was to provide qualitative and quantitative baseline
data describing the timing and extent of major morphogenetic events in the
ontogeny of this neuronal network. Qualitative changes in nuclear structure were
studied in Nissl- and silver-stained tissue from embryos between five days of
incubation and hatching. The times at which n. magnocellularis and n. laminaris
neurons pass through their final cycle of ON A synthesis ("cell birth-dates") were
determined by 3H-thymidine labeling. Finally, quantitative analyses of cell
number and nuclear volume were conducted for each nucleus over the embryonic
period from nine days of incubation through hatching.

The first major morphogenetic event to be considered in the analysis of auy
neural region is the developmental stage and duration of time during which
cellular proliferation occurs. Cumulative labeling with 3H-thymidine can be used
to determine the time at which cellular proliferation has ceased and the occurrence
of heavy labeling is a good indicator that the time of isotope injection was during
one of the final mitotic cycles. Thus a thorough analysis by means of this technique
allows one to estimate the period of development dnring which the cells of a given
nuclear region pass through their final proliferative phase. Our analysis indicated
that there isno overlap in the final period of ON A synthesis of NM and NL. NM
cells consistently showed heavy labeling when injections were made at 60hrs (2.5
days) of incubation and there was no indication of reliable thymidine uptake at
nhrs of incubation. NL neurons, on the other hand, did not show heavy labeling
unless the isotope was injected at 84 or 96 hrs of incubation. Fignres 11 and 12
demonstrate these relationships in two animals, which were incubated together
and treated identically except for the time of a single application of tritiated
thymidine. Both animals were sacrificed at 17 days of incubation. Administration
of 3H-thymidine at 60 hrs of incubation (Fig. 11)produced heavy labeling of NM
cells and relatively fewer grains over NL neurons, while application at 84 hrs (Fig.
12) resulted in heavy labeling of NL alone.

Summarizing the labeling experiments, it appears that the majority of NM
neurons leave the mitotic cycle between 48 and nhrs of incubation, while the final
production of NL cells is delayed by approximately one day. Both cell groups are
produced in the region of the rhombic lip, and when first recognized in the embryo
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Fig. 11. (A) Autoradiograph of n. magnocellu/aris and n. iaminaris as seen under darkfield optics.

Tritiated thymidine (25 !lei) was injected at 60 hrs of incubation, and animal was sacrificed atl7days of

incubation. N. magnocellularis cells are seen to be heavily labeled and n. laminaris cells are lightly

labeled. Bar = 50 JI111¢(B) Light-field photomicrograph of Nissl-stained n. laminaris cells, taken from

same section as above. Silver grains are seen over nuclei of nearly all cells. Bar <« ZOUM. (C) Lightfield

photomicrograph  of Nissl-stained n. magnocellularis cells from same section, showing dense silver
grains over the nuclei of cells. Bar=20J1111. (From RUBEL et al., 1976)

(about six days) they overlap throughout most of their rostrocaudal and mediolat-
eral extent. It is therefore reasonable to hypothesize that both cell groups are
produced by a single progenitor population, with NM cellsbeing formed first and
migrating away from the mother cells, and then, in a second wave of mitotic
activity, the final population of NL cells being formed around 84-100hrs of
incubation. This temporal sequence of cellular proliferation, coupled with the fact
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Fig. 12. (A) Darkfield photomicrograph  of n. laminaris and n. magnocellularis showing result of
tritiated-thymidine labeling at 84hrs. Animal was from-same group as that shown in Fig. 11, and was
handled identically except for time of thymidine injections. N. laminaris cells can be seen to be heavily
labeled, while n. magnocellularis neurons are not labeled. Bar= 50 urn: (B) Lightfield photomicrograph

of Nissl-stained  n. laminaris cells taken from same section as above. Nuclei of cells show dense
accumulations of silver grains. Bar= 20 um ; (C) Lightfield photomicrograph of n. milgnocellularis cells
taken from same section. Few grains are seen over any cells, and. labeling over cells of nucleus was no

higher than background. Bar =20 urn. (From RUBEL et al., 1976)

that NL cells come to lie directly ventral to NM, suggests that the cells may
interact during their proliferative or migratory phases. The hypothesis that
presynaptic cellsmay influence proliferation or the early stages of differentiation of
their postsynaptic target population has often been considered (e.g. see LAUDER

and BLooM, 1974).However, there is little evidence to support this conjecture and
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no uniformity in the temporal sequence of proliferation of synaptically related
cells. A more common finding is that cell groups that will later be in synaptic
contact pass through one another during the migratory phase of development

(ANGEVINE and SIDMAN, 1961; 'VIIALE and SIDMAN, 1961; HANAWAY, 1967,
COWAN, 1971; LANGMANet al., 1971). This finding has led to the suggestion that
cellular interactions during nerve cell migration may influence the pattern of
synaptic connections that will later be manifest, or, as discussed earlier, may
influence the migratory route of the nucleus through primitive protoplasmic

processes. Little direct evidence for this hypothesis is available for central nervous
system tissue, but we have observed in embryos around days 5-7 of incubation

that cells labeled at the same time as NL cells can be observed streaming through

the magnocellular nucleus. In any case, the occurrence and possible functions of
such interactions might be particularly investigable in this system because it is
known that there is a precise and relatively punctate topographic  projection

between the nuclei, which can be investigated morphologically or physiologically,

and in addition, the two nuclei have nonoverlapping times of origin, which allows
independent radiolabeling  of either nuclear group.

Following proliferation and migration, these cell groups come to attain their
stereotyped cytoarchitectural  characteristics over the period from 9 to 15 days of
incubation. By 9 days of incubation (Stage 34) both cell groups can be easily
recognized although neither has assumed the cytoarchitectural or positional
characteristics  of later stages (Fig. 13A). At this time both nuclei are composed of
relatively undifferentiated, densely packed cell bodies and there is no apparent
subnuclear organization. In silver-impregnated tissue, it is apparent that the major
afferent axons to both nuclei are present, although preliminary electron micros-
copic examination revealed no synapses at this time. Between days 9 and 13, major
morphogenetic changes occur in both nuclei. The NM cells are displaced medially,
cell density diminishes, and the cells become aligned into their characteristic
columnar organization. The most striking changes occur in NL, where from the
undifferentiated  cluster of cells seen at day 9 a precisely defined monocellular or
bicellular lamina, with a uniform glia-free margin, emerges by day 13 (Fig. 13B).
This change begins in the rostromedial portion of the nucleus between days 9 and
11 and is completed in the caudolateral portion by around day 15.

Changes in cell number occur in both nuclei concurrently with these morpho-
genetic events (Fig. 14). Whereas NM loses only about 18% of its cellular
population and all cell death appears to occur between embryonic days 11 and 13,
cell death in NL is much more extensive (about 80 %) and takes place over a
considerably  longer period (days 9-15). These changes in cell number are of
interest for a number of reasons. First, while there are large differences in the
amount and duration of cell death, the period of maximal cell loss in both nuclei is
between 11 and 13 days of incubation. Since proliferation of NM and NL is
separated by about 24-36 hrs, it appears that whatever factors regulate cell death
may serve to bring the two nuclei into ontogenetic synchrony. Two such factors
are the establishment of connections with an appropriate  target population
(COWAN, 1973; HAMBURGER]975) and the reception of afferent innervation (LEVI-
MONTALCINI,1949). Unfortunately, most experimental investigators of embryonic
cell death have not been able to differentiate between these factors, because the
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manipulations performed altered both the target population and the afferent
input, the latter often transneuronally. In this respect, several factors suggest that
these avian auditory nuclei may be particularly useful, namely: both nuclei are
relatively small and well-defined; the periods of cell death and cell proliferation are
widely separated in time; both afferent and efferent axons have formed before the
time of cell death; and neurophysiological investigations are relatively routine in
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Fig. 14. Cell counts in n. magnocellularis and n. laminaris from 9 days to hatching. Points are means for
each age, and vertical bars show ranges. Lines showing counts for divisions of n. laminaris are mean

values. NM, n. magnocellularis; NL, n. laminaris (total); NL lat., lateral division of n. laminaris; NL
med, medial division of n. laminaris

avian embryos, such that peripheral manipulations removing the major source of
afferents to NM can be routinely accomplished without interfering with its efferent
target, and the tectal target cells of NL can be removed embryonically without
damaging their afferent innervation directly or transsynaptically. cowan and his
colleagues have made great contributions toward our understanding of embryonic
cell death and have cautioned that for "further elncidation of the hypothetical
relationships between cell death and the establishment of either afferent or efferent
functional connections, it is necessary to know exactly when synapses are made,
when functional activity emerges, and to be able to vary these factors in a
systematic way" (ROGERS and cowaN, 1973).NM and NL of the chicken embryo
appear to be the most suitable neuronal system in the vertebrate brain for
accomplishing these goals.

The volumetric analyses of NM and NL (Fig. 15) also indicate a surprising
amount of developmental synchrony in the enlargement of cell bodies and
neuropil areas which occurs after the period of cell death. Since it is quite likely
that functional connections are established by day 15, it will be important to
understand the role that afferent activity may play in the regulation of this
parameter as well. It is therefore important that the period of rapid cellular and
neuropil expansions can be temporally separated from that of cell death.
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Fig. 15. Total volumes of n. magnocellularis and n. laminaris as function of age. NM, n. magnocellularis;
NL, n. Laminaris

Summarizing the ontogenetic information, n. magnocellularis (NM) and n.
laminaris (NL) display the following important characteristics: 1) The neurons of
NM and NL go through their final phase of DNA synthesis over restricted and
temporally separated time periods, wbich allows independent labeling of either
ueuronal population; 1i1) The period of cell death does not overlap with the
proliferative period; iii) The alignment of NL cells is temporally correlated with,
and possibly results from, cell death; iv) Cell loss occurs over a defined time
period, has a definite spatial gradient (see Fig. 7) and, in the case of NL, is quite
extensive; and v) Volumetric changes in cell bodies and neuropil regions occur in a
period when functional connections are established and occur after tbe principal
time of cell loss. These factors, in conjunction with the information on normal
structural and functional connections, the accessibility of the avian embryo for
surgery, neurophysiology, and pharmacology, and the potential for coutrolling
embryonic and hatchling acoustic environment further suggest that tbese brain-
stem auditory pathways will serve as an excellent preparation for investigations of
cellular interactions in the developing nervous system.

Our first attempts at manipulating the cellular environment have used direct
deafferentation. In one series of investigations (PARKS and ROBERTSON, 1976;
JacksoN and RUBEL, 1976)the effects of removing the VIlIth nerve afferents either
prior to synaptogenesis (otocyst removal) or well after (at hatching, three months,
or three years) have been studied in n. magnocellularis. In support of LEVI-
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MONTALCINI(1949) it was found that removal of the otocyst had little or no effect
on magnocellularis cell number until the period of normal cell death, after which
time both the amount and period of cell death were greatly enhanced. By 19 days
of incubation, the deafferented n. magnocellularis had 40-50% fewer cells than the
normal population.  Surprisingly, this effect was not age-dependent; cochlea
removal in hatchling, three-month-old, or adult chickens also resulted in a similar
amount of transneuronal cell loss in n. magnocellularis within 45 days after
surgery.

A second series of investigations (BENESet al., 1977) examined the degree to
which transneuronal changes are specific to the postsynaptic membrane surface to
which the input has been removed. By deafferenting one side of the NL cells it was
possible to compare the deafferented dendritic surface with the other dendritic
region of the same neurons, which had their normal input intact. An EM
morphometric  analysis indicated rapid and complete degeneration of the de-
afferented dendrites, while the opposite dendrites of these neurons retained their
normal qualitative and quantitative characteristics.

While the above studies by no means answer the question of how both
structural and functional characteristics of afferent input regulate neuronal
ontogeny, it is hoped that progressively more subtle manipulations of afferent
activity and increasingly sensitive measures of neuronal structure and function in
this system will yield a more thorough understanding of how an organism's
external environment regulates the ontogeny of neural networks.
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