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ABSTRACT
The dorsal cochlear nucleus (DCN) is a brainstem structure that

receives input from the auditory nerve. Many studies in a diversity of
species have shown that the DCN has a laminar organization and identi-
fiable neuron types with predictable synaptic relations to each other. In
contrast, studies on the human DCN have found a less distinct laminar
organization and fewer cell types, although there has been disagreement
among studies in how to characterize laminar organization and which of
the cell types identified in other animals are also present in humans. We
have reexamined DCN organization in the human using immunohisto-
chemistry to analyze the expression of several proteins that have been
useful in delineating the neurochemical organization of other brainstem
structures in humans: nonphosphorylated neurofilament protein
(NPNFP), nitric oxide synthase (nNOS), and three calcium-binding pro-
teins. The results for humans suggest a laminar organization with only
two layers, and the presence of large projection neurons that are enriched
in NPNFP. We did not observe evidence in humans of the inhibitory inter-
neurons that have been described in the cat and rodent DCN. To compare
humans and other animals directly we used immunohistochemistry to
examine the DCN in the macaque monkey, the cat, and three rodents. We
found similarities between macaque monkey and human in the expres-
sion of NPNFP and nNOS, and unexpected differences among species in
the patterns of expression of the calcium-binding proteins. Anat Rec,
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INTRODUCTION

The cochlear nuclear complex, the dorsal and ventral
cochlear nuclei (DCN and VCN), receives input from the
eighth cranial nerve. The anatomy and physiology of the
DCN have been studied in many species including the
mustached bat, baboon, cat, chinchilla, gerbil, guinea
pig, hamster, monkey, mouse, rabbit, rat, and opossum,
(representative papers include Osen, 1969; Disterhoft
et al., 1980; Mugnaini et al., 1980b; Zook and Casseday,
1982; Wouterlood et al., 1984; Hackney et al., 1990;
Fleckeisen et al., 1991; Ryugo et al., 1995; Moore et al.,
1996; Bazwinsky et al., 2008; Rubio et al., 2008; Zhang
and Guan, 2008). Two features of DCN organization are
described for all nonhuman species. First, the DCN has
a laminar organization, typically described as three
layers. In the outermost, molecular layer (layer 1), there
are few neuronal somata and many dendrites of neurons
whose somata are in layer 2. Layer 1 also includes the
parallel fibers, which are the axons of granule cells. The
second layer (2), the fusiform/pyramidal/granule layer,
contains the somata of the large projection neurons. The
third layer, the deep or polymorphic layer, has an assort-
ment of cell types. Deep to the DCN are the fibers of the
dorsal acoustic stria (das), comprised of the axons of the
DCN projection neurons as well as other fibers from
multiple brain regions projecting to the DCN (Barnes
et al., 1943; Gacek, 1973; Adams and Warr, 1976; Mas-
terton and Granger, 1988; Cant and Benson, 2003;
Smith et al., 2005).

The second major characteristic of DCN organization
is the existence of distinct neuronal types with predict-
able synaptic relations to each other. Cataloging the dif-
ferent morphological types of neurons in the DCN was a
major concern of early neuroanatomists (Lorente de N�o,
1933; Ramo�n y Cajal, 1953; Lorente de No�, 1981) who
used Golgi and Nissl stains. Many subsequent studies
have supplemented these observations with additional
techniques including immunohistochemistry (IHC) and
electrophysiology coupled with intracellular filling of
neurons (Zhang and Oertel, 1993a,b,c). Oertel and Young
(2004) summarized these results and showed seven iden-
tifiable DCN neuron types and their interconnections.
There are two classes of excitatory projection neurons,
the pyramidal/fusiform cells and the giant cells, two
classes of local excitatory cells, the granule cells and the
unipolar brush cells (UBCs), and four kinds of inhibitory
interneurons, cartwheel cells, stellate cells, Golgi cells,
and tuberculoventral cells. An additional rare type of
neuron not included in the review of Oertel and Young
(2004) are the Purkinje-like cells (Spatz, 1997, 2003).

Studies of the human DCN have suggested there are
fewer layers and fewer cell types than in other mammals
(Moore and Osen, 1979; Moore, 1980; Heiman-Patterson
and Strominger, 1985; Adams, 1986; Wagoner and
Kulesza, 2009). Studies disagree, however, about how

many layers and how many cell types are in fact present
in the human DCN. Cajal noted that the DCN was
“poorly developed in humans—much more differentiated
in other mammals such as the guinea pig, rabbit, and
cat.” Adams (1986) described the human DCN as com-
posed of “hypertrophied versions” of layers 3 and 4.
Moore and Osen (1979) described the human DCN as
missing a molecular layer, with only layers analogous to
layers 2 and 3 of other animals. Heiman-Patterson and
Strominger (1985) stated that “the laminar pattern [of
the DCN] becomes progressively obscured” in higher pri-
mates. Wagoner and Kulesza (2009) recognized three
layers, a molecular layer, a granule cell layer and a
“deep” layer. They did describe a population of large cells
but noted that these were found in clusters and not in a
single row. By contrast, Adams (1986) suggested that
fusiform neurons were absent from the human DCN,
and Heiman-Patterson and Strominger (1985) empha-
sized the granule cell population was greatly reduced in
humans.

We have reexamined the laminar and cellular organi-
zation of the human DCN using immunohistochemistry
to supplement Nissl staining. We immunostained sec-
tions from cases from the Witelson Normal Brain Collec-
tion (Witelson and McCulloch, 1991); we previously
described immunostaining in other brainstem structures
in these cases (Baizer et al., 2007; Baizer and Broussard,
2010; Baizer et al., 2011a,c). In those earlier studies we
found that analysis of the expression of several proteins
including nonphosphorylated neurofilament protein
(NPNFP), the synthetic enzymes for GABA and nitric
oxide, and three calcium-binding proteins were espe-
cially useful in staining neurons and structures in the
vestibular and precerebellar brainstem. We found them
equally useful for visualizing the laminar organization
and neurons in the human DCN. In order to compare
the neurochemical properties of the human DCN to the
DCN in other species, we used the same antibodies and
immunohistochemistry methods on DCN sections from
the macaque monkey, the cat, and three rodents, (the
rat, the chinchilla, and the guinea pig).

Our results for humans demonstrate laminar organi-
zation of the DCN, but with only two layers, and several
neurochemically identified cell types including NPNFP-
immunoreactive (ir) projection neurons. However, we
also found major differences among species in the neuro-
nal characterization with the different markers. Some of
these findings have been described in two abstracts and
a short report (Baizer et al., 2012a,b; Baizer et al.,
2013a).

EXPERIMENTAL PROCEDURES

Tissue Preparation: Humans

We studied eight human brainstems from the Witel-
son Normal Brain Collection (Witelson and McCulloch,
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1991). The critical parameters for these cases are sum-
marized in Table 1. The brains had been stored in 10%
formalin. They were cryoprotected in 15% and then 30%
sucrose in 10% formalin. We cut 40 mm-thick frozen sec-
tions on an American Optical (AO) sliding microtome
equipped with a custom-built freezing stage. The brain-
stems were cut in a plane transverse to the long axis of
the brainstem, the plane used in the atlas of Olszewski
and Baxter (1954). All sections were saved and collected
in 5% formalin in large, plastic compartment boxes, 5
sections/compartment, 36 compartments/box. They were
stored in a cold room at 4�C. Initially, for each case, sets
of sections about 1 mm apart through the brainstem had
been mounted on gelatin-coated glass slides and stained
with cresyl violet (CV; LaBossiere and Glickstein, 1976).
We used these sections for localization of brainstem
structures by comparing the appearance of the brain-
stem on our sections to the sections shown in atlases of
the human brainstem (Olszewski and Baxter, 1954; Pax-
inos and Huang, 1995). In the course of these projects
additional sections were mounted and stained for CV as
needed to define more precisely the borders of structures
of interest.

Immunohistochemistry: Human Tissue

Sections selected for immunohistochemistry, were first
processed with an antigen retrieval protocol. Sections
were removed from the formalin, rinsed in 0.1 M phos-
phate buffered saline (PBS; all rinses were 3 3 10 min
on a tissue rocker) and placed individually in glass jars
in 20 mL of a sodium citrate-citric acid buffer, pH
adjusted to 2.8, 6.0, or 8.0. The jars were placed in a
water bath preheated to 85�C for 20–30 min, then cooled
at room temperature for 20 min. The sections were
removed from the jars and rinsed in PBS. Nonspecific
antibody binding was blocked by incubating the sections
in a solution of PBS, 1.5% normal serum (NS) from the
species in which the secondary antibody was made (Vec-
tor Laboratories, Vector Elite kits, Burlingame, CA) and

2% TritonX-100 (Sigma-Aldrich, Saint Louis, MO). Sec-
tions were then incubated overnight on a tissue rocker
at 4�C with the primary antibody (added to the blocking
solution). Table 2 shows the primary antibodies and dilu-
tions used. Subsequent processing was with the appro-
priate Vector ABC Elite kit (anti-mouse or anti-rabbit
IgG biotinylated secondary antibodies) for 1 hr at room
temperature on a rocker, followed by 3 x 10 min rinses
in PBS. Sections were then incubated with the avidin-
biotin complex, ABC, for 1 hr according to manufac-
turer’s instructions and rinsed again prior to the visual-
ization step. We used two different visualization
protocols. The first was a standard DAB protocol. Immu-
noreactivity was visualized by incubating in 3,3’-
diaminobenzidine (DAB, Sigma) with 0.0015–0.003%
H2O2 in 0.01 M PBS. For other sections, immunoreactiv-
ity was visualized by the glucose oxidase modification of
the DAB procedure (Shu et al., 1988). We found that the
glucose oxidase procedure allowed better visualization of
fibers than the standard DAB procedure. Sections were
then mounted on gelatin-coated glass slides, air-dried,
dehydrated in graded concentrations of alcohols, cleared
in Histosol (National Diagnostics) or xylene and cover-
slipped with Permount (Fisher Scientific, Pittsburgh,
PA).

Antibody Characterization and Specificity

Antibody specific and controls for several of these
antibodies in human tissue were previously described
(Baizer and Broussard, 2010; Baizer et al., 2011b).

Calbindin

The immunogen was recombinant rat calbindin. The
calbindin D28 antiserum (AB1778) was affinity purified
and preadsorbed against calretinin. It recognizes a band
of 28 kDa on a Western Blots of mouse brain (manufac-
turer’s data sheet). No immunostaining was seen on con-
trol sections on which the primary antiserum was
omitted or on sections in which the antiserum was

TABLE 1. The human cases; DCN analysis

Case Gender Age PMI (hr) Cause of death DCN mm CV sections IHC sections Total

155 F 50 9 Breast cancer 2.8 2 13 15
158 M 51 1 Colorectal cancer 4.6 19 32 51
164 F 45 3 Breast cancer 2.2 7 18 25
166 F 65 3 Breast cancer 2.6 6 22 28
168 M 69 3 Rectal cancer 2.4 7 25 32
169 M 70 2 Colorectal cancer 2.4 7 25 32
176 F 71 3 Colon cancer 2.8 3 17 20
180 M 54 2 Adenocarcinoma 3.4 3 19 22

TABLE 2. Antibodies and dilutions

Antigen Source Species/type Catalogue # Dilution

Calbindin (CB) Chemicon Rb, polyclonal AB1778 1:1,000–1:2,500
Calretinin (CR) Chemicon Rb, polyclonal AB5054 1:1,000–1:3,000
Eps8 BD Transduction Laboratories Ms, monoclonal 610143 1:500
GAD65/67 Chemicon Rb, polyclonal AB1511 1:1,000–1:2,000
NPNFP Covance Ms, monoclonal SMI32 1:1,000–1:2,000
Parvalbumin (PV) Millipore Rb, polyclonal AB9312 1:2,000
nitric oxide synthase (nNOS) Cayman Rb, polyclonal 160870 1:250
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diluted (1 : 2,000) and incubated with the protein
(Swant, recombinant rat calbindin, 2 mg/mL, in 1 mL
antibody diluent) for 6 hr at 4�C prior to immunostain-
ing (following the Swant protocol) (Baizer and Brous-
sard, 2010).

Calretinin

The immunogen was recombinant rat calretinin. The
calretinin antiserum (AB5054) recognizes a band of 31
kDA on Western Blot of rat brain (manufacturer’s data
sheet). It recognizes both the calcium-bound and
calcium-unbound conformations of calretinin by western
blots (data from manufacturer). No immunostaining was
seen on control sections of the human brainstem in
which the antiserum was omitted or in sections in which
the antiserum was diluted (1 : 1,500 in 1.5 mL of anti-
body diluent) and preincubated with the calretinin pro-
tein (Swant, recombinant human calretinin produced in
E. Coli, 3 mg/mL) for 6 h at 4�C prior to immunostaining
(following Swant instructions) (Baizer and Broussard,
2010). It has also been used to label neurons in mouse
thalamus (Delaunay et al., 2009) and interneurons in
mouse cerebral cortex (Liodis et al., 2007). This antibody
also showed the predicted labeling of hair cells in the
chicken (Warchol and Speck, 2007), of interneurons in
the rat striatum (Yang et al., 2008), and neurons in the
rat amygdala (Rainnie et al., 2006).

Eps8

The immunogen was mouse Eps8, aa 628–681. The
Eps8 antiserum (61043) recognized a band at 97 kDA on
a Western Blot of mouse macrophage lysate (manufac-
turer’s data sheet). In the study establishing Eps8 as a
UBC marker in rats, there was no immunostaining in
control sections incubated without the primary antibody
(Sekerkova et al., 2007).

GAD65/67

The immunogen was a synthetic peptide with the
amino acid sequence [C]DFLIEEIERLGQDL from rat
glutamate decarboxylase (GAD65; C-terminus residues
[Cys] 1 572–585). The GAD 65/67 antiserum (AB1511)
recognizes a doublet on Western Blot of mouse brain
lysates at 65/68 kDa (manufacturer’s data sheet). Immu-
nostaining was abolished by preincubation with the pep-
tide (manufacturer’s data sheet). This antibody has
previously been used for immunohistochemistry in rat
brainstem (Belenky et al., 2008; Yeo et al., 2010) and in
mouse cerebral cortex (Liguz-Lecznar et al., 2009).

nNOS

The immunogen was human nNOS, aa 1422–1433.
The nNOS antiserum (160870) recognizes a peptide of
155 kDa on Western blot of mouse brain (manufacturer’s
quality control sheet). In human sections, no immuno-
staining was seen on control sections in which the anti-
serum was omitted, or on sections in which the antibody
was first incubated with the immunizing protein (Cay-
man Laboratories Catalogue 360871, 1 mg/ml) for 1 hr at
RT prior to dilution (1:200 in 2 ml of antibody diluent;
following Cayman instructions) (Baizer and Broussard,

2010). This antibody was also used to identify neurons
in the hippocampus of the rat (Armstrong et al., 2011).

NPNFP

The immunogen was rat brain lysate. The antiserum
(SMI32) recognizes a nonphosphorylated epitope on the
168 (M, medium) and 200 kDa (H, heavy) neurofilament
subunits (Sternberger and Sternberger, 1983) of most
mammalian species, and stains somas, dendrites and
some thick axons (manufacturer’s data sheet). It lacks
cross reactivity to microtubule-associated protein and to
Alzheimer’s disease neurofibrillary tangles (Ksiezak-
Reding et al., 1987; Lee et al., 1988). It has been widely
used to characterize cortical pyramidal cells in several
species (Hof and Morrison, 1990; Hof et al., 1995; Van
der Gucht et al., 2007).

Parvalbumin

The immunogen was rat muscle parvalbumin. The
antiserum (AB9312) recognizes both the calcium bound
and calcium-free forms of parvalbumin. The specificity of
this antibody for parvalbumin in the rodent brain was
described by Felch and Van Hooser (2012). It was also
shown to label neurons in cortex of rat and mouse (Sal-
gado et al., 2007; Schmid et al., 2008) and also used in a
study of cortical dysplasia in humans (Andr�e et al.,
2008).

Tissue Preparation: Nonhuman Specimens

Our goal was to compare the immunostaining in the
human DCN other species. We utilized tissue from sev-
eral different sources, but the immunohistochemistry
was done in this laboratory with the same antibodies
used for the human tissue. All animals had been per-
fused with fixative (10% formalin or 4% paraformalde-
hyde, PFA). All animal experiments had been conducted
according to the NIH guidelines and had been approved
by the Animal Care and Use Committees of the institu-
tions in which they were done.

Macaque Monkeys

We illustrate sections from the brains of three differ-
ent adult macaque monkeys.

Macaque A. We examined archival CV-stained sec-
tions from this animal. The animal had been perfused
with 10% formalin and the brain removed and stored in
10% formalin. The brain was cryoprotected in sucrose in
formalin, divided into two blocks and cut at 40 mm in
the coronal plane. Every section was collected and stored
at 220�C in a cryoprotection-storage solution (30% eth-
ylene glycol, 30% glycerol in 0.1 M PB). Sections used
for IHC were pretreated with an antigen retrieval proto-
col as for the human tissue.

Macaque B. We had available some archival immu-
nostained sections from this monkey. The animal had
been perfused with 4% PFA followed by 0.1 M PBS. The
brain was divided into two blocks in the frontal plane at
about stereotaxic A13 (Paxinos et al. 2000). For cryopro-
tection, tissue blocks were immersed in 15% then 30%
sucrose in PBS. They were then stored in an 280�C
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freezer in a different cryoprotection solution of 30% eth-
ylene glycol and 30% glycerol in 0.1 M PB. Subsequently,
50 mm-thick frozen sections were cut on a sliding micro-
tome. The sections were stored in the glycerol-ethylene
glycol cryoprotectant solution in tissue culture plates at
220�C until processing. Data from this animal were
included in earlier reports on different brainstem struc-
tures (Baizer and Baker, 2006a,b; Baizer et al., 2011c).

Macaque C. This macaque monkey had been per-
fused with 4% PFA and the brain stored in PBS with
0.1% sodium azide. A block of tissue containing the brain-
stem and cerebellum was sent to this laboratory, cryopro-
tected in 15% then 30% sucrose in PBS and then frozen
sections cut on the AO sliding microtome in the coronal
plane at 40 mm. All sections were collected and stored in
plastic compartment boxes in a cryoprotection solution
(30% ethylene glycol and 30% glycerol in 0.1 M phosphate
buffer) in a 220�C freezer. Data from this animal were
included in an earlier report (Baizer et al., 2013b).

Cats. We immunostained DCN sections from 5 adult
cats. The brains had been prepared for projects on the
vestibular nuclear complex (VNC) and related nuclei
(Baizer and Baker, 2005, 2006b; Baizer et al., 2010). The
animals had been perfused with 4% PFA and the cere-
bella dissected free from the brainstems. The brainstems
were cryoprotected in 15% then 30% sucrose in PBS.
Frozen sections, 40 mm-thick, were cut in the coronal/
frontal plane on the AO sliding microtome. This plane of
section was illustrated in an atlas of the cat brainstem
(Berman, 1968). All sections were collected and were
stored in a cryoprotective storage solution (30% ethylene
glycol and 30% glycerol in 0.1 M PB) at 220�C. Since
the DCN is present at the same rostro-caudal levels as
components of the VNC, some sections at the level of the
DCN had been used for other projects. We also examined
archival celloidin-embedded coronal Nissl- and fiber
(Weil)-stained sections of cat and monkey brains.

Chinchilla. We used sections from the brain of an
adult chinchilla that had been perfused with 4% PFA;
sections were used for pilot experiments extending a dif-
ferent project (Manohar et al., 2012). The brain was cry-
oprotected in 15% then 30% sucrose in PBS and frozen
sections were cut on the AO sliding microtome at 40 mm
in the coronal plane. Sections had been stored in cryo-
protection solution; some sections had been stained with
CV or used for immunostaining. We also examined
archival CV and immunostained sections of two addi-
tional chinchillas.

Rats. We used sections from the brains of three rats
(2–4 months) that were prepared in the context of other
projects (Manohar et al., 2012; Paolone et al., 2014).
Those animals had been perfused with 4% PFA, the
brains postfixed overnight and cryoprotected in 15%
then 30% sucrose in PBS. The brains had been sectioned
in the coronal plane at 40 mm on a cryostat and the sec-
tions stored at 220�C in a cryoprotection solution (30%
ethylene glycol, 30% glycerol in 0.1 M PB).

Guinea pigs. We studied the brains of two adult
guinea pigs that had been perfused with 4% PFA, cryo-

protected in 15% and then 30% sucrose in PBS, and sec-
tioned in the coronal plane at 40 mm. The sections were
stored in a 220�C freezer in a cryoprotection solution
(30% glycerol, 30% ethylene glycol in PB).

We used the same antibodies and immunohistochemis-
try protocols for these species as for the humans. The
protocols were modified in that we omitted the antigen
retrieval protocol (since the tissue had not been stored
in fixative) and the Triton-X100 concentration was
decreased from 2% to 0.5%.

We also used a double-labeling immunofluorescence
protocol with sequential incubations for a few macaque
monkey sections (Macaque C). The sections were incu-
bated overnight with the first primary antibody. They
were rinsed, incubated with the appropriate Alexa fluo-
rescent secondary antibody (Alexa anti-mouse 488 or
Alexa anti-rabbit 594), rinsed, incubated overnight with
the second antibody and the next day with the appropri-
ate secondary antibody. Immunofluorescence slides were
coverslipped with Vector Hardmount mounting medium
and examined with a Zeiss Axioimager microscope. Digi-
tal images were captured with Zeiss AxioVision software
and exported as .tif files.

Data Analysis and Photography

The DAB and DAB-GO sections were examined with a
Leitz Dialux 20 light microscope, and digital images
(1,200 3 1,600 pixels) captured with a SPOT Insight
Color Mosaic camera mounted on that microscope.
Brightness and contrast of images were adjusted with
Adobe Photoshop, (San Jose, CA), and plates assembled
using Adobe Photoshop. For ease of comparison, all DCN
images are shown as on the right. We used a screenshot
of one image of the cat DCN in a parasagittal section
from Brainmaps.org, cat parasagittal series, section
#579 (inset in Fig. 6A). That image was cropped, and
brightness, contrast, and color adjusted in Adobe
Photoshop.

RESULTS

Our goal was to examine the organization of the
human DCN using immunohistochemistry for proteins
that we knew are expressed in other structures in the
human brainstem. We found that IHC for several
markers showed a characteristic and consistent staining
pattern in the human DCN, revealing details of laminar
organization and neuronal types not previously
described. We then compared the neurochemical organi-
zation of the human DCN with that of other species
using the same panel of markers. We will first describe
the results in the human and then compare the human
DCN with the macaque monkey, cat and rodents. For
each species, we will first describe the appearance of the
DCN in Nissl-stained sections and then the laminar and
cellular organization as shown by IHC.

Human DCN

For each case, we first used the CV and immuno-
stained sections to determine the rostro-caudal extent of
the DCN. Table 1 shows the total number of sections
analyzed for each case and the rostro-caudal extent of
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the DCN. There is some variability among cases in the
DCN extent.

CV. Figure 1 shows low (A, C, E) and high (B, D, F)
magnification images of CV-stained sections of the
human DCN from three different cases. In Cases 158
(Fig. 1A) and 168 (Fig. 1E) only the DCN is present, in
Case 180 (Fig. 1C) the ventral cochlear nucleus (VCN) is
present as well. The shape and thickness of the DCN
vary among cases, but in all three cases it is possible to
identify an outer region (labeled 1) with lighter staining
and only a few stained somata, and deep to that a
broader region (labeled 2) with numerous scattered
stained somata. In these sections, the borders between
the DCN, the das and the underlying inferior cerebellar
peduncle (icp) are not sharply delineated. For the
descriptions of the laminar organization of the human
DCN we will use the term “band” rather than “layer” to
avoid implied homology with the layers of the DCN
established in other species. The panels on the right
show the scattered large, stained somata. The shapes of
the somata vary from fusiform (Fig. 1B, arrows) to
shield-shaped (Fig. 1D, arrow) to oval (Fig. 1F, arrow).
These large neurons are not arranged in a single row
but scattered over the width of band 2. Furthermore, the
elongated or spindle-shaped somata are not aligned with
their long axes perpendicular to the surface of the DCN.

NPNFP. The appearance of the DCN in CV staining
is only faintly suggestive of laminar organization. By
contrast, NPNFP-immunoreactivity clearly revealed a
laminar organization. Figure 2A shows NPNFP staining
in the DCN of one human case. At low magnification,
three distinct bands of staining of different intensities
can be seen. There is an outer, lightly stained narrow
band (1), a broad inner darkly stained band (2) and deep
to that another lightly stained narrow band (3) which
corresponds to the das. The border between the das/
DCN and the underlying icp is clear. The inset shows an
adjacent section stained with CV. This section is adja-
cent to the CV-stained section shown in Fig. 1A,B. Fig-
ure 2B shows that the broad middle band (2) consists of
stained somata embedded in a dense meshwork of
stained processes, most of which are oriented parallel to
the surface of the DCN. The deepest band includes
stained processes running parallel to the surface of the
structure (example at arrowhead). Figure 2C shows a
higher magnification image of band 1 and the outermost
portion of band 2. There is a stained neuron (arrowhead)
in band 1, but in general stained somata are sparse,
especially compared to band 2. There are also some
stained processes parallel to the DCN surface. Figure 2C
also shows stained elongated (fusiform; example at
arrow) somata in the outer part of band 2. The somata
of fusiform cells are seen at all different orientations
and their processes do not routinely enter band 1. Figure
2D shows that deeper band 2 also contains stained
somata of a number of different shapes (round soma
shown at arrow) and again a very dense network of
stained processes running at all different orientations.

Nitric oxide synthase (nNOS). Staining for
nNOS similarly shows a laminar organization of the
human DCN with many of the same features as seen

with NPNFP immunostaining. Figure 3A shows a low
magnification image of nNOS immunostaining with a
lightly stained, narrow, outer band, a broad and darkly
stained middle band (band 2) and a lightly stained inner
band around the icp. Figure 3B is a higher magnification
image to illustrate the staining in the three bands. The
middle band contains many stained somata but their
distribution is not as homogeneous as seen with NPNFP
immunostaining. nNOS-ir somata are distributed more
densely in the inner part of band 2 than in the outer
part. The background staining is punctate and the
stained meshwork of fibers seen with NPNFP is not
apparent. There are occasional large stained somata
deep to band 2 (Fig. 3B, arrowheads) as well as stained
processes. Figure 3C shows a variety of immunostained
soma shapes and sizes in band 2 and Figure 3D shows a
rare stained neuron in the outer band (1).

Calretinin (CR). Figure 3E shows that staining
for CR also suggests a laminar organization with the
same three distinct bands of staining, an outer (1)
lightly stained band, a broad middle band (2) and a
more lightly stained inner band (3). However, the higher
magnification images in F, G, and H show that different
elements are better immunostained with CR than with
either NPNFP or nNOS. Figure 3F shows scattered
small round (example at arrow) or oval somata scattered
in the broad middle band; similar profiles were not seen
with the other two stains. There are also long stained
fibers running parallel to the outer edge of the DCN
(arrowhead). Figure 3G shows the diversity in CR-ir
somata, with very small round (arrow) and slightly
larger profiles labeled, suggesting that more than one
neuronal type expresses CR. The CR-ir neurons, like the
nNOS-ir neurons, tended to be located in the ventral
half of band 2. Finally, Fig. 3H (arrowhead) shows that
in the deepest band (3) there are stained fibers running
along the length of the DCN.

Calbindin (CB). The staining with CB also showed
a laminar pattern with a lightly stained outer band (Fig.
3I) and a more darkly stained, broader band (2). In the
outer band a few beaded stained processes are seen (Fig.
3I, black and white arrowheads; Fig. 3J, white arrow-
head). The middle band contained a few scattered
stained elements. There were also stained fascicles of
fibers; Figure 3J shows two such fascicles (arrow) deep
in band 1 of another case. In a few sections, there is also
dramatic staining of very large neurons (Fig. 3K,L), that
are similar to the “Purkinje-like cells” previously
described in the DCN of other species (Spatz, 1997,
2003).

Glutamic acid decarboxylase (GAD). Figure 4A
shows dark and uniform GAD immunostaining in the
outer two layers of the DCN. The higher magnification
image in 4B shows that this staining consists of puncta
with a few stained somata. The image in 4C shows
examples of stained somata in band 1 (arrow). Figure
4D shows the pattern of GAD staining in the human cer-
ebellar cortex, with stained fibers in the molecular layer
(white arrowhead), and staining of Purkinje cells (P) and
their dendritic trees. In the granule cell layer (gr) many
round somata are outlined with punctate staining

6 BAIZER ET AL.



(example at arrow). Figure 4E shows a lower power
image of the DCN in another case; a lightly stained
outer band and a darkly stained band 2 are clear. The

image in panel 4F again confirms that the GAD stains
puncta and does not distinguish very many somata. The
border between bands 1 and 2 is clear.

Fig. 1. Cytoarchitectural appearance of the human DCN in three differ-
ent cases, CV staining. Two images are shown for each case, a lower
magnification image on the left (A, C, E) and a higher magnification
image on the right (B, D, F). A rectangle on the left panel outlines the
region shown in higher magnification. The arrows indicate neurons. The

number 1 in A, C, E indicates the outer band with few somata and the
number 2 indicates the deeper band that includes the stained somata
shown in B, D, F. CV, cresyl violet; das, dorsal acoustic stria; DCN, dorsal
cochlear nucleus; icp, inferior cerebellar peduncle; VCN, ventral cochlear
nucleus. Scale bars: A, C, E 5 500 mm; B, D, F 5 50 mm.
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Fig. 2. NPNFP immunostaining in the human DCN. A: NPNFP shows
three distinct bands (1, 2, and 3). The laminar pattern is not as clear
on an adjacent section stained for CV (inset). The rectangle shows the
location of the image in B. B: The outer band (1) contains a few
stained processes and somata. Band 2 is broader and is comprised
of many stained somata and processes. In the innermost band (3)
there are stained fibers running parallel to the border with the icp

(example at arrowhead). The rectangles show the locations of the
images in C and D. C: The arrowhead indicates a stained soma in
band 1; the arrow indicates a neuron with an elongated soma at the
outer border of band 2. D: The arrow shows a stained soma embed-
ded in a dense meshwork of stained processes. icp, inferior cerebellar
peduncle; VCN, ventral cochlear nucleus. Scale bars: A 5 1 mm;
inset 5 500 mm; B, C, D 5 100 mm.
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Parvalbumin (PV). Staining for the third calcium-
binding protein, PV, again confirms laminar organization
in the human DCN. Figure 4G shows a lower magnifica-
tion image of PV-ir in the DCN. This section is adjacent
to the section shown in Fig. 1C. Again, three different
bands are seen with PV immunostaining, an outer lightly
stained band, a broad more darkly stained middle band
(2) and a deep band (3) that is very darkly stained, a pat-
tern different from what is seen with the other calcium-
binding proteins. The higher magnification image shows
that the staining in all layers consists of fibers running
along the DCN (Fig. 4H, arrow and arrowhead). There
are a few fibers with varicosities (Fig. 4H, arrowheads).
There is no staining of cell bodies in any layer.

Macaque Monkey

Figure 5A shows a CV-stained section through the
DCN. CV staining clearly shows a laminar organization
in the macaque DCN that is similar to the classical pic-
ture of laminar organization based on cat and rodent.
There is an outer layer (1) with few stained somata.
Under that is a band of large, darkly stained neurons

(arrow), and deep to that a region of scattered stained
somata. Under the cellular layers are the fibers of the
das. The inset shows a CV-stained section from a more
rostral level showing a region of stained small neurons,
the granule cell domain (GCD; Fig. 5A inset, arrow).

Immunohistochemistry

The staining with NPNFP shows a laminar organiza-
tion similar to the pattern in human. Figure 5B shows a
lightly stained outer layer (1) and a broad band of stain-
ing beneath. That band consists of staining of both
somata and processes, with the stained somata deeper in
the band (Fig. 5B, arrowhead indicates the level of the
stained somata). Deep to the DCN a few stained proc-
esses are seen in the das (Fig. 5B, arrow). The higher
magnification image shows round or oval somata (Fig.
5C, arrow). The laminar pattern with nNOS is different
from in the human. Instead of a lightly stained band 1
there is an outer region of darker staining (Fig. 5D). As
in human, nNOS labels scattered stained somata. These
are elongated and oriented roughly parallel to the sur-
face of the DCN (Fig. 5D,E). The inset in Fig. 5D shows

Fig. 3. nNOS, CR, and CB immunoreactivity in the human DCN. A:
nNOS. The rectangles show the locations of the images in panels B, C.
B: nNOS immunostaining. Labeled somata are scattered in band 2 with
larger neurons deeper in the band. The rectangle shows the location of
the image in C. There are a few stained somata (arrowheads) deep to 2.
C: Labeled somata in band 2 are of different shapes from oval to multi-
polar (examples at arrows). D: The arrow shows a large stained soma in
the outermost band (1). E: CR. Low magnification image of the DCN
showing that CR immunoreactivity defines an outer narrow lightly
stained band (1), a broad middle band (2) and a lightly stained, narrow,
inner band (3). The asterisk is an alignment point for the image in F. The
rectangles show the locations of the images in G and H. F: There are
long stained processes in the outer band that run parallel to the surface

of the DCN (example at arrowhead). In band 2 there are scattered
stained small somata (example at arrow) and stained processes. G:
Higher magnification image of the stained somata (examples at arrow) in
band 2. H: The deepest band (3) includes stained processes (example at
arrowhead). I: CB immunostaining shows a lightly stained outer band (1)
with a few fine beaded fibers (example at arrowhead) running parallel to
the pial surface. Below that is a more darkly stained band (2) with small
stained profiles (example at arrow) and stained processes running paral-
lel to the surface (example at arrowhead). J: In band 1 there are two fas-
cicles of CB-ir fibers (black arrows) and a long, thin beaded process
(white arrowhead) all running parallel to the surface. K: CB-ir Purkinje-
like cell. L: CB-ir Purkinje-like cell from a second case. Scale bars:
A 5 1 mm; B, C, F, G, H, I, J, L 5 100 mm; D, K 5 50 mm; E 5 500 mm.
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a section that was double-labeled for nNOS and NPNFP.
There are more NPNFP-ir cells (green, example at
arrow) than nNOS-ir neurons (red, arrowhead). There
were no examples of double-labeled neurons suggesting
that these are different populations.

CR-immunoreactivity shows many stained small
somata (example at Fig. 5F, arrow) and a few stained
processes (Fig. 5F, arrowhead). The staining with CB is
different from that in human, with a very few stained
cells and profiles that appear to be dendrites (Fig. 5G,

Fig. 4. GAD and PV immunoreactivity in the human DCN. A: Low
magnification view of immunoreactivity for GAD in the DCN of Case
158 showing uniformly dark staining across the entire width of the
DCN. The rectangles show the location of the images in B and C. B:
The staining is fine and punctate. C: Staining of a soma (arrow) in the
outer band (1). D: GAD in the cerebellar cortex. The arrowhead indi-
cates a stained fiber. E: GAD staining in the DCN of another case. The
rectangle shows the location of the image in F. F: Higher magnification
showing the contrast in staining between bands 1 and 2. The arrow
shows stained processes in band 1 running roughly perpendicular to

the surface. G: The same three bands are seen with PV staining, a
narrow lightly stained outer band a broader middle band (2) and a nar-
row inner band (arrow) that with PV is more darkly stained. The rec-
tangle shows the location of the image in H. H: At this magnification
the lightly stained outer band is more apparent. There are stained
processes (example at arrow) running parallel to the border of the
DCN in this band. There are also stained processes running parallel to
the surface in the middle band, some of which are beaded (examples
at arrowheads). Scale bars: A, E, G 5 500 mm; B, C, D, F, H 5 50 mm.
P, Purkinje cells; gr, granule cell layer.

Fig. 5. The DCN in the macaque monkey. A: On a CV-stained sec-
tion there is an outer, lightly stained layer (1) and a row of larger,
darkly stained somata (arrow). Deep to that row is a broader region of
scattered somata. The inset shows a more rostral CV-stained section
showing a region of densely stained small somata (arrow), the granule
cell domain (GCD). B: NPNFP immunoreactivity in the DCN shows is a
narrow lightly stained outer layer (1). The arrowhead marks the
approximate boundary of a broad band of stained somata. The rec-
tangle shows the location of the image in C. C: The NPNFP immuno-
stained neurons have round or oval cell bodies (example at arrow). D:

nNOS immunostaining labels a few elongated somata and processes.
The small rectangle shows the location of the image in E. The inset
shows the DCN on a section double-labeled for nNOS (red) and
NPNFP (green). The arrow shows a neuron that is NPNFP-ir and the
arrowhead a neuron that is nNOS-ir. E: Elongated nNOS-ir somata. F:
CR. Scattered CR-ir somata (example at arrow) and a few processes
(arrowhead). G: There are occasional stained CB-ir elements that
resemble stained processes (example at arrow). H: Punctate GAD
staining. Scale bars: A 5 500 mm; B, D, F 5 250 mm; C, D- inset, E, G,
H 5 100 mm.
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arrow). Finally, GAD-ir (Fig. 5H) shows diffuse punctate
staining throughout much of the depth of the DCN, a
pattern similar to that of the human.

Cat

The laminar organization of the DCN in the cat is eas-
ily apparent from CV-stained sections (Fig. 6A). There is
an unstained outer layer (1), a darkly stained layer of
somata (2), and a deeper region with scattered stained
somata (3). The arrow indicates the GCD. The inset
shows a parasagittal section of the cat DCN; the same
laminar organization is apparent. Figure 6B shows the
darkly stained large somata of layer 2 (arrow), and the
scattered somata of a variety of shapes and sizes in layer
3 (elongated soma at arrowhead).

Immunohistochemistry

In the cat, the immunostaining pattern for NPNFP is
quite different from that seen in human or monkey. Fig-
ure 6C,D show that immunoreactivity for NPNFP stains
an outer band along the perimeter of the DCN. This

region includes some stained cells and processes (Fig. 6D,
arrow and arrowhead) and overlaps layers 1 and 2 shown
in CV. While in human, the laminar pattern of nNOS
immunostaining is similar to the staining with NPNFP,
for the cat nNOS and NPNFP immunostaining are quite
different. Figure 6E shows that nNOS defines a darkly
stained outer band, narrower than the band defined by
NPNFP staining. This band includes neurons with oval
or round somata and processes (Fig. 6F); no such nNOS-
ir neurons had been seen in human or monkey.

The immunostaining patterns for cat with the
calcium-binding proteins are also different from those
observed in human and monkey. CB immunostaining
shows somata distributed throughout the cell layers of
the DCN (Fig. 6G). The somata and proximal dendrites
are stained; the somata are oval, round or elongated
(Fig. 6H, arrow). CR stained scattered small round
puncta and a few larger somata (Fig. 6I). Immunoreac-
tivity to GAD marked a few somata in the cellular band
(Fig. 6J, outlined arrow), small punctate staining and a
few larger neurons intermingled with the fibers of the
das (Fig. 6J, black arrowhead). Finally, PV (Fig. 6K,L)

Fig. 6. The DCN of the cat. A: CV-stained coronal section through
the cat DCN showing an outer, lightly stained molecular layer (1), a
broad, darkly stained pyramidal cell layer (2) and a deeper layer (3)
with scattered stained somata. The arrow marks a region of dense
staining at the ventral edge of the DCN, the GCD. The inset shows the
DCN in a parasagittal section (cropped screenshot of an image from
the parasagittal atlas of the cat brain from brainmaps.org); the same
laminar organization is apparent. B: Higher magnification image of the
coronal section showing the large, darkly stained somata of a variety
of shapes, (example at arrow) and large elongated somata in the deep
layer (example at arrowhead). C: Low magnification image showing
NPNFP staining in the outer half of the DCN. The rectangle shows the
location of the image in D. D: Higher magnification image showing
occasional stained somata (arrow and arrowhead) and fragments of

processes. E: nNOS in the cat DCN shows darker staining in an outer
band of the DCN (arrowhead). The rectangle shows the image in F. F:
There are nNOS-ir somata (arrow) in the outer band. G: CB staining
shows a broad layer of scattered stained somata. The rectangle
shows the location of the image in H. H: Stained round and elongated
(example at arrow) somata and proximal dendrites. I: CR staining
marks only a few stained profiles. J: With GAD-ir there are some
stained small round profiles (example at arrow) and a few stained
somata in the das (arrowhead). K: PV gives uniform light staining with
a few stained somata. The rectangle shows the location of the image
in L. L: There are occasional PV-ir large somata (arrow) in the deep
layers. Scale bars A, C, E, G, K 5 250 mm; A, inset 5 500 mm; B, I,
J 5 100 mm; D, F, H, L 5 50 mm.
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immunostaining also marks stained somata (example at
arrow, Fig. 6L). The immunostaining with the three
calcium-binding proteins does not define the molecular
layer as in human nor do they stain long processes run-
ning parallel to the DCN surface. Instead, they stain dif-
ferent populations of neurons.

Rodents

Laminar organization. The appearance of the
DCN in Nissl stains is different for each rodent, rat,
chinchilla and guinea pig (Fig. 7). In rat, there is a
lightly stained layer 1 (Fig. 7A,B). Beneath that are
scattered, larger, darkly stained neurons (layer 2) and a
very broad inner band with stained somata of a variety
of shapes (layer 3). At this level, the VCN is present;
between the DCN and the VCN is a region of darkly
stained small neurons, the GCD; (Fig. 7A, arrowhead).

In the guinea pig, the DCN (Fig. 7C,D) is relatively
larger and thicker than in the rat. However, the overall
laminar organization is similar with a lightly stained
layer 1 (Fig. 7C,D), ventral to that a more sharply
defined layer 2 (Fig. 7D, arrow) and a broad layer 3 with
scattered stained somata. The GCD is very well-defined
(Fig. 7C, arrowhead).

The chinchilla DCN (Fig. 7E,F) is unique in that there
is a patchy organization of layers 2 and 3. As in all spe-
cies, there is a lightly stained outer layer (1) with very
few stained somata (arrowhead in Fig. 7F). Medially
there is a very densely stained patch of small neurons
(Fig. 7E, leftmost arrow), an arrangement not seen in
the other species. There is another cluster of neurons at
the middle arrow (Fig. 7E) and, more ventrally, a third
stained oval-shaped region (Fig. 7E, lateral arrow). The
row of large cells in layer 2 is interrupted by the clusters
of small cells. A broad layer 3 with a variety of soma
sizes and shapes is also apparent (Fig. 7F, arrow indi-
cates neuron with oval soma).

Immunostaining. The immunostaining in the
rodents is very different from the primates, and the
three rodents differed from each other.

Rat. NPNFP staining in rat is relatively uniform
over the depth of the DCN, with no well-defined laminar
organization (Fig. 8A). There are stained puncta and
fragments of processes; some large somata are outlined
(example at Fig. 8B, arrow). With nNOS, there is dark
staining of the outermost 50–100 mm of the DCN (Fig.
8C, arrowhead), and then even staining of the full depth
of the DCN to the level of the border with the icp. A
higher magnification image shows stained somata and
proximal processes of neurons (Fig. 8D, arrowhead) as
well as scattered darkly stained puncta (Fig. 8D, arrow).
Figure 8E, F shows that with GAD-immunoreactivity
there is a band of dense staining of puncta that extends
approximately half of the depth of the DCN (Fig. 8E,
arrowhead marks the border of the darker region. Fig-
ure 8F shows the punctate GAD-immunostaining at
higher magnification.

Figure 8G shows a band of darker CB-immunostaining
in about the outer 1002200 mm of the DCN (white arrow-
head); this band contains many immunostained somata
about 20 mm in diameter (Fig. 8H, example at arrow).
With CR immunostaining there is an outer layer with

few stained profiles (Fig. 8I) and a deeper broad band
with many CR-ir neurons most with round somata (Fig.
8J, example at arrow). Finally, Fig. 8K, L show that
there were PV-ir somata (Fig. 8L, arrow) scattered
through about the outer layers of the DCN.

Guinea pig. NPNFP immunostaining in the guinea
pig marked an outer band (Fig. 9A, arrowhead) of
darker staining. Figure 9B shows that this band consists
of stained somata (example at arrow) and processes,
many of which are oriented perpendicular to the surface.
However, nNOS staining is very light (Fig. 9C) with only
a few scattered stained profiles (Fig. 9D) and no well-
defined laminar organization. There also are nNOS-ir
cells deep to the DCN (Fig. 9C, arrow). GAD immunore-
activity is seen in scattered small elements in about the
outer half of the DCN (Fig. 9E,F). CB- immunoreactivity
defined a darker outer region (Fig. 9G, arrowhead).
There are CB-ir somata, (Fig. 9H, arrow) and processes
in this darker band. CR immunoreactivity is observed in
labeled scattered small cells (Fig. 9I, example at arrow);
Eps8, a UBC marker (Sekerkova et al., 2007; Manohar
et al., 2012) also labels scattered somata (Fig. 9J, exam-
ple at arrow). Finally, PV-ir in this species (Fig. 9K, L)
shows a row of fusiform-shaped cells, a pattern not seen
in any other animal.

Chinchilla. The pattern of NPNFP immunostain-
ing (Fig. 10A,B) is similar to the pattern in the guinea
pig. NPNFP-ir is present in vertically oriented processes
(Fig. 10B, arrow) and puncta in layer 1. The pattern
with nNOS is also similar to that seen in the rat, with
staining darker over the outer half of the DCN (Fig.
10C, arrowhead) and scattered stained somata (Fig.
10D, example at arrow). Calcium-binding proteins
instead mark different populations of neurons. CB-
immunoreactivity stains the outer 100–200 mm of the
DCN (Fig. 10E, arrowhead). The staining is interrupted
by unstained circular areas that may correspond to the
patches of granule cells seen in the CV sections. Figure
10F shows that there are many stained round somata
and processes (example at arrow). There are scattered
CR-ir somata in layer 1 (Fig. 10G, arrow) and a broad
band of stained elements in layer 2 (Fig. 10G, arrow-
head). The inset shows that in this species Eps8 stains a
scattering of somata. PV-ir marks round or oval (but not
fusiform) somata (arrow, Fig. 10H).

DISCUSSION

Our results suggest that the human DCN has a lami-
nar organization and multiple neuron types as in other
species. The neurochemical organization in the human
DCN is similar, but not identical to that in macaque
monkey, and both were different from the cat and the
rodents, which in turn differed from each other. We will
first review the patterns of laminar organization and
then compare the neurochemically characterized neurons
with the DCN neuron types that have been previously
described.

Laminar Organization

Laminar organization in the human is suggested by
CV staining and by all of the markers we used. CV
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Fig. 7. Cytoarchitectural organization in the rat (A, B), guinea pig (C,
D) and chinchilla (E, F). A: Low magnification image of the brainstem
of the rat at a level where the DCN and VCN are both present. The
arrowhead indicates the GCD. The outer lightly stained layer is marked
with a “1.” The rectangle shows the area in B. B: Higher magnification
image of the rat DCN showing scattered neurons with large somata in
layer 2 (example at arrow). C: Guinea pig the outer layer (1) again has
relatively few stained somata and a large region of granule cells
(arrowhead) is inserted between the DCN and the VCN. The rectangle

shows the location of the image in D. D: Layer 2 is distinguished by
dense granule cells and scattered larger somata (example at arrow).
E: Low magnification image of a CV-stained section through the DCN
of a chinchilla. The arrows indicate several pools of darkly stained
small neurons. F: Higher magnification image shows CV-stained
somata of a variety of shapes, sizes, and orientations. The arrowhead
shows a small neuron, the arrow shows a neuron with an elongated
soma located deep in the cell layers of the DCN. Scale bars: A, C, E5

500 mm; B, D, F5 100 mm.
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staining suggests two layers, an outer lightly stained
band (“1”) and a broader band with many stained
somata (“2”). This laminar organization is much more
dramatically visualized with immunoreactivity for
NPNFP. Beneath an outer, unstained layer is a very
darkly stained band about 700 mm deep with a popula-
tion of well-stained neurons with fusiform or pyramidal
somata distributed throughout its depth. This band is
likely to correspond to the combined layers 2 and 3 as
defined in other species, as suggested by Moore and
Osen (1979). A laminar organization is also shown by
immunoreactivity to the calcium-binding proteins. CB,
CR, and PV stained fine fibers in the outer band. With
PV, fibers deep to the DCN, presumably afferents, are
also stained. The deepest band (3, seen with NPNFP,
nNOS, and CR) corresponds to the fibers of the das.

Monkey, Cat, Rodents

For all other species, CV staining showed an outer,
molecular layer with few stained somata and below that
a broad band of stained somata. The differentiation of
this broad band into a distinct layer 2, a fusiform or
pyramidal cell layer, and a layer 3, with a variety of
neuron types, varies among species. In our sections, a

row of somata defining layer 2 is clearest in the cat, and
visible in monkey and guinea pig sections. It is not as
striking in rat and chinchilla; in those species the large
neurons are scattered throughout a broader region
(layers 2/3).

For the monkey, immunoreactivity for NPNFP is simi-
lar to human with a superficial lightly stained band and
a broad band of dark staining beneath it. NPNFP stain-
ing in the other species is very different, with a band of
darker staining in the superficial DCN that does not
overlap the larger projection neurons as seen with CV
staining. The laminar pattern for nNOS in cat and
rodents is different from the pattern in human and mon-
key in that nNOS staining is darker in the more superfi-
cial DCN rather than in the region defined by NPNFP
immunostaining.

These observations basically confirm many earlier
studies on the laminar organization of the DCN in the
cat (Brawer et al., 1974; Blackstad et al., 1984), monkey,
(Rubio et al., 2008), chinchilla (Fleckeisen et al., 1991),
guinea pig (Hackney et al., 1990) and rat (Mugnaini
et al., 1980a; Wouterlood et al., 1984; Mugnaini, 1985;
Di~no and Mugnaini, 2008). Our data in monkeys are in
agreement with Rubio et al. (2008) in showing the exis-
tence of a molecular layer.

Fig. 8. The DCN in the rat. The images are arranged in pairs with a
low magnification image on the left (A, C, E, G, I, K). The rectangles
show the location of the higher magnification images to the right (B,
D, F, H, J, L). A: NPNFP immunostaining is relatively uniform through
the depth of the DCN. B: The higher magnification image shows that
NPNFP is expressed in puncta and scattered fragments of processes;
some staining surrounds large somata (example at arrow). C: With
nNOS, there is a band of darker staining along approximately the
outer 50 mm of the DCN. There are scattered stained somata in that
band (arrowhead). D: There are scattered larger somata in the outer
band (arrowhead) as well as deeper in the DCN (arrow). E: GAD stain-

ing is punctate and denser in the outer half of the DCN. F: The punc-
tate nature of GAD staining with occasional stained somata is clear at
this magnification. G: Relatively uniform CB immunostaining with scat-
tered somata in the outer layers. H: This higher magnification image
shows scattered stained somata (example at arrow) in the outer layers
of the DCN. I: CR immunostaining in the DCN; the outermost layer
has fewer stained elements. J: Higher magnification image showing
small, round, stained somata (example at arrow). K: PV immunoreac-
tivity in the DCN. L: Higher magnification image showing stained
somata (arrow) in the outer layer. Scale bars: A, C, E, G, K 5 250 mm;
B, D, F, H, J, L5 50 mm; I 5 100 mm.
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Fig. 10. The DCN in the chinchilla. A: NPNFP immunostaining is
denser in the outer layers; arrowhead marks the border of the darker
staining. B: There are stained processes (example at arrow) in the
outer 200 mm of the DCN, many oriented perpendicular to the surface.
C: nNOS immunoreactivity is darker in the outer region (arrowhead at
border). The rectangle shows the location of the image in D. D: There
are scattered nNOS-ir somata (example at arrow). E: CB-ir. The outer
layer (arrowhead) is more darkly stained. Note the circular regions of

lighter staining. The rectangle shows the location of the image in F. F:
There are many stained somata (example at arrow) and processes in
the outer layer. G: CR. The outer layer is lightly stained; beneath it are
stained somata and processes. The inset shows that immunoreactivity
for Eps8 overlaps but is not coextensive with the CR immunoreactivity.
H: PV-ir somata in the superficial DCN. Scale bars: A, C, E 5 250 mm;
B, D, F, H 5 50 mm; G and inset 5 100 mm.

Fig. 9. The DCN in the guinea pig. A: NPNFP immunostaining marks
a more darkly stained outer layer (arrowhead). The rectangle shows
the region in B. The staining is composed of small stained somata
(arrow) and processes, many of which are oriented perpendicular to
the surface. C: nNOS immunostaining is relatively light and uniform. A
few stained somata are seen deep in the DCN (arrow). The rectangle
shows the region in D. The higher magnification image shows scat-
tered puncta of a variety of sizes. E: GAD immunostaining is punctate
and again relatively uniform. F: The punctate nature of GAD immuno-

staining shown at higher magnification. G: CB staining marks an outer
darker band (arrowhead). H: The band is comprised of stained small
somata and processes. I: CR immunostaining marks stained proc-
esses and puncta. J: Eps8 staining shows many stained widely dis-
tributed somata. K: Parvalbumin immunostaining distinguishes the
outer third of the DCN. The rectangle shows the region in L. L: Neu-
rons with fusiform somata (example at arrow) oriented perpendicular
to the surface are stained with PV. Scale bars: A, C, E, G, K 5 250 mm;
B, D, F, H, I, L 5 50 mm; J 5 100 mm.
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Granule Cell Domain

Another characteristic of the cochlear nuclear complex
in nonhuman species is the presence of a region of dense
granule cells between the DCN and VCN, the GCD.
While the staining pattern in the DCN is distinct from
the more ventral VCN (for example Fig. 1C), we did not
see a GCD in any of the CV-stained sections from the
human cases. We did not examine serial sections
through the entire DCN/VCN so the existence of a gran-
ule cell domain in human cannot be definitively ruled
out from our data, but other studies have argued that a
GCD is absent in humans (Wagoner and Kulesza, 2009).
A GCD is apparent in CV staining for the other species,
including the macaque monkey.

Cell Types in the DCN

The cell types of the DCN have been characterized in
other species by Golgi, Nissl, and immunohistochemical
staining. The model of DCN circuitry (Oertel and Young,
2004) identifies these cell types and shows their synaptic
relations to each other. How do the neurons we see
labeled with different markers fit into this scheme?

NPNFP

In the human, NPNFP is prominently expressed in a
population of well-stained neurons with fusiform or
pyramidal somata distributed throughout the depth of
band 2. We propose that the NPNFP-ir neurons are the
output neurons of the human DCN, the human equiva-
lent of the pyramidal or fusiform cells. This suggestion
is based in part on studies on other brain regions in
which NPNFP has been found to be a marker for gluta-
matergic cells with long projections, e.g. pyramidal cells
of the cerebral cortex of many species (Hof and Morri-
son, 1990; Hof et al., 1990, 1995, 1997; King et al., 2001;
Boire et al., 2005; Van der Gucht et al., 2006; Van der
Gucht et al., 2007; Paulussen et al., 2011) and somata of
cranial nerve nuclei in the brainstem (Baizer, 2009;
Baizer et al., 2011a). In the macaque monkey, NPNFP
also defined a broad band of staining made up of stained
neurons and processes; the stained neurons may repre-
sent the projection neurons.

NPNFP, however, is not expressed in the projection
neurons in any of the other species. There are stained
elements, but these are more superficially located than
the projection neurons. This variability in NPNFP
expression is in contrast to the cerebral cortex; NPNFP
is expressed in pyramidal cells in all mammalian species
examined to date (Campbell et al., 1991; Hof et al., 1992,
1995, 1996, 1997; Boire et al., 2005; Van der Gucht
et al., 2007; Sherwood et al., 2009; Paulussen et al.,
2011; Ouda et al., 2012). NPNFP expression in the DCN
reveals a major difference in neurochemistry between
primates and nonprimates.

nNOS

In human there are scattered somata in the broad band
defined by NPNFP staining. Some somata are elongated
parallel to the DCN border; a few immunolabeled neurons
and processes are seen in the underlying das. In the mac-
aque monkey, there is also staining of elongated somata
overlapping the NPNFP band. These profiles have shapes

similar to the nNOS-ir neurons in human. Although spa-
tially overlapped, the nNOS and NPNFP-ir neurons prob-
ably represent different populations, as double-labeling in
macaque monkey showing that the NPNFP and nNOS are
expressed in different cells. nNOS-ir somata are quite dif-
ferent in the other species, both in laminar location and in
appearance. In the cat, nNOS immunostaining labels neu-
rons in the molecular layer. In all three rodents, rat, chin-
chilla and guinea pig, there are nNOS-ir neurons in the
molecular layer and in deeper layers. Studies in different
parts of the CNS have shown that nNOS is typically
expressed in GABAergic interneurons and not glutamater-
gic projection neurons (Valtschanoff et al., 1993, 1995;
Smiley et al., 2000; Jinno and Kosaka, 2002; Fuentealba
et al., 2008). Inhibitory interneurons in the cat and rodent
DCN include stellate, cartwheel and Golgi cells (Oertel
and Young, 2004); in cat and rodent the nNOS-ir popula-
tion may represent one or more of those classes. In the
primates nNOS immunoreactivity may also mark inhibi-
tory interneurons but the labeled cells have a very differ-
ent morphology from the cells labeled in cat and rodent.

Calcium-Binding Proteins

CB. Immunoreactivity for CB has been described in
three cell populations: cartwheel cells of the molecular
layer (Zettel et al., 1991, bat; Frisina et al., 1995, chin-
chilla; Spatz, 1997, guinea pig, strongly; rat, weakly;
Rubio et al., 2008, macaque monkey), Purkinje-like cells
(Spatz, 1997, 2003, tree shrew, rat and guinea pig) and
UBCs (but only in the marmoset and not in rat or
guinea pig (Spatz, 2000). Cartwheel cells are also labeled
with two other antibodies, one against PEP-19, a
calcium-binding protein (Berrebi and Mugnaini, 1991,
guinea pig) and the other against the IP3 receptor
(Ryugo et al., 1995, many species including humans).

We did not see profiles resembling cartwheel cells in
the human CB-ir sections. We did see CB-ir Purkinje-
like cells in the human, suggesting both that there is CB
expression and that our methods are sufficient to detect
it. In the macaque monkey, only a few scattered profiles
are CB-ir; again cells resembling cartwheel cells are not
labeled.

In contrast, many CB-ir neurons, variously in layers 1
and 2/3 are found in all other species. Some or all of
these neurons probably correspond to cartwheel cells.

CR. In earlier studies in the rat, CR expression has
been shown in UBCs and in scattered somata in layers 2
and 3 of the DCN (Arai et al., 1991, Fig. 13B; Floris
et al., 1994; Spatz, 2000; Manohar et al., 2012). In the
human, CR labeled processes running along the length of
the DCN in the outermost layer. In band 2, both proc-
esses and small somata are labeled. In the macaque mon-
key, CR-ir neurons are found within the region marked
by NPNFP-immunoreactivity. The CR immunolabeling
pattern varied among the other species. In the cat, very
few somata are labeled whereas in rat and guinea pig
there are many scattered somata. In the chinchilla, CR is
present in a broad band of cells below the molecular
layer. CR labels a subset of UBCs (Floris et al., 1994;
Mugnaini et al., 2011); some of the stained elements are
probably UBCs. We also compared staining with CR and
Eps8, a pan-UBC marker (Sekerkova et al., 2007) in
guinea pig and chinchilla. We found different patterns of

16 BAIZER ET AL.



labeling for these markers, suggesting that there may be
additional populations of UBCs that are not CR-ir (as in
the mouse, Nunzi et al., 2002; Chung et al., 2009).

PV. The earlier results with PV-ir are inconsistent
among species. Celio (1990) did not find PV-ir somata in
rat DCN although he did describe PV-ir beaded axons and
terminals. By contrast, Bazwinsky et al. (2008) reported
PV-immunoreactivity in all DCN neurons. We found
major differences among species in staining for PV. In
humans, PV also stained long beaded fibers in both the
molecular layer and in band 2. In the cat the PV did not
stain processes but somata scattered in the entire width
of the DCN. In the guinea pig, somata of fusiform cells
are PV-ir. In the chinchilla and the rat, there are PV-ir
somata in the molecular layer. Again, these may repre-
sent a population of inhibitory interneurons.

GAD. The staining with the GAD antibody we used,
yielded similar results in all species with dense punctate
label throughout the DCN. We had hoped to label
GABAergic cells in the DCN but the dense label made it
very difficult to see labeled somata. The punctate label
suggests heavy inhibitory input to the DCN. This might
include both local circuit inhibitory neurons, as well as
descending GABAergic axons from the trapezoid body or
superior olivary complex (Ostapoff et al., 1997).

Species Variability in DCN Neurochemistry

The expression of NPNFP and nNOS distinguishes
primates from nonprimates. We also found differences in
the expression of calcium-binding proteins between
humans and other species, as well as more subtle differ-
ences among the species. In the human, none of the
calcium-binding proteins labeled large somata. In the
other species, calcium-binding proteins labeled popula-
tions of neurons although the shapes and distribution of
neurons identified by the different proteins vary among
species. The species variability in expression of calcium-
binding proteins in defined cell classes have been
reported previously for the DCN as well as for other
structures (Spatz, 1997; Hof et al., 1999; Spatz, 2000;
Seress et al., 2008; Morona and Gonzalez, 2009). Differ-
ent physiological characteristics are associated with the
expression of different calcium-binding proteins (Baim-
bridge et al., 1992; Schwaller et al., 2002; Schwaller,
2010); there may therefore be species differences, per-
haps subtle ones, in the physiological properties of neu-
rons assigned to the same class reflecting different
calcium-binding protein expression.

Cell Types and Circuitry in the Human DCN

We have identified two neurochemical cell types, the
NPNFP-ir and nNOS-ir neuronal populations in human
and macaque monkey that do not have neurochemical
counterparts in the other species. In human, there are rare
examples of other cell types, namely, a large nNOS-ir cell in
the molecular layer, and a few CB-ir Purkinje-like cells.

The granule cell is a critical component of DCN cir-
cuitry (Mugnaini et al., 1980a; Mugnaini et al., 1980b;
Oertel and Young, 2004). We suggest that there may be
a granule cell population in the human that is CR- or
CB-ir or both. In other species, the axons of these cells

form parallel fibers that run along the molecular layer
and innervate dendrites of cartwheel and fusiform cells
(summary in Oertel and Young, 2004); our data argue
against this arrangement in the human. In the human
sections there is a clearly demarcated molecular layer
with fine beaded fibers that may represent the axons of
granule cells; we did not, however, label dendrites of
either putative projection neurons or interneurons
extending into that layer.

Other key components of DCN circuitry are inhibitory
interneurons (cartwheel cells, stellate cells, Golgi cells,
tuberculoventral cells). While candidate inhibitory inter-
neurons are stained by nNOS and/or calcium-binding pro-
teins in the monkey, cat, and rodents, there are no such
neurons stained in the human. Those markers are effective
in labeling other elements in the human tissue, suggesting
that if these inhibitory interneurons exist in humans they
have very different neurochemical properties. Earlier
studies in the human using other markers have identified
UBCs (Spatz, 2001) and a putative cartwheel cell popula-
tion (Ryugo et al., 1995) in the human DCN.

These data imply a different circuit diagram for the
human DCN than that established for other mammals
(Oertel and Young, 2004, Fig. 1). The suggestion that
the organization and cell types in the human DCN are
different than in non-primates is consistent with early
descriptions (Moore and Osen, 1979; Moore, 1980;
Heiman-Patterson and Strominger, 1985; Adams, 1986).

Finally, we should consider the possible functional
implications of these species differences in DCN organi-
zation. Tinnitus, the perception of a phantom sound, is a
major human health problem. The locus and mecha-
nisms leading to tinnitus, while intensively studied, are
not understood (discussion and references in Kaltenbach,
2006a; Roberts et al., 2010; Kaltenbach, 2011; Wang
et al., 2011; Baizer et al., 2012a). Data from animal stud-
ies implicate the DCN in tinnitus (Brozoski et al., 2002;
Kaltenbach, 2006a,b; Dehmel et al., 2012). Do these
results generalize to humans? Our data suggest that
there may be major differences in the circuitry of the
human DCN compared with rodents so that the changes
in the physiology of the DCN described in rodents may
not be applicable to humans.
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