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Abstract

Mice homozygous for the dreher (dr) mutation are
characterized by pigmentation and skeletal abnor-
malities and striking behavioral phenotypes,
including ataxia, vestibular deficits, and hyperac-
tivity. The ataxia is associated with a cerebellar
malformation that is remarkably similar to human
Dandy-Walker malformation. Previously, positional
cloning identified mutations in LIM homeobox
transcription factor 1 alpha gene (Lmx1a) in three dr
alleles. Two of these alleles, however, are extinct
and unavailable for further analysis. In this article
we report a new spontaneous dr allele and describe
the Lmx1a mutations in this and six additional dr
alleles. Strikingly, deletion null, missense, and
frameshift mutations in these alleles all cause sim-
ilar cerebellar malformations, suggesting that all dr
mutations analyzed to date are null alleles.

Introduction

Mice homozygous for mutations at the dreher (dr)
locus are characterized by a complex phenotype that
includes circling behavior, balance abnormalities,
hyperactivity, deafness, sterility, and pigmentation
and tail abnormalities (Lyon 1961; Sweet and Wa-
hlsten 1983; Washburn and Eicher 1986). The ataxia
demonstrated by dr mutants is caused by a distinct
phenotype of cerebellar hypoplasia and abnormal

foliation preferentially affecting the cerebellar ver-
mis. Interestingly, cerebellar abnormalities in dr/dr
mice are very similar to those observed in patients
with Dandy-Walker malformation (reviewed in
Parisi and Dobyns 2003), suggesting that drehermice
represent a model for this common human birth
defect. Other internal abnormalities in homozygous
drmice include neocortical, hippocampal, and spinal
cord defects as well as skeletal defects and hypo-
plasia of Mullerian duct derivatives (Manzanares et
al. 2000; Sekiguchi et al. 1992, 1994; Washburn and
Eicher 1986), making dreher mice an excellent
model to study neural, skeletal, and reproductive
development.

Ten spontaneous dr mutant alleles have been
described to date. The first dr allele was discovered
in four abnormal mice captured in a factory in Det-
mold, Germany (Falconer and Sierth-Roth 1951).
Subsequently, nine additional dr alleles have been
identified (reviewed in Bergstrom et al. 1999). It is
unknown if all dr alleles engender the same abnor-
mal phenotype or if some phenotypic abnormalities
are unique to specific dr alleles.

Using a positional cloning strategy, Lmx1a was
identified as the dr gene (Millonig et al. 2000). The
protein product of Lmx1a has two LIM domains and
one homeodomain and belongs to a family of LIM-
homeodomain transcription factors (Hobert and
Westphal 2000; Hunter and Rhodes 2005). To date,
Lmx1a mutations have been described in three dr
alleles: drsst, dr3J, and drJ. Both drsst and dr3J alleles
inactivate the Lmx1a gene by deletions that remove
the 5¢ portion of the gene, including the ATG
translation initiation codon (Millonig et al. 2000).
Both drsst and dr3J are extinct and not available for
further analysis. Currently, drJ is the only molecu-
larly defined allele available and mutant mice with
this allele have been used extensively in embryo-
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logic and neurologic studies (Chizhikov and Millen
2004a; Costa et al. 2001; Manzanares et al. 2000;
Millen et al. 2004; Millonig et al. 2000; Sekiguchi et
al. 1992, 1994). These studies have led to several
important conclusions regarding the role of this gene
in dorsal central nervous system (CNS) development
(reviewed in Chizhikov and Millen 2004b, 2005).
Because the drJ mutation changes a conserved cys-
teine that is critical for zinc-finger integrity within
the LIM1 domain of LMX1A, it is presumed that drJ

is a null allele, although others have questioned this
interpretation (Manzanares and Krumlauf 2000).
Identification of a true null Lmx1a allele therefore is
clearly important for further understanding the in
vivo role of Lmx1a.

In this study we report a new dr allele (drKjmi)
and determine the nature of the Lmx1a mutation in
this and six other previously identified, yet molec-
ularly uncharacterized, dr alleles (dr, dr2J, dr4J, dr6J,
dr7J, and dr8J). Through comparison of the cerebellar
phenotypes caused by the drKjmi, dr7J, and dr8J alleles
with that of the well-studied drJ allele, we conclude
that despite different Lmx1a mutations in each al-
lele, all dr homozygous mutant mice have compa-
rable cerebellar phenotypes and all dr alleles most
likely represent null alleles of Lmx1a. The Lmx1a
mutations described in this study provide valuable
information about specific residues and domains
required for LMX1A function in vivo and will be
useful for exploring this locus as a candidate gene for
human Dandy-Walker malformation.

Materials and methods

Animals. The origin and genetic background of mice
carrying the dr alleles are summarized in Table 1.
drJ/+ mice (B6C3Fe a/a-Lmx1adr-J) were obtained
from The Jackson Laboratory (Bar Harbor, ME) and
maintained by sib-pair mating. For six other alleles
(dr, dr2J, dr4J, dr6J, dr7J, and dr8J ) only genomic DNA
and/or brain tissue was obtained from homozygous
mutants and normal littermate controls. The drkjmi

mutation arose spontaneously on a C57BL/6J-129Sv
mixed background within our own animal facility at

the University of Chicago. Allelism of the new
mutation was determined by mating heterozygous
carriers to heterozygous drJ/+ mice. All animal
studies were conducted according to IACUC guide-
lines.

DNA extraction, PCR amplification, and DNA
sequencing. Genomic DNA was prepared from tail
biopsies by standard protocols with proteinase K
digestion/phenol extraction (Sambrook and Russell
2001). PCR was performed according to standard
protocols. Primers and conditions used in the cur-
rent study are available upon request. Bidirectional
sequencing of Sephadex G-50 (Amersham Bio-
sciences, Buckinghamshire, UK) purified PCR prod-
ucts was performed with the ABI BigDye Terminator
Sequencing Kit (Applied Biosystems, Foster City,
CA) and an automated capillary array sequencer (ABI
3100, Applied Biosystems).

The sequencing was performed on independent
PCR reactions.

Cerebellar histology. To investigate the cere-
bellar mutant phenotype of dr mutant mice, car-
diac perfusion was performed under anesthesia on
drJ/drJ (n = 10), drkjmi/drkjmi (n = 7), dr7J/dr7J

(n = 3), and dr8J/dr8J (n = 3) mice together with
several of their normal littermates at 4�5 weeks of
age. Cerebella were immediately removed and
immediately fixed in Bouin’s solution [71.4% picric
acid solution (1.2% wt/vol)/23.8% formalin/4.8%
glacial acetic acid] for 24 h and washed for 2 days
in 70% ethanol. The tissues were dehydrated in
ethanol, embedded in paraffin, sagittally serially
sectioned at 10 lM, and stained with hematoxylin
and eosin. Alternatively, some were fixed in 4%
PFA in PBS for 12 h and transferred to sucrose
buffer (30% sucrose in PBS) for cryoprotection.
Before sectioning, the cerebella were embedded in
sucrose-gelatin (30% sucrose, 10% gelatin in dis-
tilled water]. The gelatin blocks were fixed in a
sucrose-formalin solution (30% sucrose, 10% for-
malin in PBS). Brains were sagittally serially sec-
tioned at 50 lM and stained with cresyl violet.

Table 1. dreher alleles molecularly defined in this study

Allele Background Reference Availability

dr Undetermined Falconer and Sierth-Roth (1951) Extinct
dr2J AKR/J Washburn and Eicher (1986) Extinct
drKjmi B6/129Sv This study Available Alive
dr4J CBA/J Washburn and Eicher (1986) Extinct
dr6J C3H/HeJ-Pit1dw-J E.M. Eicher (unpublished) Cryoprotected
dr7J B10.A-H2a T18-H2a /SgSnJ E.M. Eicher (unpublished) Cryoprotected
dr8J C57BL/6J-Pdebrd1/le E.M. Eicher (unpublished) Cryoprotected
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Results

Mutations. Table 1 describes the seven dr alleles
investigated in the current study. Six of these (dr,
dr2J, dr4J, dr6J, dr7J, and dr8J) were previously estab-
lished as dr alleles (Bergstrom et al. 1999 and refer-
ences therein). The seventh allele was recently
identified in our mouse colony at the University of
Chicago, spontaneously occurring on a C57BL6/J-
129Sv/J mixed background. The new mutation was
inherited as an autosomal recessive locus with
complete penetrance. Affected animals survive until
adulthood but are hyperactive, uncoordinated, and
ataxic. All have patches of white hair on the ven-
trum, a short or blunted tail, and a small cerebellum
with abnormal foliation (Fig. 4 and data not shown).
Because their phenotype was strikingly similar to
the dr phenotype, we mated known heterozygotes to
drJ/+ mice. Of the 27 offspring analyzed, 7 were af-
fected, indicating allelism. We have designated our
new dr allele as drKjmi.

Molecular characterization. We first examined
the structural integrity of the Lmx1a gene by
amplifying genomic DNA from homozygous mutant
mice with primer pairs specific to each of eight ex-
ons encoding full-length LMX1A (eF and eR, Fig. 1A,
B). We successfully amplified all Lmx1a exons from
seven control mice and from mice homozygous for
the dr, drKjmi, and dr2J alleles (Fig. 1C and data not
shown). Most exons also were amplified from four
other dr alleles, except exon 6 in dr4J, exons 4-8 in
dr6J, exons 1 and 2 in dr7J, and exons 4 and 5 in dr8J

(Fig. 1C), suggesting that these exons were deleted in
the corresponding alleles. Loss of all exons was
confirmed by additional independent primer pairs
(eF¢ and eR¢, Fig. 1B). Also, in every case of a sus-
pected deletion, we failed to amplify adjacent in-
tronic DNA located both upstream (using primers uF
and uR, Fig. 1B) and downstream (using primers dF
and dR, Fig. 1B) of the deleted exons (data not
shown), further supporting our conclusion of com-
plete loss of the corresponding exons.

The intact exons and flanking intronic regions
were sequenced using genomic DNA from dr, dr2J,
dr4J, dr6J, dr7J, dr8J, and drKjmi homozygous mutant
mice and several of their normal littermates. To
ensure that the observed nucleotide changes were
segregating with the phenotype and did not simply
represent polymorphisms in the parental genetic
background, we also sequenced DNA from the
parental strains for each allele except the original dr
allele because the original background of this allele
is unknown. Single base pair substitutions were
found in the dr and drKjmi alleles (Fig. 1D,E). A single

base pair deletion was also detected in the dr2J allele
(Fig. 1E). No mutations were detected in the
remaining intact exons of the dr4J, dr6J, dr7J, and dr8J

alleles (Table 2).
Based on the Lmx1a mutations identified in this

study, we can make several predictions regarding
their effects on the LMX1A protein. Two mutations
(dr7J and dr6J) most likely prevent effective LMX1A
protein production. In the dr7J allele, deletion of 5¢
portion of the gene removes the ATG translation
initiation codon and the Kozak sequence (as well as
the sequence corresponding to the LIM1 domain).
The dr6J deletion removes the 3¢ portion of the gene,
including the sequence corresponding to the home-
odomain and C-terminal portion of the protein in
addition to the TGA transcriptional terminator co-
don and the polyadenylation site (Fig. 1G). In the dr2J

allele, deletion of one base pair occurs immediately
after the ATG translation initiation codon. This al-
lele is predicted to produce a very short protein
consisting of 17 amino acids followed by 11 aberrant
amino acids and a premature stop codon (Figs. 1F
and 2). dr4J and dr8J have internal deletions of the
Lmx1a gene, and if the normal splice sites are used
for the intact exons, they are predicted to produce
truncated LMX1A proteins (Fig. 2). Direct analysis of
the Lmx1a transcripts and LMX1A proteins pro-
duced by dr4J and dr8J alleles is impossible because
no tissue is available for these two mouse lines. The
remaining two alleles (dr and drKjmi) encode mis-
sense mutations. The dr mutation results in an
amino acid substitution that alters a conserved Asp
(D) 44 to Val (V) in the LIM1 domain (Figs. 1D, 2, and
3A). The drKjmi mutation changes a conserved Arg
(R) 127 to Pro (P) in the LIM2 domain (Figs. 1E, 2,
and 3B). A summary of the entire dr allelic series is
provided in Table 2.

Cerebellar abnormalities. One of the most
striking features of Lmx1a mutants is abnormal
cerebellar development resulting in a severely mal-
formed adult cerebellum that contributes to the
characteristic ataxic phenotype. The developing and
adult cerebellar phenotypes are particularly well
characterized in homozygous mutant drJ animals
(Millonig et al. 2000), which was, until recently, the
only publicly available dr allele. We therefore
examined cerebellar foliation and cytoarchitecture in
three additional dreher alleles (drKjmi, dr7J and dr8J)
and compared them with cerebellar abnormalities
found in homozygous drJ mice. Although different
mutations in Lmx1a were found for each dr allele,
homozygousmutantmice for each allele did not have
significantly different cerebellar phenotypes. In each
case, cerebellar foliation was consistently disrupted
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Fig. 1. Lmx1a mutations in dreher alleles. (A) Schematic diagram of the mouse Lmx1a gene. Exons (1-8) encoding the
complete Lmx1a protein are represented by solid boxes. Introns are illustrated by thin lines. The ATG translation initi-
ation and the TGA termination codons are indicated. The LIM1 (exon 2) and LIM2 (exon 3) regions are yellow. The
homeodomain (exons 4, 5, and 6) is red. (B) Location of four primer pairs used to assess deletions of each of Lmx1a exon in
each of the dr alleles. Two primer pairs (eF and eR, and eF¢ and eR¢) are located within an exon. uF and uR are located
within the intronic sequence immediately upstream of each exon. dF and dR are located within the intronic sequence
immediately downstream of each exon. (C) PCR amplification of DNA from homozygous dr mice with primers eF and eR
specific to each of the eight Lmx1a exons. dr alleles are indicated at the top. Exon numbers are indicated at the left. Wt-
positive control: DNA from a wild-type mouse [although strain-specific control was used in every case, only one of them
(B6/129Sv) is shown]. Neg: negative control (without DNA). (D�F) Chromatograms showing molecular alterations in dr
(D), drKjmi (E), and dr2J (F) alleles. Wild-type and mutant nucleotide and amino acid sequence are shown above each
chromatogram. Base pair substitutions found in dr and drKjmi alleles are indicated by asterisks. Single base pair deletion
found in dr2J allele is indicated by an arrow. (G) Schematic representation of molecular alterations found in dr, drKjmi, dr2J,
dr4J, dr6J, dr7JI, and dr8J alleles. Exons (1-8) encoding the complete Lmx1a protein are represented by solid boxes. Introns are
illustrated by thin lines. The ATG translation initiation and the TGA termination codons are indicated. The LIM1 (exon
2) and LIM2 (exon 3) domains are yellow. The homeodomain (exons 4, 5, and 6) is red. Deletions are indicated by dotted
lines. Point mutations are indicated by asterisks.
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in homozygousmutants, with reduced cerebellar size
and absent posterior vermis. The lateral cerebellar
hemispheres were only moderately dysmorphic
(Fig. 4). Despite disrupted folial patterning, histo-
logic staining shows that the lamina of the adult
cerebellum, including the molecular, Purkinje cell,
and internal granule cell layers (Chizhikov and Mil-
len 2003; Goldowitz and Hamre 1998), were present
in homozygous mutants for all four alleles.

Discussion

Series of allelic mutations in the mouse are valuable
genetic tools for revealing the full spectrum of gene
function in vivo and can mimic the range of human
mutations and polymorphisms. Both truncations
and more subtle amino acid changes are informative,
revealing structural requirements for biological
function. In this report we describe the molecular
alterations in seven spontaneous dr alleles, includ-
ing six previously identified dr alleles (dr, dr2J,dr4J,
dr6J, dr7J, and dr8J ) and one new allele (drKjmi). To-
gether with the three previously characterized dr
alleles, drJ, drsst, and dr3J (Millonig et al. 2000), these
dr alleles represent an allelic series of ten defined
mutations of the mouse Lmx1a gene. One additional
reported dr allele, dr5J, is extinct and no DNA is
available for analysis.

Based on sequence analysis, five of ten molecu-
larly defined dr alleles to date (drsst, dr3J, dr7J, dr2J,
and dr6J) most likely represent Lmx1a null
alleles because they harbor deletions of the ATG
translation initiation codon (drsst, dr3J, and dr7J), the
transcription termination TGA codon, and poly-
adenylation stop signal (dr6J) or cause a frameshift
with very early termination of the protein (dr2J). In
contrast, three other dr alleles (dr, drJ, and drKjmi) are
predicted to generate an altered protein. They pro-
vide important information on critical residues and

Table 2. Lmx1a mutation in 11 dreher alleles identified to date

Allele Mutation and its position Predicted effect Reference

dr A to T change, exon 2, 131a Asp44Val change This study
drKjmi G to C change, exon 3, 380a Arg127Pro change This study
dr2J C deletion, exon 1, 53a Frameshift truncation This study
dr4J Deletion of exon 6 Frameshift truncation This study
dr6J Deletion of exons 4-8 Prevents protein production This study
dr7J Deletion of exons 1-2 Prevents protein production This study
dr8J Deletion of exons 4-5 Frameshift truncation This study
drsst Deletion of exons 1-3 Prevents protein production Millonig et al. (2000)
drJ G to A change, exon 3, 247a Cys82Tyr change Millonig et al. (2000)
dr3J Deletion of exons 1-2 Prevents protein production Millonig et al. (2000)
dr5J Unknown Unknown N/A

N/A = not available.
aNucleotide number according to the Lmx1a cDNA.

Fig. 2. Schematic representation of predicted LMX1A pro-
teins produced by five dr alleles compared with normal
mouse LMX1A protein. Amino acid sequence derived from
each exon (1-8) is represented by boxes. The ATG trans-
lation initiation and the TGA termination codons are
indicated. The LIM1 (exon 2) and LIM2 (exon3) regions are
yellow. The homeodomain region (exons 4, 5, and 6) is red.
Aberrant amino acid sequences are represented by hatched
boxes. Missense mutations are indicated by asterisks. The
structure of LMX1A proteins produced by dr4J and dr8J

alleles is predicted based on the assumption that normal
splice sites are used for the intact Lmx1a exons. Since we
cannot experimentally test if normal splice sites are used
in these alleles, hypothetical dr4J and dr8J LMX1A proteins
are shown in brackets.
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domains that are required for LMX1A function in
vivo. Only one published report has examined the
structural requirement for LMX1A functional
activity to date (German et al. 1992). This study
determined that by interacting with other promoter-
binding proteins, LMX1A can activate transcription
from the insulin promoter in vitro. Deletion of one
or both of the LIM domains removed LMX1A activ-
ity, arguing that both LIM domains are critical for
LMX1A-dependent transcriptional activation in this
experimental system. The physiologic relevance of
LMX1A binding to the insulin promoter, however, is
unclear. Missense mutations in the LIM1 (dr and drJ)
and the LIM2 (drKjmi) domains, however, suggest
that each LIM domain is critical for LMX1A activity
in vivo. Alternatively, point mutations observed in
dr, drJ, and drKjmi alleles may lead to instability of
the protein in vivo. Additional experiments are re-
quired to understand the exact role of these residues
for LMX1A function.

To directly compare the phenotypic conse-
quences of the different Lmx1a mutations, we
compared the adult cerebellar phenotypes of avail-
able drKjmi, dr7J, and dr8J homozygous mutant mice
to the cerebellar phenotype of homozygous mutant
mice with the most studied allele, drJ. In every al-
lele, the cerebellum was significantly reduced in size
with comparable dysmorphic foliation. The posterior
vermis was absent while the cerebellar hemispheres
were less affected. Although the cerebellar pheno-
type was somewhat variable between multiple ani-
mals with the same genotype (data not shown), there
were no significant differences in cerebellar pheno-
type across all genotypes and the variation between
alleles was well within the range of variation that we
have observed for drJ. Furthermore, there were no

significant differences between the cerebellar phe-
notypes observed in this study and the published
cerebellar phenotypes of mutant mice with the drsst

allele (Wahlsten et al. 1983) or the original dr allele
(Falconer and Sierth-Roth 1951). Both drsst and dr7J

are likely null alleles based on the sizes and loca-
tions of the genomic deletions. A Lmx1a null
mutation was recently described in the rat. These
mutant animals also have a strikingly similar adult
cerebellar phenotype to dr mice (Kuwamura et al.
2005). Our finding that the cerebellar phenotypes of
Lmx1a null mutants are comparable to the cerebel-
lar phenotypes of mice carrying missense alleles drJ

and drKjmi is extremely significant and argues that
these missense mutations completely abrogate

Fig. 3. Multiple sequence alignment of LIM1 (A) and LIM2
(B) domains of representative LIM-homeodomain proteins.
Only the N-terminal part of LIM1 and medial part of LIM2
domains are shown. Conserved residues are red letters.
Nonconserved residues are black letters. Residues mutated
in dr and drKjmi alleles are blue and are indicated by
arrows.

Fig. 4. Comparison of cerebellar morphology of drJ, drKjmi,
dr7J, and dr8J homozygous mutant mice. Dorsal views of
dissected cerebella from adult wild-type (wt) (A), dr J (C),
drKjmi (E), dr7J (G), and dr8J (I) mice. (B, D, F, H, J) Hema-
toxylin and eosin (H&E) or cresyl violet-stained sagittal
sections of the vermis of cerebella shown in A, C, E, G, I.
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Lmx1a in vivo function. Supporting this conclusion
is our previous finding that the Lmx1a protein with
the drJ missense change, unlike wild-type Lmx1a, is
incapable of inducing ectopic roof plate in chick
spinal cord overexpression assays (Chizhikov and
Millen 2004a).

In the mouse, many spontaneous mutations are
represented by only one allele. The 11 mouse Lmx1a
mutations have independently and spontaneously
arisen during the last 60 years (Table 2). Two
hypotheses may explain the frequent appearance of
Lmx1a mutations. The Lmx1a locus may be ex-
tremely accessible to mutation representing a
mutation ‘‘hot spot’’ in the vertebrate genome. In-
deed, Lmx1a is a large gene, with exons encoded
across 157 kb of genomic DNA (www.geno-
me.ucsc.edu). A potentially more attractive hypoth-
esis, however, is that the Lmx1a locus has a normal
mutation rate, but the remarkable and very obvious
behavioral and pigmentation phenotypes of homo-
zygous mutants allow for easy detection.

The uniqueness of the dr phenotype is notewor-
thy. All 11 mutants in mice and one rat display
characteristic neurologic phenotypes and associated
pigmentation and skeletal phenotypes. All mutants
with this phenotype are allelic to the dr locus and no
other spontaneous or induced mutant mice have a
similar phenotype. This is surprising because one can
imagine that mutations affecting upstream or
downstream components of the Lmx1a regulatory
network may produce ‘‘dreher-like’’ phenotypes. We
have previously shown that in the CNS Lmx1a
expression is activated by peptides of the bone mor-
phogenetic protein (BMP) family. LMX1A, in turn,
also activates expression of multiple BMPs as well as
members of the WNT family (Chizhikov and Millen
2004a, b; Millonig et al. 2000). Both the BMP and
WNT families consist of multiplemembers that have
redundant activities. Inactivation of single members
of these families frequently has no obvious pheno-
type in mice, suggesting that LMX1A acts at the
intersection of multiple signaling pathways, each of
which is regulated by multiple redundant molecules.

The uniqueness of the dr phenotype also has
implications for human neurogenetics, especially
Dandy-Walker malformation, the most common
malformation of the human cerebellum (Parisi and
Dobyns 2003). Although heterozygous deletion of
two linked genes, ZIC1 and ZIC4, has recently been
reported as a cause of Dandy-Walker malformation,
less than 5% of human Dandy-Walker malformation
cases can be attributed to loss of these genes (Grin-
berg et al. 2004). The fact that the dr cerebellar
phenotype is so remarkably similar to the cerebellar
phenotype of Dandy-Walker patients leads to the

prediction that Lmx1a alterations may also play a
role in the pathogenesis of this important yet poorly
understood human birth defect.
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