high levels reached at 36 hours after
hepatectomy do not persist. In contrast,
AFP mRNA remains high until at least
96 hours after the operation. These dif-
ferences between AFP and ras tran-
scripts might be a reflection of the half-
lives of these messengers. In contrast to
the pattern of change presented in Fig.
1b, albumin mRNA does not increase
after partial hepatectomy (20).

Our results show that transcripts of a
cellular oncogene increase concomitant-
ly with the burst of DNA synthesis in
regenerating rat liver and rapidly return
to basal levels. While we have no data
demonstrating that the expression of c-
ras controls compensatory growth, this
observation indicates that there is regu-
lated transcription of the cellular ras
oncogene during a physiological growth
process.
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Development of the Place Principle: Acoustic Trauma

Abstract. Developmental changes in the site of receptor damage following pure-
tone acoustic overstimulation were examined in the basilar papillae of embryonic
and hatchling chickens. During development, a systematic shift in the position of
damage toward the apex of the cochlea was produced by each of three frequencies,
suggesting that the transduction properties of the sensory epithelium systematically
shift with age. These results imply that neurons in the central nervous system may be
maximally stimulated by different sounds during development.

The basal region of the adult cochlea is
maximally responsive to high frequen-
cies, while apical positions are maximal-
ly responsive to lower frequencies. This
spatial representation of frequency,
known as the place principle in the co-
chlea, is preserved throughout the cen-
tral auditory pathways. It is thought that
this tonotopic organization helps to pre-
serve spectral relations in the pattern of
neural activity (/). As demonstrated in
the classic experiments of von Békésy
(2), place principle is determined by the
position of the maximum amplitude of
the traveling wave as a function of fre-
quency. An indirect method used to con-
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firm the ‘““‘map’’ of frequency representa-
tion in the cochlea is to determine the
position of hair cell damage produced by
exposure to high-intensity pure-tone or
narrow-band noise (3-5).

During ontogeny all birds and mam-
mals initially respond to low or relatively
low frequency sounds, and mature func-
tional properties usually appear first for
relatively low frequencies, whereas high-
frequency responsivity is delayed (6-9).
This sequence suggests that the apical
(low-frequency) regions of the cochlea
are the first to be responsive to sound
and that only later are the basal (high-
frequency) regions involved. Paradoxi-

cally, it has been repeatedly demonstrat-
ed that differentiation of the organ of
Corti in mammals and the basilar papilla
in birds occurs in the opposite direction
(9-10). In addition, differentiation of
brainstem auditory regions in avian em-
bryos occurs first in the basal projection
area and only later in the apical, or low
frequency, area (11, 12).

This paradoxical relation between the
ontogeny of responses to sound and de-
velopment of the auditory system cannot
be accounted for by changes in middle
ear transmission (13), suggesting that the
part of the sensory epithelium that is
maximally responsive to low or middle
frequencies shifts during development.
Specifically, it has been hypothesized
that early in development low frequen-
cies are transduced by the basal region of
the cochlea; with maturation these same
frequencies cause maximum responses
at successively more apical positions,
while the basal regions respond maxi-
mally to progressively higher frequen-
cies (9, 12). The hypothesis predicts that
the position of hair cell damage produced
by exposure to an intense pure tone will
shift apically during the late stages of
hearing maturation and that the best fre-
quency (I4) of neurons at any given
location in primary central auditory re-
gions will shift toward higher frequencies
during maturation. We tested these pre-
dictions by examining developmental
changes in the functional organization of
the cochlea (basilar papilla) and brain-
stem auditory nuclei of chicks (¢, 15). In
this report we discuss ontogenetic
changes in the position of hair cell dam-
age produced by acoustic overstimula-
tion with pure tones; changes in frequen-
cy representation in the central nervous
system are considered in the following
report (16).

Domestic chickens (Hubbard X Hub-
bard) of three ages were used: embryon-
ic day 20 (E20), postnatal day 10 (P10),
and postnatal day 30 (P30). At each of
these ages at least three animals were
exposed to a continuous pure tone of
500, 1500, or 3000 Hz at 125 = 3 dB
(sound-pressure level) for 12 hours ¢, 5,
17). Animals exposed to the same han-
dling and operative conditions as the
experimental chicks (sham exposure) as
well as normal animals of the same age
served as controls.

After their exposure to sound, the
animals were returned to the brooder
(the E20 animals invariably hatched dur-
ing the exposure period) and were al-
lowed to survive for 10 days under nor-
mal laboratory conditions. The cochleas
(basilar papillae) were then fixed, dis-
sected free, osmicated, embedded in
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Epon, sectioned transversely, and
stained. The hair cells extending across
the basilar membrane were then counted
at each 100-pm interval from the basal to
the apical end (/8).

In each experimental animal (except
E20 embryos exposed to 3000 Hz) there
was a discrete region of the basilar mem-
brane where many hair cells were miss-
ing and where the remaining hair cells
appeared damaged. Outside this region
the hair cells were normal in appearance
and number. Figure 1A shows the mean
number of hair cells as a function of
distance along the basilar membrane for
normal chicks and P10 animals. An area
of hair cell loss that varied systematical-
ly in position and area was evident in
each experimental group. As in mam-
mals, progressively higher frequencies
resulted in more restricted damage at
progressively more basal locations.

Figure 1B shows the results of expos-
ing animals at the three different ages to
the same pure tone (1500 Hz). Both the
extent and position of hair cell loss var-
ied as a function of age (5, 19). More
importantly, the overall region of hair
cell loss and the position of maximum
loss shifted toward the apex as the ani-
mals became older. These results are
consistent with the hypothesis that the
region of the basilar membrane that is
maximally activated by a 1500-Hz tone
has a relatively basal location initially
and then, with increasing age, shifts to-
ward the apex.

Examination of the developmental
changes in the locus of damage produced
by each frequency yielded similar re-
sults. In every experimental group ex-
cept E20 animals exposed to 3000 Hz (no
significant damage) there was a system-
atic apical shift in the position of hair cell
loss as a function of age (Fig. 2) (20).
Physiologically measured thresholds to
500 and 1500 Hz were equivalent and
adult-like at all the ages studied; thresh-
olds to 3000 Hz were elevated in the E20
animals but were equivalent and adult-
like by postnatal day 10 or 30 (7, 8, 21).

These findings offer a resolution to the
paradox between the structural and func-
tional ontogeny of the auditory system.
The data indicate that the site of maxi-
mum stimulation of the basilar mem-
brane by an intense sound changes dur-
ing development. This conclusion is
based on the assumption that the spec-
tral pattern of sound reaching the
inner ear is similar across the ages
in question. Available data on de-
velopmental changes in middle ear func-
tion, the lack of significant changes in
threshold, and the fact that distortions
and harmonics were well-attenuated in
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this study all suggest that the spectral
properties of the stimuli reaching the
inner ear do not change markedly over
the developmental period (22).

Two factors lead us to believe that
these results parallel what would be
found from direct measurements of the

30{A

Mean number of hair cells

0 25 50 75 100
Distance from base (percent)

Fig. 1. (A and B) Total number of hair cells as
a function of position along the basilar papilla
from base to apex. The mean + standard er-
ror for normal animals is shown by the thick
lines. Standard errors for the experimental
groups are omitted for clarity (they are com-
parable to those for the normal animals). (A)
Mean number of hair cells along the basilar
papilla of P10 chicks exposed to 500, 1500, or
3000 Hz. (B) Mean number of hair cells at
each position from E20, P10, and P30 chicks
exposed to 1500 Hz. Arrows indicate posi-
tions of maximum damage (23).
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Fig. 2. Position of maximum hair cell loss as a
function of age. The ordinate represents the
percentile position, from the base to the apex,
at which maximum hair cell loss occurred.
Mean position is calculated for each group of
chicks exposed to each frequency.

spatial properties of hair cell activation
by moderate or low-level sounds. First,
while nonlinearities and distortion prod-
ucts of the cochlea are probably reflect-
ed in these functions, there is no a priori
reason to believe that they differ system-
atically across the ages studied. Second,
the results of mapping studies in the
cochlear nucleus of late embryos with
threshold-level stimuli provide comple-
mentary results (/6).

Possible mechanisms for the ontoge-
netic shift in the spectral properties of
the cochlea include (i) age-related
changes in the dimensional, mass, or
stiffness characteristics of the basilar
membrane, resulting in mechanical
changes; and (ii) changes in the proper-
ties of the stereocilia, resulting in differ-
ent “‘filtering’’ characteristics.
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Development of the Place Principle: Tonotopic Organization

Abstract. The tonotopic organization of brainstem auditory nuclei was compared
in embryonic and hatchling chickens. In embryos, neurons at any given position in
these nuclei were maximally sensitive to lower frequency sounds than the best
frequency after hatching. This finding indicates that neurons are maximally stimulat-
ed by sounds of different frequencies as development proceeds and supports the
hypothesis that during development there is a change in the spatial encoding of

frequency along the cochlea.

The hypothesis that the spatial encod-
ing of frequency along the cochlear parti-
tion changes during development was
outlined by Rubel and Ryals in the pre-
ceding report (/). In brief, we have pro-
posed that in the immature cochlea only
the early-developing basal region is re-
sponsive to sound and that, unlike this

Magnocellular nucleus

region in the adult, it is maximally re-
sponsive to sounds of relatively low fre-
quency. During development the maxi-
mum point of sensitivity to low and
middle frequencies gradually shifts api-
cally as the basal end becomes respon-
sive to higher frequencies. This hypothe-
sis predicts that neurons at any position

Laminar nucleus
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in a central auditory nucleus will be most
sensitive to progressively higher fre-
quencies as development proceeds. To
test this prediction, we mapped the tono-
topic organization (spatial representation
of frequency) of the magnocellular and
laminar nuclei in the chick embryo and
compared it to the tonotopic organiza-
tion in hatchling chickens (2).

The magnocellular and laminar nuclei
are second- and third-order nuclei in the
avian auditory system and have been
considered to be homologous to the
mammalian anteroventral cochlea nucle-
us and medial superior olivary nucleus,
respectively (2, 3). The apical to basal
dimension of the basilar papilla projects
from posterolateral to anteromedial onto
the magnocellular nucleus. The latter, in
turn, sends a topographic, bilateral pro-
jection to the laminar nuclei (4).

Chick embryos (Hubbard x Hubbard;
N = 40) in day 16 to day 17 of incubation
were prepared for 4‘ele'ctrophysiological
recording and positioned in a tempera-
ture-controlled chamber (37.5°C) inside a
sound-attenuated room (5). A calibrated,
closed sound system permitted presenta-
tion of 200- to 500-Hz tones at sound
pressure levels up to 115 dB. During
recording, the best frequency of unit
clusters was determined at several loca-
tions as a tungsten microelectrode was
slowly advanced through the magnocel-
lular and laminar nuclei (6). The location
of each electrode penetration was
marked by a microlesion. After several
penetrations had been completed, the
brain was fixed in situ, removed, and
processed through standard histological
procedures. The position of each unit
cluster recorded in the two nuclei was
then determined (2, 7).

Figure 1 compares the tonotopic orga-
nization of the magnocellular and lami-
nar nuclei in the embryos and in hatch-
lings 2 to 3 weeks of age. The relation of
best frequency of neurons to their poste-
rior to anterior and lateral to medial
positions in hatchlings is shown by the
linear regression lines, which were re-
plotted from a previous study (2). The
relation of best frequency to position of

Fig. 1. Best frequency as a function of percen-
tile position along the posterior to anterior (A
and C) and lateral to medial (B and D) dimen-
sions of the magnocellular and laminar nuclei.
The linear regressions that predict the best
frequéncy of neurons in hatchlings are shown
by the solid lines; the dashed lines represent
+1 standard error. The relation between posi-
tion and best frequency actually observed in
embryos is illustrated by the filled circles.
Note that for each response in embryos the
observed best frequency is markedly lower
than that found in hatchlings.
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