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Abstract—Brain myosin Va (MVa) is a molecular motor asso-
ciated with plastic changes during development. MVa has
previously been detected in the cell body and in dendrites of
neuronal cells in culture, in cells of the guinea-pig cochlea, as
well as in cerebellar cells. Adult Wistar rats (n=14), 250—
300 g, were perfused with standard methods for immunohis-
tochemistry, using a polyclonal, affinity-purified rabbit anti-
body against MVa tail domain. Anti-MVa antibody specifically
stained neuronal nuclei from forebrain to cerebellar regions,
and more intensely sensory nuclei. Differences in MVa im-
munoreactivity were detected between brain nuclei, ranging
from very intense to weak staining. The analysis of MVa and
glial fibrillary acidic protein staining in adjacent brain sec-
tions demonstrated a clear-cut neuronal labeling rather than
an astroglial staining. The studies presented here represent a
comprehensive map of MVa regional distribution in the CNS
of the adult rat and may contribute to the basic understand-
ing of its role in brain function and plasticity, particularly in
relationship to phenomena that involve molecular motors,
such as neurite outgrowth, organelle transport and neuro-
transmitter-vesicle cycling. It is important to highlight that
this is a pioneer immunohistochemical study on the distribu-
tion of MVa on the whole brain of adult rats, a first step
toward the understanding of its function in the CNS. © 2003
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: MVa, molecular motor, cytoskeleton, neuroana-
tomical mapping, plasticity.

Myosin Va (MVa) is a molecular motor, involved in actin-
based cellular motility, that features a well-conserved,
mechanochemical head domain, an elongated neck do-
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main composed of six tandem repeats of the 1Q motif and
a distinct tail domain that includes coiled-coil and globular
regions. The class V myosins have been implicated in
organelle and RNA transport in several organisms (for
review see Reck-Peterson et al., 2000). Mammalian brain
is a rich source of MVa, from which it has been purified and
biochemically characterized (Espindola et al., 1992;
Espreafico et al., 1992; Cheney et al., 1993; Nascimento et
al., 1996; Tauhata et al., 2001). The expression of MVa is
deficient in dilute mice (Mercer et al., 1991) and dilute-
opisthotonus rats (Futaki et al., 2000), both of which
present seizures soon after birth and die within the third
post-natal week. The specific dysfunction that leads to the
convulsions and post-natal death in these animals is not
known. However, recent evidence has implicated MVa in
several neuronal processes, including its binding to syn-
aptic vesicle associated proteins (Prekeris and Terrian,
1997; Costa et al., 1999; Ohyama et al., 2001), its asso-
ciation with organelle and vesicle movement within axons
(Evans et al., 1998; Tabb et al., 1998) as well as its critical
role in the localization of smooth endoplasmic reticulum in
dendritic spines of Purkinje cells (Dekker-Ohno et al.,
1996). The subcellular localization of MVa has been de-
scribed in neuronal and glial cells by immunoprobes and
shows a characteristic punctate labeling, frequently being
concentrated at the neurite tips and growth cones, as well
as at the perinuclear region (Espreafico et al., 1992).

MVa is broadly distributed in many brain regions in the
mouse (Mercer et al., 1991) although strikingly intense
labeling has been reported in specific cell types, such as
Purkinje cells of the cerebellum (Espindola et al., 1992;
Espreafico et al., 1992), the outer plexiform layer of the
retina (Schlamp and Williams, 1996) and a subset of neu-
rons in the myenteric ganglia (Drengk et al., 2000).

In the present study, we have used affinity-purified
antibodies against MVa to delineate its expression in the
brain of the adult rat. The immunohistochemical studies
presented here represent a comprehensive map of MVa
regional distribution in the CNS of the adult rat and may
contribute to the basic understanding of its role in brain
function and plasticity, particularly in relationship to phe-
nomena that involve molecular motors, such as neurite
outgrowth, organelle transport and neurotransmitter-vesi-
cle cycling.

EXPERIMENTAL PROCEDURES

Animals

Fourteen male albino Wistar rats weighing 250—-350 g were given
water and food ad libitum and maintained under optimal temper-
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Fig. 1. Immunological specificity of the MVa antibody detected by chemoluminescence (A), after a Western blot assay. Left lane: Molecular weight
markers 205, 116, 97, 66 and 45 kD. Right lane: MVa (190 kD). Immunohistochemical staining of the supraoptic nucleus with MVa (B) and suppression
with the pre-adsorbed MVa antibody (C). The area showed in B and C is the same in adjacent sections (arrows). Calibration bars=100 pm.

ature and humidity conditions, with a 12-h light/dark cycle (lights
on at 7:00 h and lights off at 19:00 h). Experiments on laboratory
animals were conducted in accordance with the rules of the Bra-
zilian Society for Neuroscience and Behavior, which are based on
the Society for Neuroscience guidelines for animal experimenta-
tion. All efforts were made in order to avoid any unnecessary
suffering or pain to the animals.

Tissue processing and immunohistochemistry

Each rat was anesthetized with sodium thionembutal (Abbott
Laboratoérios do Brasil LTDA, Sao Paulo, Brazil; 45 mg/kg, ip) and
perfused transcardially with 4% (wt/vol) paraformaldehyde in
100 mM sodium phosphate, pH 7.4. Brains were removed and
consecutive brain sections (3 mm each) were then cut at sagittal
or coronal planes. These sections were further immersion-fixed for
2 hin the same fixative. Fixed tissues were dehydrated in ethanol,
cleared in xylene and embedded in paraffin. Six micrometer sec-
tions were cut and mounted on gelatin-chrome aluminum-coated
microscope slides.

MVa expression was detected using affinity-purified, poly-
clonal antibody, generated in rabbits inoculated with de bacte-
rially expressed tail domain of MVa, initially characterized by
Espreafico et al. (1992). The detection of MVa in tissue sec-
tions after antigen retrieval using 10 mM citrate buffer, pH 6,
was performed according to Martins et al. (1999). Thereafter,
sections were incubated with H,O, in 20 mM sodium phosphate
buffer, pH 7.4, containing 150 mM NaCl (PBS) for 15 min,
followed by a 4 h incubation in 0.02 M sodium phosphate buffer,
pH 7.4, containing 450 mM NaCl and 0.2% (w/v) Triton X-100
(New England Nuclear, Boston, MA, USA; Triton buffer), and
15% (v/v) normal goat serum (blocking buffer), for 4 h. Sections
were incubated overnight with anti-MVa (50 pg/ml) in blocking
buffer and washed with Triton buffer after each incubation.
Endogenous biotin was blocked using a biotin blocking system
(Dako, Glostrup, Denmark). Sections were then incubated for
30 min with biotinylated swine anti-rabbit IgG diluted 1:200 in
blocking buffer (Dako). The biotinylated second antibody was
detected using the ABC technique (Elite ABC kit; Vector Lab-
oratories, Burlingame, CA, USA) and diaminobenzidine
(Pierce, Rockford, IL, USA) as the chromogen. All operations
were carried out at room temperature. Sections were mounted
with Permount (Fischer, Springfield, NJ, USA) and analyzed
using an Olympus BX60 microscope. Controls included the
substitution of primary antibodies with serum from non-inocu-
lated rabbits and the preadsorption of anti-MVa antibodies with
MVa protein.

Essentially the same immunohistochemical procedure, ex-
cept for exchanging of the primary and secondary antibodies, was
used to detect other proteins, such as neurofilament (anti-NF;
Dako) and glial fibrillary acidic protein (anti-GFAP; Dako). Addi-
tionally, Nissl staining (Cresyl Violet) was used for tissue
histochemistry.

The regions of the rat brain were identified using the Atlas by
Paxinos and Watson (1997).

Image Acquisition

Images were acquired using a cold-CCD 750L digital camera
(Optronics, Goleta, CA, USA) and the Neurolucida 2000 (Mi-
croBrightField, Williston, VT, USA) software. All images were
acquired with the same characteristics of brightness and
contrast.

Gel electrophoresis and immunoblotting

Rats were killed by decapitation, and their brains were quickly
dissected. Brains were homogenized in 25 mM Tris—HCI buffer,
pH 8.5, containing 10 mM EDTA, 5 mM ATP, 2 mM B-mercapto-
ethanol, 0.3 mM phenylmethylsulfonylfluoride, 1 mM benzamidine
and 3 pM aprotinin. A supernatant fraction (10 mg protein/ml),
obtained by centrifugation of the homogenate at 14,000xgx30
min, was diluted five-fold with 0.26 M Tris—HCI buffer, pH 6.8,
containing 7.3% (w/v) sodium dodecyl sulfate, 16.6% (w/v) su-
crose, 3.5 M B-mercaptoethanol and 0.005% (w/v) Bromophenol
Blue, and boiled for 3 min. The material was used immediately for
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting.

SDS-PAGE was carried out in 7-15% gradient minigels, using
a discontinuous system (Laemmli and Favre, 1973). Western
blotting to nitrocellulose membranes (Hybond-C extra from Amer-
sham, Buckinghamshire, UK) was performed according to Towbin
et al. (1979). The specificity of the anti-MVa antibody was deter-
mined by immunoblot analysis of homogenates from rat brain. The
immunoblots were developed by an enhanced chemilumines-
cence procedure as described by the manufacturer (Amersham),
using Hyperfilm ECL (Amersham). Molecular mass standards
used were: rabbit muscle myosin, 205 kDa; E. coli -galactosi-
dase, 116 kDa; rabbit muscle phosphorylase B, 97 kDa; bovine
serum albumin, 66 kDa; egg albumin, 45 kDa (Sigma, St. Louis,
MO, USA).

Protein determination

Protein concentration was determined by the method of Lowry et
al. (1951), with bovine serum albumin as the standard.

RESULTS
Specificity of the MVa immunohistochemical assay

Affinity purified polyclonal antibodies raised against the
tail domain of chicken brain MVa recognized a single
190 kDa band on Western blots of rat brain homoge-
nates (Fig. 1A), in agreement with the molecular mass of
this protein. The specificity of these antibodies for the
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Fig. 2. Different MVa immunohistochemical staining patterns were observed in several regions of the rat brain. Independent of the staining pattern
presented, it was always cytoplasmic, and no labeling of the cell nucleus was ever detected. The staining was also either strong or weak, but exhibited
different patterns, such as: (A) densely punctate staining, ventral cochlear nucleus; (B) sparse punctate staining, dorsal cochlear nucleus; (C)
peripheral punctate staining, dorsal cochlear nucleus; (D) cell processes staining (arrow), ventral cochlear nucleus. Calibration bars=25 um in A-C;

50 wm in D.

MVa paralogue was confirmed by their lack of labeling
on Western blots of brain homogenates from homozy-
gous dilute lethal mice (unpublished data), which are
null for MVa. An immunohistochemical control fraction
was generated from the MVa antibody by preadsorption
with MVa protein. This control fraction did not stain MVa
on Western blots of a rat brain homogenate (not shown)
nor in tissue sections, as in this example, of the su-
praoptic nucleus (Compare Fig. 1B and C).

Immunoreactivity of MVa in cells and brain regions

The immunolabeling of MVa was detected in many re-
gions of adult rat brain, ranging from brainstem and
cerebellum to forebrain. At higher magnifications label-
ing was detected both in neuronal cell bodies (Fig.
2A-C) and their processes (Fig. 2D). Although not all the
neurons in a given region showed staining, those dis-
playing immunolabeling did present a diversity of pat-
terns, which we describe here as densely punctate (Fig.
2A), sparsely punctate (Fig. 2B) and peripherally punc-
tate (Fig. 2C). Intermediate intensities of staining were
also encountered. MVa was not detected in astroglia,
which were, however, conspicuously labeled by the anti-
GFAP antibody (Fig. 3).

In order to examine the immunohistological localization of
MVa in specific brain regions we compared adjacent tissue
slices of the trapezoid body, the cerebellum and the hip-
pocampus by staining with Cresyl Violet (Nissl) or labeling
with antibodies against NF protein, GFAP or MVa (Fig. 4).
Strong immunoreactivity for MVa was observed in neuronal

cell bodies within the nucleus of the trapezoid body, as well
as more subdued, yet clearly obvious, labeling of fibers in the
trapezoid body itself (Fig. 4A). This result is accentuated by
comparing the images obtained from the adjacent tissue
slices: intense staining of NF protein in fibers and cell bodies
of neurons (Fig. 4D); intense GFAP staining of glial cells, but
only background levels of staining in fibers (Fig. 4G); and
Nissl staining of cell bodies delineating the nucleus of the
trapezoid body (Fig. 4J).

The cerebellum shows uniform labeling of MVa in the
molecular layer as well as more tenuous, but clear, label-
ing of the granular layer (Fig. 4B). In contrast, little or no
immunoreactivity for MVa was observed in the bulk of
white matter of the cerebellum. In contrast, note that the
NF antibodies labeled strongly these fibers (Fig. 4E). Ob-
serve also the clear labeling of cell bodies in the Nissl
staining (Fig. 4K).

By comparison, the hippocampus was more uniformly
labeled by the MVa antibodies, showing less contrast be-
tween intrahippocampal structures than the previous two
regions described (Fig. 4C), although the staining by anti-
MVa of cell bodies in subiculum (Fig. 6C) and in the
dentate gyrus (Fig. 6B) was quite prominent under greater
magnification. In contrast, labeled structures within the
hippocampus are clearly seen with the other markers such
as Nissl (Fig. 4L). In addition to that, hippocampal fibers
(e.g. fimbria-fornix) are well defined with the NF staining
(Fig. 4F) and the hilus and external molecular layer are
evident with GFAP staining (Fig. 41).



576 C. Q. Tilelli et al. / Neuroscience 121 (2003) 573-586

Fig. 3. Comparison of MVa stained areas (A and C) with adjacent sections immunohistochemically stained with anti-GFAP antibody (B and D). Note
that MVa does not stain cells in a pattern found in astroglia. A, B: Cerebellar cortex, Purkinje cell layer; C, D: Ammon’s Horn, area 1. Arrows in B and
D indicate negative GFAP staining of cells that labeled positively for MVa in A and C. Calibration bars=20 pm.

There was no evidence for the staining of glial cells by
the MVa antibody in any of the three regions analyzed
(also see Fig. 3).

Regional analysis of MVa expression

In Figs. 5-9, different regions and cells of the brain show-
ing immunoreactivity for MVa are described in detail, using
as anatomical reference the coordinates and nomencla-
ture (see Table 1) taken from the stereotaxic atlas of
Paxinos and Watson (1997). In each of the following fig-
ures, it will be shown a sequence of a sagittal image
(inset), indicating the stereotaxic atlas level (using as the
reference distance from bregma suture in millimeters),
followed by a coronal section, with labeled structures
zoomed in were precise descriptions were done. The gen-
eral description was from rostral to caudal regions. It is
clear that not all the cell populations were described or
indicated in the figures, but those where we felt the more
conspicuous patterns were found. Table 2 highlights a
summary of the MVa staining patterns in different brain
areas, which will be described in detail in the following
paragraphs.

At Bregma 0.70 mm (Fig. 5A)

Punctate immunostaining was observed in the indusium
griseum (Fig. 5B), mostly in the dorsomedial region, and
in the cingulate cortex, areas 1 (Fig. 5C), 2 and 3,
around cell bodies and fibers. Some of the deep cortical
layers presented a dense cytoplasmic staining of the cell
that was not found in more superficial cortical layers,
although all cortical layers were stained. Some of the

divisions of the cortex—frontal cortex 1 (Fr1; Fig. 5D)
and frontal cortex 2 (Fr2), forelimb area of cortex and
area 1 of parietal cortex—presented a sparse punctate
staining in the cell body. A similar pattern was observed
in the granular insular cortex. Claustrum, dorsal en-
dopiriform nucleus (DEn), dysgranular insular cortex
and agranular insular cortex had a characteristic punc-
tate staining of the cell body. In the external layer of
piriform cortex (Fig. 5E, arrowheads), there was a dense
punctate staining and, more deeply, sparse cell body
staining. In the ventral pallidum, we also found an inter-
mediate punctate labeling in cells and in some cell pro-
cesses. The cell bodies of medial septal nucleus were
peripherally punctated. In the habenular nucleus we
found sparse staining in lateromedial and anterolateral
areas, and a denser one in the medial area. Cells of
diagonal band (Fig. 5F) were intermediately punctated.
The intermediate part of the lateral septal nucleus pre-
sented exclusively peripheral punctate staining. The
MVa staining was absent in the lateral septal nucleus
and caudate putamen.

At Bregma —3.30 mm (Fig. 6A)

The retrosplenial granular cortex presented a peripheral
staining of both cell bodies and processes in layers 1-3.
Layers 4—6 presented cell body staining. In the retrosple-
nial agranular cortex, we found a mixed staining, denser in
some cells. Fr1, Fr2 and hindlimb area of cortex presented
staining in cell bodies from layers 4—6. Both areas 1 and 2
of parietal cortex presented a sparse staining of cell bodies
in layers 1-3, and a denser staining in layers 4—6. In the
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Trapezoid Body

Cerebellum

Hippocampus

Fig. 4. Adjacent sagittal rat brain sections labeled with MVa (A-C), NF (D—F), GFAP (G-I) and Nissl (J-L) at the level of trapezoid body (left),
cerebellum (center) and hippocampus (right). Calibration bars=250 um (trapezoid body); 750 um (cerebellum) and 500 um (hippocampus). In the
trapezoid body images, outline indicates the nucleus of the trapezoid body and arrows indicate the trapezoid body itself (fibers). In the cerebellum
images, arrows indicate the cerebellar cortex. In the hippocampal formation images, arrows indicate Ammon’s horn and outline indicates dentate

gyrus. See details in text.

perirhinal cortex, we found densely stained cell bodies in
layers 4—6 and, although similar staining was found in
superior layers, there was no good delimitation of cells. In
the DEn the cells presented a very sparse staining inter-
mixed with the neuropila. The lateral amygdaloid nucleus
presented a sparse punctate staining in the dorsolateral
(LaDL) and ventrolateral (LaVL) areas, and a very sparse
punctate staining of ventromedial area, similar to the DEn.
The anterior and posterior parts of basolateral amygdaloid
nucleus presented a staining similar to the one described
for LaDL and LaVL. In the medial amygdaloid nucleus as
well as in the posterodorsal area, we found a strong pe-
ripheral staining of the cell body. Additionally, we found

some cell bodies stained in the posteroventral area. The
same kind of peripheral cell staining was found in the
dorsomedial hypothalamic nucleus. MVa was almost ab-
sent in hippocampal dentate granular cells, but some hilar
neurons were stained (arrows; Fig. 6B). Isolated Ammon’s
horn cells were found densely stained in areas 1, 2 and 3,
when compared with a predominant weak staining found in
pyramidal neurons of the same areas. In the subiculum the
cell body staining was dense (Fig. 6C). A dense staining of
cell bodies was also found in ventral posterolateral (Fig.
6D) and medial thalamic nuclei (Fig. 6E). A sparser stain-
ing was found in cell bodies of mediodorsal thalamic nu-
cleus, lateral, central and medial areas, and in posterior
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Fig. 5. A. Panoramic coronal view of a rat brain, at the level of striatum and septal area, immunolabeled with anti-MVa antibody. B—F. Higher
magnifications of regions corresponding to lettered rectangles in A. Calibration bars=1000 pwm for A, 25 pm for B, 50 um for C and D, 100 um for E

and F. See details in text.

paraventricular thalamic nucleus. There were cell bodies
densely stained in the median eminence (Fig. 6F), and
more sparsely in perifornical nucleus, medial tuberal nu-
cleus, magnocellular nucleus of lateral hypothalamus, sub-
incertal nucleus, zona incerta, posterior thalamic nuclear
group, laterodorsal thalamic nucleus (dorsomedial and
ventrolateral areas) and lateral posterior thalamic nucleus,
mediodorsal area.

Bregma —5.8 mm (Fig. 7A)

The cortical areas presented the same staining pattern
described in previous sections. In the zonal layer of

superior colliculus, the cell bodies and neuropila were
densely stained. In the superior colliculus there were cell
bodies with variable staining, in the superficial gray
layer, as well as in the optic nerve layer, intermediate
gray layer and intermediate white layer. In the posterior
pretectal nucleus (Fig. 7B), large cell bodies were
densely stained, and in medial geniculate nucleus (Fig.
7C) there was a similar staining for large and small cells.
A peripheral punctate staining was found in the ventral
part of this nucleus. In the deep mesencephalic nucleus
we found some densely stained cells. In the substantia
nigra (Fig. 7D) the staining was dense, but the neuropila
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Fig. 6. A. Panoramic coronal view of a rat brain, at the level of the dorsal hippocampus and anterior thalamus, immunolabeled with anti-MVa antibody.
B—F. Higher magnifications of regions corresponding to lettered rectangles in A. Calibration bars=1000 pum for A, 100 wm for B; 25 um for C and D;

50 um for E and F. See details in text.

was very sparsely labeled in pars compacta and in pars
lateralis, when compared with pars reticulata. The staining
was very dense in cells and in neuropila, in the interpe-
duncular nucleus. In the red nucleus (Fig. 7E), as well as in
the Edinger-Westphal nucleus, cell bodies were densely
punctated. Cell bodies with very peripheral staining were
found in central gray. In the mesencephalic trigeminal
nucleus (Me5; Fig. 7F) we found both dense (white arrow-
head) and peripheral (black arrowhead) cell body staining.

Bregma —7.8 mm (Fig. 8A)

The cortical areas presented the same staining pattern
described in previous sections. Cells in the periolivary

nucleus (Fig. 8B) were densely stained, and the adja-
cent neuropila was strongly stained. There were con-
spicuously stained cells in all inferior colliculus (IC) nu-
clei, particularly in the external cortex of IC (Fig. 8C).
A peripheral staining of cell bodies was also found in
the commissure of the IC. Median raphe nucleus (Fig.
8D) presented densely and sparsely punctated cell
body staining. A dense labeling was found in cell
bodies of pontine nuclei, oral pontine reticular nucleus
(Fig. 8E), median raphe nucleus, paramedian raphe
and lateral lemniscus (Fig. 8F). In the cuneiform
nucleus, we found dense and peripheral staining of
cells.
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Fig. 7. A. Panoramic coronal view of a rat brain, at the level of superior colliculus and substantia nigra, immunolabeled with anti-MVa antibody. B—F.
Higher magnifications of regions corresponding to lettered rectangles in A. Calibration bars=1000 um for A, 25 um for B-F. Observe in F, at the level
of the Me5, simultaneous peripheral (black arrow) and intermediate punctate (white arrow) staining. See details in the text.

Bregma —11.30 mm (Fig. 9A)

Cells of the raphe magnus nucleus (Fig. 9B) and the oral part
of the spinal trigeminal nucleus were densely punctated. In
medial vestibular nucleus (Fig. 9C), prepositus hypoglossal
nucleus, interposed cerebellar nucleus and vestibular nu-
cleus, we found cell body staining and peripheral cell staining,
but with a sparser neuropila staining of the latter. In the
cerebellar cortex (Fig. 9D), both soma and dendrites of Pur-
kinje cells (small black arrows) and granular cells (white
arrow) were densely stained. The entire molecular layer
showed also considerable staining indicating labeling of the
dendritic tree of the Purkinje cells and/or parallel fibers (big

black arrow). The cochlear nucleus presented a very dense
staining, with its dorsal part (Fig. 9E) presenting peripheral
cell staining more laterodorsally and dense cell body staining
more ventromedially, and its ventral part (Fig. 9F) with a
combination of numerous densely punctate cell bodies stain-
ing and some peripheral cell staining.

DISCUSSION

Myosin-V represents a class of molecular motors impli-
cated in organelle and RNA ftransport in several organ-
isms. Its association in brain with nerve terminals (Mani et
al., 1994; Prekeris and Terrian, 1997), synaptic vesicles
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Bregma - 7,8 mm

Fig. 8. A. Panoramic coronal view of a rat brain, at the level of IC and pontine nuclei, immunolabeled with anti-BM-V antibody. B—F. Higher
magnifications of regions corresponding to lettered rectangles in A. Calibration bars=1000 um for A, 25 um for B—F. See details in the text.

and synaptic vesicle associated proteins (Prekeris and
Terrian, 1997; Costa et.al., 1999; Ohyama et al., 2001) as
well as with organelle movement in axons (Evans et al.,
1998; Tabb et al., 1998) suggest that myosin V has a
functional role in organelle transport.

The characteristic punctate labeling of MVa in virtually
all neural cells examined to date is in accordance with this
function in vertebrate nervous system (Espreafico et al.,
1992). The exact role of MVa at the synapse has not been
determined, but suggestions have been made that this
molecular motor may be involved in transport of synaptic
vesicles from reserve pools toward the active zone where
membrane fusion and neurotransmitter release occur
(Costa et al., 1999; Rosé et al., 2003).

The expression of MVa is deficient in dilute mice (Mer-
cer et al., 1991) and dilute-opisthotonus rats (Futaki et al.,
2000). Both mutants present post-natal seizures and die
within 3 weeks after birth. No specific neurological dys-
function has been determined that would directly link the
convulsions and the post-natal death in these animals. For
example, a recent study on synaptic function in hippocam-
pal cells, a region important for the manifestation of epi-
leptic dysfunctions, demonstrated apparently normal syn-
aptic transmission in dilute mice, null for MVa (Schnell and
Nicoll, 2001). Also, in the immunohistochemical studies
presented here, the expression of MVa is not exceptionally
high in hippocampal cells as compared with other brain
regions. In the adult rat brain MVa is widely expressed in
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Fig. 9. A. Panoramic coronal view of a rat brain at the level of cerebellum and medulla, immunolabeled with anti-MVa antibody. B—F. Higher
magnifications of regions corresponding to lettered rectangles in A. Calibration bars=1000 um, 25 pm for B-F. Observe in D at the level of the
cerebellar cortex, strong staining of cell dendrites and perikarya (small black arrows) of Purkinje cells. Simultaneously are strongly stained cell bodies

of granule cells (white arrow). See other details in the text.

many regions and cellular layers, although both the pattern
and intensity of MVa immunoreactivity differed from region
to region. On the one hand, structures such as the co-
chlear nuclei, trapezoid body, superior olivary complex, red
nucleus and vestibular nucleus, which are important in
sensory processing and sensory-motor integration within
the CNS, showed strong immunostaining for MVa in cells
and neuropila (see Figs. 4-9). On the other hand, regions
that are associated with more complex functions, such as
the cortex, hippocampus and amygdala, showed a weaker
staining of cells and associated neuropila. However, the
subcellular patterns of immunoreactivity for MVa observed in

the present study were found in neurons distributed through-
out the brain, without being specifically associated to known
anatomical or functional regions. In fact, the wide distribution
of several cellular-staining patterns, such as dense punctate,
peripheral punctate and sparse punctate, was suggestive of
specific cell function and cell-cell communication. Thus, the
variation in expression of MVa in specific cells or in subcel-
lular locations may be related to cell specific activity.

Our data confirm the intense labeling that has been
reported in specific cell types, such as Purkinje cells of the
cerebellum (Espindola et al., 1992; Espreafico et al,
1992). Our results also extend these descriptions to col-
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Table 1. Abbreviations used in Figures 5-9

IG, indusium griseum

DB, diagonal band

VPL, ventral postero lateral thalamic nucleus
Sub, subiculum

PPT, posterior pretectal nucleus

SN, substantia nigra

ECIC, external cortex of inferior colliculus
PnO, oral pontine reticular nucleus

RMg, raphe magnus nucleus

CbC, cerebelar cortex

VCP, ventral cochlear nucleus

CG, clingulate cortex

Pir, piriform cortex

GD, dentate granular cells

VPM, ventral postero medial thalamic nucleus
ME, median eminence

MG, medial geniculate nucleus

R, red nucleus

LVPO, latero ventral periolivary nucleus
MnR, median raphe nucleus

LL, lateral lemniscus nucleus

MVe, medial vestibular nucleus

DC, dorsal cochlear nucleus

lections of diverse brain neuroanatomical nuclei confirming
that MVa is amply expressed throughout the CNS, indicat-
ing a general role in neuron function. However, intense
labeling of specific cells and group of cells is also ob-
served, suggesting that MVa may have a punctual expres-
sion related to cell activation and/or regional/temporal
functions where molecular motors are needed. Further-
more, based on the MVa and GFAP immunolocalization
studies, our data do not confirm specific expression of MVa
in astroglial cells in contrast to its expression in cultured
glial cells (Espreafico et al., 1992). Therefore, our data
strongly suggest that MVa is a specific neuronal marker in
agreement with others (Langford and Molyneaux, 1998;
Hasson et al., 1997; Mooseker and Cheney, 1995).

Although we observed a relatively homogeneous pattern
of expression of MVa in a given brain region or nucleus (e.g.
cochlear nucleus, nucleus of the trapezoid body) of the ani-
mals of the current study, we also observed different intensi-
ties (e.g. strong versus weak) in the same region. Further-
more, we found that there are striking differences in the MVa
expression when the comparison is made between different
brain nuclei (e.g. cochlear nucleus versus granule cells of the
hippocampal dentate gyrus). If these variations have any
functional meaning, we currently do not know. Obvious ex-
periments need to be done with, for example, in vitro prepa-
rations such as cell cultures or slices, which together with
video-microscopy could address these issues properly.

A detailed analysis of the entire series of sections pro-
cessed in this study indicates an interesting range of patterns
that may be associated with regional networks. An interesting
example is the auditory pathway. Hasson et al. (1997) and
Coling et al. (1997) described the immunolocalization of MVa
in neuronal and supporting cells of the sensory epithelium of
the cochlea of the guinea-pig, which is complementary to the
conspicuous immunostaining of auditory central nuclei, such

as cochlear nucleus, trapezoid nucleus, superior olivary com-
plex and lateral lemniscus nuclei, observed in the present
work. Interestingly, MVa strongly labels neurons in the dorsal
and ventral cochlear nuclei. In the dorsal nuclei there is a
peripheral punctate staining pattern in both cells and fibers,
especially in the molecular layer. This region is also intensely
stained by Timm histochemistry, a technique that detects zinc
associated to glutamatergic terminals (Frederickson et al.,
1988) Moreover, the molecular layer of the dorsal cochlear
nucleus is an endpoint of numerous terminals coming from
the auditory nerve, the intrinsic granule cells and other areas
of the primary auditory pathway (Rubio and Juiz, 1998). It
would be worthwhile to know what kind of functional relation-
ship may exist between these neurochemical characteristics
of the dorsal cochlear nuclei and the coincident MVa
expression.

Zhao et al. (1996) demonstrated that another member of
the myosin V class, the so-called myr 6 (myosin Vb), is
specifically expressed in hippocampus, choroids plexus and
amygdala of normal rats. Consequently, this paralogue may
be a candidate to probe for the participation of brain myosins
in temporal lobe hyperexcitable networks. In recent studies,
an association between RING finger proteins and myosin V
has been demonstrated (El-Husseini and Vincent, 1999; Oh-
kawa et al., 2001). Ohkawa et al. (2001) showed that the
neural activity-related RING finger protein (NARF) was highly
expressed in the hippocampus of mice treated with pentyle-
netetrazol, a potent convulsant. In addition, they demon-
strated that treatment with the glutamate agonist, kainic acid,
induced an up-regulation of the NARF mRNA and that this
message was localized in neurites and growth cones and
interacts with myosin V. NARF is also increased in the cere-
bellar Purkinje cells (Ohkawa et al., 2001) after seizures, a
region where MVa labels extremely well. The MVa-NARF
interaction seems to be necessary for maintenance of neural
activity (Ohkawa et al., 2001). This is important not only for
normal function such as enhanced neural activity present in
long term potentiation, a correlate of learning, but in the case
of pathological situations such as those found in epilepsy. In
the same direction, it is interesting to note that neuronal and
glial cytoskeleton associated proteins have been implicated
in responses to traumatic, ischemic, excitotoxic lesions,
mostly those present in epilepsy networks (Houser, 1999;
Sloviter, 1999; Pollard et al., 1994; Represa and Ben-Ari,
1997).

The specific regional expression of brain proteins
such as limbic associated membrane protein (Zacco et
al., 1990), or the LYN protein, codified by a sarcoma
proto-oncogene, c-lyn (Chen et al., 1996), indicates that
our current regionally selective (e.g. cochlear nuclei;
trapezoid body) MVa neural staining might be seen as
an interesting marker of organized networks. For exam-
ple it labels very strongly auditory, vestibular and so-
matosensory circuits. Additionally it labels sensory-mo-
tor and pure motor networks, for example brainstem
motor nuclei, as well as basal ganglia, cerebellum and
cortical circuitry. The idea that MVa can be considered
as a regional specific brain marker is in consonance with
other well-known types of brain markers such as the
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Table 2. Regional patterns of MVa staining
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Brain region

Staining pattern

Cortex
Cingulate and retrosplenial

Frontal, forelimb and hindlimb areas, parietal (areas 1 and 2),
insular and perirhinal

Piriform

Striatum

Ventral pallidum

Caudate putamen

Amygdala

Dorsolateral, ventrolateral, ventromedial and basolateral
nuclei

Medial nucleus, posterodorsal area
Hippocampal formation
Dentate gyrus, Ammon’s horn and hilus

Subiculum

Thalamus

Ventral posterolateral and medial nuclei

Mediodorsal, posterior paraventricular, posterior group,
laterodorsal and lateral posterior (mediodorsal area) nuclei

Medial geniculate nucleus

Hypothalamus

Dorsomedial nucleus of hypothalamus

Median eminence

Perifornical nucleus, medial tuberal nucleus, magnocellular

nucleus of lateral hypothalamus, nubincertal nucleus, zona
incerta

Midbrain
Superior colliculus

Posterior pretectal and deep mesencephalic nuclei

Substantia nigra

Interpeduncular nucleus, red nucleus,
Edinger-Westphal nucleus and lateral lemniscus

Central gray

Mesencephalic trigeminal nucleus

Inferior colliculus

Cerebellum

Deep nuclei

Cerebellar cortex

Hindbrain

Periolivary nucleus

Median raphe nucleus

Pontine, oral pontine reticular, median raphe, paramedian
raphe, raphe magnus and spinal trigeminal nuclei

Cuneiform nucleus, prepositus hypoglossal nucleus and
cochlear nucleus

Mixed staining, generally punctated around cell bodies and fibers and with
cell bodies stained denser in deeper layers

Generally, cortex was sparsely punctated in cell body, but deeper layers
appeared densely stained

Densely punctated in layer 2, sparsely in layer 3

Punctate labeling in cell bodies and processes
Absent (in fact, extremely weak and homogeneous)

Very sparse staining of cell bodies

Cell bodies peripherally punctated

Almost absent, but isolated neurons in hilus and in CA had their cell bod-
ies stained

Dense cell body staining

Dense cell body staining
Cell body staining

Cell bodies densely stained

Cell bodies peripherally punctated
Dense cell body staining
Cell body staining

Variable staining, stronger in superficial gray layer and in intermediate
gray layer

Cell bodies densely stained

Variable

Cell bodies densely stained

Cell bodies peripherally stained
Mixed staining: cell bodies and peripheral staining
Mixed: dense peripheral and cell bodies staining

Mixed: dense peripheral and cell bodies staining
Dense staining of Purkinje cells, a percentage of granular cells and mo-
lecular layer

Dense staining of both cell bodies and neuropila
Densely and sparsely punctated cell body staining

Cell bodies densely stained

Mixed: dense peripheral and cell bodies staining

Wisteria floribunda histochemistry, which labels the ex-
tracellular matrix, and is complementary to Nissl staining
(Hilbig et al., 2001). Other marker is the parvalbumin
immunohistochemistry, which specifically identifies
GABA-positive interneurons, for example, in cortical
Chandelier cells (DeFelipe, 1999).

The immunohistochemical studies presented here repre-
sent a comprehensive map of the regional and cellular dis-
tribution of MVa in the CNS of the adult rat and may contrib-
ute to the basic understanding of its role in brain function and

plasticity, particularly related to phenomena that involve this
molecular motor, such as neurite outgrowth, organelle trans-
port and neurotransmitter-vesiclecycling. Moreover, the neu-
rochemical characterization of MVa-positive cells and co-
localization with other known markers may give clues toward
cell function and specificity.
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