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ABSTRACT
The organization of neurons and fibers in the cochlear nuclei of the alligator lizard
(Gerrhonotus multicarinutus)was examined with light and electron microscopy. In this species,
much is known about the anatomy and physiology of the inner ear including the cochlear nerve,
but little is known about the synaptic connections of cochlear fibers on second-order neurons.
These data will help to develop general principles addressing the cellular organization of the
vertebrate auditory system.
Subdivisions of the cochlear nuclei were defined on the basis of their histologic appearance
and neuronal composition. Neuron classes were proposed from their light microscopic and
ultrastructural features. Nucleus magnocellularis medialis consists of a homogeneous population of neurons called “lesser ovoid” cells. Nucleus magnocellularis lateralis consists of
“greater ovoid” and “small” cells. Nucleus angularis lateralis consists of “spindle” cells.
Lastly, nucleus angularis medialis contains a population of large neurons called “duckhead”
and “multipolar” cells, and a population of smaller neurons called “bulb” and “agranular”
cells.
These neuron populations are differentially innervated by tectorial and free-standing
cochlear fibers that are associated with separate frequency ranges. All neuronal populations
except agranular cells were observed to receive synaptic input from cochlear nerve fibers. In
nucleus magnocellularis medialis and nucleus angularis medialis, primary afferents form both
chemical and electrical synapses with resident neurons. These observations imply that acoustic
information is synaptically processed in fundamentally distinct ways in the cochlear nuclei of
alligator lizards and distributed along separate neural circuits. Thus, the characteristic
structural and functional dichotomy of the alligator lizard inner ear is extended to central
auditory pathways by way of cochlear nerve projections. c IYYG WiIeyLiss. ~ r i c .
Indexing terms: cytology,hearing, reptile, synapse, ultrastructure

The cochlear nuclei of the alligator lizard (Gerrhonotus
The inner ear of the alligator lizard has emerged as a
multicarinutus) represent accumulations of neuronal cell model system for studying vertebrate hair cells, and much
bodies in the dorsomedial elevation of the medulla upon anatomical and electrophysiological data are already availwhich the central projections of primary afferent fibers able. This basilar papilla contains two types of hair cells
terminate. These nuclei are the first site for neural process- (Mulroy, 1968, 1974).Unidirectional hair cells, called tectoing of sound stimuli in the brain. Furthermore, the cochlear rial hair cells, have a kinocilium oriented in a single
nuclei are not internally homogeneous, either with respect
to their component neurons (Miller, 1975) or their primary
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Fig. 1. A mature alligator lizard (Gherrhonotus multicurinutus) alongside a metric ruler with divisions in centimeters.

direction and are covered by a tectorial membrane. Bidirectional hair cells are not covered by a tectorial membrane
and are called free-standing hair cells. Each hair cell type is
innervated by a separate population of cochlear nerve fibers
(Miller, 1985; Mulroy and Oblak, 1985; Mulroy, 1986).
These two types of cochlear nerve fibers in turn exhibit
different responses to acoustic stimulation (Weiss et al.,
1974, 1976, 1978; Frezza, 1976; Manley, 1977; Holton and
Weiss, 1978; Weiss, 1984; Turner, 1987) and have spatially
segregated axonal projections into the brainstem (Szpir et
al., 1990). Given the structural and functional dichotomy of
the inner ear and cochlear nerve, we sought to investigate
to what extent these primary auditory components maintained their synaptic segregation at the level of the cochlear
nuclei and whether or not their organization would provide
any insights for vertebrate hearing.
Many, but not all, auditory structures in the reptilian
brainstem have homologous representation in the avian
and mammalian auditory system (e.g., Boord, 1968; Foster
and Hall, 1978; ten Donkelaar et al., 1987; Carr, 1992).
Some components of these auditory systems are generalized, whereas others are specific to mammals. If we are to
formulate a basic plan for the vertebrate auditory system,
analogous features arising from a common ancestral source
may be recognizable in structural features of the cochlear
nuclei and their individual neurons. Previous anatomical
studies of the cochlear nuclei of various lizard species have
been based on iron hematoxylin, reduced silver, and Nissl
methods (Holmes, 1903; Beccari, 1912; Miller, 1975). The
structural development of the cochlear nuclei is related to
the length and complexity of the basilar papillae (Miller,
1975). Subdivisions of the cochlear nuclei were also identified, but the variety and cytological characteristics of their
constituent neurons were not detailed. The present study
provides descriptions of neuronal types in the cochlear
nucleus as revealed by using both light and electron microsCOPY.

MATERIALS AND METHODS
Animals
A total of nine adult alligator lizards (Gerrhonotus multicarinatus), each weighing between 10 and 50 g, were used
in this study (Fig. 1).The animals were anesthetized by an
intraperitoneal injection of a 25% urethane solution dissolved in distilled water at a dosage of 3.1 mg/g body
weight. Five lizards were used for the ultrastructural
studies, and four lizards were used for the light microscopic
studies. Of the five lizards that were used for electron
microscopy, four had their cochlear nerves injected with
horseradish peroxidase (HRP). For light microscopy, three
lizards were used for normal Nissl preparations and one
was used for protargol staining.

Nissl material
Tissueprocessing. Three alligator lizards were transcardially perfused with 2.5 ml of a 1%sodium nitrite solution
dissolved in distilled water, followed by 20 ml of 0.15 M
phosphate buffer (pH 7.4) and 100 ml of fixative (4%
glutaraldehyde, 1%paraformaldehyde, 0.2% picric acid, and
4% sucrose in 0.15 M phosphate buffer, pH 7.4, at 21°C;
adapted from Barbas-Henry and Wouterlood, 1988). The
animals were decapitated and the heads stored at 21°C in
the same fixative overnight. The following day, the skulls
were opened and the hindbrains removed. Hindbrains were
then embedded in a gelatin-albumin mixture and sectioned
with a Vibratome in the horizontal plane at a thickness of
50 pm. The histological sections were mounted on gelatincoated slides, air dried overnight, and stained with a 0.5%
cresyl violet solution.
One lizard was perfused through the heart with 30 ml of
a lizard Ringer’s solution containing 1% sodium nitrite (pH
7.2), followed by 120 ml of a slightly modified Bouin’s
fixative (0.9% picric acid, 25% formalin, 5% glacial acetic
acid), and postfixed overnight in the same fixative. All
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solutions were maintained at room temperature (2 1°C).
The next day the brain was dissected out of the head, and
the Bouin’s fixative was leached out of the brain in a 10%
formalin solution over a period of 1week at 21°C. The brain
was then dehydrated in a series of graded alcohol concentrations, embedded in paraffin, cut on a rotary microtome into
15-km-thickhorizontal sections, and mounted onto gelatincoated slides. The sections were stained by using a modified
protargol method (Bodian, 1936).
Cyto- and fibroarchitecture. A cytoarchitectural atlas
was prepared by light microscopic examination of 50-km
sections through the cochlear nucleus cut in the horizontal
plane ( x 160 total magnification). This magnification permitted an assessment of relative cell size, shape, and density,
which are necessary for defining subdivision boundaries
between regions that differed cytoarchitecturally. The names
of the subdivisions follow a scheme developed by Miller
(19751, except that the nucleus angularis (NA) is parceled
into lateral (NAL) and medial (NAM) components based on
primary afferent connections (Szpir ct al., 1990) and anatomic differences described in this study.
A fibroarchitectural atlas was created from tracings of
alternate 15-km-thick horizontal sections (magnification
approximately 3 0 0 ~that
) were stained with protargol. The
protargol method provided a complement to the Nissl
material by staining neuronal processes, some neuronal
perikarya, and long strands of intracellular material deemed
neurofibrils. There is evidence that neurofibrils seen in
protargol-stained tissue represent collections of neurofilaments (Boycott et al., 1961; Potter, 1971; Gambetti et al.,
1982). One feature of this preparation is that the general
texture of the neuropil and major fiber bundles are revealed. The presence of these features helped make it
possible to identify subdivisions within the cochlear nucleus.
The borders of the cochlear nucleus and other structures
were defined by changes in fiber thickness, orientation, and
density, and these borders coincided closely with those
defined by Nissl staining. The nomenclature and identification of nonauditory fiber tracts and regions are based on
studies by Schwab (19791, which employed the protargol,
Lux01 fast blue, or the Golgi-Cox method on 26 species of
lizards including the alligator lizard, and a study by ten
Donkelaar and Nieuwenhuys (1979), which employed the
cresyl violet and Haggqvist methyl blue-eosin stains on a
tegu lizard (Tupinamhis nigropunctatus).
Cell classification. The cochlear nuclei were also examined with high-power (1,600X ) light microscopy. The highpower ( X 100 oil-immersion objective, NA 1.25) observations were used for defining the neuronal types found
within the cochlear nucleus. The light microscopic assessment of neuronal types was based on features reliably
recognized in Nissl-stained material, such as the location
and shape of the cell body, the shape and placement of the
nucleus, and the staining properties of the nucleus and
cytoplasm. On the basis of these features, criteria were
devised for classifying neurons of the cochlear nucleus.
The neuronal nucleus was considered to be either “round”
or “irregular.” A nucleus was considered round if it presented a circular or ellipsoidal outline, with no invagination
greater than one-third of the nuclear diameter. A nucleus
was considered “clear” when its area was more lightly
stained than the surrounding cytoplasm, in contrast to a
“dark” nucleus that stained more densely than the surrounding cytoplasm. Descriptive names were given to neuronal types that were reliably identifiable in Nissl-stained
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sections of the cochlear nucleus. Neurons of the transition
zones between neighboring subdivisions could not always
be classified.
Cell measurements and cell counts. The outlines of
Nissl-stained cell bodies were drawn with the aid of a light
microscope and drawing tube at a total magnification of
8 0 0 ~ The
.
cross-sectional areas of their cell bodies were
measured with a computerized planimeter. Only identifiable neuronal types with visible nucleoli were included in
the measured sample. Cross-sectional area was not used as
the primary classification criterion but served as a practical
secondary descriptor of cell types. The area of every classifiable neuron from every section of the NMM, NML, and
NAL, and from alternate sections of the NAM was measured. The cell counts are based on every classifiable and
unclassifiable neuron from every section of three cochlear
nuclei. Cell counts are not adjusted for split nucleoli.

Electron microscopy
Tissue processing. In four anesthetized animals, extracellular injections were made into the cochlear nerve by
passing 1-5 PA of positive current (15 minutes, 50% duty
cycle) into a micropipette (10 krn I.D.) filled with 30% HRP
in 0.05 M Tris buffer, pH 7.3. Approximately 24 hours after
the last injection of HRP, animals were perfused through
the heart with 2.5 ml of a 1% sodium nitrite solution
dissolved in distilled water, followed by 20 ml of 0.15 M
phosphate buffer (pH 7.41, and 100 ml of fixative (4%
glutaraldehyde, 1%paraformaldehyde, 0.2% picric acid, and
4% sucrose in 0.15 M phosphate buffer, pH 7.4; BarbasHenry and Wouterlood, 1988). A fifth lizard was simply
anesthetized and perfused through the heart. All animals
were decapitated and the heads stored in the same fixative
overnight without exposing the brains. The next day the
hindbrains were removed and embedded in a gelatinalbumin mixture, hardened with glutaraldehyde, and sectioned in the horizontal plane with a Vibratome at a
thickness of 50 km.
Animals whose cochlear nerves were injected with HRP
were processed with 3,3’-diaminobenzidine (DAB, Sigma)
using standard histochemical methods (e.g., Szpir et al.,
1990).Briefly, sections were washed several times with Tris
buffer, pH 7.6, and then incubated for 1 hour in a solution
of 0.1 M Tris buffer, pH 7.6, containing 0.5% CoClz and 1%
dimethyl sulfoxide (DMSO). The tissue was washed in Tris
buffer, washed in 0.1 M phosphate buffer, pH 7.3, and then
preincubated for 15 minutes in a phosphate buffered solution containing 0.05% DAB and 1%DMSO. The sections
were transferred to a fresh solution of DAB, DMSO. and
0.01% HzOz for 1 hour. All tissue, normal and HRP
injected, was prepared for electron microscopic examination using the standard procedures that have been described elsewhere (e.g.. Ryugo and Sento, 1991). Briefly,
they were osmicated for 15 minutes in 1%osmium tetroxide
dissolved in distilled HzO, block stained with 2% uranyl
acetate for 1 hour, dehydrated, and embedded in Epon
between two sheets of Aclar. The Aclar and the embedded
tissue were mounted on histological slides and examined
with a light microscope.
Tissue was studied with the aid of a light microscope at
low (160x1 and high ( 1 , 6 0 0 ~ power
)
to identify labeled
free-standing or tectorial fibers and to select subdivisional
regions for electron microscopic investigation. Electron
micrographs were taken with a JEOL JEM 100s or lOOCX
electron microscope at magnifications from x 1,000 to
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by the parent axons of free-standing fibers entering NAM,
whereas the rostral border of NAL is bounded by the
ependymal cells at the edge of the fourth ventricle.
The lateral border of NAL is contiguous with neurons of
the vestibular nuclei, and the medial border is bounded by
the large and small neurons of NAM. Vestibular neurons of
the adjacent vestibular nuclei are generally larger and
RESULTS
darker than the spindle cells. A few spindle cells are
In the alligator lizard, the cochlear nuclei (or acoustic intermixed with bordering vestibular and NAM cells, so the
tubercle) lie in the dorsal medulla, bordered laterally and boundaries of the NAI, were made through the middle of
ventrally by vestibular nuclei and medially by the fourth these transition zones.
Nucleus angularis medialis (NAM). The NAM forms
ventricle (Fig. 2). Within the nucleus, differences in cell
shapes, sizes, and staining properties reveal that it is not a the most rostromedial corner of the cochlear nuclei. The
homogeneous structure. Based on cyto- and fibroarchitec- bulge of the cochlear nuclei into the fourth ventricle
tural criteria, the cochlear nuclei can be partitioned into represents where NAM lies beneath NAL. This landmark is
four subdivisions: nucleus magnocellularis medialis (NMM), visible on the dorsal surface of the alligator lizard's medulla
nucleus magnocellularis lateralis (NML),nucleus angularis and on the medial edge of the nucleus in horizontal
lateralis (NAL), and nucleus angularis medialis (NAM). At sections. The narrowing of'the fourth ventricle just behind
certain levels in the horizontal plane, all four subdivisions this bulge approximates the border between NAM and
may be seen in a single section (see Fig. 2 of Szpir et al., NML. The NAM is approximately 400 pm in length, width,
1990). These subdivisions are congruenl with the distribu- and depth. This subdivision consists of two large neuronal
types, duckhead and multipolar cells, and a population of
tion of primary afferent arborizations.
small cells. Small cells form a single class at the light
microscopic level but can be subdivided into two populaCytoarchitecture
tions using ultrastructural criteria. Duckhead cells and
Nucleus magnocellularis medialis (NMM). The NMM small cells make up the majority of neurons in the cochlear
is an elongated structure, approximately 500 pm long nuclei. For the most part, duckhead and small cells appear
(rostrocaudal), 100 pm wide (mediolateral), and 100 pm to be intermingled throughout the subdivision, whereas
deep (dorsoventral). This nucleus is distinctive by virtue of multipolar cells occur predominantly in the dorsal parts of
its homogeneous composition of a single cell type, the lesser the NAM.
ovoid cell. For most of its perimeter, the NMM is isolated
from other nonauditory neurons by cell-free (neuropil)
Fibroarchitecture
regions. A vestibular neuron may occasionally encroach
The fibroarchitecture of the cochlear nuclei corresponded
upon the lateral border of the NMM, but it is easily
distinguishable from the lesser ovoid cells by its round with cytoarchitecturally defined subdivisions (see Figs. 3
nucleus.
and 4 of Szpir et al., 1990). Protargol-stained sections
Nucleus magnocellularis lateralis (NML). The NML is revealed patterns of the primary afferent fibers and differapproximately 500 pm long, 400 pm wide, and 150 pm ences in texture of the neuropil within subdivisions of the
deep. This nucleus contains two classes of neurons: large nuclei. In addition, this histologic material illustrated that
cells called the greater ovoid cells and small cells. Greater the cochlear nuclei are bounded laterally by neurons of the
ovoid cells and small cells are intermixed throughout the vestibular nuclei, the descending fibers of these nuclei, and
subdivision, except in the rostromedial corner where there the primary vestibular afferent fibers.
is a clustering of small cells and no large cells. The border
Nucleus magnocellularis medialis (NMM). The NMM
between NML and NMM corresponds roughly to the region is characterized by a thick cord of fibers that are the
where the cochlear nuclei begin to bulge laterally. Within descending branches of afferent tectorial fibers. These
this transition zone, lesser ovoid cells are intermingled with descending branches lie dorsal to most NMM neurons. In
greater ovoid and small cells. The border between NML and the caudalmost region of NMM, this cord is replaced by
NMM was drawn through the middle of this transition neurons and nonstaining regions. This region contains the
zone. The medial border of the NML lies closer to the edge terminal arborizations of tectorial fibers as seen in HRPof the fourth ventricle than does that of the NMM. The labeled material. The borders of NMM are clearly evident
lateral edge of the NML is bounded by vestibular neurons from the surrounding neuropil because of the heavy stainand the bifurcation of primary afferent tectorial fibers ing of tectorial fibers and the presence of neurons.
Nucleus magnocellularis lateralis (NML). The caudal
(Szpir et al., 1990). The adjacent vestibular nucleus is
distinguished by an absence of greater ovoid cells. The border of NML is distinguishable from NMM by a change in
rostral border of the NML is partly segregated from the NA the direction and thickness of the constituent fibers. The
by a cell-free region occupied by primary afferents, mostly NML is comprised of fine fibers that are generally oriented
free-standing fibers. Where the two subdivisions abut each medially to laterally, whereas the thicker fibers of NMM are
other (in the rostromedial corner of NML), there is a oriented rostrally to caudally. The lateral border of NML is
change in cell type from a uniform concentration of small defined as the region where tectorial fibers bifurcate.
cells of NML to the presence of large and small cells of Regions containing both tectorial fiber bifurcations and
neurons are included as part of the NML. The medial
NAM.
Nucleus angularis lateralis (NAL). The NAL is approxi- border of NML adjoins the ependymal cells lining the
mately 250 pm in length and 100 pm in width and in depth. fourth ventricle. The rostral border of NML is bounded by
This subdivision consists of a single neuron type, the NAM and the roots and branches of free-standing fibers.
Nucleus angularis lateralis (NAL). This subdivision is
spindle cell. Dorsally, NAL overlies NAM; in more ventral
regions, spindle cells of NAL reside lateral to the large and defined primarily by the presence of the ascending branches
small cells of NAM. The caudal border of NAL is delineated of the tectorial fibers that are aligned in the rostrolateral to
~ 2 0 , 0 0 0and printed at final magnifications of ~ 3 , 0 0 0 50,000. The diameters of synaptic vesicles (means S.D.)
from randomly selected terminals were measured from the
highest magnification photomicrographs with a computeraided planimeter (Sigmascan, Jandel Scientific).
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Fig. 2. Lateral (A) and dorsal (B) views of an alligator lizard brain
illustrate the location of the cochlear branch (nVIIlp) of the vestihu locochlear nerve and cochlear nuclei (CN) in the medulla. The location of
the basilar papilla (BPI and the anterior root of the vestibulocochlear
nerve InVlIIa) are indicated. The bulges of the left and right cochlear
nuclei may be seen on the surface of the medulla immediately caudal to
the base of the cerebellum (Cb). C: The position of the left cochlear

nuclei is indicated by stippling, and the subdivisions of the right
cochlear nuclei are labeled. Cr, cerebrum; Hyp, hypophysis; 1x11, optic
nerve; nIV, trochlear nerve; nV, trigeminal nerve; NAL, nucleus
angularis lateralis; NAM, nucleus angularis medialis; NML, nucleus
magnocellularis lateralis; NMM, nucleus magnocellularis medialis; OB,
olfactory bulb; OT, optic tectum; SpC, spinal cord.

caudomedial direction. Also prominent are the nuclei of
resident spindle cells. This small region is marked by this
distinctive orientation and density of its neuropil.

Nucleus angularis medialis (NAM). The fibrous texture of NAM defines a sphere at the tip of the bundle of
ascending, free-standing fibers. This texture is relatively
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TABLE 1. Summary Data for Neurnri Types in the Cochlear Nuclei of Alligator Lizards
Region
NMM
NML
N'4L
NAV

Neuron
type

Counts

(%I1

Area
(&m2? S.D.)

Cytology: Distinctive
features

Cochlear nerve
inputs

215 i 47
251 -+ 62

highly invaginated. eccentric nuclei
highly invaginated, eccentric nuclei
largc mitochondria
pale cytoplasm, few organelles
pale nuclei with sc.dloped envelope
perinuclear rough EH,soma resembles
namesake
low mitochundrial density, no 1" synapses
cytoplasm i s ribosome rich, orgnnelle poor

tectoiialr100-800 HLJ
mostly tectonal, some FS
mostly tecmnal, some FS
tectorlal(100-800 Hz)
FS 19004,000 Hz)
FS l900-4,OOO Hz)

lesser ovoid
greater ovoid
small
spindle
multipolar
duckhedd

135 (12.5)
5 1 (4.7)
59 (5.5)
76 (7.1)
36 (3.3)
179 (16.61

115 i 21
254 i 53
296 ? 59

agranulm
bulb

327 (30.4)

141 f 30

subtotal
unclassified
total

2

134 i 31

2

none
FS (900-4,000 Hzl

563 (80.2)
213 (19.8)
1,076 (100)

'Percentages of total counts shown in parentheses
2Numhers included with agranular cells.

primary dendrites may be seen to arise from the pole
opposite the nucleus. Occasionally, a small nonstaining
area beneath the plasma membrane at the pole bearing the
nucleus may be seen (Fig. 3A, arrow). Ultrastructural
observations revealed that this area is the site of the axon
hillock.
Electron microscopic examinations confirmed that the
NMM contained a rostrocaudally oriented bundle of myelinated. descending branches of tectorial fibers. Also present
were the structurally homogeneous profiles of neuronal cell
bodies and dendrites typical of a single neuron type. The cell
body contained an eccentrically placed nucleus that was
highly invaginated on the perikaryal side, often resembling
a medusa (Fig. 3D). The chromatin was uniformly distribNeuronal types
uted and more electron dense than the cytoplasm. The
The cochlear nuclei of the alligator lizard consist of at nucleus may contain one or more nucleoli. These nucleoli
least eight neuronal types. Four of the neuronal types often appeared attached to the nuclear envelope.
The axon hillock was located in the pole of the cell that
(lesser ovoid, greater ovoid, duckhead, and multipolar cells)
have relatively large somata (mean cross-sectional area housed the nucleus, and a single dendrite usually emerged
>200 p.m2), whereas the other neuronal types (spindle from the opposite pole. Adjoining the nucleus on its invagicells, NML small cells, and NAM agranular cells and bulb nated perikaryal aspect is an expansion of rough endoplascells) have relatively small somata (mean cross-sectional mic reticulum (ER), consistent with the light microscopic,
area <150 pm2; Table 1). Because separate, small cell perinuclear Nissl cap. Rough ER and polysomal clusters are
populations were not always distinguishable at the light found in other parts of the cell as well, especially near the
microscopic level, ultrastructural characteristics were im- plasmalemma. In all somatic profiles, several stacks of
portant adjuncts to the classification of neuron populations. Golgi apparatus were found near the ER. The Golgi apparaLesser ovoid cells of the NMM. Within the borders of tus consisted of three to six cisterns associated with a
NMM, the homogeneous population of neurons exhibiting number of vesicles. The perikaryal and dendritic profiles in
deeply invaginated nuclear envelopes (irregular nuclei) the NMM were densely populated with mitochondria. Large,
were classified as lesser ovoid cells (Fig. 3A-C). In rare round, and pale granules were often found near the nucleus,
instances. neurons with smooth nuclear envelopes (round and multivesicular and residual bodies were distributed
nuclei) would encroach upon the lateral border of the throughout the perikaryon.
The perikaryal membrane is typically smooth or slightly
NMM. Such neurons were not classified because they
presumably represented nonauditory neurons. Lesser ovoid rippled. Axon terminals of various sizes covered a large
cells were found exclusively in the NMM and along the proportion of the somatic perimeter and commonly formed
transition zone between NMM and NML. The relatively junctional complexes with the cell membrane. Those areas
large cell body is typically ovoid (mean diameter, 16.5 ? 1.8 of the cell surface that were not covered by synaptic
km; range of cross-sectional area, 96-443 km2). The en- terminals were usually apposed by neuroglial cells or their
larged end of the cell body holds a crescent-shaped nucleus processes. Occasionally, the plasma membranes of two
whose concave side faces a small amount of Nissl substance NMM cells were in close apposition to each other and
and a diffusely stained perikaryon (Fig. 3A-C). The long formed contacts that resembled adheringjunctions.
Greater ovoid cells of the NML. One of the two types of
axis of the cell body is usually aligned in the rostrocaudal
direction, parallel to the descending branches of Ihe affer- neurons in the NML exhibited conspicuously large, oval cell
ent tectorial fibers. In three animals, there were 115, 142, bodies with irregularly shaped nuclei. These large neurons,
and 147 lesser ovoid cells per NMM subdivision, with a with their long axes oriented in the rostrocaudal direction,
mean of 135 (Table 1).The nucleus is located in the caudal were classified as greater ovoid cells (Fig. 4A,B). Although
pole in 7 5 9 of the cells; otherwise, the nucleus is located in cell body sizes (mean diameter, 18.8 2 2.1 pm; range of
the rostral pole (15%) or midway between the two poles cross-sectional area, 1 3 5 4 4 4 pm2) overlapped somewhat
(10%). Typically, short proximal portions of one or two with those of lesser ovoid cells, the population means were
uniform throughout the nucleus, but its appearance in
relation to the free-standing fiber bundle and other cell
groups varies at different levels of the nucleus. Dorsally,
NAM is bounded caudally by NML. The border of these
subdivisions is defined by changes in the orientation and
caliber of the fibers. Fibers of NAM consist of thick primary
branches of free-standing fibers that are generally oriented
in the rostrolateral to caudomedial direction. In contrast,
NML contains the thinner terminal branches of tectorial
fibers that are generally aligned in the mediolateral direction. At more ventral levels, N M is encircled by longitudinally oriented fibers that stream past its lateral and medial
sides.
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Fig. 3. A-C: Lighl micrographs of lesser ovoid cells of the NMM.
These cclls are the only neurons to populate this subdivision. The long
axis of these cells is characteristically aligncd in the rostrocaudal
direction, and the crescent-shaped nuclei tend to be located in the
caudal pole. A clear region of the cytoplasm near the nucleus (arrow in
A) represents thc site of the axon hillock. D: Electron micrograph of
lesser ovoid cell. The eccentric and highly invaginated nucleus (Nuc)i s
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typical of this cell type. An abundance of rough endoplasmic reticulum
(ER) surrounds the nucleus but is more concentrated on thc cytoplasmic facc of thc nucleus. The nucleolus frequently abuts the nuclear
envelope (arrow),and large, membrane-bound spheroids are commonly
observed near the nucleus (asterisks). Scale bars = 20 km for A-C, 5
p n in D.

Fig. 4. A,B: Light micrographs of greater ovoid cells of the NML.
These cells represent larger and more darkly stainingversions of lesser
ovoid cells in the NMM. The long axis of the cell is aligned in the
rostrocaudal direction, and the nucleus is pale-staining, crescentshaped, and highly invaginated. The irregular, cytoplasmic side of the
nucleus is bounded by a prominent accumulation of Nissl substance,
which helps to distinguish these neurons from lcsscr ovoid cells. There
is a clear region near the nucleus (arrow) that represents the axon

hillock. C: Electron micrograph of greater ovoid cell. The ultrastructural features of these cells were consistent with light microscopic
descriptions. The nucleus is highly invaginated and associated with
conspicuous amounts of rough cndoplasmic reticulum (RER). The
cytoplasm contains membrane-bound spheroids (asterisk) and an occasional membrane-bound spheroid (fat arrow) of unknown significance.
Mit, mitochondria; RB, residual body. Scale bar = 20 brn for A and B.

Fig. 5. A-C: Light micrographs of small cells (arrows) of the KML.
These cells have eccentric, evenly staining, and generally round nuclei.
The perikarya have a homogeneous, flocculent appearance with discrete
clumps of Nissl substance. D: Electron micrograph of NML small cell.

These cells are recognizable by the large size of their mitochondria (Mit)
and a paucity of rough endoplasmic reticulum. GA, Golgi apparatus; GI,
perineuronal neuroglial cell; Nuc, nucleus. Scale bar = 20 (*rnfor A-C.
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Fig. 6. A-C: Light micrographs of spindle cells of the NAL. Thcsc
cells are found only in the NAL and are oriented parallel to the
ascending branches of tectorial fibers. The cell body is elongated with a
mottled appearance in contrast t.o the round, uniformly stained nucleus.
D: Electron microgaph of spindle cell. These cells are characterized by

light-stainingcytoplasm containing fcw organelles and a nucleus (Nuc,
that is relatively electron dense compared with the cytoplasm. Within
the nucleus are relatively large clumps of chromatin that are attached
to the nuclear envelope [arrows).GA. Golgi apparatus. Scale bar = 20
p m for A-C.

statistically different ( P < 0.001). The number of greater
ovoid cells in the NML was 46,54, and 54, with a mean of 51
(Table 1).
The nucleus was usually eccentric and more highly
invaginated than that of the lesser ovoid cell and could be
found in any region of the cell body. A prominent, darkly
stained accumulation of Nissl substance nestled along the
perikaryal side of the nucleus. In general, the perikaryon of
the greater ovoid cell stained homogeneously and more
darkly than that of the lesser ovoid cell. A clear area
presumed to be the axon hillock was commonly seen in that
pole of the cell containing the nucleus (Fig. 4A, arrow).
Ovoid cells contain irregularly shaped nuclei, perinuclear
stacks of rough ER, very large perinuclear granules (not

found in other neurons of the cochlear nuclei),and exhibit a
smooth somatic surface (Fig. 4C). The plasma membranes
were occasionally found to appose each other with structures resembling adhering junctions. Although structural
features of these greater ovoid cells resemble those of the
lesser ovoid cells, greater ovoid cells are nevertheless
reliably distinguishable. The greater ovoid cells are larger
and more elongated, their nucleus is more irregular in
shape and may be found in any region of the cell body, and
the cytoplasm has more rough ER and a greater density of
polysomes.
Small cells of the XML. The other cell type within the
NML were smaller and had round, relatively dark, staining
nuclei (Fig. 5A-C). Such cells were called small cells (mean

ALLIGATOR LIZARD COCHLEAR NUCLEI

227

Fig. 7. A-C: Light micrographs of multipolar cells of the NAM.
These cells have an irregular shape due to the presence of multiple
primary dendrites, and the perikaryon is typically flecked with large
patches of Nissl substance. The prominent, centrally placed nucleus is
round, unstained, and partially bounded by clumps of Nissl substance
or a thin dark ring. D: Electron micrograph of a multipolar cell. The

fine-grained nucleus is characterized by scdhped edges and an occasional deep, thin invagination. Bands of chromatin and small amounts
of rough endoplasmic reticulum (RER) abut the nucleus, corresponding
to the stainingfeatures ofthe nucleus as seen with the light microscope.
Scale bars = 20 pm for A-C, 5 km in D.

diameter, 12.9 + 1.5 pn; range of cross-sectional area,
73-224 p,m2).These small cells tended to concentrate in the
most rostromedial part of this subdivision. The number of
small cells was 39,63 and 76, with a mean of 59 (Table 1).
Small cells are characterized by their round nucleus and
relative absence of rough ER (Fig. 5D). Although the

nuclear envelopes of the small cells may be slightly irregular, they are never as deeply invaginated as the nuclei of the
larger ovoid cells. In addition, the mitochondria of these
cells are distinct by their large size (approximately 0.5 km
in diameter) and numerous cristae. In contrast, the mitochondria of the other neurons in the cochlear nuclei are

Figure 8
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small (approximately 0.2 pm in diameter) and contain
relatively few cristae.
Spindle cells o f the NAL. All neurons of the NAL were
small, fusiform in shape, and exhibited dark-staining nuclei
(Fig. 6A-C). They are called spindle cells because of their
elongated somata (mean diameter, 12.0 c 1.1 pm; range of
cross-sectional area, 72-182 km2). The number of spindle
cells was 59, 78, and 92, with a mean of 76. The long axis of
the cell body tends to be oriented in the rostrolateral to
caudomedial direction, aligned parallel to the ascending
branches of tectorial fibers. The nucleus appears as a
uniform blue disc within the blotchy cytoplasm when
stained with cresyl violet and is typically eccentric, often
bulging against one edge of the perikaryon.
The pale cytoplasm is in stark contrast to the surrounding neuropil at the ultrastructural level and occupies a
relatively small proportion of the somatic profile. There are
small, discrete clumps of rough ER, but the cytoplasm is
characterized by a general paucity of organelles (Fig. 6D).
The ER and the Golgi apparatus are poorly developed, and
relatively few mitochondria1 profiles are visible. The nucleus
is ovoid or irregular in shape and elongated parallel to the
long axis of the cell. It occupies an eccentric location and is
strihngly more electron dense than the surrounding cytoplasm. The chromatin appears as large granules and accumulates on the inner surface of the nuclear envelope. The
plasma membrane is generally smooth and is in contact
with synaptic terminals, myelinated axons, or astrocytic
lamellae.
Multipolar cells o f ,K4hi" All large neurons that exhibited clear, round nuclei were classified as multipolar cells
(Fig. 7A-C). These cell bodies are large (mean diameter,
17.9 ? 1.9 km; range of cross-sectional area, 167-390 pm2)
and oval to polygonal in shape, with a grainy cytoplasm that
results from a high concentration of free ribosomes. The
number of multipolar cells was 26, 35, and 48, with a mean
of 36 (Table 1).Frequently, two or more primary dendrites
are visible, which endow the neuron with its multipolar
shape. These cells are characterized by large translucent
nuclei whose nuclear membranes have scalloped edges and
an occasional deep but narrow invagination (Fig. 7D). The
mottled composition of the perikaryon (Fig. 7A-C) correlates with the many prominent stacks of rough ER (Fig. 7D).
Duckhead cells o f iVAM. The overall light microscopic
appearance of this particular cell type resembles the silhouette of a duck's head (Fig. 8A-C). These neurons are large
(mean diameter, 19.4 2 1.9 pm; range of cross-sectional
area, 157-472 pm'), with irregularly shaped and eccentrically placed nuclei. The number of duckhead cells was 167,
173, and 198, with a mean of 179. Typically, two proximal
dendrites are visible at roughly opposite poles. The nucleus
is pale-staining, highly invaginated, and frequently located

Fig. 8 . A-C: Light micrographs of duckhead cells (arrows) of the
NAM. The eccentric and irregularly shaped nucleus of this cell type is
usually located near the origin of nne of its primary dendrites. In
combination with the nucleolus and shape of the cell body, there is a
distinct impression of a duck's head. One or two primary dendrites are
usually visible. D: Electron micrograph of a duckhead cell. This cell
typically has an eccentric and irregularly shaped nucleus (Nucl that is
located near the origin of one of its primary dendrites (Den) or its axon
hillock (AH). The nucleus itself exhibits a uniformly stained chrnmatin
pattern, and its cytoplasmic face abuts an abundance of rough endoplasmic reticulum (RER). GA, Golgi apparatus; PV? terminal containing
plcomoiphic vesicles; SV. terminal containing spherical vesicles. Scale
bar = 20 km for A-C.

near the origin of a dendrite (Fig. 8D). The chromatin
stains in a uniform pattern, and a prominent stack of rough
ER is associated with the cytoplasmic side of the nucleus.
The perikaryon appears flocculent in the light microscope,
seemingly due to the dispersed clumps of ER. There are few
free ribosomes in the cytoplasm, giving the cell body a very
light bearing. A conspicuous, pale region of cytoplasm,
completely free of organelles, can be found in the vicinity of
the nucleus and is interpreted as the site of the axon hillock.
Many synaptic terminals appose the plasma membrane at
this site.
Agranular cells o f NAM. Small neurons of the NAM
could be separated from one another at the light microscopic level but with some difficulty. The combined number
of small cells was 236, 344, and 401, with a mean of 327
(Table 1). The two classes of small cells were best distinguishable at the ultrastructural level. In the light microscope, the agranular cells are typically ovoid and are
distributed throughout the NAM (mean diameter, 13.3 +
1.4 pm; range of cross-sectional area, 64-239 pm2). These
cells have a small, round, eccentric nucleus that appears
relatively darkly stained (Fig. 9A-C). Ultrastructurally,
agranular cells are distinguished from multipolar cells by
the paucity of dendritic processes, their darkly stained
nuclei, and relatively lightly stained perikarya. They have
the lowest mitochondria density of all cells in the cochlear
nuclei, and so the presence of Golgi apparatus seems to
dominate the cytoplasm (Fig. 9D). Agranular cells are
unique among the neurons of the cochlear nuclei because
they do not receive any synaptic terminals from freestanding or tectorial fibers onto their cell bodies.
Bulb cells of NAM. These cells have somata that are
slightly larger than NAM agranular cells. Similar to NAM
agranular cells, bulb cells have lightly stained cytoplasm,
round nuclei, and slightly elongated somata (Fig. 10A-C).
At the ultrastructural level, however, bulb cells are more
readily distinguishable from agranular cells. Bulb cells
receive axosomatic input from primary fibers, their cytoplasm exhibits a distinctly granular appearance due to a
large quantity of free ribosomes and polysomes combined
with a relative paucity of organelles, and the nucleus
appears pale due to the fine and uniformly dispersed
chromatin. Moreover, the nuclear envelope is rounded, and
there are small clumps of chromatin immediately adjacent
to the nuclear envelope (Fig. 10D).
Unclassified neurons. Due to the conservative criteria
used in the classification and measurement of cell types,
approximately 20%,of all neurons were not classified. The
unclassified neurons are primarily cells that are located at
or near the mutual borders of various subdivisions. As a
result, small cells at or near the common borders of the
NAL and the NAM,or the NAM and the NML, were not
classified, although they undoubtedly belonged to one of the
categories. Similarly, the unclassified neurons near the
common border of the NMM and the NML were clearly
either lesser or greater ovoid cells. A third group of
unclassified neurons consists of cells near the common
borders of the cochlear nuclei and various vestibular nuclei.
This occurred at the boundaries of the NAL, NAM, and
NML. Consequently, the cell count values for each cell
population probably underrepresent the actual numbers.

Synaptic ultrastructure
Throughout all subdivisions of the cochlear nuclei, the
cell bodies of neurons are intermingled with myelinated
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Fig. 9. A-C: Light micrographs of NAM agranular cells (arrows).
The small round nucleus is characteristically darkly and uniformly
stained relative to the cytoplasm and usually eccentric. The perikaryon
appears blotchy and its peripheral edges often have small beads of Nissl
substance. D: Electron micrograph of NAM agranular cell. The eccentric nucleus (Nuc) displays a number of notched invaginations housing
rough endoplasmic reticulum (RER), which is quite prominent within

the cytoplasm, hut otherwise there are few organelles. Mitochondria
content is the lowest for this cell type when compared with other
neurons of the cochlear nuclei. Importantly, this cell type was not
observed to receive primary input (e.g., horseradish peroxidase [HRPIlabeled or unlabeled terminals containing round synaptic vesicles) onto
its cell body. Scale bars - 20 p,m for A-C, 5 pm for D.
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Fig. 10. A-C: Light micrographs of NAM bulb cells (arrows).These
cclls appear as smaller versions of the multipolar cell by virtue of their
irregular but roundish somata and round nuclei. D: Electron micrograph of NAM bulb cell. .4t the ultrastructural level, bulb cells differ
from multipolar cells in several cytologic features Bulb cells are
identifiable by their large quantities of free ribosomes, a low density of'

organelles, a nucleus (Kuc) with a nonscalloped envelope, and the
presence of clumped chromatin adjacent to thc nuclcar cnvelope
(arrowheads).Bulb cells are distinguishable from PiAM agranular cells
by a ribosome-rich cytoplasm and the presence of synaptic terminals
from primary fibers against their cell bodies. Scale bars = 20 km for
A-C. 5 krn for D.

axons, dendrites, axon terminals, and glial cells. In general,
the profiles of these structures are distinguishable from
each other. Synaptic terminals contact cell bodies and/or

dendrites. In addition to terminals containing round vesicles,
the synaptic vesicles can appear pleomorphic (Fig. 11A) or
flattened (Fig. 11B). Only terminals containing round
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Fig. 11. Electron micrographs of terminals containing pleomorphic (A) and flat 0 3 ) synaptic vesicles
that arc representative for the cochlear nuclci of the alligator lizard. In all subdivisions, these types of
terminals make synaptic contacts with cell bodies. as illustrated in this figure (between arrows), and with
dendrites. Scale bar = 0.5 r*m.

vesicles were labeled with HRP, and the profiles of these
terminals could be large or small. In contrast, terminals
containing flattened or pleomorphic vesicles were never
labeled with HRP and were always small (1-2 pm) in
diameter. Nothing is known about the source of the endings
with flattened or pleomorphic vesicles.
Ultrastructural observations indicate that the two types
of cochlear fibers make axodendritic and axosomatic contacts with secondary neurons in the cochlear nuclei. Terminals are usually densely packed with round vesicles crowded
between profiles of mitochondria. These vesicles are remarkably uniform in size and shape. The synaptic contacts are
asymmetric, and the postsynaptic density may be curved or
flat. Although primary synaptic endings of free-standing
and tectorial fibers exhibit similar morphologic features,
their segregated distribution within the cochlear nuclei
permits ultrastructural analyses.
Tectorial fibers. Tectorid fibers distribute terminals
exclusively to three
subdivisions: NML,
and
NAL. These fibers are
thick (2.5-6.0 pm; Fig.
12A) and bifurcate into prominent ascending and descending branches upon entering the cochlear nuclei. Their
terminals are densely packed with mitochondria and round
synaptic vesicles (34.7 3.0 nm in diameter; Fig, 12B,(=),
HRP-labeled
of tectorial fibers are homogeneous
instances were
in
in these respects and in
size, shape, and cytologic appearance to Profiles of unlabeled terminals. The unlabeled terminals resembling those
NMM7

of labeled tectorial terminals contained clear, round synaptic vesicles that were 35.4 ? 2.7 nm in diameter. We infer
that most of the terminals having round synaptic vesicles in
the cochlear nuclei were of primary origin.
Synapses from labeled terminal swellings are found on
the somata and primary dendrites of lesser ovoid cells of
NMM, greater ovoid cells and small cells of NML, and
spindle cells of NAL. The synaptic contacts are typically
short, asymmetric, and slightly convex toward the presynaptic side. Profiles with round vesicles are small terminal
swellings (Fig. 1 2 0 or in the case of lesser ovoid cells, large
endbulbs of Held (Fig. 13). In the NMM, tectorial fibers
formed mixed synapses where there was clear structural
evidence for chemical transmission along standard synapses and for electrical transmission through gap junctions

micrographs of different parts of HRp-labeled
~ i12,~p;lectron
,
rer&n (Nd) is indicated by the
tectorial fibers in thc NMM, A A
lack of a myclin covering flanked by pockets of paranodal cytoplasm
(Pn)beneath the myelin sheath (My).The node itselfaccumulates a few
mitochondria (Mit) and vesicles. B,C: HRP-labeled synaptic endings
contact lesser ovoid cells at the base of primary dendrites. Synapses are
characterized by the prescncc of many homogeneous, round vesicles, a
slightly widened synaptic cleft, and a postsynaptic density (between
arrowheads). The axosomatic synapse is indicated by the asterisk. Ax,
axon; Pro, dendritic process; Som, cell body; Tec, tectorial synaptic
ending.
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Figure 12

Fig. 13. Electron micrographs of large, axosomatic endings in the
NMM that arise from tectorial fibers. These characterisitic endings
(EB! are homologous to the mammalian endbulbs of Held on the basis
of large apposition length (A) and outward arching of the postsynaptic
density toward the presynaptic ending (arrow in C ) . They differ from

mammalian endhulbs by virtue of their axnsomatic synapses with two
different neurons (B).These terminals contain round vesicles and make
synaptic contact with lesser ovoid cells (Sum). Chemical synapses are
indicated hy arrows, a gap junction by an arrowhead, and puncta
adherentia by asterisks.
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(Fig. 14). These mixed synapses made contact with cell
bodies and dendrites.
Free-standing fibers. Free-standing fibers ramify predominantly within NAM. The NAM is perhaps the most
complex subdivision of the cochlear nuclei, containing four
types of neurons and numerous profiles of axons and
dendrites. Unlike the other nuclear subdivisions, the neuronal cell bodies in the NAM were always isolated from each
other by profiles of neuronal or neuroglial processes.
The distribution of myelinated axonal profiles is consistent with the distribution of free-standing fibers. Some
myelinated fibers, however, may also be derived from
noncochlear sources. The two types of large neurons and
the two types of small neurons are characteristic of the
NAM and are described later. The caliber of these axons is
smaller (1.6-3.6 pm), but their synaptic terminals appear
virtually identical to those of tedorial fibers (Fig. 15A).
HRP-labeled endings were packed with round synaptic
vesicles (34.3 2 2.5 nm in diameter) and profiles of mitochondria. Synaptic contacts were asymmetric and lightly
convex toward the presynaptic ending (Fig. 15B,C). Unlabeled terminals of similar size, shape, and intracellular
features including numerous clear, round synaptic vesicles
(33.9 5 2.3 nm in diameter) were found throughout NAM,
and these are inferred to be unlabeled free-standing fibers.
Free-standing fibers made both axosomatic and axodendritic synaptic contacts and were occasionally seen to form
gap junctions (Fig. 15D). It was also possible to encounter
terminals that contained both types of synapses. HRPlabeled and unlabeled terminals were routinely observed to
form synapses against the cell bodies of multipolar, duckhead, and bulb cells. Although our sample is not exhaustive,
we never observed synaptic terminals indicative of primary
afferents in contact with the cell bodies of NAM agranular
cells. We cannot rule out the possibility that these agranular cells receive primary input onto their more distal
dendrites.

DISCUSSION
The present study used light and electron microscopic
analytic methods to describe eight neuronal types and their
primary afferent synapses in the cochlear nuclei of the
alligator lizard. This combined microscopic technique was
useful for identifying cell types because it permitted us to
relate the light microscopic appearance of cells to their
organelle composition with the electron microscope and
vice-versa. The utility of this descriptive work is that it
provides a structural basis for testing hypotheses and
concepts about tissue organization and interactions among
definable neuron sets.

Neuronal classification and functional
implications
There are some inherent difficulties in cellular taxonomy
(e.g., Tyner, 1975; Rowe and Stone, 1977). Clearly, there is
more than one neuronal type typically found in any particular brain region, and the features used to identify specific
cell types are graded rather than absolute. The issue of
gradation arises because within a cell class there are
variations on a common theme. Although each class will
have its prototypic representatives, these variations can
blur the boundaries between separate cell classes. Thus,
our classification schemes derived from structural criteria
are meant merely to represent hypothetical functional
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groupings whose membership can be experimentally tested.
We sought to provide an anatomical basis for physiological
studies that will enhance our understanding of the relationships between structure and function in the vertebrate
cochlear nuclei.
The present study proposes that there are four large and
four small neuron types in the lizard cochlear nuclei. Each
type was reliably observed in all experimental lizards as
identified by cytologic features, despite interanimal variations in the absolute size of each type. Relative size
relationships, however, were maintained within individual
lizards. Such observations helped verify our classification
scheme. Compared with the eight neuronal tjFpes in the
lizard, the avian cochlear nuclei contain 4-1 1 neuron types
(Boord and Rasmussen. 1963; Takahashi and Konishi,
1988), and the mammalian cochlear nuclei contain from as
few as 9-20 neuron types (Osen, 1969; Brawer et al., 1974)
to as many as 50 different types (Lorente de NO, 1933). The
actual number of neuron types in the mammalian cochlear
nuclei has yet to be determined. but one consequence of the
fewer cell types in the alligator lizard may be fewer behavioral responses to a sound stimulus; fewer types of projecting neurons from the cochlear nuclei would produce fewer
functionally specialized pathways in the ascending auditory
system, resulting in a smaller behavioral repertoire. Thus,
the mammalian and avian auditory systems are expected to
have functional capacities not present in the lizard auditory
system. Alternatively, the avian, mammalian, and lizard
auditory systems may all perform similar functions, but
these functions would be rudimentary in the lizard.
In contrast to mammals, the lizard cochlear nuclei have
fewer types and smaller absolute numbers of neurons. For
example, it has been estimated that the cochlear nuclei in
cats and humans contain approximately 100,000 neurons
(Hall, 1964). These values are approximately two orders of
magnitude larger than that found in the alligator lizard
(approximately 1,000 neurons). This greater number of
neurons in the cochlear nuclei is consistent with the greater
number of hair cells and primary afferent neurons in cats
(12,000 hair cells and 50,000 primary fibers: Gacek and
Rasmussen, 1961) and in humans (14,000-20,000 hair
cells: Retzius, 1894; 31,400 primary fibers: Rasmussen,
1940) compared with the alligator lizard (200 hair cells and
900 primary fibers: Mulroy and Oblak, 1985). It seems
axiomatic that animals with larger brains and more neurons respond to environmental challenges with a greater
range and versatility of behavior.
One premise for anatomical classification is that a description of structures and how they are interconnected will lead
to an understanding of functional units and functional
interactions. With respect to the brain, however, it is not
always clear which structural features have functional
significance. At the present time, therefore, such features
as the size, shape, and orientation ofthe cell body, the size,
shape, and location of the nucleus, and the contents of the
cytoplasm are useful morphologic criteria.
The NMM is remarkable for its homogeneous neuronal
composition. All neurons have an ovoid cell body, an
eccentric, highly invaginated nucleus, and a generous
complement of rough endoplasmic reticulum (Nissl cap)
abutting the perikaryal side of the nucleus. Purkinje cells of
the mammalian cerebellum (Palay and Chan-Palay, 19741,
the giant isolated cells of Meynert in the primate visual
cortex (Chan-Palay et al., 19741, and the neurons of the
supraoptic nucleus (Peters et al., 1976) are also irregularly

Fig. 14. Electron micrographs of terminals forming gap junctions
with lesser ovoid cells of the NMM. The terminals also contain
homogeneous populations of clear, round vesicles. The gap junctions
(arrows) are illustrated with a dendrite (A) and cell body (B,C).These
terminals all form standard chemical synapses with these same targets.

An adhering junction is indicated by the asterisk iBj. These unlabeled
terminals are inferred to arise from the tectorial part of the basilar
papilla because they have the same appearance as HRP-labeled tectorial
fibers. Den, dendrite; Mit, mitochondria; Som, eel1 body; SV, sphericaI
vesicles; SV1 and SV2, terminals containing spherical vesicles.

Fig. 15. Electron micrographs of HRP-labeled axon and terminals
of free-standing fibers in the NAM. A: Terminal bouton emerging from
a myelinated axon. The smaller diameter of this free-standing fiher may
be compared with that of a typical tectorial fiber (see Fig. 13). B,C:
Axodendritic synapses (between arrows: are characterized by many

round vesicles, a prominent synaptic cleft, and a slightly curved,
asymmetric postsynaptic density. D: An axosomatic gap junction
(between arrows) lies adjacent to an adhering junction (asterisk).Ax,
axon; Den, dendrite; Fre, free-standing terminal; Mit, mitochondria;
My, myelin: Som, cell body.
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infolded on the side facing the origin of a primary dendrite.
In the alligator lizard cochlear nuclei, the extent to which
the infolded nuclear envelope increases its relative surface
area in the large cells is particularly striking. One consequence of this infolding would be to increase the number of
nuclear pores, thereby facilitating the amount of transport
and signaling between the nucleus and the cytoplasm.
The presence of extremely large mitochondria within the
cytoplasm of NML small neurons was readily discernible.
The mitochondria are easily two to three times larger than
mitochondria of other neurons that we examined in the
alligator lizard. Although the significance of the size is
unknown, these mitochondria may indicate something
special about the metabolic demands of the cells, perhaps
related to spike activity.
Greater and lesser ovoid neurons were distinguished
from all other neurons of the cochlear nuclei by the large
quantities of residual bodies within their perikarya. These
clear, large (1-2 pm in diameter), membrane-bound vesicles
were reliable features of ovoid cells and distinguished them
from other neurons of the cochlear nuclei. Their role in the
cell is unknown. Although greater and lesser ovoid neurons
exhibit similar cytologic characteristics, they were nevertheless subdivided into separate groupings because they occupied clearly distinct regions, and their mean sizes were
significantly different (Table 1) and tended to exhibit a
bimodal distribution when combined together.

Synapses in the cochlear nuclei of alligator
1i z ards
All four subdivisions of the cochlear nuclei contained
three types of synaptic terminals distinguishable on the
basis of differences in synaptic vesicle shape: terminals with
round vesicles, with flat vesicles: and with pleomorphic
vesicles. HRP labeling in tectorial and free-standing terminals was always associated with round synaptic vesicles.
Because labeled and unlabeled terminals containing round
vesicles were cytologically identical within any subdivision,
we inferred that they all arose from primary afferents.
Terminals with flat vesicles and terminals with pleomorphic vesicles were also distributed throughout the cochlear
nuclei. These synapses are hypothesized to he of noncochlear origin, presumably representing inhibitory influences that modulate nuclear output and arise from local
circuit neurons and descending systems. Synapses were
made with cell bodies and dendrites, and their presence
served to emphasize not only the complexity of the neuropil
but also the significant potential for signal processing by
this so-called simple animal model.
Mixed synapses, containing the structural machinery for
both chemical and electrical transmission, were observed in
primary afferent terminals. That is, two types of membrane
specializations were found within the same terminal: chemical synapses having synaptic vesicles coupled with pre- and
postsynaptic densities and electrical synapses having gap
junctions. Mixed synapses were associated with cell bodies
and dendrites in NMM and NAL, where each subdivision is
the exclusive domain of tectorial and free-standingterminations, respectively. Mixed synapses have been observed
between endbulbs of Held in rats and mice (Mattox et al.,
1983) and birds (Mattox et al., 1985).In the rodent cochlear
nuclei, gap junctions were 0.1 bm in diameter, smaller than
those found in the alligator lizard (0.15-0.5 pm in diameter), but the significance of these size differences is unknown. Gap junctions are thought to provide intercellular
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pathways for molecules or ions between adjacent cells,
presumably coordinating and synchronizing the cells that
are coupled. In the lamprey, composite bursts of excitatory
postsynaptic potentials are produced by axons that form
mixed synapses (Rovainen, 1974). The electrical connections were too weak to produce postsynaptic spikes, but
they seemed to contribute to the speed of transmission by
summing excitatory postsynaptic potentials. It may be that
transmission through gap junctions prepares the postsynaptic membrane for receipt of slower chemical signals by
bringing the membrane potential closer to threshold. The
net result would be highly efficient transmission resembling what has been observed at other mixed synapses, such
as the calyciform synapses in the chick ciliary ganglion
(Martin and Pilar, 1963; Brightman and Reese, 1969;
Cantino and Mugnaini, 19751, lateral vestibular nuclei
(Sotelo and Palay, 19701, spoon endings in the chick
tangential nucleus (Hinojosa and Robertson, 1967); and
club endings upon Mauthner neurons in goldfish (Robertson, 1963; Brightman and Reese, 1969; Nakajima, 1974).It
may also be that gap junctions provide feedback to the
presynaptic neuron.

Comparison with other studies of the lizard
cochlear nuclei
A number of studies have partitioned the cochlear nuclei
of Lacertilia (lizards) into subdivisions based on the distribution of primary afferent fibers and cytoarchitectural
criteria: Chamaeleonids, Anguids, Iguanids, and Varanids
(Holmes, 1903);Varanids (Beccari, 1912; ten Donkelaar et
al., 1987; Barhas-Henry and Lohman, 1988); Teiids (Ebbesson, 1967; DeFina and Webster: 1974); Iguanids, Teiids,
Scincids, Lacertids, Anguids, Chamaeleonids, Xantusiids,
and Gekkonids (Miller, 1975); and Iguanids (Foster and
Hall, 1978).It is generally agreed that there are at least two
distinct subdivisions of the cochlear nuclei despite the wide
range of variability across lizard families: (1) nucleus
angularis (NA), also called the nucleus dorsalis (Holmes,
1903) or the nucleus anterior or superior (Beccari, 1912);
and (2) the nucleus magnocellularis medialis (NMM), also
called the nucleus posterior or inferior (Beccari, 19121, the
nucleus dorsalis magnocellularis (Ariens-Kappers et al.,
1936; ten Donkelaar et al., 1987), or the nucleus magnocellularis (DeFina and Webster, 1974). A third nucleus, the
nucleus magnocellularis lateralis (NML) has been described
(Miller, 1975; Foster and Hall, 1978; Barbas-Henry and
Lohman, 1988) but has not always been recognized as a
distinct subdivision (DeFina and Webster, 1974; ten Donkelaar et al., 1987). The nucleus laminaris (NL) has been
suggested as a possible subdivision of the cochlear nuclei
(Ebbesson, 1967;DeFina and Webster, 1974; ten Donkelaar
et al., 1987; Barbas-Henry and Lohman, 1988) but not for
all lizard species (Beccari, 1912;Weston, 1933; Miller, 1975;
Foster and Hall, 1978). It seems that in some instances
NML is subsumed into NA or NMM and/or that NML and
NL are mistaken for each other (e.g., Miller, 1975; Schwab,
1979). In other instances, there may be true interspecific
variation whereby NML and NL do not exist.
The cochlear nuclei of the alligator lizard have been
briefly described using Nissl and protargol stains, and three
subdivisions were identified (Miller, 1975):nucleus angularis (NA), nucleus magnocellularis lateralis (NML), and
nucleus magnocellularis medialis (NMM). NA contained
darkly staining neurons of various sizes (10-16 pm in
diameter), whereas NML contained large (16-20 km in
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nuclei among the suborder Lacertilia (lizards) that appears
related to the complexity of the basilar papilla of the
labyrinth. Despite these internal cytologic variations, the
lizard cochlear nuclei are located along the dorsal medulla,
adjacent to the cerebellar peduncles and the vestibular
nuclear complex. The cochlear nuclei receive primary afferent innervation from bipolar cells located in the ganglion of
the eighth cranial nerve whose peripheral end contacts
receptor hair cells in the organ of hearing. Although central
nuclei and pathways exhibit common features across phylogenetic classes, the relationships at a cellular level are less
obvious (Carr, 1992). Nevertheless, there are distinct similarities among neurons of separate phylogenetic classes
that suggest that certain neuron types may be traceable to a
common ancestor.
The most compelling cellular homologue in the cochlear
nuclei is seen between the lesser ovoid cells in alligator
lizards, and bushy cells in birds and mammals. All have
round to oval cell bodies, display a few highly branched
dendrites whose branch points are clustered within a
restricted region, and receive auditory nerve input by way
Segregation of functionally
of endbulbs of Held (Parks and Rubel, 1978; Ryugo and
specialized pathways:
Fekete, 1982; Szpir et al., 1990). Bushy cells project to the
High-frequency vs. low-frequency routes
superior olive in mammals (Warr, 1982; Cant and CasseWe previously demonstrated that the tectorial and free- day, 1986) or its homologue in birds, nucleus laminaris
standing cochlear nerve fibers in the alligator lizard project (Parks and Rubel, 1975). The ascending projections of
to different parts of the cochlear nuclei (Szpir et al.,1990). NMM in lizards (reported for the iguana) are inferred to
Consequently, we can infer that the different neuronal include the ipsilateral superior olive, the contralateral
types of the cochlear nuclei receive different types of nuclei of the trapezoid body and lateral lemniscus, and the
auditory information. Tectorial fibers are sensitive mostly central nucleus of the torus semicircularis (Foster and Hall,
to low frequencies (CFs; 100-800 Hz), and they project to 1978). This idea of homologous bushy cells garners addithe NMM, NML, and NAL. Consequently, the lesser and tional circumstantial support from electrophysiologicalstudgreater ovoid cells, NML small cells, and spindle cells must ies where bushy cells in birds (owls: Sullivan and Konishi,
be most sensitive to low-frequency stimulation. In contrast, 1984; Sullivan, 1985; chickens: Rubel and Parks, 1975;
free-standing fibers responding best to high frequencies redwing blackbird: Sachs and Sinnott, 19781, mammals
(900-4,000 Hz) project primarily to the NAM, although a (cats: Rhode et al., 1983),and neurons of the monitor lizard
few fibers also send a single, thin branch to the NML. Aside NM (Manley, 1981)demonstrate phase-locking and “primafrom agranular cells of the NAM that do not seem to receive rylike” response patterns to pure-tone stimulation.
In summary, there appears to be a general plan for the
primary input, duckhead, multipolar, and bulb cells of the
NAM are predicted to be sensitive to high-frequency stimu- organization of the vertebrate auditory system. There is a
lation. The few thin branches of free-standing fibers that dichotomy of receptor hair cells (Retzius, 1894; Mulroy,
project to the NML suggest that greater ovoid and small 1974) and corresponding cochlear nerve fibers that innercells may also be sensitive to high-frequency stimulation, vate them (Szpir et al., 1990; Ryugo, 1992). In the central
but this idea remains to be verified. Electrophysiological auditory system, the separate populations of cochlear nerve
investigations in the cochlear nuclei of other lizard species fibers exhibit connections with different neuronal populaare generally consistent with this assessment. For example, tions (Brown et al., 1988; Szpir et al., 1990). These relationin the cochlear nuclei of the gecko (Gekko gekko), lower ships, although distinguished by different criteria for differfrequencies are represented dorsally and caudomedially, ent phylogenetic classes, establish a first principle of
that is, in the region of the NM (Manley, 1981). In a study of Organization for terrestrial vertebrates that is closely rethe monitor lizard (Vurunus bengalenszs), there was fre- lated to the taxonomic status of the species (Miller and
quency segregation in the cochlear nuclei (Manley, 1976): Beck, 1988). The extent to which structural features can
High-frequency units (CFs > 1.2 kHz) were found mainly refer to ancestral homologues requires additional analysis,
in the lateral part of NA, whereas low-frequency units (CFs including more detailed studies of the synaptic relation< 1.2 kHz) were found in the NM and medial part of NA. ships between primary fibers and the cochlear nuclei,
The presence of different cell types and a relatively crude electrophysiologicalcharacterization of cochlear nuclei units,
tonotopic organization of the cochlear nuclei implies that and ascending projections at the individual cell level. All of
auditory information is processed by separate neural sets in these issues can be broached more easily today with the
availability of modern pathway tracing techniques and
these auditory pathways.
immunocytochemical methods for marking separate popuThe lizard cochlear nuclei compared
lations of neurons.
diameter) lightly staining neurons as well as assorted sizes
of darkly staining neurons. The NMM was found to contain
ovoid, darkly staining neurons 12-14 pm in diameter. In
general, these descriptions are compatible with our observations.
The extent to which cell types of the alligator lizard
cochlear nuclei are representative of other lizard species is
not known. It has been observed that these nuclei are
highly variable in their appearance across separate lizard
families, but that their relative complexity correlates with
the morphologic elaboration of the basilar papilla (Holmes,
1903; Miller, 1975). For example, the cochlear nuclei are
large and distinct in Xantusiids (night lizards), Teiids
(whiptails), and Gekkonids (geckos), which have relatively
large basilar papillae, but small in chameleons, which have
relatively small basilar papillae (Miller, 1975). It seems
that, although the absolute number of neurons varies
across lizard families, the relative proportions of each type
might be related to the structure and composition of the
basilar papilla.

with those of avians and mammals

On the basis of its location and connections, the lizard
cochlear nuclei may be considered homologous to the
mammalian and avian cochlear nuclei (Miller, 1975). There
is, however, striking diversity in the organization of these

ACKNOWLEDGMENTS
We thank the staff at the Eaton-Peabody Laboratory and
members of the Center for Hearing Sciences for encourage-

M.R. SZPIR ET AL.

240

ment and support. Special thanks are extended to Dr.
Sanford Palay for helpful discussions of the data and to Tan
Pongstaporn for technical assistance. M.R.S. was supported
by a Ryan Foundation Fellowship. Portions of these data
contributed to his doctoral dissertation and other aspects
were presented at the 21st annual meeting of the Society
for Neuroscience, New Orleans, LA, 1991. This work was
supported in part by NIH grants DC00119 and DC00232.

LITERATURE CITED
Ariens-Kappers. C.U., G.C. Huher, and E.C. Crosby (1936)The Comparative
Anatomy of the Nervous System of Vertebrates, Including Man. New
York: Hafncr.
Barhas-Henry, H.A., and A.H.M. Lohman (1988) Primary projections and
efferent cells of the VIIIth cranial nerve in the monitor lizard, Vurunus
exanthenauticus. J. Comp. Neurol. 277:234-249.
Barhas-Henry, H.A.? and F.G. Wouterlood (1988) Synaptic connections
between primary txigeminal afferents and accessory abducens motoneiirons in the monitor lizard, Vuranus enanthematicus. J. Comp. Neurol.
267:387-397.
Beccari. N . (1912) La constituzione, i nuclei terminali e le vie di connessione
del nervo acustico iiella Lacertu n~urulis.Arch. Ital. Anat. Embryol.
10:646-698.
Rodian, D. (1936) A new method for staining nerve fibers and nerve endings
in mounted paraffin sections. Anat. Rec. S5:89-95.
Boord, R.L. (1968)Ascending projertinns of the primary cochlear nuclei and
nucleus laminaris in the pigeon. J. Comp. Neurol. 133:523-542.
Boord, R.L., and G.L. Hasmussen (1963) Projection of the cochlear and
lagenar nerves on the cochlear nuclei of the pigeon. J. Comp. Neural.
120: 4 6 3 4 7 5 .
Boycott, B.B., E.G. Gray. and K.W. Guillery (1961) Synaptic structure and
its alteration with environmental temperature: A study by light and
electron microscopy of the central nervous systme of lizards. Proc. R.
Sac. B 154,4:151-172.
Rrawer, J.R., D.K. Morest, E.C. Kane (1974) The neuronal architecture of
the cochlear nucleus ofthe cat. d . Comp. Neurol. 155:251-300.
Brightman, M.W., and T.S. Reese 11969 I Junctions between intimately
apposed cell membranes in thevertehrate brain. J. Cell Bid. 40:64%677.
Brown, M.C., A.M. Berglund, N.Y.S. Kiang, and D.K. R p g o (1988) Central
trajectories of type I1 spiral ganglion neurons. J. Comp. Neurnl. 278:58 1
590.
Cant, N.B., and J.H. Casseday (1986) Projections from the anteroventral
cochlear nucleus to the lateral and medial superior olivary nuclei. J.
Comp. Neurol. 247t457-476.
Cantino, O., and E. Mugnaini (1975) The structural basis for electrontonic
coupling in the avaian ciliary ganglion. A study with thin sectioning and
freeze-fracturing. J. Neuroeytol. 4505-536.
Carr, C.E. (1992) Evolution of the central auditoty system in reptiles and
birds. In D.B. Webebster, R.R. Fay, and A.N. Popper (eds): The Evolutionary Biology of Hearing. New York: Springer-Verlag, pp. 511-543.
Chan-Palay, V., S.L. Palay, and S. Billings-Gagliardi (1974) Meynert cells in
the primate visual cortex. J. Neurocytol. 3:631-658.
DeFina, A.V., and D.H. Wehster (1974) Projections of intraotic ganglion to
the medullary nuclei in the Tegu lizard, Tupinambis nigropunctutus.
Brain Behav. Evol. 10:197-211.
Ehbesson, S.O.E. (1967) Ascending axonal degeneration following heinisection of the spinal cord in the tegu lizard rTuppinambis nigorpunctutus).
Brain Res. 5178-206.
Foster. R.E., and W.C. Hall (1978) The organization of central auditory
pathways in a reptile, Iguana iguann. J. Comp. Neurnl. 178:783-832.
Frezza, W.A. (1976) Spontaneous Activity in the Auditory Nerve of the
Alligator Lizard. B.S. Thesis, Department of Electrical Engineering,
Massachusetts Institute of Technology, Cambridge.
Gacek, K.R., and G.L. Rasmussen (1961) Fiber analysis of the statoacoustic
nerve of guinea pig, cat, and monkey. Anat. Rec. 1.?9:455463.
Gambetti, P., L. Autilio-Gambetti, and S. Ch. Papasnzomenos (1982)
Bodian's silver method stains neurofilament polypeptides. Science 213:
1521-1522.
Hall, J.G. (1964).The cochlea and the cochlear nuclei in neonatal asphyxia. A
histological study. Acta Oto-Laryngol. SuppZ. 194:6-93.

Hinojosa. R., and d.D. Robertson 11967) Ultrastructure of the spoon type
synaptic endings in thc nucleus vestibularis tangentialis of the chick. J.
Cell Biol. 34:421430.
Holmes, G. (1903) On the comparative anatomy of the nervus acusticus.
Trans. R. Irish Acad B x?:101-144.
IIolton. 'I' . and T.F. Weiss 119781 Two-tone rate suppression in lizard
cochlear nerve fibers, relation to receptor organ morphology. Brain Res.
159,219-222.
1,orentc de N6, R. (1933) Anatomy of the eighth nerve. 111. General plan of
structure of the primary cochlear nuclei. Laryngnscope 43:327-350.
Manlep, G.A. (1976) Auditory responses from the medulla of the monitor
lizard Varam.5 brr~gnlensis.Brain Res. 102:329-334.
Manley, G.A. (1977) Hesponse patterns and peripheral origin of auditory
nerve fibers in the monitor lizard, Vuranus bengulensis. J. Comp.
Physiol. A, 118249-260.
Manley, G.A. (1981) A review of the auditory physiology of reptileb. I n H.
Autrurn, D. Ottoson, E. Perl, and R.F. Schmidt (eds): Progress in
Sensory Physiologi. New York: Springer-Verlag, pp. 49-134.
Martin. A.R., and G. Pilar (1963) Transmission through the ciliary ganglion
of the chick. J. Physiol. 168:464-475.
Miller, M.R. (1975) The cochlear nuclei of lizards. J. Comp. Ncurol.
7.59:375-406.
Millrr, M.E. (1985) Quantitative studies of' auditory hair cells and nerves in
lizards J. Comp. Neurol. 2322:1-24.
Miller, M.R., and J. Beck (1988) Auditory hair cell innervational patterns in
lizards. J . Comp. Neurol. 271:604-628.
Mattox. D.E., G.R. Neises, and R.L. Gulley (1983) Species differences in the
synaptic membranes of the end bulb of Held revealed with the freezefracture technique. Anat. Rec. 205:57-63.
Mattox, D.E., U.H. Olmos, and E.W Hubel (1985) Freeze-fracture of neurons
in nucleus magnocellularis ofthe chick. Hearing Res. 17:67-78.
Mulroy, M.J. (1968) Ultrastructure of the Basilar Papillae of RepLiles. Ph.D.
Thesis, Department of Anatomy, University of California at San Francisco.
Mulroy, M.J. i 1974) Cochlear anatomy of the alligator lizard. Brain Rehav.
Evol. 10:69-87.
Mulroy, M.J. I1986:1Patterns of afferent synaptic contacts in the alligator
L a r d ' s cochlea. J. Comp. Neurol. 248:263-271.
Mulroy, M.J.. and T.G. Oblak (1985)Cochlear nerve of the alligator lizard. J.
Comp. Neurol. 233463-472.
h'akajima, Y.(1974) Fine structure of the synaptic endings on the Mauthner
cell of the goldfish. J. Comp. Neurol. 156:375402.
Ohen, K.K. il9691 Cytoarchitecture of the cochlear nuclei in the cat. d.
Comp. Neurol. 136:453-484.
Palay, S.L., and V. Chan-Palay 119743 Cerehellar Cortex: Cytology and
Organization. New York: Springer-Vcrlag.
Parks, T.N., and E.W. Ruhel 11975) Organization and development of brain
stem auditory nuclei of the chicken: Organization of projections from n.
magnocellularis to n luminaris. J. Comp. Neural. 164:435-448.
Parks, T.N., and E.W. Rubel (1978) Organization and development of brain
stem auditory nuclei of the chicken: Primary afferent projections. J.
Camp. Ncurol. 1&'0:439-448.
Peters, A,. S.L. Palay, 13. deF. Webster (1976) The Fine Structure of the
Norwius System: The Neurons and Supporting Cells. Philadelphia: W.B.
Saunders.
Potter, H.D. (1971) 'I'he distribution of neurofihrils coextensive with microtubules and neurofilaments in dendrites and axons of the tectum,
ccrrbellum, and palhum of the frog. J. Comp. Neurnl. 149:385409.
Rasmussen. A.T. (1940) Studies of the eighth cranial ncrve nf man.
Laryngoscope 50:67-83.
Retzius, G . (1894) Zur Entwicklung der Zellen des Ganglion spriale acustici
und zur Endigungsweise des Gehornerven bci den Saugethieren. Biolog.
Untersuchungen, Neue Folge, VI.Stockholm: W. Schachter.
Rhode, W.S., U. Oertel, and P.H. Smith 11983) Physiological response
properties of cells labelled intracellularly with horseradish peroxidase in
cat ventral cochlear nucleus. J. Comp. Neurol. 21.7:448-463.
Robertson, J.D. 11963) The occurrence of subunit pattern in the unit
membranes of club endings in Mauthner cell synapses in goldfish brains.
J . Cell Biol 19:201-221.
Rouiller, E.M., and D.K. Ryugo (1984) Intracellular marking of physiologically characterized neurons in the ventral cochlear nucleus of the cat. J.
Comp. Neurol. 225:167-186.

ALLIGATOR LIZARD COCHLEAR NUCLEI
Rovainen, C.M. (1974) Synaptic interactions of rcticulospinal neurons and
nerve cells in the spinal cord of the sea lamprey. J. Comp. Neurol.
154:207-224.
Rowe, M.H. and J. Stone (1977) Naming of Neurones. Brain Behav. Evol.
14: 185-21 6.
Ryugo, D.K. (1992) The auditor). nerve: Peripheral innervation, cell body
morphology, and central projections. In D.B. Webstcr, A.N. Popper, and
R.R. Fay (edsi: The Mammalianhditory Pathway: Neuroanatomy. Kew
York: Springer-Verlag, pp. 23-65.
Ryugo, D.K., and D.M. Fekete (1982) Morphology of primary axosomatic
endings in the anteroventral cochlear nucleus of the cat: A study of the
endbulbs or Held. J. Comp. Neurol. 210:239-257.
Ryugo, D.K., and S. Sento (19911 Synaptic connections of the auditory nerve
in cats: Relationship between endbulbs of Held and spherical bushy cells.
J. Comp. Neurol. 3 0 5 3 4 8 .
Sachs, M.B., and J.M. Sinnott (1978) Responscs to tones of single cells in
nuclcus magnocellularis and nucleus angularis of the redwing blackbird
(Agelaiusphoeniceus).tJ. Comp. PhyFiol. 126347-361.
Schwah, M.E. (1979) Variation in the rhombenecphalon. In C. Gans ied):
Biology of the Reptilia, vol. 10. San Francisco: Academic Press, pp.
201-246.
Sotelo, C., and Palay, S.L. (1970) The fine structure of the lateral vestibular
nucleus in the rat 11. Synaptic organization. Brain Res. 18:93-115.
Sullivan, W.E. (1986) Classification of responsc patterns in cochlear nucleus
of barn owl: Correlation with functional response properties. J. Neurosci. 53:201-216.
Sullivan, W.E., and M. Konishi (1Y84) Scgrcgation of stimulus phasc and
intensity coding in the cochlear nucleus of the barn owl. J. Neurosci.
4:1787-1799.
Szpir, M.R.. S. Sento, and U.K. Ryugo (1Y90) Central projections of cochlear
nerve fibers in the alligator lizard. J. Comp. Neurol. 295330-547.

241
Takahashi, T.T., and M. Konishi (1988) Projections of the cochlear nuclei
and nucleus laminaris to the inferior colliculus of the barn owl. J. Comp.
Neurol. 274: 190-2 11.
ten Donkelaar, H.J.. and R. Nieuwenhuys (1979) The Brainstem. In C. Gans
led): Biology of the Reptilia. vol. 10. San Francisco: Academic Press, pp.
133-200.
ten Donkelaar, H.J.. G.C. Bangma, H.A. Barhas-Heniy, R. de Boer-van
Huizen, and J.G. Wolters (1987) The Brain Stem in a Lizard, Varanus
exanthematicus. Advances in Anatomy, Embryology, and Ccll Biology,
vol. 107. New York: Springer-Verlag.
Turner, R.G. (19871 Neural tuning in the granite spiny lizard. Hearing Res.
26:287-299.
Tyner, C.F. i1975) The naming of neurons: Applications of taxonomic theory
to the study of cellular populations. Brain Behav. Evol. LE75-96.
Warr, W.B. (1982) Parallel ascending pathways from the cochlear nucleus:
Neuroanatomical evidence of functional specialization. Contrib. Sens.
Physiol. 7:l-38.
Weiss. T.F. (1984) Relation of receptor potentials of cochlear hair cells to
spike discharges of cochlear neurons. Ann. Rev. Physiol. 46:247-258.
Weiss, T.F., M.J. Mulroy, and D.W. Altman (1974) Intracellular responses to
acoustic clicks in the inner ear of the alligator lizard. J. Acnust. Soc. Am.
55:606619.
Weiss, T.F.. M.J. Mulroy, R.G. Turner, and C.L. Pike (1976) Tuningof single
fibers in the cochlear nerve of the alligator lizard: Relation to receptor
organ morphology. Brain Res. 11571-90.
Weiss, T.F., W.T. Peake, A . Ling, ,Jr,>and T. H o h n (1978) Which structures
determine frequency selectivity and tonotopic organization of vertebrate
nerve fibers? Evidence from the alligator lizard. In R.F. Naunton and C.
Fernandez (eds): Evoked Electrical Activity in the Auditoly Nervous
System. New York: Academic Press, pp. 91-112.
Weston. J.K. (1933) The reptilian vestibular and cerebellar gray with fiber
conections. J. Comp. Neurol. 6293-199.

