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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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the recording tip for the embryos is
shown by the scatter plots. Three find-
ings are apparent. First, the embryos
have a very limited range of high-fre-
quency sensitivity. The highest best fre-
quency recorded in the embryos (1829
Hz) is more than 1 octave lower than the
highest best frequency recorded in the
hatchlings (4100 Hz). This agrees with

the low- to high-frequency gradient of -

functional development found in a varie-
ty of animals (8). Second, a well-defined
tonotopic organization is present in the
embryos and is qualitatively similar to
that in the hatchlings; progressively
higher best frequencies are found at suc-
cessively anterior and medial positions
in both the magnocellular and laminar
nuclei. Finally, there is a striking quanti-
tative difference between the tonotopic
organization in hatchlings and embryos.
At every position in the two nuclei the
best frequencies in the embryos' are
markedly lower than the best frequen-
cies in the hatchlings. The best frequen-
cies in the embryos ranged from 33 to 69
percent (mean, 52 percent) of the pre-
dicted values (9).

In Figure 2 the tonotopic organization
in embryos and hatchlings is compared
by using two-dimensional reconstruc-
tions of the magnocellular and laminar
nuclei (7). The nuclei have been divided
into four sectors along the frequency
axis. The range of best frequencies found
in each sector is shown for the hatchlings
and embryos. Clearly, the neurons are
more sensitive to lower frequencies in
the embryos than in the hatchlings for
each region of the two nuclei.

These results, which indicate a sys-
tematic shift in tonotopic organization
during late embryonic development, are
consistent with the hypothesis that there
is a change in the spatial encoding of
frequency along the basilar papilla. The
poséibility that this shift in tonotopic
organization results from a change in the
relative location of neurons in the mag-
nocellular and laminar nuclei during late
embryonic development is unlikely. The
morphogenetic events that would result
in such a positional shift are complete by
embryonic day 17 (10). It is also unlikely
that the best frequencies of neurons are
the same in embryos and hatchlings and
that a relative attentuation of high-fre-
quency sound transmission occurs in the
immature middle ear. If this were occur-
ring it might make some point on the
low-frequency slope of the tuning curve
of an embryonic neuron appear to be the
best frequency. However, one would
then expect an apparent shift to lower
best frequencies to occur only for high-
frequency units (those located in the
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anteromedial parts of the magnocellular
and laminar nuclei), whereas in the pres-
ent experiment an equivalent shift to-
ward lower best frequencies appeared to
occur throughout the nuclei (/7). Fur-
thermore, developmental studies of mid-
dle ear admittance and evoked potential
thresholds (/2) and the complementary
results of Rubel and Ryals (/) provide no
evidence for a selective attentuation of
high-frequency sound conduction. Final-
ly, the change in tonotopic organization
is probably not due to deterioration of
the preparation (/3) or to a shift in the
central or peripheral connections of the
eighth cranial nerve. While our results
do not exclude the latter possibility, it
would not account for the findings re-
ported by Rubel and Ryals (7).

The change in tonotopic organization
described here and the developmental
shift in the locus of hair cell damage
reported by Rubel and Ryals indicate
that the spatial encoding of frequency
along the cochlea is not fixed, but

Frequency (kHz)
Embryos Hatchlings F

A

1.0 to 1.8
0.6 to 1.1 ~

0.4 to 0.9

0.7 to 1.3

B 3.4
1.3 to 1.8{
{ 2.6

1.7

0.6 to 0.7
0.9

Fig. 2. Two-dimensional reconstructions of
the magnocellular (A) and laminar (B) nuclei
comparing the tonotopic organization in
hatchlings and embryos. The nuclei are divid-
ed into four equal sectors along the frequency
axis (long vertical arrows). The best-frequen-
cy ranges observed in the different sectors in
hatchlings and embryos are indicated. Orien-
tation of the frequency axes from posterolat-
eral (low frequencies) to' anteromedial (high
frequencies) is predicted by multiple linear
regression equations that quantitatively de-
scribe the tonotopic organization in hatchling
chicks (2). Filled circles indicate where the
38-unit clusters were recorded in the embry-
os. Large filled circles show where more than
one cluster was recorded. The orientation of
the reconstructions with respect to the anter-
joposterior and mediolateral axes of the brain
is indicated by the arrows to the right.

changes in an orderly manner during
development. If this change is general
across avian and mammalian species
(14), it would account for the paradoxical
relation between the structural and func-
tional development of the vertebrate au-
ditory system (). A change in peripheral
encoding would also imply that the fre-
quencies which maximally activate any
point in the central auditory pathway
change during development. In this case,
the relatively low frequency sounds that -
dominate the normal fetal acoustic envi- -
ronment (/5) would, as vdevelopment
proceeds, maximally activate each neu-
ronal subpopulation in me auditory path-
way and not only the subregions that, in
the adult, are tuned to low-frequency
sounds. This may be of major impor-
tance in attempts to understand how the
acoustic environment influences audi-
tory system development. Finally, the
observation that the numerical values
assigned to the place code are not neces-
sarily fixed may have broad implications
for understanding audition. The possibil-
ity that this function shifts along -the
basilar membrane under conditions other
than develbpment was previously . sug-
gested (/6) and should be examined fur-
ther. ‘
WILLIAM LI1PPE*

EpwiN W RUBELT
Departments of Otolaryngology and
Physiology, University of Virginia
School of Medicine,
Charlottesville 22908
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Development of Hindlimb Locomotor Activity in the Bullfrog

(Rana catesbeiana) Studied in vitro

Abstract. The isolated central nervous system of the bullfrog larva (tadpole) is a
valuable model system for studying the development of central motor control
because the neural activity for locomotion is expressed in vitro. Patterned synaptic
activation of immature hindlimb motoneurons is present before the bones and
muscles of the hindlimb differentiate, and it develops against the background of the
tadpole’s functionally mature motor program for tail oscillations. This activation of
hindlimb motoneurons later produces patterned bursting that underlies coordinated

stepping and frog kicks.

The frog occupies the evolutionary
niche between aquatic and terrestrial
vertebrates, a phylogenetic position that
is reflected in the frog’s locomotor devel-
opment. The larval frog (tadpole) swims
by means of tail oscillations, whereas
after metamorphosis, the frog walks,
hops, and swims using the hindlimbs
either alternately (stepping) or synchro-
nously (frog kicks). These two patterns
of hindlimb coordination are the basis of
the locomotor gaits used by all terrestrial
quadrupeds (/). In this report we de-
scribe the developmental changes in cen-
tral nervous system (CNS) motor activi-
ty that are associated with the frog’s
transition from aquatic to terrestrial lo-
comotion at metamorphosis.

We have previously shown, using this
in vitro CNS preparation, that tail beat-
ing in the tadpole is controlled by an
endogenous locomotor program distrib-
uted throughout the spinal cord and ex-
pressed only by the axons of motoneu-
rons that innervate the axial swimming
musculature (2). This program produces
alternate contractions of the axial mus-
culature on the left and right sides of the
body and tail and coordinates interseg-
mental activity of the muscles (2). Regu-
lation of tail-beat rate and modification
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of intersegmental coordination result

from sensory interactions with the cen-

tral locomotor program (3).
Motoneurons innervating the axial

Fig. 1. Ventral spinal cord showing the medial
and lateral rootlets that compose the ventral
roots of the lumbar enlargement of the tad-
pole. The medial rootlets (M) contain only
axons of primary motoneurons and innervate
axial muscles that produce tail beating in the
tadpole. The lateral rootlets (L) are composed
of axons of lateral motor column motoneu-
rons that innervate muscles of the hindlimbs.
TFhese two rootlets aré normally enclosed in a
common meningeal sheath, but can be dis-
sected free of each other to be studied inde-
pendently in electrophysiological experi-
ments. The medial rootlets have been stained
with toluidine blue for clarity. Calibration bar,
500 pm.

swimming musculature are found at all
levels of the spinal cord and are anatomi-
cally distinct from the lumbar motoneu-
rons that innervate the hindlimbs (4, 5).
The former (primary motoneurons) are
born during embryonic stages, whereas
hindlimb motoneurons that form the lat-
eral motor column (LMC) proliferate and
differentiate during larval life (5). In the
lumbar enlargement, axons of these two
populations of motoneurons exit the spi-
nal cord in discrete rootlets that combine
to form the ventral roots (2, 4). The
medial rootlets that contain axons of
primary motoneurons can be dissected
free of the lateral rootlets that contain
axons of hindlimb motoneurons (Fig. 1),
and the electrophysiological activity of
motoneurons subserving tail beating or
hindlimb locomotor behavior can be
studied independently (2).

We examined the development of the
pattern generator for interlimb coordina-
tion of hindlimb locomotor activity and
its relationship to the existing motor pro-
gram for tail beating. We simultaneously
recorded spontaneous activity of the me-
dial and lateral rootlets of the ninth ven-
tral roots in 101 isolated CNS prepara-
tions maintained in oxygenated Ringer
solution (2, 3). Axons of primary moto-
neurons in the medial rootlets exhibited
episodes of patterned bursting (2) until
metamorphosis, consistent with the con-
tinued use of the tail for locomotion (Fig.
2, Ato C).

In contrast to the unchanging pattern
of bursting in primary motoneurons, we
found that the activity of hindlimb moto-
neurons changes dramatically during lar-
val development. Prior to stage VIII (6),
activity in the lateral rootlets increased
with the onset of medial rootlet bursting,
but showed little evidence of patterned
bursting. Slow potentials recorded from
the axons of hindlimb motoneurons,
however, revealed unmistakable rhyth-
micity by stage III (Fig. 2A), indicating
that at least some of the hindlimb moto-
neurons are receiving patterned synaptic
inputs at that time. Between stages VIII
and XIV, spike activity gradually in-
creased near the peaks of the slow poten-
tials so that by stage XIV a clear pattern
of alternating burst activity was evident
(Fig. 2B). We determined phase relation-
ships between bursts in different nerves
by dividing the latency to burst onset by
the total cycle period, using the onset of
medial rootlet bursts as reference points.
Both the alternating bursts and the
rhythmic depolarizations that preceded
were phase-shifted 180° from the homo-
lateral medial rootlet bursts [mean phase
=+ standard error = 0.50 = .01, N = 93]
and always occurred at the same fre-
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