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Abstract SMI-32 antibody recognizes a non-phosphory-
lated epitope of neurofilament proteins, which are thought
to be necessary for the maintenance of large neurons
with highly myelinated processes. We investigated the
distribution and quantity of SMI-32-immunoreactive(-ir)
neurons in individual parts of the rat auditory system. SMI-
32-ir neurons were present in all auditory structures;
however, in most regions they constituted only a minority
of all neurons (10-30%). In the cochlear nuclei, a higher
occurrence of SMI-32-ir neurons was found in the ventral
cochlear nucleus. Within the superior olivary complex,
SMI-32-ir cells were particularly abundant in the medial
nucleus of the trapezoid body (MNTB), the only auditory
region where SMI-32-ir neurons constituted an absolute
majority of all neurons. In the inferior colliculus, a region
with the highest total number of neurons among the rat
auditory subcortical structures, the percentage of SMI-32-ir
cells was, in contrast to the MNTB, very low. In the medial
geniculate body, SMI-32-ir neurons were prevalent in the
ventral division. At the cortical level, SMI-32-ir neurons
were found mainly in layers III, V and VI. Within the
auditory cortex, it was possible to distinguish the Tel, Te2
and Te3 areas on the basis of the variable numerical density
and volumes of SMI-32-ir neurons, especially when the
pyramidal cells of layer V were taken into account. SMI-
32-ir neurons apparently form a representative subpopula-
tion of neurons in all parts of the rat central auditory system
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and may belong to both the inhibitory and excitatory sys-
tems, depending on the particular brain region.
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Introduction

Neurofilament proteins are neuron-specific cytoskeletal
intermediate filaments essential for the development and
maintenance of neurons and their processes (Hoffman et al.
1987; Lee and Cleveland 1994). Among them, three struc-
turally and genetically related proteins form a so-called
triplet, consisting of light, medium and heavy neurofilament
subunits (Vickers and Costa 1992). The monoclonal anti-
body SMI-32 (Sternberg Monoclonals Incorporated, product
no. 32), which recognizes the non-phosphorylated epitope of
the medium and heavy neurofilament subunits, has been
shown to specifically label the dendrites and perikarya of a
subset of neocortical pyramidal neurons with subcortical
axonal projections (Sternberger and Sternberger 1983;
Kirkcaldie et al. 2002; Voelker et al. 2004; Molnar and
Cheung 2006). The content of neurofilament triplets in
neurons is thought to be associated with the level of mye-
lination and to be related to the fast conduction of axons
(Lawson and Waddell 1991; Kirkcaldie et al. 2002). The
neurofilaments are thought to be necessary for structural
stability and to be involved in nutrition transport in large,
fast firing neurons with long processes (Goldstein et al.
1987; Lasek 1988).

The subset of cortical neurons labeled with SMI-32
antibody was found to be preferentially lost in Alzheimer’s
and Huntington’s diseases (Cudkowicz and Kowall 1990;
Hof and Morrison 1990). SMI 32 antibody was also shown
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to be a sensitive marker for early and chronic lesions in
multiple sclerosis, including discontinuous immunostain-
ing of demyelinating axons and, especially, of axon-ter-
minal spheroids, indicative of axonal disintegration in
multiple sclerosis (Trapp et al. 1998). In an animal model
of multiple sclerosis, SMI-32 immunoreactivity was found
to be diminished under demyelinisation processes in mar-
mosets during autoimmune encephalomyelitis (Mancardi
et al. 2001). SMI-32 positivity was also substantially
decreased in the cat lateral geniculate body under condi-
tions of induced early visual deprivation (Bickford et al.
1998; Duffy and Slusar 2009). These results suggest that
SMI-32-immunoreactive(-ir) neurons are highly vulnerable
to different pathological processes and, consequently, the
deterioration of non-phosphorylated neurofilaments may
contribute to the further development of pathological
changes. In addition, aged C57 mice were shown to be
more prone to the loss of SMI-32 immunoreactivity during
induced demyelinisation processes than young animals
(Irvine and Blakemore 2006). The neurofilament content is
also altered with normal aging, presumably due to rising
neurofilament phosphorylation in the senescent brain
(Vickers et al. 1992; Veeranna et al. 2009), which may
further contribute to greater age-dependent vulnerability.
Recently, growing evidence has shown that differences
in the immunohistochemical pattern of SMI-32 expression
can be successfully used for the parcellation of cortical
areas, the hippocampus and perihippocampal areas in dif-
ferent mammalian species, e.g. in monotremes (Hassiotis
et al. 2004), rodents (Budinger et al. 2000; Bajo and Moore
2005; Boire et al. 2005), felines (Van der Gucht et al. 2001;
Lee and Winer 2008b, c) as well as in primates (Chaudhuri
et al. 1996; Baldauf 2005; Luppino et al. 2005). The data
about SMI-32 immunoreactivity in subcortical structures
are limited. The distribution of SMI-32-ir neurons was
described in the striatopallidal complex of humans and
monotremes (Morel et al. 2002; Ashwell 2008). Differ-
ences between the magnocellular and parvocellular layers
of the lateral geniculate body based on SMI-32 immuno-
reactivity were reported in primates (Bourne and Rosa
2003; Soares et al. 2008). In the auditory system, SMI-32-ir
neurons were found to be present in some nuclei of the
human superior olivary complex (Bazwinsky et al. 2003).
The primary aim of this study was to investigate the
distribution of SMI-32-immunoreactive neurons within the
rat central auditory system and to estimate their numbers in
individual regions of the auditory system in comparison
with the total number of neurons. Detailed knowledge of
the distribution and percentage of SMI-32-ir neurons in
particular subcortical and cortical auditory structures is
important to both identify this potentially vulnerable neu-
ronal population and also for better understanding of the
functional significance of the SMI-32-ir population in
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particular structures. To accomplish this aim, reliable
knowledge of the total number of neurons in particular
brain region is necessary. To date, only a very few unbi-
ased assessments have been performed to determine the
total number of neurons in the particular nuclei and regions
of the rat central auditory system (Kulesza et al. 2002). In
the present study, we used unbiased stereological methods
to estimate both the number of SMI-32-ir neurons and the
total number of neurons in individual nuclei and areas of
the auditory pathway. In addition, we also aimed to elu-
cidate whether the parcellation of cortical areas based on
the SMI-32 immunoreactivity pattern could be quantified
with respect to the number and volumes of SMI-32-ir
neurons in particular adjacent areas (auditory and sur-
rounding non-auditory cortical areas).

Materials and methods
Animals

Experiments were performed on young adult (3—6 months
old) pigmented rats (strain Long Evans), which were
obtained from a local facility and were reared in-house
under standard conditions. No signs of middle ear infection
were present in any animal during their stay in the animal
house. The care and use of animals and all experimental
procedures followed the principles of laboratory animal
care and were performed in compliance with the guidelines
of the Ethical Committee, Institute of Experimental Med-
icine, Academy of Sciences of the Czech Republic, and the
Declaration of Helsinki.

Immunohistochemistry

Rats (n = 10) were placed under deep anesthesia (ketamine
50 mg/kg + xylazine 8 mg/kg, i.m.) and then transcar-
dially perfused with saline followed by 4% paraformalde-
hyde fixative in 0.1 M phosphate buffer (pH 7.4). The
brains were removed within 15 min of perfusion, postfixed
1 h at 4°C (same fixative) and then cryoprotected with 30%
sucrose in phosphate buffer overnight. Coronal serial sec-
tions (40 um thick) were cut with a freezing microtome.
Free-floating sections were preincubated in a blocking
solution (5% low fat milk in PBS, 1 h) and then immersed in
PBS containing the mouse monoclonal antibody SMI-32
against non-phosphorylated heavy and medium neurofila-
ment subunits (1:1,000, Covance Research Products, USA)
for 18 h (4°C). In the next step, the sections were incubated
with a biotinylated goat anti-mouse secondary antibody
(1:200, Sigma) for 1 h, and then with avidin—biotin—perox-
idase complex (1:100, Vector) for 1 h at room temperature.
The reaction was visualized with 0.02% diaminobenzidine
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and 0.01% hydrogen peroxide. Finally, the sections were
mounted on slides, dehydrated and coverslipped.

Negative control staining to check for false positivity
was performed using the same procedure but with the
omission of the primary antibody; no immunopositivity
was observed in the control sections (1 section per animal,
from 4 animals). The positive specifity of the antibody was
primarily established based on the data provided by the
manufacturer and the report by Kirkcaldie et al. (2002),
who demonstrated that SMI-32 labeled essentially all cor-
tical neuronal somata that were immunoreactive with other
antibodies to different non-phosphorylated neurofilament
subunits and vice versa; i.e., the neurons that were negative
with the other antibodies were also negative for SMI-32
labeling.

Simultaneously, each second section from a subgroup of
animals (n = 6) was used for Nissl staining using a stan-
dard protocol (0.2% cresyl violet acetate).

Microscopy, imaging and stereological quantification

SMI-32 immunoreactivity was examined in all sections
containing the cochlear nuclei (CN), superior olivary
complex (SOC), nuclei of the lemniscus lateralis (LL),
inferior colliculus (IC), medial geniculate body (MGB) and
auditory cortex (AC). These structures were delineated
according to anatomical atlases (Zilles 1985; Paxinos and
Watson 1998) and with the help of Nissl-stained sections
(topographical borders of the cortical auditory areas and
subdivisions of the subcortical auditory regions). In total,
sections from ten animals were used for the analysis. The
CN, SOC and LL sections were obtained from six animals
and the IC, MGB and AC sections from ten animals. In
addition, Nissl-stained sections from six animals, com-
prising all the mentioned auditory structures, were included
into the analysis to provide a basis for calculating the total
number of neurons in the indicated structures and to esti-
mate the percentage of SMI-32-ir cells from the total
number of neurons.

Measurements were performed using bright-field
microscopy (Olympus BX-51) coupled with a X-Y-Z
motorized stage and connected to a video camera, which
transmitted the data to a computer and displayed them on a
monitor. Stereo Investigator software (MicroBrightField,
Inc.) was used to perform the optical dissector and nucle-
ator protocol (West et al. 1991; Mayhew and Gunderesen
1996; Andersen and Gundersen 1999).

First, we randomly selected a section containing the
analyzed auditory structure, outlined the selected area of
interest (4x or 10x objective lens) and then uniformly
sampled the selected area of interest. The stereological
probes were used in conjunction with a 100x objective
lens, while the counting frames used to obtain the sampling

always had the same size in all examined regions
(2,500 um?) and were formed by two inclusion lines and
two exclusion lines. The frequency of samples depended on
the size of the structure (section fraction). While the ori-
ginal thickness of the sections was 40 pm, due to the tissue
processing, the average thickness was reduced to approxi-
mately 23 pm (for SMI-32) or 20 pm (for Nissl staining).
The height of the optical dissector was constant at 10 pm
for both stainings and the first and last 5 pm of the section
thickness were omitted from the analysis (guard zones).

Each neuron in the counting frame was counted when its
nucleus came into maximum focus. Only SMI-32-ir somas
that contained a distinct nucleus and cytoplasm were
counted and used for the analysis. In Nissl staining, glia
cells were omitted from analysis based on limited or non-
visible cytoplasm and small dark nuclei. Likewise, small
granule cells in the dorsal cochlear nucleus were not
counted in Nissl staining due to the difficulty of differen-
tiating them from glia cells.

The neuronal estimate for a given structure (N.g) was
calculated as N, = number of counted cells x area frac-
tion x section fraction x dissector fraction.

The coefficient of error (CE) is a standard statistical
value for a study with stereological tools. The CE is
basically defined as the SEM divided by the group mean.
The group coefficient of error gives an estimate of the
accuracy of the estimate of the mean calculated for each
subject group. Estimates of the coefficient of error (CE)
were calculated with the Gundersen—Jensen estimator
(Gundersen et al. 1999) using a smoothness constant (1) of
1. The estimates of the number of cells in individual cor-
tical layers served as a brief survey with a high coefficient
of error; therefore, the results of this survey were not
included into Table 1.

In addition, variations in the distribution of SMI-32-ir
neurons throughout the coronal sections of the temporal
(auditory and non-auditory) cortices were examined by
counting the SMI-32-ir cells separately within six strips
(each 1 mm wide), superimposed on the cortical coronal
sections, with the first strip starting in the fissura rhinalis.
Therefore, the strips overlapped the perirhinal, ectorhinal,
auditory and partially the parietal cortex as shown in a
schematic section through the forebrain (Fig. 1). Further,
SMI-32 neuronal volumes were also measured, using the
nucleator technique, within the superimposed strips shown
in Fig. 1. In contrast to the unbiased counting of neurons,
these measurements of neuronal volume could contain a
small error. Because the sections were cut coronally (to
differentiate the brain regions according to the atlases) the
requirement of an isotropic or vertical random orientation
of the sections could not be met (Mayhew and Gunderesen
1996). However, the measurement of neuronal volumes
served only for auxiliary quantitative analysis to compare
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Table 1 Unbiased estimates (N.y) of the total number of neurons (Nissl), the number of SMI-32-ir neurons and the percentage of SMI-32-ir

neurons in the auditory pathway of the rat

Structure All neurons CE SMI-32-ir neurons CE Portion of SMI-32-ir
neurons (%)

Cochlear nuclei (CN)
Anteroventral CN 15,700 0.04 4,970 0.04 32
Posteroventral CN 7,500 0.04 2,240 0.03 30
Dorsal CN 9,900 0.05 1,440 0.05 15
Total number 33,100 8,650

Superior olivary complex
Medial nucleus of the trapezoid body 5,400 0.03 3,120 0.03 58
Lateral superior olive 3,900 0.05 740 0.04 19
Medial superior olive 900 0.07 100 0.08 11
Superior paraolivary nucleus 2,000 0.05 490 0.04 25
Lateroventral periolivary nucleus 1,300 0.05 270 0.05 20
Medioventral periolivary nucleus 2,800 0.06 740 0.06 26
Total number 16,300 5,460

Nuclei of the lateral lemniscus (LL)
Dorsal LL 2,100 0.06 660 0.07 31
Intermediate LL 3,600 0.05 810 0.06 23
Ventral LL 9,200 0.05 1,890 0.05 21
Total number 14,900 3,360

Inferior colliculus (IC)
Dorsal cortex of the IC 43,600 0.04 3,190 0.05 7
External cortex of the IC 80,600 0.04 8,360 0.04 10
Central nucleus of the IC 195,300 0.05 17,060 0.05 9
Total number 319,500 28,610

Medial geniculate body (MGB)
Ventral subdivision of the MGB 38,700 0.04 7,590 0.04 20
Dorsal subdivision of the MGB 21,500 0.05 2,380 0.06 11
Medial subdivision of the MGB 4,900 0.04 820 0.04 17
Total number 60,200 10,790

Auditory cortex
Tel 227,000 0.05 23,600 0.04 10
Te2 135,500 0.05 12,650 0.05 9
Te3 153,600 0.04 17,520 0.05 12
Total number 516,100 53,770

Mean values for Niss 1 staining have been rounded to the nearest hundred, for SMI-32 staining to the nearest ten

CE coefficient of error counted according to Gundersen et al. (1999)

the mean volumes of the SMI-32-ir neuronal somas in the
same cortical layer between two adjacent cortical areas
(Fig. 2). In such a case, the different orientation of neu-
ronal somas in the same cortical layer in two adjacent
cortical areas (i.e., a major source of possible bias) is
highly unlikely. The volume of neurons was estimated
using the nucleator technique. The use of the nucleator
requires that each measured particle (e.g., cell) in the
sample has a unique, arbitrary point that can be identified.
For cells, the point is usually the nucleus or nucleolus. An
overlay of lines was superimposed on these sections by the
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software (Stereo Investigator), and some points hit (ran
through) the nuclei or nucleoli in the sampled neurons.
Two distances (=lengths of the intercept) from the central
point, e.g. the nucleolus, along the crossing line to the cell
boundary were used to estimate the number-weighted mean
volume. In an ideal spherical cell, the length of the inter-
cept would be precisely the radius of the sphere; however,
the operation of the nucleator technique by means of
intercept lengths does not depend on the shape of the
analyzed object. The volume of the SMI-32-ir soma was
then calculated by averaging the third powers of the
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Fig. 1 Topographical overview of a coronal section through the
forebrain and diencephalon (bregma —5.3 mm) and illustration of the
six strips (in a section) as superimposed on the cortex (numbers /-6).
Drawing adapted from Zilles (1985) and Paxinos and Watson (1998).
Hip hippocampus, Prh perirhinal cortex, Ect ectorhinal cortex, Tel
and Te3 auditory cortex primary and secondary, Par parietal cortex,
VI visual cortex primary, V2M and V2L visual cortex secondary,
medial and lateral, RSD and RSV retrosplenial cortex, dorsal and
ventral, D dorsal, L lateral

intercept lengths and multiplying this average by the for-
mula 4 x 7/3 (Mayhew and Gunderesen 1996).

Statistical analysis

Only the results of the measurements of the number and
volumes of SMI-32-ir neurons among adjacent cortical strips
(Figs. 1, 2a, b) were statistically processed. The significance
of the differences were assessed by a one-way ANOVA test
and Bonferroni‘s multiple comparison test with the use of
GraphPad Prisma software (version 4.0). P values of 0.05 or
less were considered statistically significant.

Results
Cochlear nuclei

In the dorsal cochlear nucleus (DCN), the dense network of
intensely stained neuropil made the identification of posi-
tive cells relatively difficult, especially in the darker
superficial layers, while the neuropil staining within the
deep core was lighter. SMI-32-ir neurons were present
throughout the whole anteroposterior extent of the DCN
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Fig. 2 Results of the quantitative evaluation of SMI-32 immunore-
activity in the cortex. a Numerical density of SMI-32-ir neurons and
b average volumes of SMI-32-ir neurons in cortical layers II/III, V,
and VI across the lateral cortex, including the perirhinal, ectorhinal,
Te3 and Tel auditory and parietal cortices. The error bars represent
SEM (*P < 0.05, **P < 0.01)

with a slightly greater prevalence in its basal two-thirds.
The immunostaining comprised neuronal somas and short
segments of the variously oriented processes, some of them
cut perpendicularly. In the molecular layer only a few
small SMI-32-ir neurons were possible to distinguish. In
the fusiform layer, middle-sized to large perikarya were
found, while in the deep core of the DCN large intensely
stained cells prevailed (Figs. 3a, b, 4a).

In the ventral cochlear nucleus (VCN), the number of
SMI-32-ir neurons was higher when compared with the
DCN. The labeled cells were present throughout the whole
extent of both the posterior (PVCN) and anterior (AVCN)
parts of the VCN. Large intensely stained somas prevailed
in both PVCN and AVCN, and the lighter background
made recognition of SMI-32-ir neurons markedly easier in
comparison with DCN. The lightly stained neuropil in the
VCN contained many short fragments of thick, intensely
stained fibers (Figs. 3a, c, 4a).

When compared with the total number of neurons
determined by Nissl staining, the SMI-32-ir cells repre-
sented 31% of the total number in the VCN and 15% in the
DCN. Since the population of small granule cells, which
are difficult to distinguish from glia cells and which form
the majority of DCN neurons (Kulesza et al. 2002) was not
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Fig. 3 SMI-32 immunoreactivity patterns in the cochlear nuclei
(a) and at higher magnification, specifically in the dorsal (b) and
posteroventral (¢) cochlear nuclei—all micrographs bregma

counted in the Nissl-stained sections, the real portion of
SMI-32-ir cells in this nucleus could be even lower. The
difference in the percentage of SMI-32-ir neurons between
the PVCN and AVCN was negligible (Table 1).

Superior olivary complex

SMI-32-ir neurons were observed in all nuclei of the SOC,
and distinct inter-nuclear differences were evaluated.
While in the medial nucleus of the trapezoid body (MNTB)
numerous dark SMI-32-ir neurons were evident, in the
lateral superior olive (LSO), medial superior olive (MSO),
and periolivary nuclei, the number of immunoreactive
neurons was markedly lower. In general, all the mentioned
nuclei could be identified in a similar manner as in Nissl-
stained sections (Fig. 5a, b).
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—11.4 mm. Scale bar a 200 pm, b 50 pm. All micrographs are from
the left hemisphere. DCN dorsal cochlear nucleus, PVCN posterior part
of the ventral cochlear nucleus, D dorsal, L lateral

In the MNTB, large SMI-32-ir neurons with thick basal
dendrites were present through the whole extent of the
MNTB. The dominant presence of SMI-32-ir cells in this
nucleus was clearly recognizable to the naked eye when
compared with a section stained for Nissl (Fig. 5c, d).
Across the MNTB, strips of neuronal somas alternated with
strips of light neuropil and bundles of fibers. The intensely
labeled cells showed little variability in their staining and
formed a rather uniform population (Fig. 5e). In the
quantitative analysis, the immunoreactive cells constituted
58% of all neurons, thus making MNTB the only region in
the rat central auditory system with a majority of SMI-32-ir
neurons (Table 1).

In the LSO, positive neurons were observed through the
whole extent and prevailed in the middle segment of the
nucleus and near its margins (Figs. 4b, 5a). The majority of
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Fig. 4 Schematic illustration of the distribution of SMI-32-immuno-
reactive neurons in different subcortical structures: a cochlear nuclei;
b superior olivary complex; ¢, d inferior colliculus; e, f medial
geniculate body. The distance from bregma and scale bars is provided
in each figure. a Left hemisphere; b—f right hemisphere. DCN dorsal
cochlear nucleus, PVCN posterior part of the ventral cochlear nucleus,
MNTB medial nucleus of the trapezoid body, LSO lateral superior

olive, MSO medial superior olive, SPO superior periolivary nucleus,
LVPO lateroventral periolivary nucleus, MVPO medioventral periol-
ivary nucleus, CIC central nucleus of the inferior colliculus, DIC
dorsal cortex of the inferior colliculus, EIC external cortex of the
inferior colliculus, MGB-V, D, M ventral, dorsal and medial divisions
of the medial geniculate body
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Fig. 5 Overview of the superior olivary complex in SMI-32 staining
(a) and Nissl staining (b)—both bregma —9.8 mm. The nuclei in a and
b are delineated with thin dashed lines. The dominant presence of
SMI-32-ir cells in the MNTB (c) is demonstrated by comparison with a
Nissl-stained section (d)—both bregma —9.8 mm. Illustration of SMI-
32-immunoreactive neurons at higher magnification in the MNTB (e),

labeled cells included medium-sized to large intensely
stained neurons. The densely stained neuropil contained
many puncta or short segments of moderately stained fibers
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LSO (f), MSO (g), SPO (h), MVPO (i) and LVPO (j). Scale bar a,
b 500 pm; ¢, d 200 pm; e—j 50 um. a, b Right hemisphere, c—i left
hemisphere. MNTB medial nucleus of the trapezoid body, LSO lateral
superior olive, MSO medial superior olive, SPO superior periolivary
nucleus, MVPO medioventral periolivary nucleus, LVPO lateroventral
periolivary nucleus, D dorsal, L lateral

(Fig. 5f). Labeled neurons comprised 19% of the total
neuronal population. For the MSO, a dense network of
positive fibers with more isolated SMI-32-ir neurons was
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characteristic. Some sections with small cross-sectional
profiles of the MSO contained only sparse positive neurons
(Fig. 5g). The SMI-32-ir cells constituted 11% of all cells
in this nucleus (Table 1).

In other periolivary nuclei, the portion of labeled cells
was similar to that in the LSO. The superior periolivary
nucleus (SPO) contained strongly positive cells dispersed
throughout the lightly stained neuropil (Fig. 5a, h). The
SMI-32-ir neurons formed 25% of all neurons. In the me-
dioventral periolivary nucleus (MVPO) and lateroventral
periolivary nucleus (LVPO), mainly strongly positive
somata and darkly stained bundles of neuropil were dis-
cernible (Fig. 5a, i, j). SMI-32-ir cells in the MVPO and
LVPO comprised 26 and 20% of all neurons, respectively
(Table 1).

Nuclei of the lateral lemniscus

For the nuclei of the lateral lemniscus, strong SMI-32
immunoreactivity of dispersed neurons was characteristic.
The cells formed vertically oriented islands within inten-
sely stained bundles of fibers. SMI-32-immunoreactive
neurons were present in all nuclei, i.e. the dorsal (DNLL),
intermediate (INLL) and ventral (VNLL) nuclei (Fig. 6a,
b). In comparison with Nissl-stained sections, the numeri-
cal density of SMI-32-ir neurons was apparently higher in
the DNLL than in the other two nuclei. SMI-32-ir cells
formed 31% of all neurons in the DNLL and 23 and 21% in
the INLL and VNLL, respectively. On the other hand, the
absolute number of immunoreactive neurons was highest in
VNLL, which also comprised the majority of all neurons of
the LL (Table 1).

Inferior colliculus

SMI-32-ir neurons were distributed throughout all three
major subdivisions of the inferior colliculus with a variable
intensity of immunostaining ranging from low to high. The
immunostaining of the dendritic tree was not consistent,
and in the case of stained dendrites, predominantly their
initial segments could be traced up to a distance of
20-50 um from the cell body (Fig. 6¢, d).

In the external cortex of the inferior colliculus (EIC),
the immunoreactive cells could be divided subjectively
into two major groups: large dark neurons and more
numerous small to middle-sized cells (Fig. 6¢). No clus-
ters of neurons or intensely stained neuropil in the second
layer of the EIC, as revealed by gamma-aminobutyric
acid (GABA) and glutamate decarboxylase staining
(Chernock et al. 2004; Burianova et al. 2009), were
visible with SMI-32 staining. In the dorsal cortex of the
IC (DIC), a sparser population of small SMI-32-ir neu-
rons was present, consisting mostly of neurons with oval

and round shapes. In the central nucleus of the IC (CIC),
a more polymorphous population of positive neurons in
terms of their morphology, size and intensity of immu-
nostaining was observed (Fig. 6d). The SMI-32-ir neu-
rons were more clumped in the ventral and medial parts
of the CIC, i.e. in the high-frequency region (Figs. 4c, d,
6e, f). This higher numerical density, however, corre-
sponded to a higher density of neurons apparent in the
Nissl staining of this area. In striking contrast to the
lower regions of the auditory pathway, the SMI-32-ir
neurons represented a significantly smaller portion of the
IC neurons—10, 7, and 9% in the EIC, DIC and CIC,
respectively (Table 1).

With respect to the intensity of SMI-32 immunostaining,
the optical density of the immunoreactive neuropil in the CIC
and EIC was higher in comparison with that of the DIC. In
addition, the borders of the CIC were possible to determine
on the basis of differences in the distribution and density of
the labeled neurons and neuropil (Fig. 4c, d, 6e, f).

Medial geniculate body

SMI-32-ir neurons were present in all major divisions of
the medial geniculate body (MGB). In the ventral divi-
sion, the numerical density of SMI-32-ir cells was high-
est, followed by the medial division, with a markedly
lower number of positive cells in the dorsal part of the
MGB. In Nissl-stained sections, no significant differences
in the numerical density of neurons among particular
divisions of the MGB were observed. Consequently, the
SMI-32-ir neurons comprised 20% of all neurons in the
ventral, 17% in the medial and 11% in the dorsal divi-
sions (Table 1).

While in the ventral and medial divisions the spatial
distribution of the immunoreactive cells was rather
homogenous, in the dorsal division SMI-32-ir neurons
prevailed in the basal part adjacent to the ventral division.
The dorsolateral parts of the dorsal division contained
almost no stained cells (Fig. 7a, b). In addition, the su-
prageniculate nucleus was also rich in SMI-32-ir cells;
however, this nucleus was not included in our stereological
analysis. The distinction between particular major divisions
based on SMI-32 immunoreactivity was therefore less
obvious than in the IC; in particular, the transition between
the ventral and dorsal divisions was rather gradual and
dubious in some sections (Figs. 4e, f, 7a, b). The SMI-32-
neurons in the MGB formed a population of middle-sized
cells, with few larger SMI-32-ir cells present especially in
the medial division. The intensity of immunostaining in
SMI-32-ir somas was moderate with little variation
throughout the whole MGB, and the dendritic tree was
stained only occasionally with immunostaining limited to
the basal dendrites (Fig. 7c—e).
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Fig. 6 SMI-32 immunoreactivity patterns in the dorsal nucleus of the
LL (a)—bregma —8.8. mm, and the intermediate and ventral nuclei of
the LL (b)—bregma —8.2 mm. Illustration of SMI-32-ir neurons in
the external cortex of the IC (c), the central nucleus of the IC (d) and
the whole IC at lower magnification captured in more (e) caudal
(bregma —8.7 mm) and f rostral sections (bregma —8.45 mm). The
subdivisions in a, b and e, f are marked with thin dashed lines. Scale
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bar a, b 200 um; ¢, d 50 pm; e, f 500 pm. a, b Left hemisphere,
c—f right hemisphere. DNLL dorsal nucleus of the lemniscus lateralis,
INLL intermediate nucleus of the lemniscus lateralis, VNLL ventral
nucleus of the lemniscus lateralis, CIC central nucleus of the inferior
colliculus, DIC dorsal cortex of the inferior colliculus, EIC external
cortex of the inferior colliculus, D dorsal, L lateral
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Fig. 7 SMI-32 immunoreactivity in the MGB captured in more
arostral (bregma —5.2 mm) and b caudal (bregma —5.9 mm) sections.
The subdivisions in a, b are depicted with thin dashed lines. Note that
the dorsolateral parts of the dorsal subdivision of the MGB contained
almost no stained cells while the SMI-32-ir neurons are present in the
parts adjacent to the ventral subdivision. Illustration of SMI-32-ir
neurons at higher magnification provided in the ventral (c), dorsal

Auditory cortex

SMI-32-ir neurons were scattered throughout cortical lay-
ers [I-VI with only a few immunopositive multipolar cells
and individual fibers present in layer I. In layers III and V,
a relatively uniform population of intensely stained SMI-
32-ir pyramidal neurons with thick immunopositive apical
dendrites, sometimes extending into layer I, prevailed.
Small oval granule cells were observed in layers II and IV.
In layer VI, a more heterogenous population of middle-
sized pyramidal or oval SMI-32-ir neurons was found,
mostly with either a dominant apical dendrite or a multi-
polar dendritic tree with a varied orientation of the den-
drites (Figs. 8a—c, 9). With the exception of the thick apical

(d) and medial (e) subdivision of the MGB. In d, the transition between
more adjacent part (more populated by SMI-32-ir neurons) and the
remote, dorsolateral, part (sparsely populated by SMI-32-ir neurons) of
the dorsal subdivision of the MGB is clearly discernible. Scale bar a,
b 400 pm; ¢, d 50 pum. All micrographs are from the right hemisphere.
MGB-V, D, M ventral, dorsal and medial divisions of the medial
geniculate body, SG suprageniculate nucleus, D dorsal, L lateral

dendrites of the pyramidal neurons, which were well-
stained for a distance of several hundred microns, in other
labeled neurons the dendrites could be followed for a
maximal distance of 50-100 pm from the cell body, and in
many cases only the proximal dendrites and the basal parts
of the axon were inconsistently stained.

In general, layers V and VI were the most populated,
followed by layer III, with layers Il and IV the least populated
with SMI-32-ir cells. According to our rough estimate, in
layer I only 1-2% of neurons were SMI-32-ir, while in layers
ITand IV they represented 5%, in layer III about 10%, in layer
V 25%, and in layer VI 10% of the total neuronal population.
Interestingly, most SMI-32-ir cell in layer VI were found
predominantly in the VIa sublayer, while the VIb sublayer,
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Fig. 8 Illustration of SMI-32 immunoreactivity in the auditory
cortex; pyramidal neurons with thick apical dendrites in layer III of
the Tel auditory area (a) layer V of Te3 (b) and layer VI of Te3 area
(c), and the temporal cortex (d, bregma —5.8 mm), with marked
borders between the ectorhinal cortex and the Te3 auditory area

highly populated by small neurons in Nissl staining, con-
tained rather few SMI-32-ir cells. These general features
were universally present in all examined cortical areas, also
in the adjacent non-auditory cortex.
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(lower arrow), between the Tel and Te3 auditory areas (middle
arrow), and between the Tel area and the parietal cortex (upper
arrow). Scale bar a—c¢ 50 pm, d 400 pm. All micrographs are from
the right hemisphere; D dorsal, L lateral

In addition, we analyzed SMI-32-ir neurons in succes-
sive strips (comprising all cortical layers), starting from the
fissure rhinalis up to the parietal cortex (see Fig. 1), in
order to reveal quantitative differences useful for the
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Fig. 9 Schematic illustration of the morphology of SMI-32-immu-
noreactive neurons throughout the cortical layers of the Tel auditory
area. The illustration shows the different neuronal types represented
in particular cortical layers, including pyramidal neurons (layers III,
V and the superficial part of layer VI) with long and thick apical
dendrites often extending into layer I. The numerical density of
neurons and neuronal types in particular layers is not proportional nor
is the relative thickness of the layers (especially layer VI)

parcellation of the auditory (as well as the surrounding
non-auditory) cortex. Statistically significant differences
were evident between the Te3 auditory cortex and the
ventrally situated ectorhinal and perirhinal non-auditory
areas. The numerical density and average volumes of SMI-
32-immunoreactive neurons and the optical density of the
neuropil were higher in the Te3 auditory area compared to
the ventrally situated cortex (P < 0.05). The differences
were most pronounced in the population of layer V. SMI-
32-ir pyramidal neurons (P < 0.01). The upper borders of
the Tel area were possible to ascertain on the basis of
decreased SMI-32 immunoreactivity of the neuropil in
layers II/IIT and VI (Fig. 8d). However, the dorsal transi-
tion was gradual towards the parietal, somatosensory or
secondary visual cortices, was accompanied by only a slow
decrease in the numerical density and volume of SMI-32-ir
neurons, and was therefore less pronounced when com-
pared to the ectorhinal-Te3 borders (Fig. 2). In contrast, the
average immunostaining intensity of the neuronal somas
was similar across the auditory and surrounding non-
auditory areas as well as across the cortical layers.
Within the auditory cortex, the traditional Tel, Te3 and
Te2 areas (Zilles 1985) were possible to distinguish on the
basis of the variable numerical density and volumes of
SMI-32-ir neurons. These differences were especially vis-
ible in layer V. The highest numerical density and largest
somas of SMI-32-ir neurons were found in the ventral
associative Te3 area, followed by the caudal associative
Te2 area and the auditory core (Tel). No other auditory
areas, as shown in other rat atlases (Paxinos and Watson
1998) or suggested by new detailed electrophysiological
mapping (Polley et al. 2007), were possible to differentiate.
While the differences in the number and size of SMI-32-ir
neurons between the Tel and Te3 auditory areas were

statistically significant (P < 0.05; Fig. 2), the quantitative
differences between the caudal associative Te2 auditory area
and the Tel or Te3 area were not. However, the boundaries
of the Te2 and Te3 areas vs. Tel area could be delineated on
the basis of stronger neuropil immunopositivity in layers
II/III, V (inconsistently) and VI of the rat auditory core
(Tel). The transition between the Te3 and Te2 areas was
more gradual and less visible. Compared with the Nissl-
stained sections, SMI-32-ir cells formed 10% of all neurons
in the Tel auditory core, 12% in the Te3 auditory area and
9% in the Te2 area (Table 1). The portions of SMI-32-ir
cells in individual cortical layers represented a rough esti-
mate with a high coefficient of error; therefore, the results of
this brief survey were not included into Table 1.

Discussion

Our results demonstrate that SMI-32 immunoreactivity is
present in all examined parts of the central auditory system;
however, except for the MNTB, in all structures SMI-32-ir
neurons represent only a minor portion of all neurons.
While subcortical auditory structures have been only
marginally examined for SMI-32 immunoreactivity so far,
the results obtained in the auditory cortex need to be
interpreted in the context of previous findings. In the
mammalian cerebral cortex, SMI-32 immunoreactivity was
reported to be predominant for type I pyramidal cortical
neurons (Sternberger and Sternberger 1983; Campbell and
Morrison 1989; Voelker et al. 2004). Type I pyramidal
neurons have long apical dendrites extending into layer I
and projecting to subcortical regions, while type II neurons
have apical dendrites, which arborize in layers II-IV and
make cortico-cortical projections. The neurofilament con-
tent is thought to be necessary for structural stability and to
be involved in nutrition transport in large, fast firing neu-
rons with long processes (Goldstein et al. 1987; Lasek
1988). In addition, the immunoreactivity of heavy non-
phosphorylated neurofilaments labeled by SMI-32 in neu-
rons is believed to be associated with the extent of axonal
myelination and with increases in soma size (Campbell and
Morrison 1989; Tsang et al. 2000; Kirkcaldie et al. 2002).
This suggestion may be supported by findings in the cat
lateral geniculate body under conditions of early visual
deprivation. A significant decrease in the volume of neu-
ronal somas, a reduction in dendritic trees, and a loss of
neurofilament content were found in deprived neurons in
comparison with their non-deprived counterparts (Duffy
and Slusar 2009). In agreement with this hypothesis, SMI-
32-ir cells observed in our experiment were above average
sized neurons in the majority of analyzed auditory struc-
tures (in comparison with Nissl-stained sections), including
the auditory cortex.
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The cochlear nuclei have been widely examined for
other neurochemical markers, e.g. for calcium binding
proteins and the expression of major neurotransmitters and
receptor subunits (Altschuler et al. 1986; Idrizbegovic et al.
2001, 2004; Alibardi 2003; Lujan et al. 2004; Fredrich
et al. 2009). In our findings, SMI-32-positive neurons
prevailed in the ventral cochlear nucleus, while the dorsal
nucleus contained a lower number of labeled neurons
located predominantly in the deep layers. The different
representation of SMI-32-ir neurons in the VCN and DCN
may reflect differences in the projection and function of
these nuclei (Bajo et al. 1993; Alibardi 1998, 2003; Cant
and Benson 2003). In the VCN, the SMI-32-ir cells con-
stituted roughly one-third of all neurons, which suggests
the importance of heavy neurofilament subunits in the
neurons of the VCN. The mammalian VCN contains six to
seven major established cell types (Malmierca 2003; Cant
and Benson; 2003). In our immunostaining, the types of
SMI-32-ir neurons could not be clearly distinguished,
though their morphology was sometimes reminiscent of
multipolar or bushy cells. In addition, though we did not
run stereological probes to measures the mean volumes of
the neurons (mainly for methodological reasons—see
“Materials and methods”, “Microscopy”). In a survey we
could observe that the SMI-32-ir neurons in both the VCN
and DCN were mainly cells with above average neuronal
volumes in comparison with those seen in Nissl-stained
cochlear nuclei.

Due to the intensely stained background in the DCN, the
identification of the morphological types of the stained
neurons in this nucleus was even less easy. In the DCN, the
portion of SMI-32-ir cells was markedly low, especially in
the superficial molecular layer rich in small granular cells.
The high staining intensity of the background neuropil in
the molecular layer might have obscured our identification
of a few mildly stained SMI-32-ir cells; however, the
influence of their absence on the total number of SMI-32-ir
neurons in the DCN would be negligible. The SMI-32-ir
cells were mainly present in the fusiform and deep layers,
which are known to be the source of projections to the IC
(Cant and Benson 2003).

In the superior olivary complex, SMI-32 immunoreac-
tivity has been examined in man (Bazwinsky et al. 2003).
However, the structure and function of the SOC is very
different in humans and in rodents and therefore not easy to
compare (Moore and Moore 1971; Kulesza 2007). In the
rat superior olivary complex, several neuronal types
have been described with Nissl staining, immunostaining
for calcium binding proteins or glutamate decarboxylase
(Friauf 1994; Rietzel and Friauf 1998; Malmierca 2003;
Fredrich et al. 2009). In the SMI-32 immunostaining, a
correspondence with the established neuronal types was not
possible to find in most cases, especially not in the LSO
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with its diverse neuronal populations (Malmierca 2003;
Fredrich et al. 2009). The notable exceptions were formed
by the MNTB and SPO.

In general, striking differences were observed between
the MNTB on one side, with approximately 60% of SMI-
32 labeled cells, and all other nuclei of the superior olivary
complex, with 15-25% of labeled neurons only. The reason
for the markedly higher proportion of SMI-32-ir neurons in
the MNTB is not clear although it might be associated with
the different functions and connections of the neurons in
this nucleus. In contrast to neurons in other nuclei of
the superior olivary complex, the neurons in the MNTB
receive their excitatory input through very large somatic
terminals, the calyces of Held (Kuwabara et al. 1991; von
Gersdorff and Borst 2002; Schneggenburger and Forsythe
2006), and send glycinergic inhibitory projections, pre-
dominantly into the LSO (Moore and Caspary 1983; Wu
and Kelly 1991, 1995; Sanes and Friauf 2000). The large
calyciform input is suggested to provide high conserva-
tion of temporal precision as excitation is translated to
inhibition (Wu and Kelly 1993; Taschenberger and von
Gersdorff 2000). Furthermore, the principal neurons in the
MNTB are highly metabolically active cells with thick
myelinated fast-conducting axons, exhibiting high firing
rates, projecting collaterals into several targets besides the
LSO (Kuwabara and Zook 1991; Sommer et al. 1993;
Smith et al. 1998; Kopp-Scheinpflug et al. 2008) and also
possessing retrograde glycinergic inhibition capable of
suppressing calyceal transmission (Awatramani et al.,
2004). Such a situation corresponds with the hypothesis
suggested above for the cortical SMI-32-ir neurons, i.e. that
the larger the neuronal soma and the more myelinated the
axons in projecting neurons, the more likely are these
neurons to be SMI-32-immunopositive (Lasek 1988; Tsang
et al. 2000; Kirkcaldie et al. 2002; Mellott et al. 2010).

In the SPO, more than 90% of all neurons are known to
be GABAergic and projecting into the IC (Kulesza and
Berrebi 2000; Saldafia et al. 2009); therefore, we may
suggest that at least part of the observed SMI-32-ir cells
(25% of all neurons) belonged to this type.

In coronal sections, the rostral and caudal borders
between the LSO, LVPO and MVPO were to some extent
difficult to distinguish in both the Nissl and SMI-32 sta-
inings. This fact could explain the discrepancy in the
reported absolute number of neurons (Nissl staining) for
the mentioned structures between our results and the results
reported by Kulesza et al. (2002), which otherwise are in
relatively good agreement (despite the different strains of
rats used, Wistar vs. Long Evans). Specifically, Kulesza
et al. (2002) reported a higher number of neurons in the
LVPO (LNTB) and MVPO (VNTB) and a lower number in
the LSO. However, if combined, the sum of neurons in the
LSO, MVPO and LVPO is similar in both reports. In
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addition, the portion of SMI-32-ir neurons in these nuclei,
as revealed in our staining, was also relatively similar
(LSO 19%, LVPO 20%, MVPO 26%), therefore the
uncertainty in determining precise topographical borders
should not be critical for the reported occurrence of SMI-
32-ir neurons.

In the nuclei of the lateral lemniscus, a dominant pres-
ence of inhibitory GABAergic neurons has been described.
In the VNNL and INLL, two-thirds of neurons are GAB-
Aergic (Riquelme et al. 2001); consequently, we cannot
confirm or exclude whether this population overlaps with
that of SMI-32-ir neurons, which form less than one-fourth
of all neurons in these nuclei. On the other hand, almost all
neurons in the DNLL are GABAergic and projecting to the
IC (Zhang et al. 1998; Ueyama et al. 1999), which strongly
suggests at least a partial overlap with SMI-32-ir cells,
since they constitute about one-third of all cells on the basis
of our results. The functional implications of such a spe-
cific neuronal subpopulation in an otherwise relatively
homogenous nucleus remain, similarly as for the SPO, to
be elucidated.

In the inferior colliculus, SMI-32-ir neurons were
present in all three major subdivisions (Paxinos and Wat-
son 1998); however, they constituted a significantly smaller
portion of the total number of neurons when compared with
the lower parts of the auditory pathway. Furthermore, the
portion of SMI-32-ir neurons in the IC was also lower in
comparison with the MGB. In contrast, the total number of
neurons in the rat IC is by far the highest among all sub-
cortical auditory nuclei, as shown by our results and those
of Kulesza et al. (2002). Consequently, the absolute num-
ber of SMI-32-ir neurons in the IC was higher than in the
cochlear nuclei, superior olivary complex or MGB; how-
ever, this divergence was less pronounced than that in the
absolute number of all neurons (Table 1).

Although both the CIC and ventral MGB are parts of the
primary tonotopic auditory pathway, SMI-32-ir neurons in
the ventral division of the MGB constituted a markedly
larger portion of all neurons. However, there are significant
differences in the representation of other markers between
the IC and MGB in rodents, which might partially explain
this discrepancy; for example, GABAergic neurons are
very rare in the MGB, while they form a significant portion
(25-30%) of all neurons in the IC (Winer and Larue 1996;
Merchan et al. 2005). In contrast to the MGB, a consid-
erable portion of the neurons in the rat IC is thought to
consist of local circuit neurons (Oliver et al. 1991).

Furthermore, the dorsal division of the MGB could be
further divided on the basis of SMI-32 staining into two
parts, an outer distal part with very few positive cells and
very low optical density of the neuropil and a thinner deep
part (adjacent to the ventral MGB) with only a slightly
lower density of SMI-32 cells in comparison with the

ventral division of the MGB. No such inner borders within
the dorsal division of the MGB were clearly visible in the
Nissl staining of our material. This delineation may,
however, correspond to a subdivision distinguished by
Winer et al. (1999). The authors differentiated several sub-
nuclei in the dorsal MGB. Specifically, the outer superficial
part of the dorsal MGB in our immunostaining might
correspond to the dorsal superficial and dorsal sub-nuclei
and the adjacent deep part to the deep sub-dorsal nucleus
(Winer et al. 1999). Nevertheless, all these sub-nuclei of
the dorsal MGB are known in the cat to send projections to
the non-tonotopic auditory and multisensory cortical areas
(Lee and Winer 2008a). In contrast to the outer part, the
deep part of the dorsal MGB is thought to be influenced by
projections from the Tel auditory area (Hazama et al.
2004). To some extent, a similar immunoreactivity pattern
of SMI-32 was found in the simian lateral geniculate body,
with intensely stained magnocellular layers (related to the
fast-conducting pathway) and less stained parvocellular
layers (Chaudhuri et al. 1996; Bourne and Rosa 2003;
Soares et al. 2008).

At the cortical level, we found significant differences in
the representation of SMI-32-ir neurons among particular
cortical layers. Such differences were reported by several
other authors with predominant SMI-32-immunoreactivity
found in the pyramidal cells of layers II/III, V and VI in the
neocortex of mammals (Sternberger and Sternberger 1983;
Voelker et al. 2004; Molnar and Cheung 2006; Soares et al.
2008; Lee and Winer 2008b, c). However, although SMI-
32 staining was prevalent in pyramidal neurons in our
findings, it was not limited to them, and a considerable
number of non-pyramidal multipolar and granular cells was
also labeled, mostly in layers IV and VI. In addition, we
observed a relatively numerous population of labeled SMI-
32-ir cells in layer VIa, in agreement with previous
observations in monkeys and cats (Soares et al. 2008;
Mellott et al. 2010), however in disagreement with the
figures shown in the published chemoarchitectonic atlas of
the rat for SMI-32 immunostaining (Paxinos et al. 1998a,
b). The reason for this discrepancy is not clear; neverthe-
less, the relatively high presence of SMI-32-ir neurons in
layer VIa was maintained in most sections of all the stained
brains in our material and false positivity was excluded
(“Methods™). In addition, possible strain differences
should be taken into account, since Long Evans rats were
analyzed in our present experiments, while Paxinos et al.
(1998a, b) used Wistar rats.

From the quantitative point of view, it should be noted
that only a small portion of cerebral neurons is SMI-32-
positive. According to the rough estimates of other authors,
such cells represent approximately 10-20% of all cortical
neurons (Voelker et al. 2004). Our data, based on a com-
parison with the number of Nissl-stained neurons, show
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that only about 10% of all neurons in the auditory cortex
(all layers, I-VI) are SMI-32-positive with negligible dif-
ferences between the Tel, Te2 and Te3 areas. In layer V,
which is the major source of the descending projections
from the auditory cortex (Herbert et al. 1991; Winer and
Prieto 2001), the portion of SMI-32-ir cells was signifi-
cantly higher but still comprised only about 25% of all
layer V neurons. In layer VI, SMI-32 labeled neurons with
a predominantly pyramidal morphology. The pyramidal
neurons of layer VI are known to be another source of
subcortical projections (Prieto and Winer 1999). On the
other hand, small non-pyramidal cells in the deeper VIb
layer were largely not SMI-32-positive in our material, and
these cells have been suggested to be mainly excitatory but
corticocortical projecting neurons (Prieto and Winer 1999;
Andjelic et al. 2009).

In addition, we found limited inter-areal differences in
the number and volumes of SMI-32-ir neurons. These
findings are in agreement with previous reports in which
the pattern of SMI-32 immunoreactivity was successfully
used for the parcellation of the auditory, visual, somato-
sensory and prefrontal cortical areas in mammalian species
such as gerbils (Budinger et al. 2000; Bajo and Moore
2005), hamsters (Boire et al. 2005), rats (Van De Werd and
Uylings 2008), cats (Van der Gucht et al. 2001, Mellott
et al. 2010), tree shrews (Wong and Kaas 2009) and pri-
mates (Baldauf 2005). Interestingly, in agreement with our
results obtained in the rat auditory cortex, Baldauf (2005)
found in marmosets a higher number of SMI-32-ir neurons
in the associative cortical areas in comparison with the
primary visual cortex, and Wong and Kaas (2008) observed
in gray squirrels larger SMI-32-ir cells in layer V of the
secondary visual areas compared to the primary visual
cortex. On the other hand, in the majority of reports
involving SMI-32 immunostaining, the number of differ-
entiated cortical areas is limited. Our quantitative analysis
of neuronal numbers and volumes shows limits as well.
The quantitative differences among cortical auditory fields
(Tel, Te2, Te3) demonstrated in our results are rather
subtle even if statistically significant, and the possible
functional implications of such differences need further
clarification.

In summary, SMI-32-ir neurons apparently constitute a
significant but minor neuronal population in all examined
auditory regions with the exception of the MNTB. Inter-
estingly, according to Nissl staining, the differences in the
total number of all neurons among subcortical auditory
levels (CN, SOC, LL, IC, MGB) are more pronounced than
the differences in the total number of SMI-32-ir neurons. In
addition, the abundant presence of SMI-32-immunoreac-
tivity in the MNTB may suggest a specific role for heavy
non-phosphorylated neurofilaments in the neurons of this
nucleus. At the cortical level, SMI-32-immunoreactivity
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was prevalent in, but not limited to, pyramidal cells with
long apical dendrites. Moreover, in layer V, the main
source of subcortical projections, the percentage of SMI-
32-ir neurons was similar to that observed in the subcor-
tical nuclei, which are parts of the tonotopic ascending
pathway. On the other hand, the differences among cortical
areas were more subtle, though they allow the delineation
of the auditory areas from the non-auditory cortex and the
central auditory core from the associative auditory areas.
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