
Introduction
Recent developments in molecular genetic techniques
have made it possible to use mice as tools to better
understand the genesis of human disease. This has
resulted in the identification of many important
genes that play major roles in the development of var-
ious diseases (1). For example, mutations in several
contractile proteins such as the cardiac β-myosin
heavy chain (β-MHC; 2, 3), cardiac α-actin (4, 5), and
myosin light chains (6) are associated with cardiomy-
opathy. We have shown the essential role of nonmus-
cle MHC II-B (NMHC-B) in cardiac development (7).
One difficulty in studying NMHC-B–ablated mice is
that they die either during embryogenesis or on the
day of birth (P0), making it impossible to analyze the
postnatal progression of pathological processes. We
addressed this problem by producing mice that
express decreased levels of NMHC-B.

Nonmuscle myosins are class II myosins that are
found in both muscle and nonmuscle cells. Previous
work has suggested their involvement in basic cell
functions such as cytokinesis (8), cell motility (9),

formation of cell polarity (10), and changes in cell
shape (11–13). They are composed of a pair of 200-
kDa heavy chains and 2 pairs of light chains (20 kDa
and 17 kDa). Two different genes have been identi-
fied that encode the heavy chains: NMHC-A
(MYH9)and NMHC-B (MYH10). Distinct cellular
localizations and tissue distributions, and different
enzymatic activities for NMHC-A and NMHC-B,
suggest but do not prove that each protein may have
specific functions (14–16). For example, although
NMHC-A and NMHC-B are present in most cells,
NMHC-B appears to be the only form present in
murine cardiac myocytes (17). The pre-mRNA
encoding NMHC-B, unlike that encoding NMHC-A,
can undergo neural cell–specific alternative splicing,
which results in the insertion of 10 amino acids near
the ATP-binding region and 21 amino acids near the
actin-binding region (18–20). The insert of 10 amino
acids beginning after Pro211 is encoded by a neural-
specific exon referred to as N30 (see Figure 1), and is
called the B1 insert. Expression of this insert is asso-
ciated with neural differentiation, as is that of the B2
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Complete ablation of nonmuscle myosin heavy chain II-B (NMHC-B) in mice resulted in cardiac and
brain defects that were lethal during embryonic development or on the day of birth. In this paper, we
report on the generation of mice with decreased amounts of NMHC-B. First, we generated B∆I/B∆I mice
by replacing a neural-specific alternative exon with the PGK-Neo cassette. This resulted in decreased
amounts of NMHC-B in all tissues, including a decrease of 88% in the heart and 65% in the brain com-
pared with B+/B+ tissues. B∆I/B∆I mice developed cardiac myocyte hypertrophy between 7 months and
11 months of age, at which time they reexpressed the cardiac β-MHC. Serial sections of B∆I/B∆I brains
showed abnormalities in neural cell migration and adhesion in the ventricular wall. Crossing B∆I/B∆I

with B+/B– mice generated B∆I/B– mice, which showed a further decrease of approximately 55% in
NMHC-B in the heart and brain compared with B∆I/B∆I mice. Five of 8 B∆I/B– mice were born with a
membranous ventricular septal defect. Moreover, 5 of 5 B∆I/B– mice developed myocyte hypertrophy
by 1 month; B∆I/B– mice also reexpressed the cardiac β-MHC. More than 60% of B∆I/B– mice developed
overt hydrocephalus and showed more severe defects in neural cell migration and adhesion than did
B∆I/B∆I mice. These data on B∆I/B∆I and B∆I/B– mice demonstrate a gene dosage effect of the amount of
NMHC-B on the severity and time of onset of the defects in the heart and brain.
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insert of 21 amino acids. However, the 2 inserts dif-
fer in that the B1 insert appears early in embryonic
development, whereas the B2 insert appears only
after birth (19). In this paper, we refer to NMHC-B
that contains the B1 insert as the inserted form, and
to that without the insert simply as NMHC-B.

We reported previously that ablation of NMHC-B in
mice results in lethality during embryonic development
or on P0. These mice showed major developmental
defects in the heart and central nervous system. The
cardiac defects included a membranous ventricular
septal defect (VSD), dextroposition of the aorta, and
myocyte hypertrophy. In addition, all the B–/B– mice
developed hydrocephalus (7).

In this study, we report on cardiac and brain defects
in 2 groups of mutant mice that show decreased lev-
els of NMHC-B. One group of mice was generated by
replacement of the N30 exon encoding the B1 insert
with a cassette conferring neomycin resistance. In

addition to ablating the neural-specific inserted form
of mRNA, this replacement resulted in decreased
amounts of NMHC-B mRNA and protein in all tis-
sues. We have designated these mice B∆Ι/B∆Ι; ∆I refers
to the deleted neural-specific exon. We then bred the
B∆Ι/B∆Ι mice with B+/B– mice to generate another
group of mutant mice (B∆Ι/B–) with even less NMHC-
B. By comparing the cardiac and brain defects in
B∆Ι/B∆Ι and B∆Ι/B– mice to those of the previously
described B–/B– mice, we establish a direct relation-
ship between the decrease in NMHC-B and the sever-
ity of the defects. Moreover, the generation of B∆Ι/B∆Ι

and B∆Ι/B– mice allowed us to study the function of
NMHC-B beyond embryonic development.

Methods
Generation of transgenic animals and Southern blot analysis.
NMHC-B clones spanning exons 5 (constitutive), N30
(alternative), and 6 (constitutive) and flanking introns
were isolated from a mouse (129Sv) genomic λFIXII
library (Stratagene, La Jolla, California, USA) using
human NMHC-B cDNA as a probe. As shown in Figure
1, approximately 8 kb of a XhoI-BamHI fragment was
subcloned in pBluescript II SK+ (Stratagene) for use as
a targeting vector. A 0.8-kb HindII-EcoRI fragment,
which consisted of the 30-bp N30 exon, and the flank-
ing introns of approximately 250 bp upstream and 550
bp downstream, was replaced by a neomycin phospho-
transferase (Neo) gene cassette (PGK-Neo) in the
reverse orientation. A herpes simplex thymidine kinase
gene cassette was also introduced at the 5′ end of the
genomic fragment. Transcripts of Neo and thymidine
kinase are driven by the mouse PGK-1 gene promoter
and include the polyadenylation signal region of the
PGK-1 gene. The targeting construct lacked a 200-bp
NheI-NheI intron fragment located approximately 400
bp upstream of exon 5. The linearized targeting vector
was electroporated into J1 embryonic stem (ES) cells (a
gift of R. Jaenisch, Whitehead Institute for Biomedical
Research, Cambridge, Massachusetts, USA), and ES cell
clones were selected by resistance to G418 and ganci-
clovir. Targeted ES cell clones were identified by South-
ern blot analysis after NcoI digestion, using a BamHI-
BamHI fragment located outside the targeting vector as
a probe (Figure 1). Recombinant ES cells were injected
into blastocysts, resulting in male chimeras that were
mated to C57BL/6J females to produce heterozygous
offspring. Homozygous mice were generated by breed-
ing B+/B∆Ι × B+/B∆Ι and B∆Ι/B∆Ι × B∆Ι/B∆Ι mice. B∆Ι/B∆Ι

mice were also bred with B+/B– mice to generate B∆Ι/B–

progeny. Genomic DNA from B∆Ι/B– mice was digested
with BamHI, and the Southern blot was analyzed using
a probe near exon 2, as described previously, for identi-
fication of the B– allele (7).

Immunoblot analysis. For comparison of the amounts
of NMHC-B protein in B+/B+, B+/B∆Ι, B∆Ι/B∆Ι, B+/B–, and
B∆Ι/B– mice, samples for immunoblot analysis were pre-
pared using an extraction buffer containing 0.5 M
NaCl, 25 mM Tris-HCl (pH 7.5), 50 mM sodium
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Figure 1
Generation and genomic analysis of B∆Ι/B∆Ι mice. (a) Genomic map
of the NMHC-B locus surrounding the N30 neural-specific alternative
exon. E5 and E6 are constitutive exons encoding part of the ATP-bind-
ing region of NMHC-B. The HindII-EcoRI fragment, which includes the
N30 exon, was replaced by the PGK-Neo gene. The PGK-Neo cassette
(NEO) and the herpes simplex thymidine kinase gene (TK) are indi-
cated by boxes. Arrows above the boxes indicate the direction of tran-
scription. Some restriction sites for enzymes marked with an asterisk
are not shown. Exons are not drawn to scale. (b) Southern blot analy-
sis of genomic DNA isolated from mouse tails. NcoI was used to gen-
erate a 10.7-kb fragment indicating the wild-type allele and a 6.6-kb
fragment indicating the mutant allele. The probe used for Southern
analysis is shown below the mutant allele in a.



pyrophosphate, 5 mM EDTA, 5 mM EGTA, 10 mM
ATP, 5 mM DTT, 5 µg/L leupeptin, 0.1 mM PMSF, 10
mg/L aprotinin, 1 mM benzamidine, and an addition-
al mix of proteolytic inhibitors (25 µL in 50 mL of
extraction buffer: 0.1 g pepstatin A, 0.2 g chymostatin,
0.1 g TLCK, and 0.1 g TPCK in 10 mL DMSO). After
centrifugation at 16,000 g for 15 minutes, the super-
natants were recovered and gel electrophoresis was per-
formed in SDS 6% or 7.5% polyacrylamide gels from
Novex (San Diego, California, USA). After transfer to
Immobilon-P membranes (Millipore Corp., Bedford,
Massachusetts, USA), polyclonal antibodies specific for
the carboxyl terminus of NMHC-A and NMHC-B were
used for detection (21) with the SuperSignal or
UltraSignal system from Pierce Chemical Co. (Rock-
ford, Illinois, USA). A polyclonal antibody specific for
the carboxyl terminus of the cardiac β-MHC was a gift
of Neal Epstein (National Heart, Lung, and Blood Insti-
tute). Monoclonal antibodies raised against actin
(Roche Molecular Biochemicals, Indianapolis, Indiana,
USA) and GAPDH (BIODESIGN International, Ken-
nebunk, Maine, USA) were used to confirm equal sam-
ple loading. Immunoblots were quantitated using a
Personal Densitometer from Molecular Dynamics
(Sunnyvale, California, USA).

Histological analysis of heart. Hearts were fixed with 3.7%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4),
and were examined with a dissecting microscope to
evaluate their external morphology. The hearts were
then cut in half vertically with a razor blade to obtain
views of the 4 chambers (echocardiographic cut) and
were examined again with a dissecting microscope.
They were then embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) or with
periodic acid–methenamine silver. To evaluate the
degree of cardiac hypertrophy, the transverse diameters
of the ventricular myocytes were measured (n = 30) as

described previously (7). The magnification of the
microscope used for measurements was calibrated with
a stage micrometer. The mean and SD of these meas-
urements was calculated for individual animals and for
each group of animals. Data were analyzed using the 2-
tailed Student’s t test; P < 0.05 was considered signifi-
cant. The presence of a VSD was evaluated by examin-
ing serial sections of the area of the ventricular septum
and the semilunar valves.

Histological analysis of brain. To prepare brains for his-
tological analysis, the thoracic cavity of mice 3–4 weeks
old was opened under pentobarbital anesthesia (30
mg/kg, given intraperitoneally). The right atrium was
cut, and cold PBS was slowly perfused through the left
ventricle with a 25-gauge needle while the heart was
still beating, until the fluid coming out of the right
atrium was clear. Then about 5 mL of Bouin’s fixative
(EM Science, Gibbstown, New Jersey, USA) was per-
fused through the left ventricle to assure that the brain
was well fixed. The brains were then dissected out and
immersed in Bouin’s fixative overnight.

For preparation of the P0 brain sections, mice were
sacrificed on the day of birth by decapitation. The skin
and part of the skull was opened at the midline, expos-
ing the brain. The whole head was then immersed in
Bouin’s fixative overnight, and the brain was dissected
out. All of the brain samples were embedded in paraf-
fin, sectioned, and then stained with H&E.

Magnetic resonance microscopy. After the mice were euth-
anized with an overdose of pentobarbital, images were
obtained at 4.7 teslas on a GE Omega CSI instrument
with a custom-designed microimaging birdcage coil (22).

Blood pressure measurements. Arterial blood pressure
was measured in Avertin-anesthetized mice with a
catheter in the abdominal aorta using a Model 200
Digi-Med Blood Pressure Analyzer (Micro-Med Inc.,
Louisville, Kentucky, USA).
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Figure 2
Immunoblot analysis of tissues from
E14.5 and 11-month-old mice. (a)
Comparison of NMHC-B in various
tissues from B+/B+, B+/B∆Ι, and B∆Ι/B∆Ι

mice at E14.5. NMHC-B levels are
decreased by 65 ± 7% in the brain (n =
4) and by 88 ± 4% in the heart (n = 5)
of B∆Ι/B∆Ι mice compared with B+/B+

littermates. The decrease in the lung
sample shown is 64%. (b) Reexpres-
sion of the fetal gene program show-
ing a more than 5-fold increase in the
cardiac β-MHC in 2 different B∆Ι/B∆Ι

mice at 11 months of age. Two differ-
ent loadings are shown for each sam-
ple. The immunoblots were overex-
posed to permit comparison with
B+/B+ samples. Quantitation was nor-
malized using an antibody to actin
(shown) and GAPDH (not shown)
after B+/B+ samples.



Results
Generation of B1 insert–deleted mice. Using the targeting
strategy shown in Figure 1a, the N30 exon and 0.8 kb
of the surrounding 2 introns were replaced with the
PGK-Neo gene cassette by homologous recombination
in mouse ES cells. Successfully targeted ES cell clones
were identified by Southern blot analysis using the
probe indicated in Figure 1a to distinguish an NcoI
fragment of the mutant allele (6.6 kb) from that of the
wild-type allele (10.7 kb). These clones were used to
produce the chimeric males that gave rise to germline
transmission of the mutant allele. Heterozygous
(B+/B∆Ι) mice were subsequently crossed to obtain
homozygous (B∆Ι/B∆Ι) progeny (Figure 1b). Deletion of
the 30-nucleotide exon from NMHC-B mRNA was con-
firmed by RNA analysis of neural tissues.

Decreased NMHC-B protein in B∆Ι/B∆Ι mice. Analysis of
mRNA isolated from a variety of tissues from B∆Ι/B∆Ι

mice using a 3′ UTR probe specific for NMHC-B
revealed a decrease in the NMHC-B message; no signif-
icant change was found in mRNA encoding NMHC-A
(data not shown). This suggested that the replacement
of the N30 exon by the PGK-Neo cassette resulted in a
decrease in the steady-state level of NMHC-B, in addi-
tion to absence of the neural-specific exon. The
decrease in NMHC-B mRNA resulted in a marked
decrease in NMHC-B protein in B∆Ι/B∆Ι tissues com-
pared with B+/B+ and B+/B∆Ι tissues, in both embryonic
(Figure 2a) and adult mice. There was no change in the
amount of NMHC-A (data not shown).

Cardiac defects in B∆Ι/B∆Ι mice. Previous work has shown
that B–/B– mice develop consistent cardiac abnormali-
ties, including enlarged cardiac myocytes, as early as
E12.5 (7). Therefore, it was of particular interest to
examine cardiac development in the B∆Ι/B∆Ι mice, which
demonstrated a marked decrease in NMHC-B. As
shown in Figure 3a, B∆Ι/B∆Ι mice were born with normal-
sized cardiac myocytes, but developed significant
myocyte hypertrophy over a period of 11 months. The
ratio of heart weight to body weight for B∆Ι/B∆Ι mice was
0.006 ± 0.0015 (n = 5), compared with 0.004 ± 0.0006 (n
= 5) for B+/B+ mice (all mice were between 9 and 11
months of age). Figure 3b shows representative sections
from 11-month-old B+/B+ (left) and B∆Ι/B∆Ι (right)

hearts, stained with periodic acid–methenamine silver
to outline the borders of the myocytes; hypertrophy is
clearly present at this age. In contrast to the B–/B– mice,
none of the 18 B∆Ι/B∆Ι mice analyzed showed evidence
of a VSD or any other cardiac malformation. Moreover,
there was no evidence of an increase in blood pressure
in B∆Ι/B∆Ι mice compared with B+/B+ mice (n = 6 for each
group; data not shown). However, cardiac myocyte
hypertrophy was accompanied by reexpression of the
fetal gene program, as shown by the increase in cardiac
β-MHC at age 11 months in B∆Ι/B∆Ι mice (Figure 2b).

Brain defects in B∆Ι/B∆Ι mice. B∆Ι/B∆Ι mice were born with
no obvious external abnormalities of the head. Approx-
imately 4% of these mice (8 of 216) showed progressive
enlargement of the head at approximately 2–3 weeks of
age, and became moribund at 3–4 weeks of age. Histo-
logical analysis of the brains from 2 mice in this group
at P23 and P29 demonstrated severe hydrocephalus
with marked enlargement of the lateral and third ven-
tricles, and massive destruction of the ventricular and
subventricular structures (Figure 4a). Coronal sections
of these B∆Ι/B∆Ι mouse brains also showed stenosis of
the cerebral aqueduct that could have impaired the cir-
culation of the cerebral spinal fluid (CSF) and resulted
in enlargement of the lateral and third ventricles, but
not the fourth ventricle (data not shown). We also ana-
lyzed 2 B∆Ι/B∆Ι mice that showed no overt evidence of
hydrocephalus at P23. Figure 4b shows an abnormality
in the cerebral aqueduct of 1 of these mice. The ependy-
mal cells on the left side of the cerebral aqueduct are not
present, and a bundle of nerve fibers is aberrantly pro-
truding into the ventricle, but the cerebral aqueduct is
not completely closed. The absence of the ependymal
cells could be due to a primary defect in the neuroep-
ithelial cells lining the ventricular wall.

Of particular note is that B∆Ι/B∆Ι mice also showed
abnormalities in cell migration at the level of the fourth
ventricle, in addition to the loss of ependymal cells (Fig-
ure 4, c and d). A number of large neurons are present
ectopically in the dorsal part of the brainstem. In nor-
mal brains of mice of this age, neurons this large should
have migrated out of the ventricular zone to their target
area. The presence of neurons of this size near the ven-
tricular surface suggests a defect in cell migration.
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Figure 3
Myocyte size measurements and
histological sections of B+/B+

and B∆Ι/B∆Ι mouse hearts. (a)
Plot of transverse diameters of
cardiac myocytes vs. age of mice
(n = 3 for each point; P < 0.05 at
11 months of age). (b) Repre-
sentative sections of a B+/B+

mouse heart (left) and a B∆Ι/B∆Ι

mouse heart (right) stained with
periodic acid–methenamine sil-
ver, demonstrating cardiac
hypertrophy at age 11 months.
Bar, 10 µm.



Generation of B∆Ι/B– mice. The appearance of cardiac
myocyte hypertrophy in B∆Ι/B∆Ι mice and the absence
of the N30 exon in cardiac NMHC-B mRNA in B+/B+

mice (data not shown) strongly suggested that the car-
diac phenotype observed in B∆Ι/B∆Ι mice is due to the
decrease in NMHC-B protein. To test this idea, we
designed an experiment to further lower the amount of
NMHC-B protein by crossing B∆Ι/B∆Ι mice with B+/B–

mice to generate B+/B∆Ι and B∆Ι/B– mice. Figure 5a com-

pares the amount of NMHC-B protein in newborn
B∆Ι/B∆Ι and B∆Ι/B– mice using immunoblot analysis of
extracts from the lung, brain, and heart. The data show
that all 3 tissues from B∆Ι/B– mice contain less NMHC-
B protein than do those of B∆Ι/B∆Ι mice.

Cardiac defects in B∆Ι/B– mice. None of the B∆Ι/B∆Ι mice
showed a VSD or dextroposition of the aorta, both of
which were seen in 7 of 8 B–/B– mice (7). The refore, we
were particularly interested in the cardiac phenotype of
the B∆Ι/B– mice. Serial sections revealed a VSD at the
level of the membranous septum in 5 of the 8 B∆Ι/B–

mice examined (Figure 6a). Complete transposition of
the great vessels accompanied the VSD in 1 of the
B∆Ι/B– mice (data not shown). The other mice showed
no abnormalities of the cardiac outflow tract.

Interestingly, newborn B∆Ι/B– mouse hearts showed
evidence of myofibrillar disarray (Figure 6b) similar to
that seen previously in B–/B– hearts, but no evidence of
myocyte hypertrophy (7). However, in contrast to the
11 months required in B∆Ι/B∆Ι mice, B∆Ι/B– mice devel-
oped myocyte hypertrophy and disarray by P24 (Figure
6c). At that time, the mean transverse diameter of the
cardiac myocytes from B∆Ι/B– mice was 16.3 ± 1.1 µm
(n = 5), compared with 11.8 ± 0.9 µm (n = 10) for con-
trol mice (P < 0.001). As in the B∆Ι/B∆Ι mice, the fetal
gene program was also reinitiated in B∆Ι/B– mice, as
shown by the marked increase in cardiac β-MHC by
P23 (Figure 5b). Masson trichrome staining and elec-
tron microscopic analysis of 2 P24 B∆Ι/B– mouse hearts
showed no accumulation of collagen fibrils in the
interstitium, confirming the lack of fibrosis in these
hearts (data not shown).

Brain defects in B∆Ι/B– mice. B∆Ι/B– mice were born with-
out overt evidence of hydrocephalus, but more than
60% of them developed progressive hydrocephalus with
visible enlargement of the head and died at 3 to 4 weeks
of age, compared with 4% of B∆Ι/B∆Ι mice. The brains of
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Figure 4
Brain defects in B∆Ι/B∆Ι mice at P29 and P23. (a) Enlargement of later-
al ventricles and destruction of the ventricular and subventricular struc-
ture in a P29 B∆Ι/B∆Ι mouse. (b) Stenosis of the cerebral aqueduct with
loss of the ependymal cells, and protrusion of a nerve fiber bundle in a
B∆Ι/B∆Ι mouse at P23. (c) Loss of the ependymal cells and misplaced
large neurons at the level of the fourth ventricle in a B∆Ι/B∆Ι mouse at
P23. (d) Enlargement of the boxed area shown in c. A number of mis-
placed large neurons are present (arrows). Coronal sections; H&E stain.

Figure 5
Immunoblot analysis of tissues from P0 and P23 mice. (a) Comparison of NMHC-B from B∆Ι/B–, B∆Ι/B∆Ι, and B+/B– mice at P0. Two different
amounts were loaded for each sample. Quantitation was normalized using an antibody to actin. NMHC-B was decreased by 56 ± 9% (n = 4)
and 55 ± 5% (n = 4) in brain and heart, respectively, compared with B∆Ι/B∆Ι mice. The decrease in the lung sample shown is 25%. (b) Reexpres-
sion of the fetal gene program in the hearts of 2 B∆Ι/B– mice at P23 shows an approximately 40-fold increase in upregulation of the cardiac β-
MHC compared with B+/B+ mice. Two different loadings are shown for each sample. Quantitation was normalized using an antibody to GAPDH.



2 B∆Ι/B– mice were analyzed at P24 and at 10 months of
age using magnetic resonance microscopic imaging.
Figure 7 shows images from a P24 B∆Ι/B– mouse (bot-
tom panel) and a normal control (top panel). The brain
of the B∆Ι/B– mouse shows massive expansion of the lat-
eral ventricles and marked thinning of the cerebral cor-
tex, but the cerebral aqueduct was not expanded. Coro-
nal sections from all 4 B∆Ι/B– mice analyzed at P0

showed mild to severe abnormalities in the brain. The
most severe case is shown in Figure 8, and demon-
strates typical hydrocephalus with enlargement of the
lateral ventricles and massive destruction of the cere-
bral cortex. The ventricular and subventricular struc-
tures of the cerebral cortex were destroyed by hydro-
cephalus, edema, and vascular infarcts (Figure 8, a–c).
The cerebral aqueduct, surrounded by a box in Figure
8c and magnified in Figure 8e, has an abnormal, asym-
metric structure. In this case, stenosis of the cerebral
aqueduct was probably the major cause of the hydro-
cephalus. The fourth ventricle, unlike the lateral and
third ventricles, was not dilated (Figure 8d).

At the level of the fourth ventricle, B∆Ι/B– mice also
showed evidence of a defect in neural cell migration, but
of a more severe type and at an earlier time than in
B∆Ι/B∆Ι mice. As seen in Figure 8d and at a higher mag-
nification in Figure 8f, the ependymal cells (indicated by
an arrowhead) were lost from the left side of the ventric-
ular surface near the midline, and a mass of cells con-
taining large neurons (indicated by arrows) protruded
into the fourth ventricle. These large neurons appear to
be from the same subset of cells that were abnormally
present in the same region of the P23 B∆Ι/B∆Ι mouse (Fig-
ure 4d), but their number appears to be increased. The
mass of protruding cells caused a marked deformation
of the ventricular wall, distorting the ventricle into a
canal-like structure, as seen in Figure 8f, below the mass
at the midline.

In summary, the results of this study demonstrate an
inverse correlation between the severity of the abnor-
mal phenotype and the amount of NMHC-B protein in
the developing heart and brain. The abnormal pheno-
type is most severe and is present at the earliest time-
point in B–/B– mice. It is somewhat less severe in B∆Ι/B–

mice, and is least severe in B∆Ι/B∆Ι mice.

Discussion
The original intent of these experiments was to generate
mice that would lack the B1 inserted form of NMHC-B.
Therefore, we replaced the N30 exon and 0.8 kb of the 2
flanking introns with the PGK-Neo cassette in a manner
that potentially would not affect the expression of
NMHC-B. However, analysis of B∆Ι/B∆Ι mice showed a
decrease in the mRNA encoding NMHC-B, as well as in
the protein. This could have resulted from interference
with the transcription of NMHC-B by the PGK-Neo cas-
sette, as reported previously for other gene-targeted loci
(23, 24), or from a decrease in RNA stability and pro-
cessing. In addition, we cannot rule out the possibility
that, in removing the flanking intron sequence to gen-
erate the targeting vector, we also removed an enhancer-
like element. The marked decrease in NMHC-B protein
concomitant with the decrease in mRNA is in contrast
to the findings of others studying sarcomeric myosin,
where protein levels were not affected by changes in tran-
script expression (25).

The B∆Ι/B∆Ι mice were particularly useful, because all
the B–/B– mice that we had previously generated died
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Figure 6
Histological sections of B∆Ι/B– and B+/B∆Ι mouse hearts. (a) Four
selected serial sections, anterior to posterior (clockwise from upper
left), demonstrating the defect (arrowheads) in the membranous
region of the ventricular septum in a P0 B∆Ι/B– mouse heart. Ao, aorta;
IVS, interventricular septum; LA, left atrium; LV, left ventricle; RV, right
ventricle. H&E stain. Bar, 200 µm. (b) Normal cardiac histology in a
B+/B∆Ι mouse (left) and area of myocyte disarray and hyperchromatic
nuclei in a B∆Ι/B– mouse (right). (c) Hypertrophied myocytes from a
P24 B∆Ι/B– mouse (right) and myocytes from a B+/B∆Ι littermate (left).
H&E stain. Bar, 20 µm.



either during embryonic development or on P0, and
because previous studies have shown that mice with
decreased mRNA and protein expression (hypomorphs)
can be quite informative (23, 24, 26). These B∆Ι/B∆Ι mice
were able to reproduce and had a normal life span.
Therefore, they were able to provide useful information
about the effects of lowering NMHC-B below that of
B+/B– mice, which appear to be normal. Crossing B∆Ι/B∆Ι

mice with B+/B– mice to produce B∆Ι/B– mice allowed
direct testing of a gene dosage effect by further decreas-
ing the amount of NMHC-B. These 3 groups of mice
provide information on the function of NMHC-B dur-
ing embryonic and postnatal development as well as
during adult life. The major defects in both B∆Ι/B∆Ι and
B∆Ι/B– mice were confined to the heart and brain, simi-
lar to the defects in B–/B– mice. It is important to note
that there was no evidence of increased blood pressure
in B∆Ι/B∆Ι mice compared with B+/B+ mice. Moreover,
inspection of the kidneys of 3 B∆Ι/B∆Ι and 2 B∆Ι/B– mice
that demonstrated cardiac myocyte hypertrophy
showed no vascular changes of the type associated with
hypertension (data not shown).

Cardiac defects. The B–/B– mice manifested 3 major
defects: cardiac myocyte hypertrophy appearing as early
as E12.5, a membranous VSD, and dextroposition of
the aorta (7). B∆Ι/B∆Ι mice were born with normal-sized
cardiac myocytes and developed myocyte hypertrophy
between 7 months and 11 months of age. Lowering
NMHC-B by generating B∆Ι/B– mice had 3 apparent
effects in these mice: it shortened the time required to
generate myocyte hypertrophy from 11 months to 1
month, it resulted in a membranous VSD in 5 of 8
mice, and it led to the development of myofibrillar dis-
array, a finding that we noted previously in B–/B– mice
(7). Only a single case (1 of 8) of an abnormality in the
origin of the great vessels was found, showing that the
VSD could develop in the absence of an abnormality in
the outflow tract.

With respect to the findings of myofibrillar disarray,
which was noted in both the B–/B– and B∆Ι/B– mouse
hearts, recent work using immunofluorescence and
confocal microscopy has shown that NMHC-B can be
localized to the Z-lines and the intercalated discs (K.
Takeda et al., manuscript submitted for publication).
This suggests that NMHC-B plays a structural and pos-
sibly an active role in elements that are involved in the
transmission of force and the maintenance of myocyte
integrity during and after contraction. Absence (B–/B–

mice) or a severe reduction (B∆Ι/B– mice) of NMHC-B
could disrupt normal myofibrillar structure and thus
contribute to a compensatory cardiac hypertrophy. On
the other hand, a smaller decrease in NMHC-B, as seen
in the B∆Ι/B∆Ι mice, might still allow hypertrophy to
develop slowly by causing less impairment of the
myocyte structure than that seen in B∆Ι/B– mice.

Work in other laboratories has shown that integrin
signaling (27) and small GTPase proteins (28) play a role
in the pathogenesis of cardiac myocyte hypertrophy.
Because integrin signals are thought to be transmitted

through cytoskeletal proteins, including nonmuscle
actin and actin-binding proteins, it is possible that the
decreased amounts of NMHC-B in the Z-lines and inter-
calated discs of the B∆Ι/B∆Ι and B∆Ι/B– mice results in
disruption of the normal integrin signaling system, and
causes a compensatory increase in myocyte size. Unlike
most vertebrate cells, cardiac myocytes contain only
NMHC-B and not NMHC-A (17), and thus they are par-
ticularly vulnerable to decreased amounts of this pro-
tein. The delayed appearance of cardiac hypertrophy in
B∆Ι/B∆Ι mice is consistent with a milder defect, which is
manifested only after prolonged cardiac contractile
activity; it is similar in this respect to the defects seen
after ablation of desmin (29).

Of particular note was the absence of a membranous
VSD in B∆Ι/B∆Ι mice and its presence in B∆Ι/B– and B–/B–

mice. This supports the idea that the cardiac myocyte
hypertrophy seen in B–/B– and B∆Ι/B– mice is not depend-
ent on the presence of a VSD. VSD is the most common
congenital heart defect, and a membranous defect is the
most frequent type. It is attributable to a failure in the
closure of the secondary interventricular foramen (30).
It is possible that a failure in migration of a subset of
cells from the adjacent conotruncal septum and atri-
oventricular cushions may result in the septal defect, due
to a decrease or complete absence of NMHC-B in these
cells. The possibility that these cells are derived from
neural crest cells cannot be ruled out, although it is
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Figure 7
Magnetic resonance microscopy images of brain from a normal wild-
type mouse (top) and a P24 B∆Ι/B– mouse (bottom). The images in
the bottom panel show massive enlargement of the lateral ventricles
and thinning of the cerebral cortex (arrow) due to hydrocephalus.



unlikely because the integrity of the pulmonary artery
and aorta is always maintained, even in B–/B– mice (31).

Brain defects. The B∆Ι/B∆Ι and B∆Ι/B– mice were very
useful in studying the function of NMHC-B during the
postnatal development of the nervous system, and also
in analyzing the pathogenesis of the postnatal neuro-
logical defects caused by the decreased amounts of
NMHC-B. These mutant mice complemented the B–/B–

mice, which were useful in studying the role of NMHC-
B during embryonic development of the brain (A.N.
Tullio et al., manuscript submitted for publication).
The present study demonstrates that the level of
NMHC-B is well correlated with the onset and severity
of the hydrocephalus that arises during postnatal
development. Mice that express lower levels of NMHC-
B develop a severe form of hydrocephalus at an earlier
stage of postnatal life, and with a higher frequency. In
the extreme case of B–/B– mice with no NMHC-B,
hydrocephalus develops during embryonic develop-
ment and the mice die between E14 and P0.

There are multiple mechanisms that could result in
hydrocephalus. The brain defect most frequently seen
in all 3 groups of NMHC-B mutant mice was the
abnormal development of the cerebral aqueduct. In
most cases with severe hydrocephalus, the cerebral
aqueduct was almost completely closed due to defor-

mity of the aqueduct and destruction of the ventricu-
lar surface. The impairment of the CSF circulation
caused by blockage of the cerebral aqueduct appeared
to result in the expansion of the lateral and third ven-
tricles, but not the fourth ventricle. However, it is also
noteworthy that multiple defects in the nervous system
preceded full development of hydrocephalus. One of
the defects directly relevant to hydrocephalus was the
abnormal development of the neuroepithelial cells lin-
ing the ventricular wall. In NMHC-B mutant mice, the
destruction of the ventricular surface due to the weak
adherence of these neuroepithelial cells to each other
appears to be the major cause of the deformity of the
cerebral aqueduct. The anterior part of the cerebral
aqueduct is very narrow; therefore, a small deformity in
this region could lead to blockage of the CSF circula-
tion. However, it is also possible that defects in CSF
secretion and absorption play a role in the generation
of hydrocephalus. These and other causes will need to
be ruled out in future experiments.

We also present evidence of a defect in neural cell
migration (32) at the level of the fourth ventricle. In
NMHC-B mutant mice, a unique subset of large neu-
rons was present near the ventricular surface in the dor-
sal region of the brainstem. In normal animals, neu-
rons of this size are not present in this region after cell
migration is completed. Therefore, it is likely that a
defect in cell migration or another related defect is
responsible for misplacement of these neurons. Again,
there is an inverse correlation between the number of
misplaced neurons and the level of NMHC-B. Mice
with the lower levels of NMHC-B show a larger number
of misplaced neurons at this site.

In summary, we have demonstrated that by lowering
the amount of NMHC-B mRNA and protein, we pro-
duced mice that permit the study of the gradual devel-
opment of defects that can serve as valuable models for
human abnormalities. These include cardiac myocyte
hypertrophy, a membranous VSD, and a congenital
form of hydrocephalus. In both the heart and the brain,
it appears that there are subsets of cells that require
NMHC-B for normal migration and cell-cell interac-
tion. Thus, these mice are helpful in understanding the
role of myosin II-B in the development and normal
function of the heart and brain, and should be useful
in studying relevant, related human diseases.
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