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leads to lethality and abnormal cortical development
in the mouse
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Human cortical malformations, including lissencephaly, polymicrogyria and other diseases of neurodevelop-
ment, have been associated with mutations in microtubule subunits and microtubule-associated proteins.
Here we report our cloning of the brain dimple (brdp) mouse mutation, which we recovered from an ENU
screen for recessive perinatal phenotypes affecting neurodevelopment. We identify the causal mutation in the
tubulin, beta-2b (Tubb2b) gene as a missense mutation at a highly conserved residue (N247S). Brdp/brdp homo-
zygous mutants have significant thinning of the cortical epithelium, which is markedly more severe in the caudo-
lateral portion of the telencephalon, and do not survive past birth. The cortical defects are largely due to a major
increase in apoptosis and we note abnormal proliferation of the basal progenitors. Adult brdp/1 mice are viable
and fertile but exhibit behavioral phenotypes. This allele of Tubb2b represents the most severely affected mouse
tubulin phenotype reported to date and this is the first report of a tubulin mutation affecting neuronal prolifer-
ation and survival.

INTRODUCTION

Mammalian cortical development requires precise regulation of
a massive amount of cell division and migration. Neurons and
glial cells must proliferate in very large numbers, migrate to ap-
propriate positions in the cerebral cortex and extend multiple,
and sometimes extremely long, cellular extensions. These pro-
cesses involve mitosis, cell migration and neurite outgrowth,
all requiring microtubules that consist of lengthy protofilaments
composed of alternating a- and b-tubulin dimers. Defects in the
function of microtubules and microtubule-associated proteins
have been linked to an increasing number of human diseases, in-
cluding cortical malformation syndromes (1). Tubulin alpha-1A
(TUBA1A) is mutated in human patients with lissencephaly,
pachygyria and polymicrogyria (2–7). Autosomal recessive
mutations in tubulin alpha-8 cause polymicrogyria with optic
nerve hypoplasia (8). Tubulin beta-3 (TUBB3) mutations have

recently been identified in patients with a variety of disorders:
the so-called TUBB3 syndromes. A series of heterozygous
TUBB3 mutations results in ocular motility defects, agenesis
of the corpus callosum (CC), anterior commissure dysgenesis
and dysmorphic basal ganglia (9). Further mutations in
TUBB3 have been found to cause cortical dysgenesis without
associated deficits in extra-ocular musculature (10). Mutations
in tubulin beta-2b (TUBB2B) were first identified in human
patients with asymmetrical polymicrogyria (11). Other
TUBB2B phenotypes noted were internal capsule hypoplasia,
cerebellar atrophy, CC defects, disorganized cortical layering
and disorganized radial glial scaffolds. Further studies have
since found TUBB2B mutations in patients with a number of fea-
tures which now overlap with other tubulin gene mutations and
comprise a ‘tubulinopathy-associated spectrum’ (6). As a group,
these disorders collectively feature neuronal migration defects,
cerebellar hypoplasia, microcephaly, axon tract defects, seizures
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and optic tract defects (e.g. CFEOM: congenital fibrosis of the
extraocular muscles; 6,11–15; Table 1). As these human
genetic studies progress, phenotypes due to tubulin mutations
in different genes are now beginning to overlap, consistent
with a general requirement for microtubules in neurodevelop-
ment with some distinct features for each tubulin gene. The
human mutations identified to date are heterozygous, de novo
mutations. The phenotypes of recessive tubulin mutations in
the developing nervous system remain largely unknown.

The mouse is an informative model for human cortical devel-
opment and some mouse alleles of tubulin genes have been char-
acterized. The most commonly occurring human TUBB3 amino
acid substitution has been engineered in a mouse model and the
homozygotes have normal cortical layering but do have defects
in axon guidance, including the CC, anterior commissure and
cranial nerves (9). A tubulin, beta1 class VI (Tubb1) null allele
has been reported with defects in platelet function (16). We
have recently identified a novel mutation affecting cortical de-
velopment as part of an ENU mutagenesis screen designed to as-
certain neurodevelopmental phenotypes in the perinatal mouse
embryo. Here we report on the brain dimple (brdp) mouse, a re-
cessive mutant with multiple forebrain phenotypes, including a
rather specific accumulation of intermediate progenitors. We
also demonstrate an interesting and unexpected heterozygous
behavioral phenotype in adult brdp/+ heterozygous mice. We
determined by positional cloning that brdp is due to a missense
mutation in tubulin, beta-2b (Tubb2b). There is no genetic
model of Tubb2b, but RNAi depletion in the rat has been
shown to lead to neuronal migration defects. Our novel allele
results in the most dramatic neurodevelopmental defect due to
perturbation of b-tubulin function to date, suggesting that
Tubb2b is a major isoform involved in cortical development.

RESULTS

Brain dimple mutants have severe defects in cortical
development

We initially recovered the brdp mutation as part of an ENU mu-
tagenesis screen designed to uncover novel recessive mutations
necessary for normal cortical development (17). Upon initial dis-
section at embryonic day (E) 18.5, 1 day before birth, brdp/brdp
homozygous mutants were largely normal, but can often be dis-
tinguished by their slightly shortened snouts (Fig. 1G). Dissec-
tion of the brain, however, revealed much more striking
defects. Several structures in the mutant brains were severely
reduced in size, including the olfactory bulbs, midbrain and cere-
bellum (Fig. 1H). The most dramatic defects were in the caudo-
lateral telencephalon, where the thickness of the neuroepithe-
lium is reduced in mutant tissue and the ventricles are significant-
ly enlarged (Fig. 1H and I). At E18.5, we see no differences in the
brain between brdp/+ heterozygous mice (Fig. 1D–F) and wild-
type controls (Fig. 1A–C).

Histological analysis of the brdp/brdp mutants confirmed an
expansion of the ventricles and reduced neocortical epithelium
in all regions, but most significantly in a caudo-lateral region
roughly corresponding to the rhinencephalon (olfactory
region; Fig. 2B, J and N). We also noted reduction in other struc-
tures of the brain, including the choroid plexus and the basal
ganglia (Fig. 2B, H and J). Within the cerebral cortex, brdpT
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mutants have wave-like perturbations in the cortical plate
(Fig. 2B, D and L) and a hypoplastic, irregular ventricular
zone (VZ; Fig. 2D and F).

Most of the perinatal defects we see in brdp/brdp mutants at
E18.5 were already present at E16.5. At this earlier stage, we
noted thinning of the cortical neuroepithelium and hypoplastic
basal ganglia (Fig. 3B). These defects are again more significant
in posterior regions of the brain at E16.5 (Fig. 3D). At E14.5, the
reduced basal ganglionic structures are evident with the defects
again increasing in severity in the caudal portion of the cortex
(Fig. 3F and H). Even at E11.5, at the onset of neurogenesis,
the basal ganglia are slightly smaller in mutants compared
with wild-types, although the overall patterning of the forebrain
looks similar between brdp mutants and wild-type at this stage
(Fig. 3I and J). A molecular analysis of the ganglionic eminences
did not show profound patterning defects (Supplementary Ma-
terial, Fig. S1). Progression of the patterning defect during post-
natal development could not be evaluated, as brdp/brdp mutants
do not survive past birth. The cause of this death has not been
determined, but some P0 mutants were observed gasping, sug-
gesting a respiratory control center has been disturbed. Taken to-
gether, all of these data suggest defects in neurogenesis
particularly affecting the rhinencephalon, basal ganglia and
the subventricular zone, which gives rise to the olfactory bulb.
Our histological analysis also indicated that a number of fiber
tracts are affected in the brdp/brdp homozygous mutant brain.
We note agenesis of the CC, with associated Probst bundles,
reduced striatal axons leading to and forming the internal
capsule and loss of the anterior commissure (Figs 1I, 2B and 3B).

To further understand the brdp/brdp phenotype, we undertook
a molecular analysis of the developing cortex in mutant and wild-

type embryos. We first assayed neuroprogenitor proliferation
rates in wild-type and brdp/brdp embryos by measuring phos-
phorylated histone H3 immunoreactivity (pHH3) (as a marker
of M-phase) and calculating a mitotic index. Surprisingly, we
saw an increased mitotic index in brdp/brdp mutants over
control embryos at E14.5 (Fig. 4A–C; 143% increase in
mutants, P , 0.0001). In addition to the increased mitotic
index, we noted a number of pHH3 immunoreactive cells dis-
placed away from the VZ in brdp mutants (Fig. 4B). This was
quantified further and we note the number of pHH3 immunoreac-
tive (and thus, mitotic) cells in the VZ is only modestly, but sig-
nificantly, increased in mutants (Fig. 4D; 121%, P ¼ 0.025).
However, the cell divisions away from the VZ, corresponding
to the IZ, are significantly increased (Fig. 4D; 388% increase,
P , 0.0001). As a further measure of progenitor proliferation,
we performed immunohistochemistry for phospho-vimentin
and similarly saw increased immunoreactivity in brdp/brdp
mutants (Fig. 4F). The increase in pHH3-positive cells away
from the VZ suggests that intermediate progenitors may be
affected in brdp/brdp mutants. We analyzed this with Tbr2
immunohistochemistry (Fig. 4G and H). We observed no signifi-
cant increase in the number of Tbr2-positive progenitors at
E12.5, but we did see a 16% increase at E14.5 (Fig. 4I; P ,
0.001). We also used a TuJI antibody to label differentiated
neurons in the cortical plate and see decreased TuJI expression
in the brdp/brdp mutants when compared with wild-type
(Fig. 4K). TuJI-expressing cells also occupied a broader
portion of the developing cortex.

Radial glial cells are both a progenitor cell in the cortex and the
scaffold for neuron migration at these stages. To assess morph-
ology of radial glial cells as a potential source of the proliferation

Figure 1. Brdp/brdp mutants have significant cortical malformations. (A, D and G) Wild-type, brdp/+ and brdp/brdp embryos are indistinguishable upon initial dis-
section at E18.5 except for subtle craniofacial defects in the mutants. (B, E and H) Microdissection of the brain reveals significant phenotypes only in the brdp/brdp
mutants including smaller olfactory bulbs (asterisks) and ventriculomegaly. Histological analysis (C and F) in the coronal plane shows no significant differences
between wild-type and brdp/+ mice. (I) The brdp/brdp mutant cortical neuroepithelium is thinner than wild-type and the reduction is most pronounced in the
caudal and lateral cortices. Agenesis of the CC is also noted in the brdp/brdp mutants (arrow).
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and cortical phenotypes, we performed immunohistochemistry
for RC2, a marker of radial glial cells (Fig. 4L and M). Neither
the phospho-vimentin nor the RC2 immunoreactivity patterns
showed any signs of a morphological defect in the radial
glial cells.

Figure 2. Histological analysis of brdp/brdp phenotype. (A–H) Brdp/brdp phe-
notypes at E18.5 include cortical thinning, loss of striatal tissue and agenesis of
the CC (Probst bundles indicated by asterisks; B). A higher magnification view
shows wave-like perturbations in the cortical plate (D), a smaller, irregular VZ
(D and F) and the loss of striatal tissue (H). (I–N) Sections from more posterior
regions of the brain show a more severe phenotype (compare B and J) with the
dramatic thinning of the neuroepithelium especially pronounced in the area of
the rhinencephalon (J and N) (VZ, ventricular zone; the double asterisk in E
and J indicates the choroid plexus).

Figure3. Brdp defectsare visible throughout corticaldevelopment. (A–D) Brdp/
brdp phenotypes including cortical thinning, loss of striatal tissue, agenesis of the
CC and anterior commissure are evident by E16.5 in the anterior forebrain (B).
Similar to perinatal stages, the brdp defect increases in severity in more posterior
regions (D). At E14.5 (E–H), the loss of basal ganglionic structures is already
evident throughout the anterior–posterior axis (E and F anterior to G and H).
(I and J) At E11.5, the onset of neurogenesis, the brdp forebrain looks largely
normal, suggesting that initial pattering is correct (ac, anterior commissure; bg,
basal ganglia; s, striatum).
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Our observation in the mutants of an increase in proliferation
but a reduced cortical plate suggests that neurons are not properly
surviving. We measured the levels of cell death at multiple stages
with the TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling) assay and observed increases in mutant
tissues when compared with wild-type mirroring the loss of
tissue seen histologically (Fig. 4N–P). At E14.5, apoptosis in
the cortex (13% increase in mutant, P ¼ 0.59) and striatum
(49% increase in mutant, P ¼ 0.16) was increased only slightly
when compared with control. At E16.5, however, we see

significant increases in cell death in both the cortex (703% in-
crease in mutant, P , 0.0001; Fig. 4P) and striatum (455% in-
crease over wild-type, P , 0.002; Fig. 4P). Levels of cortical
apoptosis were similarly increased at E18.5 (245% increase in
mutant, P , 0.015).

Finally, we looked at migration of the neurons that do survive
in the brdp/brdp mutants with a BrdU pulse-chase analysis. We
labeled dividing neuron precursors at E14.5 and observed their
location within the cortex at E18.5 (Fig. 4Q and R) with immu-
nohistochemistry. We note that the majority of BrdU-positive

Figure 4. Molecular analysis of cortical development in brdp/brdp mutants reveals multiple defects. (A–D) The number of mitotic cells measured with pHH3 is
increased in mutants at E14.5. We also note a significant increase in pHH3-positive cells in the intermediate zone (IZ; arrows in B). (E and F) Phospho-vimentin
staining is also increased in mutants. (G–I) Tbr2 immunopositive cells are increased in mutants at E14.5. (J and K) Neuronal differentiation as marked by TuJI
(E14.5) expression is reduced in mutants. Radial glial cells look morphologically normal in mutants (L and M). (N–P) Cell death is increased in the mutant
cortex at E18.5 (N and O) and in both the striatum and the cortex at E16.5 (P). (Q and R) Neurons labeled with BrdU at E14.5 are able to migrate to the outer cortical
plate by E18.5 in both mutant and wild-type. All data are graphed as a normalization to wild-type+SEM. ∗P , 0.01, ∗∗P , 0.001.

Human Molecular Genetics, 2013, Vol. 22, No. 20 4057



cells at this stage are found in the outer regions of the cortex in
both wild-type and brdp/brdp mutants. We conclude from this
that radial migration of surviving cortical neurons in the brdp/
brdp mutants is not significantly compromised and the primary
defect leading to a reduced cortical plate is the massive and sus-
tained increase in apoptosis.

Tubb2b is the gene mutated in brdp mutants

We identified the causal gene in the brdp mutants with a position-
al cloning approach. An initial whole-genome single-nucleotide
polymorphism (SNP) analysis performed on three affected mice
localized the ENU mutation to a 30 Mb region on chromosome
13. Further genetic mapping resolved the recombinant interval
to 4.7 Mb between SNPs rs29904172 and rs6259014. Four can-
didate genes in this region were identified and their coding

regions were sequenced. We found no mutations in three other
candidate genes and one mutation in the Tubb2b gene. An
adenine-to-guanine single-nucleotide mutation results in the
coding change of asparagine at residue 247 to serine (Fig. 5A).
Quantitative RT–PCR indicated no significant differences in
the expression of Tubb2b in mutant tissue compared with wild-
type controls (data not shown). Tubb2b is very highly conserved
across all species, and the N247S mutation is in a GxxNxD motif
that is exquisitely conserved across phylogeny as far as the pro-
karyotic precursor to tubulin molecules, ftsZ (Fig. 5B; Supple-
mentary Material, Fig. S2).

Tubulin polymers form by the assembly of alternatinga andb
monomeric subunits into tubulin protofilaments. We mapped the
brdp mutation onto the structure of b-tubulin and found that the
mutated residue is at the interface between thea- andb-subunits
and the intradimeric, non-hydrolyzable GTP molecule (Fig. 5C

Figure 5. Tubb2b is the gene mutated in brdp mutants. (A) Sequencing of the Tubb2b locus identified a single-nucleotide change (indicated by an asterisk in brdp/brdp
mutants resulting in a coding change from an asparagine residue to serine). (B) This N247S mutation is in a hyper-conserved region of the b-tubulin gene family:
a GxxNxD domain conserved in all species examined. (C) The structure of the assembled a-tubulin (red structure) and b-tubulin (blue structure) subunits with
the N247 residue of the b-subunit shown in yellow and the non-hydrolyzed GTP in green (pdb:1JFF). (D) More detailed view of the residue mutated in brdp
mutants. (E–P) Transfection of wild-type Tubb2b-eGFP (E–G, K–M) or a Tubb2bbrdp-eGFP (H–J, N–P) into NIH3T3 cells followed by immunostaining for
a-tubulin shows that both wild-type Tubb2b-eGFP and mutant Tubb2bbrdp-eGFP can incorporate into microtubular networks. (K–P) The microtubule network
was depolymerized by nocodazole treatment and after a 10 min recovery; both wild-type and mutant monomers are incorporated into actively growing microtubules.
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and D; Supplementary Material, Fig. S2). Mutations coding for
alternative amino acids in this location would be consistent with
defects in proper regulation of tubulin subunit assembly into
functional protofilaments.

To further understand how this mutation might affect micro-
tubule formation and function, we transfected NIH3T3 cells
with a full-length Tubb2b-eGFP construct and a mutant con-
struct where we recapitulated the brdp mutation in the plasmid
sequence to express Tubb2bbrdp-eGFP. We fixed the cells and
used immunocytochemistry fora-tubulin to highlight the micro-
tubular network. In both cells transfected with the wild-type
Tubb2b-eGFP, and the mutant Tubb2bbrdp-eGFP form, we
note extensive colocalization of the a-tubulin and GFP-tagged
b-tubulin subunits (Fig. 5E–J). We further tested the utility of
the Tubb2bbrdp-eGFP tubulin monomers by treating the cells
with nocodazole to depolymerize the microtubular network
and assessing the ability of the mutant monomers to incorporate
into rapidly reforming microtubules. Both wild-type and mutant
constructs were able to incorporate into the reforming microtub-
ular network (Fig 5K–P). We never noted any abnormal accu-
mulation of tubulin monomers or reduced microtubule
formation in any of these experiments. We conclude from
these experiments that the brdp mutation does not completely
block mutant forms of the TUBB2B protein from inclusion in
forming microtubules, but may be deficient in more subtle
aspects of microtubule form or function.

Brdp heterozygous mice have behavior and cortical
patterning phenotypes

Routine animal husbandry revealed that the adult mice heterozy-
gous for the brdp mutation displayed hyperactive behavior. We
performed an open field test to more precisely measure this. Six
animals of each genotype were placed in an open field and elec-
tronically monitored for 30 min. Brdp/+ heterozygous animals
covered a longer distance at a higher average speed than wild-
type mice (271% of wild-type, P ¼ 0.006, Fig. 6A). Heterozy-
gous mice also entered each quadrant of the open field more
often than wild-type mice (298% of wild-type, P ¼ 0.023,
Fig. 6B). These tests confirmed that brdp heterozygosity at the
tubb2b locus leads to changes in behavior.

Given the profound cortical developmental defect in homozy-
gous brdp/brdp mice and the behavioral phenotype in heterozy-
gous brdp/+ mice, we performed a molecular analysis of the
adult brdp/+ mice for possible cortical defects. RNA in situ hy-
bridization for T-box brain gene 1 (Tbr1) as a general marker for
differentiated neurons showed weaker staining in the upper
portion of the heterozygous cortex, but no significant decrease
in the absolute number of expressing cells upon quantification
(Fig. 7A). We next analyzed layer-specific cortical neuronal
gene expression with four other markers. Poliovirus receptor-
related 3 (Pvrl3) in layer II/III was expressed at slightly
reduced levels, and in a more diffuse pattern, in heterozygotes,
but we did not see a significant decrease in the absolute number
of cells expressing the gene (Fig. 7B). Markers of other layers
didnot showdifferencesbetweenheterozygotesandwild-type, in-
cluding RAR-related orphan receptor beta in layer IV (Rorb,
Fig. 7C), Fez family zinc finger 2 in layer V (Fezf2, Fig. 7D) and
forkhead box P2 in layer VI (Foxp2, Fig. 7E). We did, however,
see a significant decrease in Gad1 (glutamic acid decarboxylase

1, also known as Gad67) expressing interneurons in the brdp/+
heterozygoteswhencomparedwith littermates (89%ofwild-type,
P ¼ 0.037; Fig. 7F). We further explored this interneuron deficit
with immunohistochemistry for parvalbumin, somatostatin and
calretinin as markers of a subset of the cortical, Gad1-positive
interneurons (18) but saw no significant difference in cell
numbers of any specific cell types between wild-type and
brdp/+ heterozygous mice (Supplementary Material, Fig. S3).

We have also found the brdp heterozygous mice to have ex-
tremely low fecundity on two separate inbred backgrounds,
perhaps as a consequence of this hyperactivity. We also
addressed the possibility that this reduced inbred fecundity
may be a result of abnormal spermatogonial development
given the expression of Tubb2b in the testis (19). A histological
analysis of the testes from wild-type and brdp/+ heterozygous
males showed no difference in the length or density of spermatid
tails in the developing testes (Supplementary Material, Fig. S4).
We conclude that spermatid formation is not grossly affected,
but sperm motility may be decreased in heterozygous males.
Subsequent husbandry on the generally more fertile ICR/CD-1
outbred background has significantly mitigated this reduced fe-
cundity observed on inbred backgrounds without affecting the
forebrain phenotype.

DISCUSSION

In this report, we describe our cloning of the brdp mouse muta-
tion as a missense mutation in the mouse Tubb2b gene. We de-
scribe behavioral phenotypes in the heterozygous mice. The
homozygous brdp/brdp mutants are perinatal lethal and have a
profoundly affected brain with significant cortical thinning,
likely due to massively increased cell death. This finding in the
homozygous brdp mice is the most dramatic neurodevelopmen-
tal phenotype identified to date in the mouse tubulin gene family.
The brdp mutation represents a potential model of human cor-
tical malformation and neurological disease as human
TUBB2B heterozygous mutations result in polymicrogyria,
neuronal migration defects and epilepsy (11).

The brdp/brdp homozygous mouse mutants are neonatal
lethal and have a profoundly dysmorphic brain with a reduced
neuroepithelium and ventriculomegaly. We have shown
mitosis is actually increased in the mutant epithelium. Surpris-
ingly, we also note an increase in mitotic cells in the region of
the cortex, giving rise to the Tbr2-positive basal progenitors
and a concomitant increase in Tbr2-positive cells themselves.

Figure 6. Brdp heterozygous mice are hyperactive. Wild-type and brdp/+ het-
erozygous mice (n ¼ 6 for each class) were measured in an open field for
30 min. Heterozygotes covered more distance (A) and were more exploratory
(B) than wild-type animals. Data are shown normalized to wild-type+SEM.
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However, this is more than compensated for by a massive in-
crease in cell death (�700% in the mutant cortex at E16.5). A
particularly intriguing aspect of this phenotype is that the cortical
thinning is much more dramatic in the lateral and posterior
regions of the E18.5 forebrain. We note that cortical radial mi-
gration seems to be largely normal in homozygous mutants. Al-
though most of our analysis focused on the cortex, we see an
increase in cell death and developmental defects in the develop-
ing ganglionic eminences as well. Given these regions facilitate
embryonic cortical development and are the inhibitory cells in
the mature cortical circuitry, a contribution of these regions to
the phenotypes in both the homozygous embryos and heterozy-
gous adults cannot be discounted. The expression of Tubb2b is
not reported to vary among different brain regions (11),
perhaps suggesting that the regional nature of the brdp pheno-
type is due to partial compensation by another gene(s). Indeed,
the closely related Tubb2a gene is physically adjacent to
Tubb2b in the genome. Tubb2a is largely unstudied, but robust
expression in the brain has been described (20,21).

The homozygous brdp/brdp phenotype does not appear to
phenocopy an RNAi knockdown in the rat (11). We do not see
evidence for a radial migration phenotype in our mice,
whereas the RNAi knockdown clones do show a migration
defect. It is of note that cell death was not directly assayed in
the knockdown migration experiments. Although there may be
differences due to experimental design, we conclude that the
brdp allele may not be a null allele because of the discrepancy
with the RNAi phenotype. Rather, the homozygous missense
mutation may alter microtubule function in a manner that
results in decreased cell survival rather than migration. A true
null allele would be a useful tool to further query this hypothesis
as well as address the larger multi-tubulin hypothesis.

We also report phenotypes in the brdp/+ heterozygous adult
mutant mouse somewhat similar to those seen in the human
TUBB2B patients (11). Human patients have been noted with
epilepsy and polymicrogyria, suggestive of neuronal migration
defects. We see behavioral defects in the heterozygous mice
with a concomitant decrease in the number of interneurons

Figure 7. Brdp heterozygous mice have cortical defects. RNA in situ hybridization for multiple markers of cortical development shows subtle defects in the brdp/+
heterozygous cortex. Each experiment was quantified as shown. Data are presented as the number of cells expressing the marker/ImageJ area, normalized to the wild-
type average + SEM. Expression is shown for Tbr1 (A), Pvrl3 (B), Rorb (C), Fezf2 (D), Foxp2 (E) and Gad1 (F). No significant difference was seen in the number of
expressing cells for any gene except Gad1, which shows an 11% decrease in heterozygous compared with wild-type (P ¼ 0.037). Pvrl3 is not expressed in significantly
fewer cells but is expressed at generally lower levels and over a broader portion of the cortex.
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expressing high levels of Gad1. This possible reduction of inter-
neuron modulation of cortical activity is consistent with the be-
havioral phenotypes we see in the mouse and the epilepsy in
humans. However, we do not note a reduction in the number of
any specific interneuron cell type as assayed by immunohisto-
chemistry with parvalbumin, somatostatin or calretinin. These
findings are somewhat discordant and this may be because the
measure of Gad1 activity was via RNA in situ hybridization
and quantifying the number of cells that exceeded an expression
threshold. In contrast, the interneuron cell-type-specific assays
used fluorescent immunohistochemistry. Other than the inter-
neuron deficit, the brdp/+ cortex appears to be largely normal
although we do note the upper layer neuronal marker Pvrl3 is
expressed across a broader area of the cortex and is expressed
at slightly reduced levels as measured by RNA in situ
hybridization.

The brdp/+ phenotype has features reminiscent of other
mouse tubulin alleles. Both brdp/+ and Tuba1/+ heterozygous
mice have cortical lamination defects, are hyperactive and
present difficulties in breeding. Tuba1/+ mice were reportedly
not able to be intercrossed at all (2). Tuba1 mice were also
reported to have wave-like perturbations of cortical layering
similar to what we see in the brdp homozygotes, although this
was not visualized using layer-specific marker analysis. The
Tubb3R262C/R262C mice had some of the axon tract phenotypes
we observed in brdp mice, namely in the CC and anterior com-
missure (9). These studies taken together with our findings con-
tinue to support the idea of an overlapping spectrum of
phenotypes due to tubulin mutations.

The precise molecular function of Tubb2b in cortical develop-
ment is still unclear.Our analysis suggests that the amino acidsub-
stitution in the brdp allele is in the region of contact between thea-
andb-subunits of the microtubule polymer. We do, however, note
that the expression ofb-tubulin constructs with the brdp mutation
still results in the incorporation of ‘mutant’ monomers into poly-
merizing microtubules, indicating that this mutation does not
completely block multimer formation. This has been observed
when other mutations in human tubulin genes leading to neural
phenotypes are modeled in these assays (2,11). Indeed, to date,
there is no correlation between the severity of mutation and the lo-
cation of the affected residue on the structure of the tubulin
monomer. The location of the mutated amino acid in the brdp
mutant suggests that itmayaffect the stabilityof theprotofilaments,
rather than tubulin dimer interaction(s) with a microtubule-
associated protein (Fig. 5). The most striking phenotype in our
mice is the increase in intermediate progenitor division and
apoptosis. How a mutation in Tubb2b might lead to these pheno-
types will require further study.

Further study of Tubb2b is necessary to generate a more com-
plete mechanistic understanding of the role of Tubb2b in the
developing cortex. The brdp mutation results in exceedingly
low fecundity in two inbred backgrounds. We have since out-
crossed to the CD-1 background and seen a dramatic increase
in fecundity without a loss of the brdp phenotype, which will ex-
pedite future studies of Tubb2b. Creation of a conditional allele
would be an especially useful reagent to further explore the
precise mechanism leading to the brdp phenotype, especially
in postnatal neural development. The adult expression of
Tubb2b is reported to be much more limited than the expression
at embryonic stages [e.g. cerebellar Purkinje cells and

hippocampal cells (11), and the role of Tubb2b in these structures
could also be studied in a conditional deletion].

MATERIALS AND METHODS

Mouse husbandry

Animals were initially maintained as a mixed A/J, FVB stock.
The allele was isolated in an ENU mutagenesis experiment in
which A/J males were mutagenized and outcrossed to FVB
females (16). Upon isolation of the brdp mutation, the colony
was initially maintained by a combination of intercross and out-
cross to FVB. Matings were monitored and noon of the day of
copulation plug was determined to be E0.5. Routine genotyping
was performed with a flanking RFLP marker at ch13:34.2 Mb (F
primer: CACAACTGTCTTTAGAGGATGTGAA; R primer
GCAGAACACATTGTCGTCTTGT followed by MseI diges-
tion) and ch13:33.5 (F primer: TCAATGCTGCCAATT
TTTCA; R primer TCCTCCCTCCTTACCCAA followed by
BbsI digestion) and primers amplifying SNPs polymorphic
between the AJ and FVB strains. All animals were maintained
in accordance with HMS and CCHMC IACUC guidelines. The
brdp allele was also outcrossed to C57BL6/J (Jackson Labs)
and CD-1 (Charles River) mice. Genotyping on the B6 back-
ground was done with the ch13:34.2 marker. The brdp mutation
also creates a BlpI restriction site (F primer: ACAAAGGGTG-
GAGGAGTGTG; R primer: TTGGAGTCGAACATCTGCTG)
and this was used for genotyping mice on the CD1 background.

Genetic mapping

The mapping of the brdp mutant has been described (17). Briefly,
an initial genome scan was done with multiple mutant embryos
using a 768 marker whole-genome SNP panel to identify a region
of shared A/J homozygosity among mutants, similar to a method
described previously (22). After the identification of the candi-
date region, exon-directed sequencing of four genes in the inter-
val ultimately revealed the brdp mutation in Tubb2b.

Histology and in situ hybridization

Samples for histological analysis were fixed in Bouin’s fixative,
prepared using a Leica TP1020 automated tissue processor, sec-
tioned at 14 mm and stained using established protocols. All
paired images presented are of equal magnification. For qPCR
analysis, total RNA from embryos was prepared with the
TRIZOL reagent, and cDNA was prepared with the qScript
cDNA supermix (Quanta). PCR analysis was with Perfecta
SYBR Green Supermix (Quanta) and performed on a Bio-Rad
iCycler. Primers were: Tubb2b-F (TGAGCATGGTATA-
GACCCCAC), Tubb2b-R (ACCTGACTGAGTCCATTG
TGC), Gapdh-F (ACTCCACTCACGGCAAATTC) and
Gapdh-R (TCTCCATGGTGGTGAAGACA). Nissl staining
and section in situ hybridization was done at the Allen Institute
for Brain Science as previously described (21).

Cell death analysis

Pregnant dams were harvested at E14.5, E16.5 and E18.5.
Embryos were fixed in 4% paraformaldehyde, embedded for
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cryopreservation and sectioned at 14 mm. Samples were pre-
pared using the Click-iTw TUNEL Alexa-Fluorw 488
Imaging Assay kit (C10245, Invitrogen/Life Technologies).
The manufacturer’s protocol was followed with the exception
of permeabilizing, but not fixing, the embedded tissues. Sections
were stained with DAPI to visualize cell nuclei and slides were
mounted in ProLong AntiFade (Invitrogen) and sealed. Micros-
copy was performed on a Zeiss AxioImager and cell count ana-
lysis was completed using the IMARIS 7.5.1 software or NIH
ImageJ.

BrdU labeling

Pregnant dams were injected i.p. with 20 ml per 10 g mouse
weight of a 10 mg/ml BrdU (Sigma) solution on E14.5 and sacri-
ficed on E18.5. Cryosections were cut at 14 mm and BrdU immu-
nohistochemistry was performed with standard protocols. In
brief, sections were washed with PBS followed by antigen re-
trieval using citrate buffer and 2N HCl. Slides were blocked
with 5% NGS-PBST for 1 h at room temperature and then incu-
bated with the Rat-BrdU antibody (Abcam; 1:40) in 5%
NGS-PBST overnight at 48C. Sections were washed and incu-
bated with Alexa-Fluor488 goat anti-rat (Invitrogen, 1:500) for
1 h at room temperature. Sections were stained, mounted,
imaged and quantified as described earlier.

Immunohistochemistry

Both cryosections and paraffin sections were used for immuno-
histochemistry. In both cases, antigen retrieval was performed
with an antigen unmasking solution (Vector Laboratories).
Sections were blocked with 5% normal goat serum/PBST and
primary antibodies were incubated overnight. Primary anti-
bodies used in this study were anti-pHH3 (Sigma, 1:500),
phospho-vimentin (Abcam, 1:1000), Tbr2 (Abcam, 1:500),
TuJI (Sigma, 1:500), RC2 (DSHB, 1:10), parvalbumin
(SWANT, 1:5000), somatostatin (Abcam, 1:500) and calretinin
(Abcam, 1:500). Sections were rinsed with PBST and incubated
with an Alexa-Fluor 594 goat anti-rabbit secondary antibody
(Molecular Probes, 1:500) for 1 h at room temperature. Sections
were stained, mounted, imaged and quantified as described
earlier. All paired images are shown at identical magnification.

Quantification of immunohistochemistry

Quantification of mitotic cells was performed by counting fields
of cells parallel to the VZ with Imaris 7.5.1. Cells immunoreac-
tive for pHH3 were counted as a proportion of all cells in the
field (DAPI-positive), and a mitotic index was generated. Mea-
surements of TUNEL-positive cells, total cell number and inter-
neuron immunoreactivity in brdp/+ adults were done similarly.
In order to quantify brdp/+ in situ hybridization results, high-
resolution images of data generated at the Allen Brain Institute
were analyzed with the ImageJ software. The area of the
cortex was defined and cells with an in situ signal above a stand-
ard threshold were normalized to the cortical area. All statistical
analyses were performed in Excel.

Cell culture, transfections and immunofluorescence

NIH 3T3 cells were cultured in DMEM medium (Gibco) supple-
mented with 10% fetal bovine serum and 1% Pen/Strep at 378C,
5% CO2. Cells were plated on 0.2% gelatin-coated coverslips to
reach a maximum density of 5000 cells/0.32 cm2 plate area on
the day of nocodazole treatment. Cells were transfected with
the pCMV-AC-GFP vector expressing either wild-type
Tubb2b sequence or a Tubb2bbrdp construct generated by site-
directed mutagenesis (Stratagene). Transfections were per-
formed with FUGENE (Promega) as per the manufacturer’s
instructions (3:2 ratio of the FUGENE/DNA). For nocodazole
treatment, cells were treated with 5 mM nocodazole for 15 min
and washed. Cells were fixed with 0.5 ml of cold 100% methanol
at 2208C for 3 min. Permeabilization was achieved by a 10 min
treatment with 0.1% Triton X-100/PBS prior to methanol fix-
ation. Cells were stained using standard protocols for
a-tubulin (Sigma clone DM1A, 1:1500 in 1% BSA) with an
Alexa-Fluor 594 goat anti-mouse secondary (1:1500, Invitro-
gen) antibody.

Structural modeling

The structure of a tubulin sheet stabilized with taxol was identi-
fied in the RCSB protein data bank (http://www.pdb.org/pdb/
home/home.do; structure 1JFF) and analyzed using the
GRASP2 software (23).

Open-field testing

Six wild-type and six heterozygous female mice aged 8–10
weeks were tested. Naı̈ve animals were placed in a square enclos-
ure and their movement was tracked with video equipment for
30 min. Animal movement was analyzed with the VideoMot2
video tracking system (TSE systems). The following parameters
were recorded: total distance traveled, average speed and entries
into one portion of the enclosure (termed quadrant 1).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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