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ABSTRACT—The alternatively spliced isoform of the nonmuscle myosin heavy chain IIB (MHC-IIB) with an
insert of 21 amino acids near the actin-binding region, MHC-IIB(B2), is expressed specifically in the brain
and spinal cord in Mammalia and Aves. We performed immunoblot analyses to elucidate the distribution of
MHC-IIB(B2) in the brains of various animals. Nearly half of MHC-IIB existed as the B2 inserted isoform
(MHC-IIB(B2)) in the cerebrum of the guinea-pig, rabbit and pig, while the non-B2 inserted isoform (MHC-
IIB(∆B2)) was the dominant form in the cerebrum of the rat, mouse and hamster. In the guinea-pig, the
amount of MHC-IIB(B2) expressed in the cerebrum was low compared to MHC-IIB(∆B2) during the first
postnatal week, but it increased to comparable levels during postnatal development. In the rat, the amount of
MHC-IIB(B2) protein in the cerebrum remains low compared to its expression elsewhere in the brain throughout
life. Our results regarding the distribution of MHC-IIB(B2) in the adult brain lead us to classify species into two
types; one type expresses significantly less MHC-IIB(B2) in the cerebrum than in other portions of the brain,
and the second type expresses it at comparable levels throughout the brain. Based on these results, we
hypothesize that MHC-IIB(B2) modulates the role of MHC-IIB(∆B2) in the regulation of synaptic structure and
function in the mature brain, and that the requirements for such function by MHC-IIB(B2) have shifted gradu-
ally from the cerebellum to the cerebrum with evolutionary increases in brain size.

INTRODUCTION

Myosin II is the most studied isoform in an expanding
family of myosin motor proteins (Mermall et al., 1998; Sellers,
2000). It is a hexamer composed of a pair of heavy chains
(200 kDa) and two pairs of light chains (20 and 17 kDa). The
amino-terminal half of the heavy chain forms the head region,
termed subfragment 1, containing both ATP and actin-bind-
ing sites. Two proteolytically susceptible portions are present
in the head region of myosin II, and the proteolytic cleavage
of the myosin heavy chain (MHC) produces fragments of 25
kDa, 50 kDa and 20 kDa (Balint et al., 1978).

All vertebrate cells, including muscle cells, contain a form
of myosin II referred to as nonmuscle myosin II. Nonmuscle
myosin II plays a role in cell motile processes such as cytoki-
nesis, migration, and morphogenesis (Spudich et al., 1995).
To date, two different isoforms of the nonmuscle MHC have
been identified in vertebrate cells (Katsuragawa et al., 1989;
Kawamoto and Adelstein, 1991). They are referred to as MHC-
A and MHC-B (Kawamoto and Adelstein, 1991) or MHC-IIA

and MHC-IIB. The entire cDNA sequence encoding both
isoforms has been determined for the chicken (Shohet et al.,
1989; Takahashi et al., 1992), human (Saez et al., 1990;
Simons et al., 1991; Toothaker et al., 1991; Phillips et al.,
1995), Xenopus (Bhatia-Dey et al., 1993, 1998) and the se-
quence of MHC-IIA alone for the rat (Choi et al., 1996). These
two isoforms are expressed in a tissue-dependent manner.
For example, the spleen and intestines are enriched in MHC-
IIA, while the brain and testis are enriched in MHC-IIB
(Katsuragawa et al., 1989; Kawamoto and Adelstein, 1991;
Phillips et al., 1995; Takahashi et al., 1999).

Alternatively spliced isoforms of MHC-IIB, which include
two cassettes of inserted amino acids at different locations in
the head region, were discovered during the cloning of the
cDNA encoding chicken brain MHC-IIB (Takahashi et al.,
1992). These inserted isoforms are expressed in a tissue-de-
pendent manner specific to the central nervous system (CNS).
One insert of 10 amino acids was located at the 25/50-kDa
domain junction close to the ATP binding region, and another
insert of 21 amino acids was located at the 50/20-kDa domain
junction close to the actin binding region. These inserts are
referred to as B1 and B2, respectively.

The expression of these alternatively spliced isoforms is
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regulated developmentally in the brains of the chicken, mouse
and rat. The mRNA encoding the B1 inserted isoform (MHC-
IIB(B1)) is expressed early in embryonic development, while
expression of the mRNA encoding the B2 inserted isoform
(MHC-IIB(B2)) begins just before birth in the developing
chicken (Itoh and Adelstein, 1995). The heavier isoform of the
MHC-IIB polypeptide begins to appear in the second postna-
tal week in the mouse cerebellum (Murakami et al., 1993).
Both the polypeptide and the mRNA of MHC-IIB(B2) are ex-
pressed with different timing in distinct regions during devel-
opment of the rat brain (Takahashi et al., 1999; Miyazaki et
al., 2000).

It has also been demonstrated that the distribution of
MHC-IIB(B2) in the brain differs among some species. The
expression of MHC-IIB(B2) in the cerebrum is low in the brains
of adult chickens (Takahashi et al., 1992) and rats (Murakami
et al., 1991; Takahashi et al., 1999; Miyazaki et al., 2000). In
contrast, MHC-IIB(B2) is expressed in comparable levels to
the non-B2 inserted isoform (MHC-IIB(∆B2)) in the cerebrum
of adult human and bovine brains (Kimura et al., 1993; Itoh
and Adelstein, 1995). This distinct difference has motivated
us to compare the distribution of MHC-IIB(B2) in the adult brain
among animals located in the neighborhood of the rat and
bovine in phylogenetic classifications. We expected that the
boundary of the difference exists somewhere between these
two. For that purpose, six species were selected from labora-

tory animals belonging to Rodentia (rat, mouse, hamster and
guinea-pig), Lagomorpha (rabbit) and Artiodactyla (pig).

Our results lead us to classify species into two types on
the basis of the distribution of MHC-IIB(B2) in the adult brain;
one type (chicken, rat, mouse and hamster) expresses sig-
nificantly less MHC-IIB(B2) in the cerebrum than in other por-
tions of brain, and the second type (guinea-pig, rabbit, pig,
bovine and human) expresses it at comparable levels through-
out the brain. The present study thus might provide a new
index for the classification of species.

MATERIALS AND METHODS

Experimental Animals
Mouse (Mus musculus) strain ddY, golden hamster (Mesocricetus

auratus) strain Syrian, guinea-pig (Cavia porcellus) strain Hartley, and
rabbit (Oryctolagus cuniculus) strain Japanese White were obtained
from Sankyo Labo Service Corporation (Tokyo, Japan). Pig (Sus
scrofa) brain was obtained from the Ebetsu Livestock Breeding Cor-
poration (Ebetsu, Japan). Rat (Rattus norvegicus) strain Wistar was
generously donated by Dr. Etsuro Ito’s laboratory (Hokkaido Univer-
sity).

SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting
Tissues were homogenized in an extraction buffer (0.6 M NaCl,

5 mM EDTA, 5 mM EGTA, 14 mM 2-mercaptoethanol, 0.1 mM PMSF,
and 40 mM MOPS, pH7.6) and centrifuged at 15,000 g for 60 min at
4°C. The resulting supernatants were used as tissue extracts. The
tissue extracts were separated on an SDS-5% polyacrylamide gel

Fig. 1. Immunoblot analysis of extracts from the adult brain of various species in Rodentia probed with anti-B2 and anti-B antibodies. The
extracts (75 µg/lane for anti-B2, 10 µg/lane for anti-B) were subjected to SDS-5% polyacrylamide gel electrophoresis followed by immunoblotting.
A; rat (5-month-old), B; mouse (6-month-old), C; golden hamster (6-month-old), D; guinea-pig (10-month-old). Lanes 1–4 are as follows: 1,
cerebrum; 2, di- and mesencephalon; 3, cerebellum; 4, brain stem.
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Fig. 2. Immunoblot analysis of extracts from the adult brain of the
rabbit (A) and pig (B) probed with anti-B2 and anti-B antibodies. A,
Lanes 1–6 are as follows: 1, cerebrum; 2, callous body; 3, diencepha-
lon; 4, mesencephalon; 5, cerebellum; 6, medulla. B, Lanes 1–8 are
as follows: 1, cerebrum; 2, callous body; 3, thalamus; 4, amygdala; 5,
mesencephalon; 6, cerebellum; 7, pons; 8, medulla.

Fig. 3. Immunoblot analysis of extracts from the guinea-pig brain at
the first postnatal week (A), and developing cerebrum (B) with anti-
B2 and anti-B antibodies. A, Lanes 1–4 are as follows: 1, cerebrum;
2, di- and mesencephalon; 3, cerebellum; 4, brain stem. B, The num-
bers above each set of immunoblots correspond to the weeks after
birth.

with 0.065% bisacrylamide using the buffer system of Laemmli
(1970). The same amount of protein was loaded on each lane in each
gel. The gel was electroblotted onto Immobilon-P (Millipore) and
immunostained with antiserum. The antiserum was diluted as follows;
anti-MHC-IIB 1 to 3000: anti-MHC-IIB(B2) 1 to 100. Following incu-
bation with a second antibody coupled to horseradish peroxidase,
the blots were developed using 4-chloro 1-naphthol as a substrate.
Antiserum specific for MHC-IIB was generously donated by Dr. Rob-
ert S. Adelstein (NHLBI, NIH).

RESULTS

Expression of MHC-IIB(B2) in the adult brain of various
species

In order to investigate the expression of MHC-IIB(B2)
polypeptide in adult brain tissues from various animals, we
performed immunoblot analyses using two different antibod-
ies. Anti-MHC-IIB(B2) antibodies were generated against a
peptide synthesized on the basis of the derived amino acid
sequence of the rat B2 inserted residues (Takahashi et al.,
1999). We also used anti-MHC-IIB antibodies, which cross-
reacted with MHC-IIB(B2) as well as non-inserted MHC-IIB
(Mr = 200,000), as these antibodies recognize the carboxyl-
terminal region of MHC-IIB isoforms. The anti-MHC-IIB(B2)
antibodies cross-react only with the slower-migrating of the
two bands recognized by the anti-MHC-IIB antibodies. Fig. 1.
shows the immunoblots of brain extracts from different adult
species of Rodentia. We analyzed extracts from four different
regions of the brain, that is, cerebrum, di- and mesencepha-
lon, cerebellum and brain stem. Fig. 1 demonstrates that the

distribution of the expression of MHC-IIB(B2) in the brain is
different among these species. In the rat, mouse and ham-
ster, MHC-IIB(B2) was expressed in the cerebellum at a higher
level than in other regions of the brain. In guinea-pig, a higher
expression of MHC-IIB(B2) was also observed in the cerebel-
lum. However, it was expressed in the cerebrum much more
than in the other species. Almost half of the MHC-IIB existed
as MHC-IIB(B2) in the guinea-pig cerebrum, while MHC-
IIB(∆B2) was the dominant form in the rat, mouse and ham-
ster cerebrum. MHC-IIB(B2) was dominant in the guinea-pig
cerebellum.

We next analyzed the expression of MHC-IIB(B2) in the
rabbit and pig. These species have a relatively larger brain
than rodents, enabling us to dissect the brain more precisely.
Fig. 2. shows the immunoblots of brain extracts from the rab-
bit and pig. The results indicate that MHC-IIB(B2) is expressed
at comparable levels throughout the brain in the rabbit and
pig. Both the non-inserted and B2 inserted isoforms were ex-
pressed almost to the same extent throughout the brain in the
rabbit (Fig. 2A). In contrast, the B2 inserted isoform was ex-
pressed more than the noninserted isoform, especially in the
lower brain of the pig (Fig. 2B).

Change in expression of MHC-IIB(B2) during postnatal
development of the guinea-pig

To characterize whether MHC-IIB(B2) is expressed at the
same level throughout the brain in the developing guinea-pig,
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Fig. 4. Immunoblot analysis of extracts from aging rat cerebrum (A), di- and mesencephalon (B), cerebellum (C), brain stem (D) with anti-B2
and anti-B antibodies. The numbers above each set of immunoblots correspond to the months after birth.

selected brain tissues were dissected from guinea-pigs at
various developmental stages after birth and were analyzed
by immunoblotting. Fig. 3A. demonstrates that MHC-IIB(B2)
is already expressed throughout the brain during the first post-
natal week, and MHC-IIB(∆B2) is the dominant form in cere-
brum. Interestingly the expression pattern of MHC-IIB(B2) of
the guinea-pig during the first postnatal week (Fig. 3A) was
quite similar to that of the adult rat (Fig. 1A). The expression
of MHC-IIB(B2) in the cerebrum increased to levels compa-
rable to those of the adult during the third postnatal week (Fig.
3B). The expression of MHC-IIB(B2) in the di- and mesen-
cephalon and the brain stem were found to increase gradu-
ally, while that in the cerebellum was unchanged during
postnatal development (data not shown). These results indi-
cate that even species expressing MHC-IIB(B2) almost to the
same extent as MHC-IIB(∆B2) in the adult cerebrum such as
the guinea-pig, express limited amounts of MHC-IIB(B2) in
the cerebrum during the early days of postnatal development.

Expression of MHC-IIB(B2) in the rat with increasing age
To investigate whether the expression pattern of MHC-

IIB(B2) in the rat brain changes during aging, selected rat brain
tissues were individually dissected from 5-month-old, 14-
month-old and 24-month-old rats and were analyzed by
immunoblotting. Fig. 4. demonstrates that the expression of
MHC-IIB(B2) does not change during aging in any portion of
the brain, except for a slight decrease in the 24-month-old rat.
That is to say, the expression of MHC-IIB(B2) in the rat cere-
brum never increases to levels comparable to that in the
guinea-pig cerebrum during 5–24 months of age. This result

suggests that differences in the distribution of MHC-IIB(B2) in
the brain does not depend on differences in the aging pro-
cess of individual species.

DISCUSSION

We have shown in the present study that the distribution
of MHC-IIB(B2) in the brain apparently differs among spe-
cies. The results have led us to classify species into two types
on the basis of the distribution of MHC-IIB(B2) in the adult
brain. One type expresses less MHC-IIB(B2) in the cerebrum
than in other regions of the brain (referred to as type A), while
the other type expresses it at comparable levels throughout
the brain (referred to as type B). In other words, the noninserted
isoform is the dominant form in the cerebrum of the type A
species, while MHC-IIB(B2) is expressed at the same or even
at greater levels than MHC-IIB(∆B2) in the cerebrum of the
type B species. According to this classification, the rat, mouse,
hamster and chicken (Takahashi et al., 1992) belong to type
A, while the guinea-pig, rabbit, pig, and possibly the bovine
and humans (Itoh and Adelstein, 1995) belong to type B. In
the rat, the expression of MHC-IIB(B2) in the cerebrum never
reached levels comparable to those of the guinea-pig through-
out life, suggesting that the difference in the distribution of
MHC-IIB(B2) in brain is not caused by differences in the ag-
ing process of individual species used for analysis.

In the rat (type A), MHC-IIB(B2) is not expressed at the
protein level in the newborn brain and only becomes appar-
ent at different times in different regions of the brain during
postnatal development (Takahashi et al., 1999). It first ap-
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pears at postnatal day 10 (P10) in the cerebellum and in-
creases markedly from P14. Its appearance in the cerebrum
(P28) is later than in the cerebellum. It is also of note that the
emergence of MHC-IIB(B2) in the cerebellum corresponds to
the time when dendritic elongation and synaptogenesis occur
actively in the cerebellum of the rat (Altman, 1972).

In the guinea-pig (type B), MHC-IIB(B2) is already ex-
pressed at the first postnatal week throughout the brain.
However, that distribution is similar to that of the adult brain of
the type A species; that is, much less MHC-IIB(B2) is ex-
pressed in the cerebrum than in other portions of the brain
during the early stages of postnatal development. The expres-
sion of MHC-IIB(B2) increases to levels comparable to MHC-
IIB(∆B2) in the cerebrum during postnatal development. In
contrast, MHC-IIB(∆B2) is the dominant form in the cerebrum
throughout the life of the rat, which is a type A species. These
results suggest that the differences in MHC-IIB(B2) distribu-
tion in the brain between type A and B species occur during
postnatal development. The expression of MHC-IIB(B2)
throughout the brain during the early postnatal stages of the
guinea-pig might be related to the high degree of neurological
maturity at birth.

The inserted amino acids B1 and B2 are located at 25/
50-kDa and 50/20-kDa domain junctions, respectively. These
portions were first identified as two protease-sensitive regions
in the myosin head (Balint et al., 1978). These regions have
not been resolved in the crystal structures of the chicken skel-
etal myosin II subfragment 1, indicating that they might be
present as disordered surface loops (Rayment et al., 1993).
The regions at the junction of the 25/50-kDa fragments and at
that of the 50/20-kDa fragments are termed loop 1 and loop 2,
respectively (Spudich, 1994). Loops 1 and 2 are located close
to the ATP binding and actin binding regions, respectively. It
has recently been demonstrated that the sequences of these
loop regions appear to be more constrained than those of the
rest of the myosin molecule in a comparison of myosins known
to be kinetically or developmentally similar (Goodson et al.,
1999). These loop regions could define the kinetic character-
istics specific to each myosin isoform (Uyeda et al., 1994;
Spudich, 1994; Goodson et al., 1999). We recently observed
that the B2 insertion reduces motor activity with a reduction in
the maximal actin-activated ATPase activity and a decrease
in the affinity for actin using chimeric myosin II expressed in
Dictyostelium (Takahashi et al., in press). The presence of
the B2 insertion might reduce the enzymatic and/or motor
activity of the MHC-IIB molecule by changing the interaction
with actin in CNS tissue.

Immunohistochemical studies have demonstrated that
MHC-IIB is expressed in most neuronal cells (Murakami and
Elzinga, 1992; Miller et al., 1992). In particular, the cell bodies
of Purkinje cells and their dendrites in the molecular layer were
stained dramatically in the rat cerebellum, while the cell bod-
ies and apical dendrites of pyramidal neurons were stained in
the rat cerebral cortex. We have recently demonstrated that
MHC-IIB(B2) is localized at cell bodies and dendrites of
Purkinje cells in the rat cerebellum using antibodies specific

to the B2 insert (Miyazaki et al., 2000). We have also demon-
strated that MHC-IIB(∆B2) is highly expressed in neurons of
the cerebral cortex and hippocampus as well as the cerebel-
lum of the rat by in situ hybridization (Miyazaki et al., 2000).

As to the roles of the myosin II molecule in neurons, three
hypotheses have been proposed. First, myosin II could play
an important role in the motility of the growth cones (Miller et
al., 1992; Smith, 1988; Cheng et al., 1992; Rochlin et al., 1995;
Mummert and Schengrund, 1997; Wylie et al., 1998). Sec-
ond, it could be involved in neurotransmitter release (Mochida
et al., 1994). Third, it may be involved in the process of syn-
aptic plasticity (Miller et al., 1992; Morales and Fifkova, 1989).
It is reasonable to suppose that MHC-IIB isoforms participate
in such processes, as they are dominant isoforms in the brain.
Actually, a knockout mouse study has demonstrated that MHC-
IIB is required for normal development of the brain as well as
the heart (Tullio et al., 1997).

MHC-IIB(B2) is not expressed in Xenopus tissues,
whereas MHC-IIB(B1) is constitutively expressed in all Xeno-
pus tissues (Bhatia-Dey et al., 1993), suggesting that MHC-
IIB(B2) might have started to be expressed in the brain,
except for the forebrain, after the amphibian period. Thereaf-
ter, the distribution of this inserted isoform may have extended
to the cerebrum sometime after the appearance of mammals.
Interestingly, in humans, MHC-IIB(B2) is expressed to almost
half the extent in the cerebrum as the type B species, but is
expressed only in limited amounts in the cerebellum (Itoh and
Adelstein, 1995).

With these results taken together, we hypothesize the
following regarding the role of MHC-IIB isoforms in the brain:
(I) MHC-IIB(∆B2) plays an active role in the regulation of syn-
aptic structure and function, and (II) MHC-IIB(B2) modulates
the role of MHC-IIB(∆B2). Combining these hypotheses with
the species differences of distribution of both MHC-IIB(∆B2)
and MHC-IIB(B2) in the adult brain, we come to the following
conclusion regarding the evolutionary development of these
isoforms. At the beginning of the appearance of brain tissue,
MHC-IIB(∆B2) may have begun to play a role (I) in the neu-
ron. Accompanying the development of both the size and func-
tion of the brain, MHC-IIB(B2) may have become necessary
in the lower brain, particularly in the cerebellum. With further
developments in brain size in mammals, the requirement for
MHC-IIB(B2) function (II) may then have been extended and
gradually shifted from the cerebellum to the cerebrum.

Interestingly, both types of species existed even among
the order Rodentia in the present study; that is, the guinea-
pig alone belonged to the type B classification. Interestingly,
phylogenetic analyses based on molecular data have sug-
gested that the guinea-pig belongs to a new order (Graur et
al., 1991; D’Erchia et al., 1996; Hoyle, 1999). The difference
in the distribution of MHC-IIB(B2) in the present study sup-
ports this view, suggesting that this difference may provide a
new index for the classification of species.
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