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ABSTRACT Nucleus laminaris (NL) is a third-order auditory nucleus in
the avian brain stem which receives spatially-segregated binaural inputs from
the second-order magnocellular nuclei. The organization of dendritic structure
in NL was, examined in Golgi-impregnated brains from hatchling chickens.
Quantitative analyses of dendritic size and number were made from camera
lucida drawings of 135 neurons sampled from throughout the nucleus.

The most significant results of this study may be summarized as follows:

(1) The preponderant neuron in n. laminaris may be characterized as having
a cylindrical-to-ovoid cell body, about 20 um in diameter. The neurons compris-
ing NL were found to be nearly completely homogeneous in issuing their den-
drites in a bipolar fashion: one group of dendrites is clustered on the dorsal sur-
face of the cells, the other group on the ventral. The dendrites of NL are con-
tained within the glia-free neuropil surrounding the nucleus. From the
rostromedial to the caudolateral poles of NL there is a gradient of increasing
extension of the dendrites, increasing number of tertiary and higher-order den-
drites, and increasing distance from the somata of the occurrence of branching.

(2) The total dendritic size (sum of the dorsal and ventral dendritic lengths
of the cells) increases 3-fold from the rostromedial to the caudolateral poles of
NL. About 50% of the variance in dendritic size is accounted for by the position
of the cells in NL, and the gradient of dendritic size increase has the same ori-
entation across NL as the tonotopic gradient of decreasing characteristic fre-
quency in NL.

(3) From the rostromedial pole to the caudolateral pole of NL there is an 11-
fold decrease in the number of primary dendrites along a gradient coinciding
with the length and frequency gradients. Sixty-six percent of the variance in
dendrite number is accounted for by position in the nucleus.

(4) The correlation of dorsal and ventral dendritic size on a cell-by-cell basis
is not high (r = 0.47), indicating a fair amount of variability on the single-cell
level. On the other hand, the average dorsal dendritic length within an isofre-
quency band in NL correlates very highly with the average ventral dendritic
length. Thus, on an areal basis, the amount of dendritic surface area offered to
the dorsal and ventral afferents is tightly regulated.

(6) The dorsal and ventral dendrites have separate gradients of increasing
length and number across NL. The dorsal gradients are skewed toward the ros-
trocaudal axis, while the ventral dendritic gradients are skewed mediolaterally.

(6) There was no correlation between either dendritic size or number of pri-
mary dendrites and the size of the somata in NL, which remains relatively con-
stant throughout the nucleus.

Several hypotheses about the ontogenetic control of dendritic structure are
examined in light of the above data. Of these, the hypotheses that the ontogeny
of dendritic size and number is largely under afferent control receives a great
deal of circumstantial support.

J. COMP. NEUR. (1979) 186: 213-240. 213



214

Increasing interest in the avian auditory
system has been sparked by a number of
fields. Birds have been widely used for study of
vocal communication (Hinde, '69) and this
has led to study of the auditory neurophysiol-
ogy underlying the acoustic communication
(Schwartzkopff, ’68; Konishi, '70; Sachs et al.,
’74; Rubel and Parks, ’'75; Leppelsack and
Vogt, ’76; Scheich ’77; Sachs and Sinnott, '78)
as well as of the ontogeny of vocal communica-
tion (Marler, *70; Marler and Waser, '77). The
roles of audition in avian development (Vince,
’69; Woolf et al., '76), especially perceptual
development (Gottlieb, *71, '76; Rubel and
Rosenthal, ’75; Kerr et al., ’79) have given
impetus to studies of the functional and ana-
tomical development of the avian auditory
system (Konishi, '73; Saunders et al., '73;
Rubel et al., ’76; Hirokawa, '78; Jackson and
Rubel, ’78; Jackson, ’78; Parks, 79; Jhaveri,
’78). Finally, the unique phylogenetic position
of Aves as the other major class evolving from
reptiles has led to insights into the possible
origins of mammalian neural structures
(Bock, '69; Boord, '69; Nauta and Karten, ’70;
Jenkins and Masterson, '79) and to a better
understanding of the avian auditory pathways
(Boord, ’61, ’68; Boord and Rasmussen, '63;
Karten, '67, ’68; Leibler, '75; Parks and Ru-
bel, *78).

In the avian brain stem, nucleus laminaris
(NL) is composed of a sheet of cells between a
dorsal and a ventral neuropil zone. Cytoarchi-
tectonically the nucleus is quite homogeneous
(Boord, ’69). The major sources of the afferent
supply to NL are from the ipsi- and contralat-
eral nucleus magnocellularis (NM), a second-
order auditory nucleus (Ramon y Cajal, "08;
Boord, '68; Parks and Rubel, ’75). Axons from
NM branch and send one collateral to the dor-
sal neuropil of the ipsilateral NL, and the
other collateral to the ventral neuropil of the
contralateral NL (Rubel et al., '78; Jhaveri,
"78), resulting in a spatially-segregated bin-
aural input to NL.

Electrophysiological investigation of n.
laminaris reveals that units are binaurally
activated and quite homogeneous in their re-
sponse properties, with no evidence of inhib-
itory interactions between stimuli applied to
the two ears (Rubel and Parks, ’75; Jackson et
al,, "78). NL is organized tonotopically; units
with high characteristic frequencies are found
at the rostromedial pole of the nucleus, and
units responding to progressively lower fre-
quencies are found progressively caudolaterad
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in NL. Thus, NL appears to be organized as a
series of isofrequency bands, each running
orthogonal to the tonotopic gradient and de-
creasing in frequency from the rostromedial
to the caudolateral poles of the nucleus. The
cartesian position of a cell in NL is an excel-
lent predictor of its characteristic frequency,
accounting for about 89% of the variance.
The purpose of the present study was to pro-
vide a thorough qualitative and quantitative
analysis of dendritic morphology in NL of the
hatchling chicken; such an analysis provides
the necessary foundation for understanding
the results of manipulating the ontogenetic
milieu. In particular, the finding of graded
changes in neuropil volume within NL (Rubel
et al., "76) and observations by Ramén y Cajal
('08) suggested the possibility of a systemat-
ic change in dendrite morphology associated
with the frequency organization of NL. Also,
since the dorsal and ventral dendritic regions
of NL receive matching binaural input it was
of interest to determine if the dorsal and ven-
tral dendritic processes of NL neurons are
structurally similar. These possibilities were
investigated, using the Golgi technique and
quantitative analysis of camera lucida draw-
ings. In addition, in the course of this study
observations were made of the organization of
the dendritic structure of NL which provide
important clues to its developmental history.

METHODS

Qualitative observations were made on 47
White Leghorn chicken brains ranging in age
at sacrifice from posthatch day 1 to day 25,
stained with Golgi-Cox and Golgi-Kopsch
methods. A few brains stained with the rapid
Golgi techniques were also examined. Brains
were embedded in celloidin and sectioned in
the coronal or sagittal planes at 100-250 um.

For the quantitative analyses, four brains
sacrificed at five days posthatch and stained
with a modification of the del Rio Hortega-
Golgi method (Stensaas, '67) were examined.
These brains were embedded in celloidin and
sectioned in the coronal plane at 180-240 um.
Sections were cleared in terpineol overnight
and mounted in Permount. Several criteria
were used to select the cells to be drawn. First,
the cell had to be in NL. This was easily deter-
mined due to the distinctive morphology of NL
cells, and the appearance of encapsulating
fibers around the nucleus. Second, the cells
had to appear fully impregnated. In the brains
chosen, the impregnation of all cells in the sec-
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tion appeared complete. Third, all of the den-
dritic processes had to appear in a single sec-
tion. The thickness of the sections were such
that this criterion eliminated only a few cells.
Fourth, the processes had to be unambigu-
ously resolvable throughout their lengths. In
all, 135 cells were drawn at final magnifica-
tions of 540 x, 825 x, 1,325 X, or 3,330 Xx.

In order to provide a predictive map of den-
dritic structure in NL, and to relate these
findings to our previous work, the position of
each neuron which was drawn was determined
in a manner similar to that used by Rubel and
Parks ('75). Each serial section containing NL
was drawn at low magnification (215 x) with
a camera lucida and every cell visible in the
nucleus was drawn. The boundaries of the nu-
cleus were determined by observation of the
cellular morphology and of the encapsulating
fiber tract which surrounds the nucleus. The
distances of the medial and lateral edges of
the nucleus from the midline were determined
along a line orthogonal to the midline. The
total lateral to medial extent of the nucleus
(in micrometers), as taken from all sections of
each individual nucleus, was set at 100%. Indi-
vidual cell positions were projected at right
angles onto the line orthogonal to the midline,
and expressed as a percentage of the total lat-
eral to medial (L-M) extent. The caudorostral
position of the cells was determined in a simi-
lar fashion, with the total posterior to anterior
(P-A) extent of NL set to 100%, and the (P-A)
position of each cell determined by taking its
cumulative depth into the nucleus from the
posterior pole. This results in each cell being
assigned a 2-point positional coordinate (%P-
A, %L-M) on a planar projection of the nucleus
in the horizontal plane. This manner of ex-
pressing position as a percentage of the total
extent of the nucleus along each axis compen-
sates for variation in the extent of NL across
different animals, and was used in our previ-
ous investigations of the functional organiza-
tion and development of NM and NL (Rubel
and Parks, ’75; Parks and Rubel, '75; Rubel et
al., '76). Thus, results of different studies,
whether using different methodologies or dif-
ferent ages, can be compared.

For an independent measure of the accuracy
of the planar projections determined from the
Golgi sections, a mean composite planar pro-
jection of NL was made. Three chickens, ten
days of age, were perfused with 2% glutaralde-
hyde-2% formaldehyde. The brains were em-
bedded in celloidin, sectioned at 14 um, and
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stained with thionin. N. laminaris on both
sides was then drawn by camera lucida from
every third section, and a planar projection for
each nucleus (6 in all) was made. At every
tenth percentile on the P-A dimension, the
mean L-M extent of the planar projections
was determined, and a mean composite planar
projection of NL was constructed (fig. 9).!

The drawings of NL cells were of two kinds.
In the first, drawn to measure longitudinal
area of dendrites, the cell bodies and processes
were drawn in outline under camera lucida,
employing a 100 X objective (n.a. = 1.3),at a
final magnification of 3,300 X. In these draw-
ings, each dendrite was drawn separately (fig.
10B), in a series of segments, so that all parts
of the dendrite were magnified equally. In the
second type of drawing, to measure dendritic
length, lines were drawn down the center of
the dendrites throughout their extent, with
branch points represented as nodes (fig. 10C).
Care was taken in all drawings to insure equal
magnification in all parts of the field. From
the drawings for each cell, measurements
were made of the dendritic area or length, for
the combined dorsal and the combined ventral
dendritic arborizations, with the aid of a digi-
tal planimeter (Numonics, Inc.). Since each
drawing was individually scaled, the measure-
ments were converted to micrometers or mi-
crometers? for comparisons.

Bivariate and multivariate regression anal-
yses were run using SPSS programs, on a
CDC Cyber 170 computer. A linear model for
the regressions was employed in all instances,
as no greater correlative value was found for
any regression employing logarithmic or
power-function models.

RESULTS
Qualitative observations

In Nissl-stained sections, n. laminaris is a
single monolayer of cell bodies bordered dor-
sad and ventrad by a clear, relatively cell-free
area of neuropil. This neuropil zone is in turn
delineated in extent by a layer rich in small
glial cell bodies. In Golgi-Cox sections coun-
ter-stained with cresylviolet, the extent of the
dendrites of NL neurons was found to be
bounded by this glia-rich zone (fig. 1). Thus
the dendritic regions of these cells are quite
circumscribed and easily delineated.

Qualitative observations were drawn large-
ly from brains stained with Golgi-Kopsch

! See Rubel and Parks ('75) for a further discussion of the planar
projection method.
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Fig. 1 Golgi-Cox stained sections from the anterior portion of NL, counterstained with cresylviolet. Small
glial cell somata can be seen to border the extents of the dorsal and ventral dendritic fields. Four Golgi-im-

pregnated cells are shown. Bar = 50 um.

methods, which allowed better resolution of
fine dendritic morphology than did Golgi-Cox
methods. Historically, NL has been found dif-
ficult to impregnate with Golgi methods.
(Ramon y Cajal, 08; Levi-Montalcini, '49), a
problem we have also encountered. It was
found, however, that the Stensaas modifica-
tion of del Rio Hortega’s Golgi-Kopsch method
is capable of reliably staining a large number
of neurons in NL, often offering preparations
of great clarity, with the background nearly
free of other cells (i.e., glia), provided that the
proper time in the fixative is chosen.

The neurons of NL are generally charac-
terized by cylindrical, ellipsoid, or ovoid cell
somata, which are gpineless and about 20 ym
in diameter. The bipolar dendritic trees are
generally spineless but rather roughly sur-
faced and quite frail, with branches averaging
about 2 um in width. Dendrites do not usually
issue laterally from the cells, and those that
do are generally markedly smaller and thin-
ner. The part of the cell body between the den-
dritic zones is normally punctuated by a single
axon whose initial trajectory is mediad, paral-
lel to the plane of the nucleus, for up to a few
hundred micrometers.

The above features of the morphology of
laminaris neurons were found to be common to

nearly all of the cells in the nucleus. Other
features of dendritic morphology, including
dendritic size, branching patterns, and the
number of dendrites issuing from the cell,
change radically across the extent of the nu-
cleus along a gradient from the rostromedial
to the caudolateral poles. In each instance the
changes are continuously graded across the
laminar neurons, and by polythetic criteria
these neurons are of a single type (Tyner, ’75).
The manner of transformation of the cells in
the nucleus is best illustrated by the descrip-
tion of a few typical cells taken from different
areas of the nucleus.

In the rostromedial third of the nucleus, the
cells are largely of the variety seen in figure 2.
The cells in this area typically have cylindri-
cal or ellipsoid cell bodies, from which emerge
20 or more short, relatively unbranched den-
drites. The dendrites often end in a swelling,
sometimes with a bullhorn-like bifurcation
of two short processes. While the thickness of
the dendrites varies from place to place along
their length, there is usually little tapering.
Secondary dendritic branches arise from the
primary dendrites at practically any point
along their length; because of the general
shortness of the dendrites it happens that the
branching occurs fairly close to the cell soma-
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Fig. 2 Cell from the anterior third of NL. Numerous short, rough dendrites issue from the dorsal (top) and ventral
sides of the cell. The axon exits from the dorsomedial surface. A. Photomicrograph (n.a. = 1.3) B. Camera lucida drawing
(n.a. = 1.3). Golgi-Kopsch method.

ta. Fourth-order or higher-order branches are
quite rare.

In the central third of the nucleus, fewer
primary dendrites arise from the cell (about
10-15), but these are longer. An example from
this area of NL is shown in figure 3. It is not
uncommon for the dendrites to issue from
either end of the cell in an approximate ring,
or for the branching pattern of the dendrites
to form a chalice-like arrangement of proc-
esses. Dendritic branches of greater than the
second order are more common in this area of
the nucleus, and there is a tendency for
branches to occur at a greater distance from
the cell body than is the case more rostro-
medially. The club-shaped or bullhorn termi-
nation of the dendrites is still apparent. The
dendritic branches are also longer, and slight-
ly tapered. The cell bodies are usually ellip-
soid.

Progressing to the caudolateral third of NL,
the interrelated trends of fewer primary den-
drites, greater dendritic extension, and more
extensive branching at greater distances from

the soma are continued (fig. 4), resulting in a
neuronal morphology quite different than at
the rostromedial end of the nucleus (fig. 5).
The cells in this area of the nucleus are char-
acterized by having a few (3-10) relatively
stout primary dendrites (2-5 um wide) which,
at the caudolateral pole, progress away from
the cell bodies to proliferate eventually into
two canopies of very fine fibers oriented paral-
lel to the plane of the nucleus. Third-order and
higher-order dendrites are commonly en-
countered. Very occasionally, a spine-like pro-
trusion or two is seen on the primary den-
drites. In the extreme caudolateral pole of the
nucleus, very thin spiny dendrites are seen in
the dendrite canopies, but it has not been pos-
sible to trace them to cells of origin in NL. The
gradient of transformation of structure in NL
is illustrated in figure 6, which shows cells
from a single coronal section through NL.
Occasionally, a few neurons with different
morphologies than those described above are
seen in, or close to, the laminar nucleus. On
the basis of position and morphology, these
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Fig. 3 NL cell located approximately one-third the distance from the anterior to the posterior poles of the nucleus.
Compared to cells located more rostrad in NL (cf. fig. 2) there are fewer primary dendrites, which branch more and have
a greater extension. A. Photomicrograph (m.a. = 1.3). B. Camera lucida drawing (n.a. = 1.3). Golgi-Kopsch method.

cells have been assigned to two groups. The
cell bodies of the first group, the perilaminar
neurons, are found just dorsad to the line of
NL cell bodies. They are of approximately the
same size as the somata of the laminar neu-
rons, and the dendrites are of similar caliber
and morphological details as the subjacent
cells of n. laminaris (fig. 7). The four to eight
primary dendrites of these cells are not
arranged in a bipolar fashion, however. They
pour ventrad out of the soma toward the lami-
nar nucleus and into the surrounding fibers,
often branching to form a cone of processes,
resembling a drapery. The dendrites do not
quite reach those of the laminar neurons. No
systematic variation of dendritic length, num-
ber, or branching with the position of these
cells has been noted. The initial axon segment
leaves the cell from the dorsal surface, but its
final destination is moot: the cells are not la-
beled after HRP injections into the cochlea
(Parks and Rubel, ’78). Thus they are probably

not the origin of cochlear efferents. These
perilaminar cells appear to exist in the ratio of
about 3 for every 100 laminar cells; their com-
parative rarity has been verified by observa-
tions of Nissl-stained sections, where they are
detectable by their size and position. Because
of the similarities in soma size and dendritic
morphology between these perilaminar cells
and the laminar neurons it is possible that
they are ectopic laminar cells; for the pur-
poses of analysis of the dendrites in NL, how-
ever, they have been classed separately.
Another group of cells seen in NL is even
less frequently encountered, less than 1 per
100 laminar neurons, and has a morphology
most unlike other laminaris cells (fig. 8).
These cells have a few large (3-5 um in diam-
eter) spine-studded dendrites which emerge
from a spiny soma of greater size than of the
laminar neurons. Despite their comparatively
greater width, the dendrites of these cells are
rather short, often oriented in the plane of the
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nucleus, but sometimes outside of it. These
cells may be found in any portion of the nu-
cleus, though the cell body is commonly found
with those of the laminar cells. The axon may
leave the cell in any direction, for an unknown
destination. These cells were not included in
the quantitative analyses of NL which follow.

Quantitative analyses
Measurement validation

Accuracy of the drawings and of the planim-
etry was determined by repeated drawings
and measurements. For the areal drawings
and measurements, the errors of drawing and
of measurement were less than 1% (0.98% and
0.2% , respectively). For the length drawings
and measurements the error of drawing was
less than 1.1%, and the error of measurement
was under 3.0%. Since these drawings were
made at three different final magnifications,
the error introduced by this variation was
assessed, and found to be under 2.4%. These
error values were deemed sufficiently small to
allow confidence in the accuracy of analyses
and predictions based upon these data; and
since no consistent bias could be found, the
data were left uncorrected.

The positions of the cells sampled for quan-
titation, as determined from the Golgi sec-
tions, were plotted on the mean planar projec-
tion of NL from Nissl sections, and are shown
in figure 9. In general, it can be seen that the
fit is quite good. Some cells, however, lie some-
what lateral to the extent of the mean planar
projection of the nucleus. There are two likely
causes for this. The first is the inaccuracy in-
troduced by the Golgi sections in our ability to
determine precisely the lateral margin of the
nucleus. The second explanation is variation
in sectioning angle. Nearly all of the cells
more than one standard deviation outside of
the planar projection are from a single ani-
mal, and such a distribution has been seen in
Nissl-stained brains when the section angle is
somewhat askew. Despite these minor dif-
ficulties, the distribution of the sampled cells
from the Golgi sections corresponds closely to
the independently-acquired measure of the
distribution of the nucleus given by the mean
planar projection from Nissl-stained material.

The relationship between dendritic length
and dendritic area was examined by measure-
ments of both parameters from nine cells
taken from different parts of the nucleus (po-
sitions shaded in black in fig. 9). Independent
measurements were made of the longitudinal
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Fig. 4 Photomicrograph of a pair of cells in the poste-
rior third of NL, showing a continuation of the trends of
fewer, longer, and more branched dendrites. Rapid Golgi
method. Bar = 50 pum.

area of the dorsal dendrites, and of the ventral
dendrites, from area drawings exemplified in
figure 10B. Corresponding measurements of
the dorsal and ventral lengths were taken
from the drawings for length measurement of
the cells, as shown in figure 10C. The corre-
spondence of the dorsal and ventral areas with
the lengths is shown in figure 11. The two
measures were found to be highly correlated (r
= 0.96, p < 0.001), indicating that measures
of dendritic length are also valid estimators of
dendritic area. This conclusion, it should be
noted, is valid throughout the nucleus, regard-
less of the length measured. It is a reasonable
surmise, though not directly tested in this
study, that the dendritic area measured is
highly correlated with dendritic surface area.
Therefore, measurements of dendritic length
may be extrapolated to indicate dendritic sur-
face area, or dendritic size, in general.

Total dendritic length

The total dendritic length is the sum of the
lengths of the dorsal and ventral dendritic
processes of a neuron. In order to determine if
dendritic size varied systematically across the
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Fig. 5 Low-power photomicrograph of cells at the caudolateral pole of NL. The dendritic branches form a
canopy of processes dorsal (top) and ventral to the plane of cell bodies, which is indicated by the clear zone in
which two cell somata may be seen. A camera lucida drawing of the cell at left center (pointer) is shown in

figure 10A. Golgi-Kopsch method. Bar = 50 um.

two dimensions of the nucleus, this parameter
was related to the two orthogonal positional
variables of the measured cells.

As indicated in figures 12A,B there is an
orderly and continuous increase in the total
dendritic length of neurons as one traverses
the nucleus from anterior to posterior or from
medial to lateral. The regression of total
length on position posterior-to-anterior is
highly significant (r = —0.59, p < 0.0001).2
Thus the rostrocaudal position of neurons in
NL accounts for about 35% of the variance in
dendritic length. The regression of total
length on the lateral-to-medial dimension was
similar (r = —0.57), accounting for about 33%
of the variance. Since dendritic size correlates
with both dimensions of NL the overall best
prediction of the changes in total length with
neuronal position may be obtained with a
multiple regression of total length on the P-A
and L-M positions. The results of this analysis
are seen in figure 12C. As expected, when both
dimensions are taken into account, the ability

to predict the total dendritic length from the
position in the nucleus is improved (¢ =
~0.70); altogether, 50% of the variance of the
total length may be accounted for by position
within the nucleus. As indicated by the simi-
larity of the multiple regression coefficients,
the contributions of the P-A and L-M dimen-
sions to the gradient of the total dendritic

2 Unless specified otherwise, all correlations and regressions are
significant at this level.

Fig. 6 (Top) Camera lucida drawing of nucleus mag-
nocellularis (NM) and nucleus laminaris (NL) from a cor-
onal section about three quarters of the anterior-to-pos-
terior extent of the nucleus. The change in dendritic
morphology in NL from medial (left) to lateral (right) is
apparent. No such change is seen in NM. Another, rare
type of neuron found in NL is indicated at *A” (cf. fig. 8).
Golgi-Kopsch method. (n.a. = 1.3).

(Box) Composite drawing showing the manner in which
the afferents from NM distribute across NL. The afferents
from the ipsilateral NM (pointer) branch a number of
times in their approach to NL (most branches not drawn).
The ventral afferents send collateral branches to the NL
neuropil. Arrow points dorsad. Cross bar = 100 um for the
top drawing and 75 um in the lower.
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Fig. 7 Camera lucida drawing of a perilaminar cell
located just dorsal to the plane of NL cells. The dendrites
of a nearby NL neuron are outlined in dots, below. (n.a. =
1.3) Bar = 10 pum.

Fig. 8 Camera lucida drawings of a spiny-type neu-
ron, occasionally encountered in NL. (n.a. = 1.3) Bar =
10 pwm.
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length in the nucleus are roughly equal. This
can be seen in figure 12D, which shows the
gradient of dendritic length increase plotted
across the planar projection of NL.

Number of primary dendrites

Closely paralleling the gradient of in-
creasing dendritic size there is a rostromedial-
to-caudolateral gradient of decrease in the
total number of primary dendrites issued from
the cell bodies, from an average of 32 down to
3. Figure 13A shows the results of the regres-
sion of the total number of primary dendrites
on the P-A dimension (r = 0.63), and the same
analysis for the L-M dimension is shown in
figure 13B (r = 0.69). It should be noted that
in both these figures the floor to the regres-
sion function has been drawn at three den-
drites, the minimal number that was observed
for any cell. This same proviso applies to
figure 13C, which shows the result of the
multiple linear regression of the number of
primary dendrites on position P-A and L-M (r
= 0.81). Figure 13D shows the resulting gra-
dient of increase in the number of primary
dendrites across NL. Except for the reversed
caudorostral polarity, it is identical to the gra-
dient of total length described for the nucleus
(cf. fig. 12). The inverse relationship found be-
tween dendritic length and the number of pri-
mary dendrites is reminiscent of a similar
inverse relationship between branching com-
plexity and dendrite number in the rat and cat
cortex (Samuels et al., "77).

Relationship of dendritic length and number
to frequency organization

As we have previously described (Rubel and
Parks, ’75), NL is organized tonotopically,
with cells having high characteristic frequen-
cies (—4,000 Hz) found at the rostromedial
pole of the nucleus, and cells with progres-
sively lower characteristic frequencies found
progressively caudolaterad. This tonotopic or-
ganization results from a discretely organized
projection to NL from the two magnocellular
nuclei (Parks and Rubel, *75). The relation-
ship of the dendritic parameters discussed
above to this frequency gradient in NL was
next examined.

By determination of the position on the
planar projection of the units whose charac-
teristic frequencies (CF’s) were determined,
Rubel and Parks (75) were able to quan-
titatively describe the gradient of frequency
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across NL on the basis of the rostrocaudal and
mediolateral positions (frequency (kHz) =
0.027 (%P-A) + 0.014 (¥L-M) — 0.88; r =
0.94). In order to compare directly the gra-
dients for frequency, length, and dendritic
number, which are in different units, it was
necessary to convert the data to standard
units (z-scores), which may be directly com-
pared without in any way altering the regres-
sion functions found. (Because the polarity of
the gradient of dendritic length is opposite to
that of frequency and number, the negative z-
scores for length were taken.) The results of
the normalized regression funections for total
length, total number of primary dendrites,
and for characteristic frequency on position
are shown in figure 14A. As can be seen, the
gradients for frequency, dendritic length, and
dendritic number across NL are essentially
identical.

In figure 14B this information is summa-
rized by showing the NL planar projection as a
slice whose thickness is proportional to total
dendritic length.

Comparison of dorsal and ventral
dendritic lengths

The close relationship between the total
length of dendrites and frequency in this nu-
cleus implies there is a correlation between
the frequency organization of NL and the
total dendritic surface area. Since the tono-
topic organization of NL results from spatially
segregated afferent projections from each
magnocellular nucleus, we next investigated
the correspondence between the size of the
dorsal and the ventral dendrites of NL cells on
a cell-by-cell basis and in relation to the fre-
quency organization of the nucleus.

The relationship between the dorsal and
ventral dendritic lengths, when taken on a
cell-by-cell basis, is shown in figure 15. The
correlation, though highly significant (r =
0.47, p < 0.001), is not particularly close, as
evidenced by the amount of scatter on the
plot. Though cells in NL receive similar in-
formation from the two ears (as evidenced by
similar characteristic frequencies and thresh-
olds to sound stimulation of either ear (Rubel
and Parks, ’75)), the comparative weakness of
the correspondence between the dorsal and
ventral dendritic lengths indicates that, for
any single cell, there can be fairly large dif-
ferences in the amount of dendritic area
offered to the two sets of afferents from NM.
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Fig. 9 Mean planar projection of NL on the right side
of the brain, as constructed from Nissl-stained sections
(METHODS). Shaded zones indicate + 1 standard deviation
from the mean planar projection. Ellipses indicate the po-
sitions of the cells used in the quantitative analyses, as
determined from the Golgi sections. Filled ellipses denote
the positions of the cells used to correlate dendritic length
with cross-sectional area (fig. 11). Each ellipse subtends
2% by 3% of the dimensions of the planar projection,
which corresponds to the area in NL subtended by the av-
erage cell soma of 20 um diameter.

The distribution of afferents to NL from
NM is not, however, to individual cells in NL,
but rather these afferents can be seen to dis-
tribute themselves across a group of cells
within an isofrequency band, as observed by
injection of single cells in NM with horserad-
ish peroxidase (Jackson et al., ’78), or by Golgi
methods (Cajal, ’08; Jhaveri, *78). This sug-
gests that rather than considering the rela-
tionship of the dorsal with the ventral den-
dritic size on a cell-by-cell basis, it would be
more efficacious to analyze it on an area-by-
area basis, taking the characteristic frequen-
¢y organization into account. To this end, NL
was divided into eight sectors orthogonal to
the frequency gradient (as defined from Rubel
and Parks, ’75), so that all the cells within a
sector may be expected to have CF’s within
500 Hz of each other, as shown in figure 16A.
For the 10 to 24 cells sampled within each sec-
tor, the mean dorsal and mean ventral den-
dritic lengths were calculated, and these were
then correlated with each other across sectors.
The result of this correlation is shown in
figure 16B. The correlation is excellent (r =
0.93, p < 0.001). Thus, when averaged within
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Fig. 10 Three views of the neuron seen in figure 5, to illustrate the methods of drawing for quantification. A.

Camera lucida drawing of the cell. (n.a. =

1.3) B. Camera lucida drawing of the cell in outline, of the type used to mea-

sure dendritic longitudinal area. To insure equal magnification of the field of view, the dendritic arborizations were

drawn in sections, as shown. (100 X oil immersion objective, n.a. =

1.3; achromatic aplanatic condenser, n.a. = 1.4) C.

Camera lucida drawing of the type used to measure dendritic length. In these drawings dendritic processes were repre-

sented by lines traced down their middles. (n.a. =

1.3 or 1.4; condenser, n.a. = 1.4).

TABLE 1

Dorsal and ventral dendritic lengths analyzed within the isofrequency sectors shown in figure 16A

Sector I:)If"l lcltlelljle: Mean s.d. 7! p

! fontral 10 2450 T2 016
* ventral 12 2954 10605 0.26 ns.
Ancra 24 e 13%:‘;3 0.48 <0.05
! onteal 15 oae 127,95 0.22 ns.
? Yontea 2 s614 Tepa1 035
® ventral 15 3359 17957 0.34
ol 15 509.2 oras 0.08 ns.
ol 10 558.1 16166 ~025 ns.

!r, product-moment correlation of dorsal and ventral dendritic lengths within designated sectors.

an isofrequency zone in NL, the amount of
dorsal dendritic area available for afferents
from the ipsilateral NM is closely tied to the
amount of the ventral dendritic area available
to the terminals from the contralateral NM;
this is so even though the correlations of the
dorsal and ventral dendritic lengths on a cell-
by-cell basis within each isofrequency band
are not high (table 1). This result moreover is

not simply an artifact of averaging the dorsal
and ventral lengths within arbitrary sectors,
for the correlations of the mean dorsal with
mean ventral dendritic lengths when taken
across sectors other than the isofrequency
zones were not statistically significant, and
not significantly improved over those of the
individual cells alone (for 8 sectors at 45° to
the isofrequency bands, r = 0.63; for 8 sectors
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at 90° angles to the isofrequency bands, r =
-0.27).

Dorsal and ventral gradients of
length and number

The above finding that there is a gradient
of total length across the nucleus strongly
implies that such a gradient for the dorsal and
ventral lengths taken independently also ex-
ists. However, the dorsal and ventral den-
drites are segregated in this nucleus, and
moreover, the inputs to the two dendritic
fields are also strictly segregated (Boord, '68;
Parks and Rubel, ’75). Thus, the possibility ex-
ists that the morphology of the dorsal and ven-
tral dendrites to some degree may be regu-
lated independently. This was assessed by sep-
arate regression analyses of the dorsal and
ventral dendrites as a function of neuronal po-
sition, as shown in figure 17. For the dorsal
dendritic length, regression on the P-A dimen-
sion alone shows a stronger relationship than
on the L-M dimension alone (dorsal length on
P-A, r = —0.53; dorsal length on L-M, r =
—0.36). The difference between these two
regressions for dorsal length is significant (p
< 0.05). For ventral dendritic length the
situation is reversed: a stronger relationship
holds with the L-M dimension than with the
P-A dimension (ventral length on P-A, r =
—0.49; ventral length on L-M, r = —0.60).
These two regressions of ventral length on po-
sition are also significantly different (p <
0.05).

To determine the overall gradients of dorsal
and ventral length across the nucleus, inde-
pendent multiple linear regressions of dorsal
length on position and of ventral length on po-
sition were performed. The multiple regres-
sion of dorsal length on position P-A and L-M
is shown in figure 18A (r = —0.56). It is also
apparent from the absolute size of the regres-
sion coefficients for the positional variables
that the contribution of the P-A dimension to
the gradient of dorsal dendritic length is
greater than that of the L-M dimension
(—3.12 for P-A vs. —1.56 for L-M). For the
ventral dendritic length, the result of the
multiple regression is shown in figure 18B (r
= —(.68) and, in contrast to the dorsal den-
drites, in the case of the ventral dendrites’
length the L-M dimension is the major con-
tributor to the gradient (—2.37 for P-A vs.
—4.12 for L-M). The two gradients, for dorsal
and for ventral dendritic length, are plotted
on the planar projection of NL in figure 18C.
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Fig. 11 Scattergram and least-squares fit line relating
dendritic longitudinal area with dendritic length. The cor-
relation of these two measures is shown. The high correla-
tion of the two variables indicates measures of dendritic
length are proportional to dendritic area. Measures were
correlated from the dorsal and ventral dendrites of nine
cells (filled positions in fig. 9). (n = 18; slope of line =
1.78).

Thus the length gradient for the dorsal den-
drites is predominantly along the rostrocaudal
axis, while that of the ventral dendrites is
dominated by the contribution of the medio-
lateral axis. These data indicate that there is
a measure of separate regulation of dendritic
lengths in the two dendritic fields of NL.
Such a separate regulation of the dorsal and
ventral dendritic length gradients is not in-
consistent with the aforementioned finding
that the dorsal and ventral dendritic sizes are
closely related within isofrequency bands.
This is because the dorsal and ventral length
gradients are skewed equally to either size of
the frequency gradient (or length gradient,
figs. 12, 14). A consequence of this symmetri-
cal skewing is that the average dorsal and
ventral dendritic sizes within isofrequency
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zones are closely related. If either the dorsal or
ventral size gradients were skewed farther
from the frequency gradient than the other,
the close correspondence between dorsal and
ventral dendritic sizes within the isofre-
quency zones would not be possible.

Since the dorsal and ventral lengths are reg-
ulated somewhat independently, as evidenced
by their separate gradients across the nucleus,
it might be expected that similar analyses of
dorsal and ventral dendritic number would re-
veal evidence of separate regulation. The re-
sults of the separate multiple linear regres-
sion analyses of dorsal dendritic number and
ventral dendritic number on position are
shown in figure 19A and B (r = 0.74 in both
cases). As shown in figure 19C, there is again
evidence for two gradients across NL, one for
the number of primary dorsal dendrites and
another for ventral dendrites. These two gra-
dients are not quite as divergent as those seen
for the dorsal and ventral length, which is also
reflected in the finding that the correlation
between the number of dorsal primary den-
drites and the number of ventral primary den-
drites (r = 0.66) is somewhat higher than that
for length.

The relationship of dendritic length
to soma size

For 51 cells sampled throughout the nu-
cleus, measures of the area of the somata were
taken. The mean area of the somata in NL is
306 um? (SD = 67.9). There is a weak correla-
tion of cell soma size and position of the cell in
NL (r = 0.36, p = 0.03), though for the most
part soma size in the nucleus is rather con-
stant throughout. Examination of this datum
revealed the above correlation to result from a
small number of somewhat larger cells at the
caudal end of NL. However, neither the corre-
lation between cell body size and the total
length of dendrites issued by the cell (r =
0.13), nor between the cell size and the num-
ber of dendrites (r = 0.26) was statistically
significant. These findings negate the possi-
bility that the gradients of dendritic size or
number are the result of a gradient of soma
size, or that soma size and dendritic size or
dendrite number are at all closely related in
this nucleus. This result was somewhat unex-
pected in view of the 3-fold increase in den-
dritic size across NL (Hinds and McNelly, ’77;
but see Mannen, '66; Gelfan, *70; and Berry et
al., ’72).

DANIEL J. SMITH AND EDWIN W RUBEL

DISCUSSION

Of greatest interest, within the context of
our research program (see Rubel, '78; Rubel et
al., ’79), are the findings of predictable and
orderly relationships of dendritic organization
within NL. While the significance for auditory
functioning of the correlation of dendritic
structure with the tonotopic map of NL is yet
unknown, the nature of the morphological
gradients does possess implications for neu-
ronal development. Before discussion of this
point, however, some consideration of the
quantification procedures employed, and of
the relationships of dendritic structure of NL
with that of its possible mammalian homo-
logue, is in order.

Quantification of dendritic parameters

Most previous measures of dendritic field
size have employed the concentric-circle anal-
ysis of Sholl (53) or the target modification of
Eayrs ('55). Measurement of dendritic param-
eters based on this procedure have been criti-
cized due to their large projection error, espe-
cially in neurons with extensive domains in all
three dimensions (Berry et al., '72). In certain
instances, however, it is appropriate to employ
measurements of dendritic parameters from
camera lucida projections. These occur when
all of the processes of the measured neuron are
contained in the same section and when the
extent of the dendritic processes in the third
dimension is minimal. Cell types which have
permitted such techniques of measurement
include the cerebellar Purkinje cell (Bradley
and Berry, '76; Berry and Bradley, '76a,b;
McConnell and Berry, '78a,b) and the stellate
cell of the visual cortex (Eayrs and Goodhead,
’59; Borges and Berry, ’76,’78). The cells of NL
are also amenable to study by camera lucida
drawings. The bipolar origin of the dendrites
allows the cells to be completely contained in
either coronal or sagittal sections, and nearly
eliminates effects due to shadowing by the cell
body, as dendrites only rarely issue from the
sides of the cells.

The dendrites of NL cells are not, however,
perfectly flat. While the data presented in
figure 11 argue that the linear measurements
are directly proportional to their absolute
cross-sectional areas, these nonetheless must
be somewhat underestimated because of er-
rors resulting from the 2-dimensional projec-
tion. Because of the number of dendrites mea-
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Fig. 12 The relation of total dendritic length of NL neurons to their positions within the nucleus. A. Scattergram
and regression relating total dendritic length to position along the posterior-to-anterior dimension of NL. The standard
error of estimate and correlation coefficient are shown. (n = 127; regression equation for total length = —7.18 (%P-A)
+ 1222). B. Scattergram and regression relating total dendritic length to position along the lateral-to-medial axis. The
standard error of estimate and correlation coefficient are shown. (n = 127; regression equation for total length = —7.77
(%L-M) + 1282). C. Multiple regression relating total dendritic length to both the posterior-to-anterior and lateral-to-
medial dimensions of NL. The regression equation, standard error of estimate, and correlation coefficient are shown. (n
= 127). D. The gradient of increase of total dendritic length plotted across the planar projection of NL. The gradient of
total dendritic length is defined as a line orthogonal to the isopleths for total length, as derived from the multiple
regression equation (cf. fig. 16A). TL, total dendritic length.
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Fig. 13 The relation of the total number of primary dendrites of NL neurons to their position within the
nucleus. A. Scattergram and regression relating the total number of primary dendrites with position in the
posterior-to-anterior dimension of NL. The standard error of estimate and correlation coefficient are shown.
The data and the regression line in this figure have a floor at 3 dendrites, the fewest observed for any NL
cell. (n = 122; regression equation for total number of dendrites = 0.227 (%¥P-A) + 2.82). B. Scattergram and
regression relating total number of primary dendrites to position on the lateral-to-medial axis of NL. The
standard error of estimate and correlation coefficient are shown. (n = 122; regression equation for total pri-
mary dendrites = 0.274 (%L-M) —0.745). C. Multiple regression relating the total number of primary den-
drites to both positional variables. The regression equation, standard error of estimate, and correlation coeffi-
cient are shown. (n = 122) D. The gradient of increase in the number of primary dendrites of NL cells plotted
across the planar projection of the nucleus. For the derivation of the gradient, see figure 12. The gradients of
total dendrite number and total dendritic length are nearly identical, though of opposite polarity (cf. fig.
12D). T 1°, Total number of primary dendrites.
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Fig. 14 The relationship of the gradients for predicting characteristic frequency, dendrite number and
dendritic length in NL. A. Multiple linear regressions relating the characteristic frequency (Hz), total num-
ber of primary dendrites (#1°), and total dendritic length (length) of NL neurons with their position in the
posterior-to-anterior and lateral-to-medial dimensions of the nucleus. For comparison, the data for the depen-
dent variables have been normalized (converted to z-scores); because of the opposite polarity of the length
gradient, the negative values of its z-scores have been plotted (see text for details). It can be seen that all
three gradients across NL are nearly identical. B. Isometric view of the planar projection of NL (lower sur-
face, pincushioned) with the regression plane of total dendritic length (grey surface) plotted above it. On the
dendritic length regression plane is shown the gradient of increasing characteristic frequency of NL cells
(Hz). Data pertaining to the frequency organization of NL from Rubel and Parks ('75).

sured in this study (about 1,800} and the dif-
ficulty in making accurate 3-dimensional
measures of length (Gelfan et al., ’70), no at-
tempt was made to compensate for foreshort-
ening of dendrites due to projection. For-
tunately, in NL the dendrites do not usually
deviate more than 45° from the coronal plane
of section (as seen in sagittal sections), so the
overall correction factor (Bok, ’59) for the ab-
solute length is probably less than 1.4 any-
where in NL. Thus, the absolute error is doubt-
less proportional to dendritic length, and is
largest where the dendrites are longest. Final-
ly, a previous study which examined the corre-
lation between the 2-dimensional projected
lengths of pyramidal cell dendrites and mea-
surements taken in three dimensions revealed
them to be highly correlated (Coleman and
Riesen, '68). It is therefore highly unlikely
that any of the gradients observed could have
resulted from measurement artifact. The
actual lengths of NL dendrites and possibly
the numbers of dendrites may be slightly
higher than indicated in this study because of
technical limitations. These factors, however,
do not affect the measurements of the relative
changes, or gradients, of dendritic length and
number across the nucleus.

1or-
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Fig. 15 Scattergram of ventral dendritic length vs.
dorsal dendritic length for 125 NL cells. The correlation
coefficient is shown.

Comparison with previous descriptions of
NL and with the mammalian
medial superior olive

The most complete descriptions of the den-
dritic structure of NL prior to this study are
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Fig. 16 The relationship of average dorsal and average
ventral dendritic lengths when considered across isofre-
quency zones. A. Planar projection of NL on which has
been plotted the gradient of characteristic frequency (Hz)
across the nucleus. NL has been divided into 8 sectors by 7
isopleths for frequency at intervals of —~400 Hz (data from
Rubel and Parks, ’'75). B. The mean dorsal dendritic
lengths plotted against the mean ventral dendritic
lengths of the 10-24 cells in each of the sectors shown in
A. The correlation coefficient and least-squares fit line
are shown.

brief sections in the work of Ramon y Cajal
(08, ’71). The variation in dendritic morpholo-
gy across NL was also apparent to him
(Ramoén y Cajal, ’08: p. 201). Ramon y Cajal’s
descriptive studies of this nucleus were based
on rapid Golgi impregnations of chick and
sparrow embryos at 15-17 days of incubation;
he reported that the Golgi technique suc-
ceeded for him only with a few embryos.

DANIEL J. SMITH AND EDWIN W RUBEL

Cajal’s use of embryonic tissue, as compared
with our use of posthatch material, may ex-
plain the discrepancy between his descrip-
tions of the cells as fusiform with spiny den-
drites and our description of spineless (though
not smooth) dendrites and generally ovoid cell
somata. The case here may be similar to that
of the mammalian medial superior olive
(MSO), where Cajal’s observations of fusiform
bipolar cells with spiny dendrites (Ramoén y
Cajal, ’71) have not been confirmed in older
cats, which appear to have MSO neurons with
smooth or moniliform dendrites, while den-
dritic spines appear to be characteristic of
MSO neurons in young animals (Scheibel and
Scheibel, '74; Schwartz, ’77). On the other
hand, preliminary analysis of embryonic NL
cells impregnated with the Golgi-Kopsch
method has not revealed an abundance of
spine processes on embryos 14-18 days of
incubation.

The avian NL has been considered by some
to be the homologue of the mammalian MSO
(Boord, '69; Ramon y Cajal, '71). In many
ways the correspondences between these nu-
clei are striking, including similar electro-
physiological response properties (Goldberg
and Brown, ’68, ’69; Schwartzkopff, ’68;
Guinan et al., ’72; Rubel and Parks, '75) and
afferent innervation (Stotler, ’'53; Goldberg
and Brown, ’'68; Boord, '68; van Noort, ’69;
Strominger and Strominger, '71; Parks and
Rubel, '75). The gross cellular and dendritic
orgnizations of these nuclei also correspond,
as both nuclei are laminar and composed
largely of cells with bipolar dendritic orienta-
tions (Ramon y Cajal, *71). Recent Golgi stud-
ies of the dendritic structure of the MSO by
the Scheibels ('74) and by Schwartz (77) have
revealed, however, that the MSO possesses a
great deal more complexity in its organization
than does NL. Examination of sagittal sec-
tions of the MSO of the cat has indicated that
the dendrites of the bipolar cells extend not
only in the medial-to-lateral dimension (as
they are usually portrayed in coronal sections,
cf. Ramon y Cajal, ’71: fig. 345) but also in the
anterior-to-posterior plane, often for con-
siderable distances (Morest, '73; Scheibel and
Scheibel, '74). Thus, the dendrites of these
cells can be only incompletely appreciated in
one plane of section, and they present con-
siderable obstacles to quantification. These
observations of dendritic anisotropy in the
MSO have been confirmed by Schwartz C77),



DENDRITIC GRADIENTS IN N. LAMINARIS 231

1000 ~ 1000 —

A . B

YSOJ

750 —

500 —

DORSAL DENDRITIC LENGTH (pm)

250 —

DORSAL DENDRITIC LENGTH (pm)

Sdl-a=1321 r=-53 Sdim=1451 r=-.36
0 J I | I 0 R I L T
0 50 100 0 50 100
% P-A % L-M
1000 1000 —4

750 — 750 —

500

VENTRAL DENDRITIC LENGTH (pm)
VENTRAL DENDRITIC LENGTH (um)

250
L 4
L .
Svica=146.1 r=-49 Svim =133.4 r=-60
o T | T T 0 T T T T
¢ 50 100 0 50 100
% P-A % L-M

Fig. 17 Scatterplots and regressions relating dorsal and ventral dendritic lengths to position in each dimension of
NL. The standard errors of estimate and correlation coefficients are shown. A. Relationship of dorsal dendritic length to
the posterior-to-anterior dimension of NL. (Regression equation for dorsal dendritic length = —3.58 (%P-A) + 630). B.
Relationship of dorsal dendritic length to the lateral-to-medial position in NL. (Regression equation for dorsal dendritic
length = —2.74 (¥L-M) + 599). The correlation of dorsal length with the L-M dimension is reliably less than with the
P-A dimension, (p < 0.05). C. Relationship of ventral dendritic length with the posterior-to-anterior dimension of NL.
(Regression equation for ventral length = —3.59 (%P-A) + 590). D. Relationship of ventral dendritic length with the
lateral-to-medial dimension of NL. (Regression equation for ventral dendritic length = —5.01 (%L-M) + 682). It can be

seen that for the ventral dendrites the higher correlation is along the latero-medial dimension (p < 0.05). (n = 125 in
all cases.)
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Fig. 18 Independent multiple regression analyses relating the dorsal and ventral dendritic lengths with
position in NL, showing the existence of separate gradients of dendritic length on the dorsal and ventral sides
of the nucleus. A. Multiple linear regression of dorsal dendritic length on both the posterior-to-anterior and
lateral-to-medial axes of NL. The regression equation (top), standard error of estimate, and correlation coeffi-
cient are shown. (n = 125). B. Multiple linear regression relating ventral dendritic length to the positional
variables for NL. The regression equation, standard error of estimate, and correlation coefficient are shown.
(n = 125). C. Planar projection of NL, across which has been plotted the gradients of increase for dorsal den-

dritic length (DL) and for ventral dendritic length (VL), as derived from the multiple regression equations in
A and B. The two gradients are divergent.
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who found that the number of dendritic fibers
perpendicular to the plane of the MSO was
equalled by the number parallel to it, result-
ing in an encirclement of the MSO by den-
dritic processes. Observations of sagittal sec-
tions of NL have not revealed a similar
anisotropy of dendritic orientation; in both
the sagittal and coronal planes the appear-
ance of NL cells is nearly identical. Eighty-
five percent of the area of NL is occupied by
cells with dendritic orientations perpendicu-
lar to the plane of the nucleus; only the
caudolateral 15% is occupied by cells whose
dendrites branch to form a canopy of processes
parallel to the plane of the nucleus. These
processes rarely extend more than 200 um in
the anterior-posterior or mediolateral planes.
Schwartz (77) also found a variety of cell
types other than bipolar cells in the MSO.
Beside the bipolar cell, the only other cell type
reminiscent of that seen in NL is the marginal
cell, which may be somewhat analogous to the
NL perilaminar drapery-like cell described
above.

In sum, similarities in afferent and cyto-
structural organizations of the MSO and of
NL suggest that the nuclei are involved in a
similar processing of auditory information,
probably related to sound localization (Gold-
berg and Brown, ’69; Erulkar, '72; Parks and
Rubel, ’75; Jenkins and Masterson, '79). In
this regard, it is interesting to note that draw-
ings from Golgi sections of the mammalian
MSO often depict it as though it had a similar
gradient of dendritic morphology (Morest, *73:
fig. 3; Ramon y Cajal, ’71: fig. 345). However,
as mentioned, the 3-dimensional extent of the
MSO neurons makes this difficult to assess.
Although the significance, if any, of the rela-
tionship of dendritic morphology to the fre-
quency organization of NL (and possibly
MSO) is presently unclear, two approaches
which may be particularly fruitful in elucidat-
ing its meaning are a comparative analysis of
NL, relating it to behavioral specializations
(as has been done for the MSO, Masterson et
al,, ’75), or an electrotonic analysis of the
properties of NL’s dendrites (e.g., Rall, '77).
The comparative simplicity of NL suggests it
may be easier to analyze the function of these
nuclei in the avian system.

Implications of dendritic structure in
NL for dendritic ontogeny

There are obvious limitations and dangers
associated with any attempt to infer the de-
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velopmental history of a structure from analy-
sis of a single time point. On the other hand,
the morphological gradients in NL do impose
sharp constraints on ontogenetic hypotheses;
any hypotheses which are incapable of ex-
plaining the dendritic gradients in NL must
berejected. In this way, the thorough analysis
of a structure at any point in time does provide
clues to the causal mechanisms which shape
it. Ultimately the power of inferential argu-
ments about the ontogeny of dendritic struc-
ture resides largely in their ability to predict
dendritic structure in this and other systems.
In this case, the simple and unique dendritic
structure of NL makes particularly clear
which of a number of explanatory hypotheses
can meet the requirements of NL’s structure.
The hypotheses formed can later be directly
evaluated by the observation and manipula-
tion of ontogenetic events in the nucleus.

At the age examined in this study (5 days
posthatch) NL has not yet assumed all the
aspects of cellular morphology which charac-
terize it in the adult chicken. It is highly un-
likely, however, that all of the gradients de-
scribed are simply the result of incomplete
development of the nucleus. By five days post-
hatch, the chick auditory system has been
functionally competent for nearly two weeks,
as determined by behavioral responses in ovo
to sound stimulation (Jackson and Rubel, ’78;
Rubel, '78), by recorded responses of NL cells
to 8th nerve stimulation in vitro (Jackson,
Hacket and Rubel, unpublished observations),
and by in vivo electrophysiological responses
(Saunders et al., *73). These and other indices
of development in this system (Rubel, Smith
and Miller, ’76) confirm the impression gained
from observation of older animals that the
major ontogenetic events in NL have already
occurred by the time point examined herein.
Finally, a preliminary qualitative and quanti-
tative examination of NL in older animals (25
days posthatch) has revealed little significant
change in the directions or orientations of the
gradients of dendritic size or number from
those described herein (Smith and Rubel, un-
published observations).

Hypotheses which can be invoked to ac-
count for the regulation of dendritic size and
number may be classed into two broad cate-
gories: those postulating regulation intrinsic
to the neurons; and those postulating extrin-
sic controls. The extrinsic milieu of neurons is
such that hypotheses about extrinsic regula-
tion are limited to three further classes, in-
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cluding control by substances in the extracel-
lular space, control by the glia, and control by
the afferents. Within each of the above classes
there are any number of specific, mechanistic
hypotheses which could be offered, and which
will not be discussed. Our data speak only to
the above broad classes of hypotheses, and
each will be examined in turn.

The first class of ontogenetic hypotheses
holds that the control of dendritic size is in-
trinsic to each neuron. The observed gradient
of total dendritic size or number would then
result from a gradient of somatic differentia-
tion. A corollary of exclusively intrinsic con-
trol of the dendritic parameters is that the
regulation is on a cell-by-cell basis. Three
points argue that this hypothesis is not in
accord with our observations of NL. First, the
correlation of the dorsal and ventral dendritic
sizes on a cell-by-cell basis explains only 22%
of the variance found in dendritic size (r =
0.47, fig. 15), while the amount of variance
that is accounted for by either the dorsal or
ventral gradients is significantly greater.
This implies that NL neurons would have to be
more effective in between-cell coordination of
dendritic growth than in within-cell coordina-
tion. This is a clear contradiction of any hy-
pothesis postulating predominantly intrinsic
control of dendritic size. Second, the dorsal
and ventral dendritic gradients are not the
same (fig. 18). If the information controlling
the dendritic growth were to reside within the
cells, it would be then necessary to divide it
into dorsal and ventral components. The
aforementioned paradox of coordination of
the gradients is thereby exacerbated by now
demanding separate coordination of growth
across the dorsal and ventral halves of the
cells. Third, the very close regulation of the
dorsal and ventral dendritic lengths within
the isofrequency zones (r = 0.93, fig. 16) is
also more compatible with inter- than with in-
tracellular regulation. Thus, the comparative-
ly small amount of variance in dendritic form
which can be accounted for under the condi-
tion of within-cell control of dendritic on-
togeny makes it unlikely that such control is
the major factor determining NL’s dendritic
morphology. Moreover, it is quite difficult to
envision how intrinsic control could account
for the separate dorsal and ventral morpholog-
ical gradients.

This leads to the evaluation of possible ex-
trinsic factors which may account for the
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largest portion of variance in dendritic size.
Three of the most reasonable classes of on-
togenetic hypotheses are those postulating
control by a diffusible substance or mor-
phogen (Wolpert, ’71; Meinhardt, '78); those
invoking control by the glia; and those pos-
tulating control by the afferents.

The gradients of dendritic structure in NL
are extremely difficult to reconcile with hy-
potheses of control by a gradient of some dif-
fusible substance. In order to account for the
separate dorsal and ventral gradients of the
dendritic parameters, such a substance must
be postulated to diffuse differentially over the
dorsal and ventral surfaces of a nucleus which
is generally one cell (and at most a few cells)
thick. Accepting this premise, the edge of NL
initially contacted by such an external diffu-
sant would have an approximately equal con-
centration of the factor on the dorsal and ven-
tral sides of the nucleus. Hence, the dorsal and
ventral dendritic sizes would be most nearly
equal in this area, with the gradients pro-
gressing away from it. Solving the regression
equations for equality of the dorsal and ven-
tral dendritic lengths (fig. 18) reveals that the
area where their values are equals along the
rostrolateral edge of NL. A diffusant control-
ling dendritic size must then have been a gra-
dient from rostrolateral to caudomedial across
NL: this is, however, at right angles to the
observed overall gradient (rostromedial to
caudolateral). Thus, it is not likely that the
control of dendritic size is exercised by a
morphogen gradient, even granting such a
substance the ability to diffuse differentially
over the dorsal and ventral sides of NL.

Each of the two remaining classes of hy-
potheses, which are regulation by the glia and
by the afferents to NL, imply that intercellu-
lar contacts are the critical regulators of den-
dritic size and number. Since both the glial
cell bodies and the afferents are segregated on
either side of NL (Parks and Rubel, "75; Rubel
et al.,’76), it would appear that either factor is
well placed to account for the separate dorsal
and ventral dendritic gradients. Further ob-
servation of Golgi-impregnated material re-
veals, however, that the processes of a given
glia cell do not remain exclusively on one side
of the nucleus; 30%-50% of them extend
through NL, terminating or ramifying on the
other side. This is also the case in embryonic
tissue (Smith and Rubel, unpublished obser-
vations). To the degree that glial processes in
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the dorsal and ventral neuropil areas overlap,
it is difficult to attribute to them a role in
shaping the dorsal and ventral gradients. Al-
though the class of hypotheses which postu-
lates glial control of dendritic development
may not be ruled out to the degree that those
invoking somatic or diffusible-morphogen
control can be, there is to our knowledge little
or no experimental or theoretical reason to
propose such glial control, nor is it clear there
would be further explanatory or predictive
value in such a proposal. Perhaps the observed
distribution of glial cell bodies in NL results
from their preferential association with the
tips of growing dendrites, as has been observed
with embryonic chick neurons in vitro
(Grainger and James, '70).

The dendritic structure of NL, therefore,
provides logical contradictions to ontogenetic
hypotheses involving either somatic differen-
tiation or a diffusible-substance gradient as
the principal factors regulating dendritic size,
and regulation by the glia seems unlikely. In-
stead, the two major observations of highly re-
lated dorsal and ventral dendritic sizes on an
area-by-area basis (fig. 16), and separable
overall gradients for the dorsal and ventral
dendrites, require that a regulatory factor
must influence growth on areal basis and dif-
ferentially act on the dorsal and ventral den-
dritic surfaces. These requirements point to
the afferent input to NL as an important
source of regulation. Further evidence for this
conclusion converges from a number of obser-
vations. First, the principal and only inputs to
NL are the tonotopic, bilateral projections
from the magnocellular nuclei (Boord, ’68;
Parks and Rubel, '75, ’78; Rubel and Parks,
*75; Benes et al.,’77). Our observation that the
gradients of total dendritic length and num-
ber coincide closely with the frequency gra-
dient in NL (fig. 14) suggests a causal rela-
tionship between the dendritic parameters
and the afferents to NL. Second, both cell
death and lamina formation follow a similar
rostromedial-to-caudolateral developmental
time course (Rubel et al., ’76). Silver-staining
indicates that the arrival of afferents to NL
also follows a spatio-temporal gradient simi-
lar to the final gradient of length and number
in this nucleus (Smith and Rubel, unpublished
observations). Lastly, preliminary observa-
tions from in vitro electrophysiological experi-
ments suggest that the same gradient may be
followed by the functional development of the
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afferents to NL (Jackson, Hackett and Rubel,
unpublished). In all cases, the rostromedial re-
gion is first differentiated.

The hypothesis that afferents are responsi-
ble for the control of dendritic size can also
account for the separate dorsal and ventral
gradients of length, as well as the overall gra-
dient orientation. The spatial segregation of
ipsilateral and contralateral afferents to the
dorsal and ventral dendrites, respectively, of
NL, coupled with the relatively weak coor-
dination of dendritic size on the dorsal and
ventral sides of NL cells (fig. 15), logically
suggest the existence of separate gradients on
the two sides of NL. The different orientations
of these gradients could result from different
spatio-temporal gradients of the arrival of the
afferents to the two sides of the nucleus. Con-
sonant with this interpretation are observa-
tions from Golgi-stained material (Jhaveri,
’78) and our own laboratory’s observations of
HRP-filled NM cells showing the ipsilateral
afferents approach NL along a primarily ros-
trocaudal trajectory while contralateral NM
projections follow a primarily mediolateral
trajectory across NL. Finally, the premise
that dendritic size is regulated on an areal
basis by NM afferents (to account for high
dorsal-ventral area correlation, fig. 16B)
requires that the NM projections average
their input over an area of NL. Consistent
with this interpretation, recent results from
in vitro analysis of embryonic brain stem
(Jackson et al., '78; Rubel et al., '78) show a
high degree of convergence and divergence of
the NM projections onto NL.

Numerous previous studies have demon-
strated that the development and mainte-
nance of dendritic size and structure are
dependent upon an intact afferent supply
(e.g., Globus, ’75; Benes et al., ’77; Kimmel et
al., ’77; Smith, ’77). As this principle becomes
accepted, more attention is being paid to possi-
ble mechanisms of afferent regulation of post-
synaptic structure (Perry and Cronly-Dillon,
’78; Stewart and Rose, *78). Whatever the pre-
cise mechanisms, an important component is
probably the amount or pattern of activity of
the afferents (Tanzi, 1893; Coleman and
Risesen, ’68; Uylings et al., "78; Rutledge, '78;
Borges and Berry, '78; Pittman and Oppen-
heim, ’78). Unfortunately, in most neural
systems it is difficult or impossible to specify
the amount of afferent activity available to
the cell or class of cells of interest in situa-
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tions where it has presumably been manipu-
lated (Rodieck, '67; Sakakura and Iwama, ’67;
Valverde, '67; Hubel and Wiesel, '70; Guil-
lery, ’72; Sherman et al., '72; Globus, ’73;
Greenough et al., ’73; Kasamatsu and Adey,
"74; Sherman and Stone, *74; Bradley and Ber-
ry, '76; Yoon, ’76; Sherman, '77; Borges and
Berry, ’78; Burke and Cole, ’78). NL and nu-
cleus magnocellularis may be unusually ame-
nable to the determination of the effects
of afferent activity on dendritic ontogeny. The
amount of afferent activity can be determined
by rate-intensity functions (Meller, ’72;
Kiang et al.,, ’73) and thereby directly con-
trolled, and the tonotopicity of these nuclei,
along with the limited diversity and spatial
segregation of inputs to NL, allows control by
the stimulus of the specific neural elements
activated.
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