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ABSTRACT

In the cochlear nucleus of mammals, the relatively homogeneous responses of auditory
nerve fibers are transformed into a variety of different response patterns by the different classes
of resident neurons. The spectrum of these responses is hypothesized to depend on the types
and distribution of receptors, ion channels, G proteins, and second messengers that form the
signaling capabilities in each cell class. In the present study, we examined the immunocytochemi-
cal distribution of the inositol 1,4,5-trisphosphate (IP3) receptor in the dorsal cochlear nucleus
to better understand how this second messenger might be involved in shaping the neural
signals evoked by sound.

Affinity-purified polyclonal antibodies directed against the IP3 receptor labeled a homoge-
neous population of neurons in the dorsal cochlear nucleus of rats, guinea pigs, mustache bats,
cats, New World owl monkeys, rhesus monkeys, and humans. These cells were all darkly
immunostained except in the human where the labeling was less intense. Immunoblots of
dorsal cochlear nucleus tissue from the rat revealed a single band of protein of molecular weight
~ 260 kD, which is the same size as the purified receptor, indicating that our antibodies reacted
specifically with the IP3 receptor. These immunolabeled neurons were identified as cartwheel
cells on the basis of shared characteristics across species, including cell body size and
distribution, the presence of a highly invaginated nucleus, and a well-developed system of
cisternae. Reaction product was localized along the membranes of rough and smooth
endoplasmic reticulum, subsurface cisternae, and the nuclear envelope. This label was
distributed throughout the cartwheel cell body and dendritic shafts but not within dendritic
spines, axons, or axon terminals. The regular pattern of immunolabeling across mammals
suggests that IP3 and cartwheel cells are conserved in evolution and that both play an
important but as yet unknown role in hearing. ¢ 1995 Wiley-Liss, Inc.

Indexing terms: auditory system, comparative neuroanatomy, electron microscopy, second messengers,
synapse

The mammalian dorsal cochlear nucleus (DCN) is a key
component of the auditory nervous system whose neurons
are organized into a cortex (Lorente de N6, 1981). The DCN
receives direct and topographic projections from the cochlea
by way of the auditory nerve (Ramén y Cajal, 1909; Fekete
et al., 1984; Ryugo and May, 1993) and in turn distributes
outgoing signals to higher centers (Warr, 1982). The electro-
physiological responses of DCN neurons exhibit significant
changes in the representation of acoustic information when
compared with those of the auditory nerve (Pfeiffer, 1966;
Evans and Nelson, 1973; Godfrey et al., 1975; Young et al.,
1988). How specific features of sound are extracted from
the environment may be embedded within these second-
order response features. To understand the mechanisms
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that underlie this processing, there is a need to study
identified cell populations, to analyze their synaptic connec-
tions, and to reveal features of their signal processing
capabilities.

The diversity of neuronal responses in the cochlear
nucleus has been attributed to the spatial organization of
excitatory and inhibitory synapses upon the different cell
types (e.g., Kiang et al., 1973; Morest et al., 1973; Tsuchi-
tani, 1978; Cant and Morest, 1984; Banks and Sachs, 1991;
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Hewitt and Meddis, 1993). The rapid excitatory responses
are mediated by ligand-gated, cation-selective channels. In
addition to these ionotropic receptors, however, there is at
least one class of metabotropic receptors coupled to G
proteins that initiate second-messenger cascades such as
the inositol 1,4,5-trisphosphate (IP3; Berridge and Irvine,
1989: Ross et al., 1990; Berridge, 1993). The possibilities
for information transfer within the central nervous system
are expanded further by the molecular heterogeneity and
regional specificities within the second-messenger phosphoi-
nositides system (Mignery et al., 1989; Worley et al., 1989;
Nakanishi et al., 1991; Peng et al., 1991; Sudhof et al.,
1991; Ross et al., 1992; Berridge, 1993; Cunningham et al.,
1993; Rodrigo et al., 1993, 1994; Sharp et al., 1993a,b;
Suburo et al., 1993). Each neuron population presumably
has a distinctive subset of receptors, G proteins, and second
messengers that form part of the signaling capabilities in
the cell. The spectrum of neuronal responses must there-
fore depend on the complement of signaling molecules
present and where in the cell they are expressed.

1P3 receptor (IP3r) immunolabeling has been reported by
using light microscopy for medium-sized cells in the DCN of
rats (Mignery et al., 1989; Sharp et al., 1993a; Rodrigo et
al., 1993, 1994). The labeled cells were proposed to be
cartwheel cells, although the criteria for such an identifica-
tion were not provided. The DCN contains many different
populations of neurons (Lorente de N6, 1981), and cart-
wheel cells represent but one of several classes of local
circuit neurons. Cartwheel cells exhibit superficially located
cell bodies, local circuit axons, and highly spinous apical
dendrites (Lorente de N6, 1981; Wouterlood and Mugnaini,
1984; Hackney et al., 1990; Berrebi and Mugnaini, 1991;
Manis et al., 1994), but the previously identified IP3r-
immunoreactive cells of the DCN did not exhibit spiny
dendrites at the light microscopic level. Furthermore, the
signature of cartwheel cells, subsurface cistern-mitochon-
drial complexes in the cell bodies (Wouterlood and Mug-
naini, 1984) was not indicated. Thus, there is still some
question as to the actual identity of the immunolabeled
neurons reported in the DCN (Mignery et al., 1989; Sharp
et al., 1993a; Rodrigo et al., 1993, 1994).

Cartwheel cells are positioned to play an important role
in processing acoustic information. They are activated by
the parallel fiber system of granule cells and in turn form
inhibitory synapses with other local circuit and projection
neurons (Berrebi and Mugnaini, 1991; Manis et al., 1994).
The unambiguous identification of cartwheel cells is neces-
sary because of their importance to central mechanisms of
hearing. Consequently, we embarked on a comparative,
immunocytochemical investigation of medium-sized neu-
rons in the mammalian DCN. In the present study, we used
affinity-purified polyclonal antibodies directed against the
IP3 receptor and demonstrated immunocytochemically and
ultrastructurally that the receptor protein is localized to a
single cell type, the cartwheel cell, in a variety of mamma-
lian species.

MATERIALS AND METHODS
Antibody production and immunoblotting

The IP3 receptor for immunization of rabbits and goats
was purified from crude rat cerebellar membranes as
described elsewhere (Supattapone et al., 1988; Ferris et al.,
1989). Antibodies against the IP3 receptor from rat cerebel-
lum were raised in rabbits and goats and affinity purified
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(Peng et al., 1991; Sharp et al., 1993a) prior to their use for
immunoblotting. Total homogenates of dorsal cochlear
nuclei and cerebellum were prepared from adult rats and
subjected to sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis. The separated proteins were trans-
ferred to nitrocellulose membranes and blocked by incuba-
tion for 1 hour in 5% nonfat dry milk in phosphate buffered
saline (PBS). Membranes were then incubated overnight
with affinity-purified rabbit anti-IP3r antibody (AP35) at a
concentration of 0.3 pg/ml, with affinity-purified goat
anti-IP3r antibody (APG328) at a concentration of 0.1
pg/ml in 5% nonfat dry milk or 3% bovine serum albumin
in PBS, and with anti-IP3r antibodies preadsorbed with
IP3r antigen. Blots were developed by using enhanced
chemiluminescence reagents (Lumiglo: Kirkegaard and
Perry).

Preparation of tissue

Mustache bats (Pteronotus parnellii, n = 2), Sprague-
Dawley rats (Rattus norvegicus, n = 6), pigmented guinea
pigs (Cavia porcellus, n = 6), cats (Felis domesticus, n = 4),
New World owl monkeys (Aotus trivirgatus, n = 2), and
rhesus monkeys (Macaca mulatta, n = 6) were deeply
anesthetized with sodium pentobarbital (30-50 mg/kg) and
then transcardially perfused with 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4. Tissue was then removed
from the skull and further fixed in 2% paraformaldehyde in
phosphate buffer for varying periods of time (1-10 days).
Tissue was embedded in 5 ml of 26% (w/v) albumin and
0.5% (w/v) gelatin that was hardened with an aldehyde
mixture of 1 ml stock solution of 37% formaldehyde and 0.4
ml of 5% glutaraldehyde, and then cut at a thickness of 50
um on a Vibratome. Sections were collected and stored in
0.1 M phosphate buffer, pH 7.4, prior to processing.

Postmortem cerebellar and brainstem tissues were ob-
tained from five humans 12-48 hours after death and
placed in 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. Donors were of either sex and ranged from 72 to 76
years of age. There was no history of HIV or hepatitis, and
there was no information on the status of their hearing.
One specimen had been fixed in 1% formalin, cryoprotected,
and preserved by deep freeze (—70°C) for 14 months. All
human tissue was cryoprotected by being placed in a graded
series of sucrose solutions (up to 30% w/v) and cut on a
freezing microtome at 100-pm thickness.

Normal tissue for light microscopic analysis was mounted
on slides and stained with 0.5% cresyl violet. Adjacent
sections of normal and immunoprocessed tissue were pre-
pared for combined light and electron microscopic analysis.
Sections to be stained with rabbit anti-IP3r antibodies were
blocked by incubation in 5% normal goat serum (NGS) in 50
mM Tris (pH 7.4) and 1.5% NaCl for 30 minutes. Sections
to be stained with goat anti-IP3r antibodies were blocked
with 5% normal rabbit serum (NRS) in Tris buffered saline
(TBS). The sections were then incubated overnight at 4°C
with gentle agitation in primary antiserum in 2% NGS
(rabbit antibody) or 2% NRS (goat antibody) in TBS and
0.05% sodium azide. The affinity-purified anti-IP3r antibod-
ies were used at a concentration of approximately 2 pg/ml.
Control sections were incubated under identical conditions
but without the addition of the primary antibody or by
preadsorbing the antibodies with IP3 receptor antigen.

After the primary incubation, sections were rinsed and
then incubated with the appropriate biotinylated secondary
antibody (goat anti-rabbit or rabbit anti-goat; 1:200 dilu-
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tion, Vector Laboratories) for 1 hour at room temperature.
Following washes in TBS, sections were incubated with the
avidin-biotin-peroxidase complex (Vector ABC Elite, Vector
Laboratories) for 45 minutes, washed again with TBS, and
then developed in a substrate solution containing 1 mg/ml
3,3'-diaminobenzidine (DAB) and 0.01% H;0, in TBS for
10-20 minutes.

Sections of normal and immunoprocessed tissue were
rinsed in TBS, placed in 1% osmium tetroxide for 15
minutes, washed 5 X 10 minutes in 0.1 M maleate buffer
(pH 5.2), block stained in 2% uranyl acetate for 1 hour,
dehydrated, infiltrated with Epon, and flat-embedded be-
tween two sheets of Aclar (Ted Pella, Inc.). Relevant
sections were dissected and re-embedded in BEEM capsules
for electron microscopic analysis. Ultrathin sections were
collected on Formvar-coated slotted grids, stained with 7%
uranyl acetate, and examined with a JEOL 100C electron
microscope. Bat, owl monkey, and human tissue was unsat-
isfactory for electron microscopic analysis because the
tissue was not well preserved.

Morphometric analysis

Immunostained cells from the superficial layers of the
DCN of immunostained tissue and Nissl-stained cells from
adjacent tissue sections of the same animals that were not
subject to immunoprocessing were examined. Cells exhibit-
ing a nucleus were drawn at a total magnification of x2,500
(%100 oil immersion lens, NA 1.25) with the aid of a light
microscope and drawing tube. Every immunostained cell in
each DCN was drawn.

Cells stained by cresyl violet were selected as follows.
Granule cells had small, round somata and a prominent
nucleus with very little cytoplasm; these cells were primar-
ily distributed in layer II. Pyramidal cells exhibited large
cell bodies with prominent Nissl bodies and round nuclei
that were lightly stained. These cells were also distributed
in layer II. Medium-sized cells with round-to-oval somata
and nuclei with irregular shapes, characteristic of cart-
wheel cells, were selected from layer I and the superficial
portion of layer II. Two other known cells of the superficial
DCN are Golgi and stellate cells, but they are small and
difficult to distinguish at the light microscopic level. Be-
cause Golgi and stellate cells are also relatively rare (Wouter-
lood and Mugnaini, 1984), we do not think that they have a
significant impact on this study. For each cell drawn, we
determined long and short axis diameters and cross-
sectional area. The greatest diameter passing through the
nucleus was termed the long axis; the greatest diameter
perpendicular to this long axis and passing through the
nucleus was termed the short axis. Diameters and cross-
sectional area of the cell bodies were determined by using a
computer-aided tablet (SigmaScan, Jandel Scientific).

RESULTS
Characterization of antisera

Affinity-purified polyclonal antibodies were derived from
antisera raised in one goat (APG328) and two rabbits
(AP2A and AP35). APG328 and AP2A have been described
elsewhere (Sharp et al., 1993a). All antisera used displayed
a similar affinity for the IP3 receptor. Specificity of the
rabbit and goat antisera is demonstrated in Western blots
where single bands of protein, ~260,000-kD molecular
weight, are stained from rat cerebellum and DCN (Fig. 1).
All immunocytochemical staining produced virtually identi-
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Fig. 1. Detection of inositol 1,4,5-trisphosphate receptors (IP3r) in

cerebellum (Cblm.) and the dorsal cochlear nucleus (DCN) of the rat is
seen by immunoblot analysis. Proteins of cerebellar and DCN homoge-
nates were resolved by SDS-PAGE, transferred to nitrocellulose mem-
branes, and probed with the polyclonal IP3r antibody made in goat
(APG328) and rabbit (AP35). The antibodies react specifically with a
single band of molecular weight ~ 260,000 kD. Cerebellar and DCN
lanes contained 20 mg and 50 mg protein, respectively. The relative
molecular masses (M, x 10-%) of the standards on the gel are indicated.

cal results when using either goat or rabbit antisera.
Preadsorption of the IP3r antibodies with IP3r antigen or
omission of the primary antibodies from the immunocyto-
chemical procedure resulted in an absence of staining.

IP3r immunocytochemical staining

When hindbrain tissue is immunoprocessed with the
IP3r antibody, there is a characteristic staining pattern in
the DCN and cerebellum (Fig. 2). A homogeneous cell
population in each region is reliably and darkly immuno-
stained. In the dorsal cochlear nucleus, a population of
superficially located cells are labeled; in the cerebellar
cortex, Purkinje cells are labeled.

Positive controls: IP3r immunostaining
in the cerebellum

Because immunostaining with the IP3r antibody in the
cerebellum was consistent and reproducible, we used the
cerebellum as a positive control to evaluate our immunocy-
tochemical procedure and to determine antibody dilution.
Cerebellar Purkinje cells display high densities of the IP3
receptor not only for rats (Rodrigo et al., 1993; Sharp et al.,
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Fig. 2. Light micrographs of control (A) and immunostained (B) cat
cochlear nucleus and cerebellar cortex are shown in coronal sections,
using the rabbit anti-IP3r antibody. There is no tissue staining where
the primary antibody is omitted in the processing (A). The background
staining is the effect of osmium on white matter and our “overexpo-

1993a,b) and human (Suburo et al., 1993) but also for
guinea pigs, mustache bats, cats, owl monkeys, and rhesus
monkeys (Fig. 3).

Cell bodies and dendrites are intensely stained, as are
dendritic spines (Fig. 4A), recurrent collaterals (Fig. 4B)
and their terminals (Fig. 4C), axons in the cerebellar white
matter (Fig. 4D), and axon terminals in the deep cerebellar
nuclei (e.g., dentate nucleus, Fig. 4E) and lateral vestibular
nucleus (Fig. 4F). No other elements of the cerebellar
cortex are stained. There are numerous punctate terminal
swellings throughout the neuropil of the deep nuclei that
form dense pericellular baskets around unstained cell bod-
jes. Cerebellar Purkinje cells, including their dendrites,
axons, and axon terminals, displayed identical patterns of
immunoreactivity to the IP3r antibody across this variety
of mammals.

IP3r immunocytochemical staining
in the DCN

Immunostained neurons are distributed superficially in
layers I and II (Fig. 5). There is no labeling in the deep
DCN. These immunolabeled cells exhibit medium-sized cell
bodies and correspond in size and shape with Nissl-stained
cells having the same superficial distribution and are
characterized by lightly staining cytoplasm and a lightly
stained, often indented nucleus. The morphometry pro-
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sure” of the print to bring out the tissue. In contrast, the immuno-
stained tissue (B) reveals only Purkinje cells of the cerebellum and
cartwheel cells of the DCN. Lateral is to the left and dorsal is up. Cb,
cerebellar cortex; DCN, dorsal cochlear nucleus; PVCN, posteroventral
cochlear nucleus. Scale bar = 1 mm.

vides somatic size and shape data for comparisons across
different mammals, not only for cartwheel cells but also for
granule and pyramidal cells (Fig. 6). Although absolute cell
sizes vary across different species, these quantitative data
illustrate that the immunolabeled neurons maintain their
relative sizes. Cells having large or small somata are not
immunolabeled. The light microscopic, cytologic descrip-
tions from Nissl material are also consistent with those
published in rat and guinea pig (Wouterlood and Mugnaini,
1984: Berrebi and Mugnaini, 1991; Manis et al., 1994). The
nuclei of medium-sized immunolabeled cells are round and
unstained, but processes identifiable as dendrites are clearly
stained (Fig. 7). Structures resembling dendritic spines
were not immunostained in cells of the DCN in marked
contrast to the staining of dendritic spines of Purkinje cells.
In rodents, bats, and cats, immunolabeled dendrites tend to
be oriented toward the pial surface, endowing the cell with a
unipolar appearance (Figs. 5A,C-E, 7A,C-E). Some of these
dendrites and their branches could be observed for rela-
tively long distances (up to 150 pm in length in a 50-pm-
thick tissue section) as they emerged from labeled cell
bodies. Mostly, however, short segments of dendritic shafts
were visible within layer 1.

In primates, immunolabeled cells had somata that ranged
in shape from round to polygonal and exhibited multiple
dendrites that radiated away from the cell body in all
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Fig. 3. Light micrographs show cerebellar cortex of different mammals, using the rabbit anti-IP3r
antibody. Purkinje cells are darkly and exclusively labeled in rat (A), mustache bat (C), guinea pig (D), cat
(F), owl monkey (G), rhesus monkey (H), and human (I). Control tissue of rat (B) and cat (E), where the
primary antibody is omitted, is unstained. The pial surface is toward the top. Scale bar = 100 pm.



IP3 RECEPTORS IN THE DCN

LU
1
'.-",-'."’,pt.
R S -
ik

Fig. 4. Light micrographs show separate components of immuno-
stained Purkinje cells in the rat, using the rabbit anti-IP3r antibody.
There is intense labeling of dendritic shafts and dendritic spines (A),
axon and collateral (arrow, B), terminals of recurrent collaterals
(arrowheads, C), axons in the cerebellar white matter (wm, D), and

directions (Figs. 5F,G,I, 7C,D,F). These immunolabeled
multipolar cells extend long, occasionally branching, den-
drites that taper and resemble those of generic stellate cells.
Dendritic spines were not evident at the light microscopic
level (Fig. 7F,G). The distribution of these labeled cell
bodies within the DCN was distinctly superficial and con-
fined to layers I and I1. It should be noted, however, that the
number of the immunolabeled cells was less than that of
the nonprimate mammals.

In the human DCN, immunolabeled neurons were super-
ficially distributed but exhibited weak labeling (Fig. 5I),
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terminals and pericellular nests in the dentate nucleus (E) and medial
vestibular nucleus (F). This pattern of Purkinje cell inmunostaining
was similar for guinea pigs, mustache bats, cats, owl monkeys, rhesus
monkeys, and human. Scale bar = 20 pm for A-C, 50 pm for D-F.

especially in contrast to human cerebellar Purkinje cells
(Fig. 31) and to those immunostained cells in the DCN of
other mammals (Figs. 2, 5, 7). These DCN cells were
nevertheless clearly stained above background and exhib-
ited multipolar dendrites (Fig. 7I). Although the concentra-
tions of both primary and secondary antibodies were system-
atically varied, human DCN cells were always more lightly
labeled. This tissue was obtained from postmortem autopsy
cases, and we have little information other than age and sex
of the individuals. Some tissue was obtained after being
frozen for 14 months; other tissue was obtained within 1-2
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Fig. 5. Light micrographs show DCN of different mammals, using
the rabbit anti-IP3r antibody. These micrographs reveal that only
superficially located neurons and their dendritic processes in the
nucleus are stained, as illustrated in rat (A), mustache bat (C), guinea
pig (D), cat (E), owl monkey (F), rhesus monkey (G), and human (I).

D.K. RYUGO ET AL.

Neurons in the human DCN are less intensely stained, and some are
indicated by arrows; the darkly stained, round structures are red blood
cells. The pial surface is toward the top. Control tissues of rat (B) and
rhesus monkey (H) are not immunostained, but lightly stained white
matter is visible as a result of osmium treatment. Scale bar = 100 pm.
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Fig. 6. Scatter plots compare size (area) and shape (axis ratio) of  their shape and relative size compared with granule cells (pluses) and
immunostained cells (filled circles) with Nissl-stained cells from adja-  pyramidal cells (open triangles) is constant. Furthermore, the morpho-
cent sections in the same animals. Although the absolute size of metric features of cartwheel cells as defined in Nissl stains (open
immunostained cells is not constant (see scale changes for the X axes),  squares) closely match those of immunostained cells.
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Fig. 7. Light micrographs show immunostained cartwheel cells of
different mammals, using the rabbit anti-IP3r antibody. The pial
surface is toward the top. In the rat (A), mustache bat (C), guinea pig
(D), and cat (E), labeled dendrites have an apical orientation; in the owl
monkey (F), rhesus monkey (G), and human (I), labeled dendrites have

D.K. RYUGO ET AL.

a multipolar arrangement. Human cells are less intensely stained, but
sections with no antibody exhibited no labeling. Control tissues of rat
(B) and rhesus monkey (H) are not immunostained. Axons are visible in
the rhesus monkey control tissue due to osmium treatment. Scale bar =

50 pm.
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Fig. 8. Electron micrograph shows a cartwheel cell in the rat DCN.
Cartwheel cells for all the mammals we examined are typified by the
presence of a well developed Golgi apparatus (GA) and an extensive
system of cisternae (a few are indicated by arrows). Some cisternae are
studded with ribosomes, whereas others associated with mitochondria

days of death. There were no obvious staining differences
among the separate specimens.

Ultrastructural features of cartwheel cells

In the superficial layers of immunoprocessed control and
normal DCN tissue from rats, guinea pigs, cats, and rhesus
monkeys, medium-sized cell bodies (15-20 pm in diameter)
are plentiful. The cytoplasm and nuclear chromatin are
pale, and the nucleus is irregular in shape, typically exhibit-
ing deep invaginations that enclose polysomes. Polysomes,
rough endoplasmic reticulum (ER), and mitochondria are
scattered throughout the cytoplasm. The Golgi apparatus
and smooth ER are extensively developed, and cisternae
characteristically appear in close spatial proximity to mito-
chondria (Fig. 8). A distinct organelle complex, called a
subsurface cisternal complex, is found around the perim-
eter of the cell body, featuring a cistern squeezed between a
mitochondrion and the plasma membrane (Fig. 8). In rats,

are not. A subsurface cistern (arrowhead) and a mitochondrion are
illustrated in close proximity to the plasma membrane; subsurface
cisternal complexes are characteristic for cartwheel cells in rats but are
less evident for the other mammals examined. Scale bar = 0.5 pm.

these complexes are common and unambiguous markers
for cartwheel cells (Wouterlood and Mugnaini, 1984), but
they are less common in the species we studied (e.g., guinea
pig, cat, and rhesus monkey).

Ultrastructural features of immunolabeled
cells in the DCN

Immunolabeled cells of rat, guinea pig, cat, and rhesus
monkey were also studied with the electron microscope.
These labeled cells and their processes are characterized by
the presence of electron-dense, horseradish peroxidase
(HRP)-DAB reaction product, and were easily distinguish-
able from unlabeled cells (Fig. 9). When examined through
serial sections, the nuclei of all immunolabeled cells exhib-
ited a variable number of small, irregular pits and at least
one deeply penetrating invagination (Figs. 9, 10). The
reaction product is not diffuse throughout the cytoplasm
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but rather seems to condense into small patches. These
patches of label are scattered but accumulate in predictable
sites: staining was found along the membranes of most
cisternae of rough and smooth ER and subsurface cisternal
complexes. This label tended to emphasize the ribosomes
residing along the cisternae. The reaction product also
exhibited an obvious association with the outer membrane
of the nuclear envelope (Fig. 10). Reaction product was not
found in association with the plasma membrane or Golgi
apparatus but was occasionally observed on the external
surface of mitochondria. Immunolabeled cell bodies re-
ceived many bouton terminals that contained round or
pleiomorphic synaptic vesicles, but cytoplasmic reaction
product was not obviously associated with postsynaptic
densities.

Labeled dendrites were observed to emerge exclusively
and without exception from the labeled cell bodies of
cartwheel cells. Unlabeled pyramidal and granule cells did
not give rise to labeled dendrites. Pyramidal cells are
identifiable by their large size, a clear round nucleus, and
prominent stacks of rough ER that are distributed not only
throughout the cell body but also within primary dendrites
out to the first branch point. Granule cells are small (less
than 10 pm in diameter), exhibit scant cytoplasm, and
display a nucleus that is more electron dense near the
envelope than in the interior. One unlabeled Golgi cell was
encountered, defined by its eccentric nucleus and very
irregular somatic surface (Mugnaini et al., 1980). Two
unlabeled stellate cells, located just beneath the ependymal
layer, were identified by their high density of cytoplasmic
polyribosomes and their thin, untapered dendrites (Wouter-
lood et al., 1984). The definitive relationship between
labeled cell bodies and labeled dendrites could be verified
only when ultrathin sections included this dendrosomatic
junction, and although not all dendrites could be traced
back to their cell body of origin, these data indicate that the
immunolabeling was specific for cartwheel cells and their
dendrites.

Dendritic shafts were clearly labeled, and along these
shafts were numerous dendritic spines that were distinctly
unlabeled (Fig. 11). This staining motif was seen in all
animals and was also consistent with the light microscopic
appearance of the immunolabeled dendrites (e.g., Fig. 7). As
in the cell body, the reaction product in the dendrites is
amorphous and patchy, accumulating most heavily around
the periphery of the shaft. Although some of the cytoplas-
mic detail is obscured by the reaction product, there
appears to be an association of the staining with the
cytoplasmic surface of smooth ER along dendritic shafts,
specifically surrounding the base of dendritic spines. Some-
times, labeled smooth ER was adjacent to a patch of plasma
membrane, but because such labeling appeared along the
cytoplasmic side of the membrane and only occurred when
the smooth ER was nearby, it did not suggest that the
plasma membrane itself was labeled. The dendritic shafts
received both symmetric and asymmetric synaptic contacts.
There was no apparent association of reaction product with
synapses along the dendritic shafts.

The dendritic spines were variable in size and shape but
typically extended several micrometers from the shaft.
Constrictions formed the neck of the spine, and the head of
each spine was roughly 1 pm in diameter and diffusely filled
with a fine, granular matrix. Sections that grazed the edge
of the spine often gave the spine a dark appearance
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resembling label, but serial sections through the middle of
such “dark’ profiles revealed that the spines were in fact
unlabeled. This staining variation is undoubtedly due to the
curvature of the spine head. Immunolabeled dendritic
shafts and their unlabeled spines were postsynaptic to en
passant varicosities that arose from thin, unmyelinated
axons traveling parallel to the long axis of the nucleus. The
unmyelinated axons give rise to terminals filled with
rounded synaptic vesicles that form asymmetric synapses
with their targets. These axons fit the descriptions of
parallel fibers of the cochlear granule cells. Symmetric
synapses were not observed on dendritic spines.

Axons and synaptic terminals were not immunostained
in the DCN. Even as axons departed from an immunola-
beled cell body, they contained no immunoreaction product.
The failure to detect IP3r immunostaining in axons, termi-
nals, and dendritic spines is distinctly different from the
pattern of staining in the cerebellar cortex where Purkinje
cells are stained in their entirety, including somata, den-
dritic shafts and spines, axons, and terminals.

DISCUSSION

In the present study, we demonstrated that the inositol
1,4,5-trisphosphate receptor exhibits a reliable pattern of
immunocytochemical staining in the hindbrain of mam-
mals. Two distinct cell types are always labeled: Purkinje
cells of the cerebellum and cartwheel cells of the DCN.
Control experiments revealed no nonspecific staining by the
antibodies. The immunocytochemical staining of brain
tissue was consistent with immunoblots of rat cerebellum
and DCN tissue which showed that the IP3r antibody
reacted with a single band of protein, molecular weight
~ 260 kD, which is the same size as the purified receptor
(Supattapone et al., 1988; Furuichi et al., 1989; Mignery et
al., 1989, 1990; Maeda et al., 1990). The observations for
rodents, bats, cats, and primates were similar when using
goat and rabbit antibodies made against rat IP3 receptors,
suggesting that the same molecule is being recognized in all
cases. These data imply that IP3 is conserved in Purkinje
and cartwheel cells across mammals.

Comparative analysis of cartwheel cells

Cartwheel cells have been described in the literature, by
using different staining methods, studying different species
at different ages, and applying different morphologic crite-
ria (Brawer et al., 1974; Lorente de N6, 1981; Wouterlood
and Mugnaini, 1984; Hackney et al., 1990; Manis et al.,
1994). They have been most thoroughly studied in rats and
guinea pigs, where they exhibit medium-sized (15-20 pm in
diameter) cell bodies that are round-to-oval in shape and
distributed primarily in layers I and II of the DCN. Each
cell body gives rise to 3—-5 primary dendrites that extend
apically into layer I, branch relatively infrequently, and are
laden with spines. The round nucleus is centrally placed,
stains lightly with basic dyes, and exhibits one or several
deep invaginations. At the ultrastructural level, cartwheel
cells contain subsurface cisternal complexes.

Our observations that there are both similarities and
differences in the morphologic appearance of immunola-
beled cells of the DCN in different species make unambigu-
ous identification of neuron types (e.g., cartwheel cells)
difficult. One problem is determining which features unify
the class of neurons, which ones simply reflect variations on
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Fig.9. A:Low-magnification electron micrograph shows immunola-
beled cartwheel cell (CW) in the rat DCN. The immunoperoxidase
reaction product appears as black precipitate that is associated with the
cisternae of rough and smooth endoplasmic reticulum (ER), subsurface
cisternae, and the outer leaflet of the nuclear envelope. The labeled cell
exhibits a highly infolded nuclear membrane that is characteristic of
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the class of cartwheel cells. Immunolabeled dendritic shafts (d) are also
evident in the neuropil. B: Higher magnification electron micrograph
through cartwheel cell illustrates black reaction product along cytoplas-
mic cisternae (arrows) and a subsurface cistern (arrowhead), using
rabbit anti-IP3r antibody. Scale bars = 3 um in A, 0.5 pm in B.
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Fig. 10. Electron micrograph shows immunolabeled cartwheel cell
(CW) in the DCN of rhesus monkey, using the rabbit anti-IP3r
antibody. This immunolabeled cell is easily distinguished from the
adjacent unlabeled cell. It is typical of labeled cells in the mammalian

a theme, and which ones represent an entirely new theme.
Immunolabeled cells of the DCN contain the IP3 receptor,
have medium-sized cell bodies with a superficial distribu-
tion, and exhibit a high density of dendritic spines. Further-
more, the IP3 receptor distribution is subcellularly local-
ized within cisternae and the nuclear envelope, and there is
no labeling in dendritic spines, yet there is dense labeling in
dendritic shafts in all mammalian species studied. Finally,
the dendritic shafts and spines of cartwheel cells are
postsynaptic to en passant terminals of parallel fibers. The
specificity of IP3 receptor immunolabeling in the DCN and
the consistent morphologic features of immunolabeled me-
dium-sized cells across species lead us to conclude that
these cells are cartwheel cells and that they represent a key
component to central mechanisms in mammalian hearing.

In the mammals we examined, cell bodies and dendritic
shafts of cartwheel cells were strongly immunolabeled with
IP3r antibodies but dendritic spines, axons, and synaptic
endings were not. Dendritic spines are prominent struc-
tural features of cartwheel cells in rats, guinea pigs, and
cats (Brawer et al., 1974; Wouterlood and Mugnaini, 1984;
Manis et al., 1994). We have resolved one inconsistency

DCN to exhibit an infolded nucleus and immunoprecipitate along the
nuclear membrane (between arrows) and cytoplasmic cisternae. Scale
bar = 5 pm.

in the descriptions of IP3r immunolabeled cells in the DCN.
Although IP3r labeled cells appear nonspiny at the light
microscopic level, we demonstrated with electron micros-
copy that dendritic shafts are strongly immunostained, but
dendritic spines, although present and plentiful, are not.
The distribution of IP3 receptors in different compart-
ments of individual neurons emphasizes the importance of
local effects for the fine control of neuronal function. These
data also stand partially opposed to the idea that the human
DCN has a unique neuronal organization among mammals
(Moore and Osen, 1979; Adams, 1986). The conservation of
this immunocytochemical feature across mammalian or-
ders suggests a significant but as yet unknown role for this
second messenger in hearing.

There was some variability in the number of immunola-
beled cells in the mammalian DCN. It seemed that the bat
and primate had fewer cartwheel cells than nonprimates. In
primates, this reduction in cartwheel cell number may be
related to an observation that cochlear granule cells in
primates exhibit a similar reduction (Moore, 1980). Cart-
wheel and granule cell populations, both of which partici-
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Fig. 11. Electron micrographs show neuropil in the molecular layer Cartwheel cell dendritic shafts and spines are postsynaptic to terminals
of the DCN. These micrographs illustrate immunolabeled dendritic  containing round vesicles that originate from parallel fibers. Rabbit
shafts (d) of cartwheel cells giving rise to unlabeled dendritic spines  anti-IP3r antibody was used for A-D; goat anti-1P3r antibody was used
(arrows) of rat (A), guinea pig (B), cat (C), and rhesus monkey (D,E).  for E. Scale bar = 1 pm.
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pate in the same neural circuit (Wouterlood and Mugnaini,
1984), may share similar phylogenetic fates.

The cortical organization of the DCN is apparent in Nissl
preparations of most mammals but is often more difficult to
detect in primates (Moore, 1980). IP3r immunocytochemis-
try, however, reveals a clear laminar organization for the
DCN of the mammals we examined, including humans,
again emphasizing a fundamental plan for DCN structure.
Primate cartwheel cells exhibit multipolar dendrites rather
than unipolar ones, a feature that contributes to differences
in the DCN molecular layer between primates and nonpri-
mates and to the diminution of a well-defined molecular
layer. Exactly how the dendritic polarity of cartwheel cells
influences signal processing in the nucleus remains to be
answered.

Comparisons between cartwheel
and Purkinje cells

There is a great deal of literature that compares the
similarities between cartwheel cells of the DCN and Pur-
kinje cells of the cerebellar cortex (Mugnaini and Morgan,
1987; Mugnaini et al., 1987; Berrebi et al., 1990; Berrebi
and Mugnaini, 1991). We have demonstrated, however,
that these two cell populations do exhibit immunocytochemi-
cal differences with respect to IP3 receptors: the dendritic
spines and axon terminals of Purkinje cells are intensely
immunolabeled, whereas those of cartwheel cells are not.
The significance of IP3 receptors in dendritic spines of
Purkinje cells but not in the spines of cartwheel cells is
unknown, but this difference presumably reflects some key
variation in the mechanism of intracellular signaling. It
also raises questions about how IP3 and calcium function
during synaptic transmission in these separate cell popula-
tions. Cartwheel and Purkinje cells may require different
strategies to handle coincident activity that underlie “‘syn-
aptic learning” because cartwheel cells do not receive
climbing fiber inputs.

The difference in distribution of IP3 receptors in axon
terminals implies a further difference in mechanisms of
intercellular signaling. In the case of Purkinje cells, termi-
nal depolarization, which triggers calcium influx, might
activate the phosphoinositide cascade to elicit further the
intracellular release of calcium through IP3 receptors. One
implication is that Purkinje cells but not cartwheel cells
exert local influences over their synaptic terminals by way
of this second-messenger system.

Significance of IP3 receptors in cartwheel
cell signaling

Cartwheel cells discharge complex action potentials in
response to depolarizing current that appear to be mediated
by Ca** (Hirsch and Oertel, 1988; Zhang and Oertel, 1993,
Manis et al., 1994). Each action potential consists of an
initial fast spike followed within 10 ms by one or more
smaller spikes riding on a slow depolarization wave. Typi-
cally, these bursts appear in all-or-none fashion, occurring
as either spontaneous or evoked discharges. They arise
from fast depolarizing postsynaptic potentials (EPSPs) and
resemble the Ca** spikes of the cerebellum (Llinas and
Sugimori, 1980; Manis et al., 1994). These complex action
potentials of cartwheel cells occur too quickly to be medi-
ated by the IP3 sensitive Ca** pools but could be influenced
by this second-messenger cascade with repetitive stimula-
tion. More information is clearly needed on this topic.
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It is of interest that IP3r immunolabeling is associated
with the membranes of cisternae and the nuclear envelope.
Ca** may well be stored in the cisternae of rough and
smooth ER, subsurface cisternae, and in the space between
nuclear membranes. The mobilization of intracellular Ca**
following the binding of IP3 to its receptor is hypothesized
to trigger any of a number of calcium-dependent reactions.
The close proximity of subsurface cisternae to the plasma
membrane may facilitate activation of calcium-regulated
ion channels because of the limited intracellular diffusion
range of Ca** (Allbritton et al., 1992).

It is highly probable that calcium plays a major role in the
signaling properties of cartwheel cells. The IP3 receptor has
been revealed as both the Ca** channel and the IP3
recognition site (Ferris et al., 1989). Smooth ER is immuno-
labeled in cartwheel cells and may be involved in the
sequestration and intracellular release of calcium (e.g.,
Harris and Kater, 1994). The immunocytochemical differ-
ence between the dendritic spines of Purkinje and cart-
wheel cells is an indication of the diversity of possible
mechanisms for intracellular signaling. The presence of IP3
receptors in the dendritic shafts of cartwheel cells but not
spines may be a mechanism that isolates the different Ca**
pools from one another. The pattern of synaptic inputs
might determine which Ca** pools are mobilized, such that
the level of Ca** in the particular neuronal compartment
could then determine which enzymatic or second-messen-
ger pathway is initiated.

There is abundant evidence for a role of calcium in the
induction of long-term alterations in the strength of synap-
tic transmission. This kind of plasticity at a cellular level is
manifest by long-term potentiation in the hippocampus
(Madison et al., 1991) and long-term depression in the
cerebellum (Linden, 1994) and seems to involve the pres-
ence of N-methyl-D-aspartate (NMDA) receptors and
metabotropic glutamate receptors (Nakanishi, 1992, 1994).
In the DCN, cartwheel cells have NMDA receptors (Petralia
and Wenthold, unpublished observations) and metabo-
tropic glutamate receptors (Wright et al., 1993), indicating
a role for these cells in synaptic plasticity. The possibility of
potentiation involving part of the cartwheel cell circuit
(Manis, 1989) may indicate that cellular plasticity in the
auditory system has a behavioral expression, such as in
regulating the acoustic startle response (Boulis et al.,
1990). How phosphoinositol cascades serve the role of
cartwheel cells in modulating the output of the DCN
remains an important issue that has yet to be determined.
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