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SUMMARY

Targeted disruption of the Hoxd-10 gene, a 5member of
the mouse HoxD linkage group, produces mice with
hindlimb-specific defects in gait and adduction. To
determine the underlying causes of this locomotor defect,
mutant mice were examined for skeletal, muscular and
neural abnormalities. Mutant mice exhibit alterations in
the vertebral column and in the bones of the hindlimb.
Sacral vertebrae beginning at the level of S2 exhibit
homeotic transformations to adopt the morphology of the

hindlimb musculature were observed, but defects in the
nervous system were evident. There was a decrease in the
number of spinal segments projecting nerve fibers through
the sacral plexus to innervate the musculature of the
hindlimb. Deletion of a hindlimb nerve was seen in some
animals, and a shift was evident in the position of the
lumbar lateral motor column. These observations suggest
a role for the Hoxd-10gene in establishing regional identity
within the spinal cord and imply that patterning of the

next most anterior vertebra. In the hindlimb, there is an
anterior shift in the position of the patella, an occasional
production of an anterior sesamoid bone, and an outward
rotation of the lower part of the leg, all of which contribute
to the defects in locomotion. No major alterations in

spinal cord may have intrinsic components and is not com-
pletely imposed by the surrounding mesoderm.

Key words:Hoxd-1Q gene targeting, limb defects, homeosis,
neuronal defects, spinal cord defects

INTRODUCTION Ramain et al., 1996a,b; van der Hoeven et al., 1996; Zakany
and Duboule, 1996; Chen and Capecchi, 1997).

The mouséHox complex contains 39 genes distributed in four The sixteen 5Hox genes belonging to the paralogous
linkage groups designatedoxA, B, Cand D. Each gene families 9 through 13 all show DNA sequence similarities to
encodes a transcription factor belonging to Amtennapedia the Drosophila AbdBgene, which specifies the identity of the
homeodomain class. Based on DNA sequence similarities amdost posterior segments of the larva and adult fly. The homol-
on the position of the genes on their respective chromosomegous mouse genes are also expressed in the posterior region
individual members of the four linkage groups have been clagf the mouse embryo and in the developing limbs (Dollé and
sified into thirteen paralogous families (Scott, 1992). MemberBuboule, 1989; Dollé et al., 1989). Targeted disruptions of
of a paralogous family often share common patterns of germome of these genes have produced defects in the formation of
expression and function. Mutational analysis in the mouse hdlse axial skeleton, in the genesis of posterior internal and
demonstrated thaox genes, alone and in concert with otherexternal organs, in the specification of motor nerves, and in the
Hox genes, are used to regionalize the embryo along its majpatterning of limb bones (Dollé et al., 1993; Small and Potter,
axes (reviewed by Krumlauf, 1994). Regionalization of thel993; Davis and Capecchi, 1994; Davis et al., 1995; Satokata
embryo byHox genes appears to be accomplished by the coret al., 1995; Rijli et al., 1995; Davis and Capecchi, 1996; Favier
trolled temporal and spatial activation of these genes, such thett al., 1996; Fromental-Ramain et al., 1996a, b; Kondo et al.,
a 3 Hoxgene is activated prior to and in a more anterior regiod996; van der Hoeven et al., 1996; Zakany and Duboule, 1996).
of the embryo than its' lieighbors (Duboule and Dollé, 1989; In this paper we describe the defects associated with the dis-
Graham et al., 1989; Duboule, 1994). HoweWox genes ruption ofHoxd-1Q The 10th paralogous gene family contains
normally function not as individual entities, but as members othree memberdioxa-10, Hoxc-1Gand Hoxd-1Q The conse-
highly integrated circuits, such that paralogous genes, adjacamiences of mutating thdoxc-10gene have not been reported,
genes on the same linkage groups, and even nonparalogdug description of an ES cell line with a mutation in ltexd-
genes in separate linkage groups interact positively, negativellQ) gene has been published (Rijli et al., 1994). However, gen-
and in parallel with each other to orchestrate the morphologeration of ES cells with this mutant allele appears to have com-
cal regionalization of the embryo (Condie and Capecchi, 1994romised the ES cell line, since mouse chimeras made from
Rancourt et al., 1995; Davis et al., 1995; Horan et al., 1995a,this cell line die in utero. Mice homozygous for tHexa-10
Davis and Capecchi, 1996; Favier et al.,, 1996; Fromentatutation show anterior homeotic transformations of the lumbar
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vertebrae, male and female sterility, anterior transformations éfistology and skeletal preparations

thoracic and lumbar motor neurons, and defects in the proximslewborn mice were fixed in Bouin’s solution at room temperature for
hindlimbs (Rijli et al., 1995; Satokata et al., 1995; Favier et al.1 week, dehydrated through graded ethanol and xylene and embedded
1996). Except for the defects in the hindlimbs, there is remarkn paraffin. 10 um serial sections were collected and stained with
ably little overlap between the reported mutant phenotypeematoxylin and eosin (Chisaka and Capecchi, 1991). Age and sex-
resulting from disruption oHoxa-10and those we describe matched littermates were collected and used for skeleton preparations
here resulting fronHoxd-10disruption. InHoxd-10mutants, &S described (Mansour et al., 1993).

anterior transformations of the axial skeleton are restricted & ole-mount immunohistochemistry

the sacral anq first caudal vertebrae. Similarly, the neuron bryos were pinned and fixed (Carpenter et al., 1993) and then evis-
defects seen irloxd-10mutant homozygotes are posterior t0 cerated to expose the ventral side of the spinal column and the nerves
those observed iloxa-10mutants. and plexus at the base of the hindlimb. Embryos were refixed in 4:1
methanol (MeOH):dimethylsulfoxide (DMSO) overnight at room
temperature, bleached with 6%®5 in 4:1 MeOH:DMSO, and rehy-
drated through graded MeOH:PBS with addition of 0.5% Tween 20
MATERIALS AND METHODS (PBST) to 100% PBST. Embryos were blocked with PBST, 2% skim
. . milk powder, 1% DMSO, and then incubated overnight at 4°C in a
Ge“e“?“'o” of Hoxd-10 mutant mice and genotype 1:1 dilution (in blocking solution) of the 2H3 antibody (Develop-
analysis _ _ mental Studies Hybridoma Bank) directed against a subunit of the
A replacement-type gene targeting vector composed of 14.8 kilobasggurofilament protein. Horseradish peroxidase-conjugated goat anti-
(kb) of genomic DNA containing thiloxd-10gene and flanked by mouse secondary antibody (Jackson Immunoresearch) was used at a
two thymidine kinasgienes was constructed in a pUC plasmid (Fig.dilution of 1:100 and detected with 0.0015%QCH in 1 mg/m
1; Thomas and Capecchi, 1987; Deng et al., 1993). To disrupt thfaminobenzidine (DAB)/PBST. Embryos were rinsed, then stained
Hoxd-10 gene, theneomycin resistancgned) expression cassette gvernight with 0.02% alcian blue 8GX as described by Rancourt et
KT3NP4 (Deng et al., 1993) was inserted atitipal site in exon 2 3|, (1995). The skin was gently peeled away from the hindlimbs and

in the same transcriptional orientation as thexd-10gene. The  the embryos photographed under a dissecting microscope.
cleavage site corresponds to amino acid 38 in the second alpha-helix

of the homeodomain. Whole-mount in situ hybridization

The targeting vector was linearized and electroporated into R1 ESmbryos were collected at E12.5 and E13.5, fixed overnight in 4%
cells (Nagy et al., 1993), and cell selection and DNA extraction wergaraformaldehyde/PBS and processed for whole-mount in situ hybrid-
performed as described by Mansour et al. (1988); Davis and Capecghation withHoxd-9andHoxd-11antisense RNA probes as previously
(1994). A primary screen for the cell lines containing targeted disgescribed (Carpenter et al., 1993). Fuxd-9probe was made from
ruption of theHoxd-10locus was done by Southern blot analysis ofa 770 bpPstl-EcoR1 fragment in the '3untranslated region of the
SpH-digested genomic DNA using a 2.6 Bhd/Sph 3' flanking  Hoxd-9 gene (Renucci et al., 1992); thtoxd-11probe was made
probe (3 f.p., Fig. 1). This probe hybridizes to a large fragmentfrom a 300 bpAcd-BanHI fragment from theHoxd-11 gene
(greater than 23 kb) in wild-type DNA and to a 12.1 kb DNA fragmentincluding part of the homeodomain and htranslated sequence
in theHoxd-10mutant allele. Additional diagnostic digests and probepuboule, 1991). Probes were labeled with digoxigenin-11-UTP
hybridizations (including aeospecific probe) confirmed the integrity (Boehringer Mannheim) and detected with alkaline phosphatase-con-
of the targeting event (data not shown). One out of 123 cell lineggated antibodies directed against digoxigenin (Boehringer

analyzed tested positive for a gene targeting event. This ES cell lingannheim). Alkaline phosphatase reaction product was visualized
was injected into C57BI/6J (B6) blastocysts to produce chimerigyith NBT and BCIP (Boehringer Mannheim).

males that transmitted the mutation through the germline.

For genotyping, DNA was isolated from tail biopsies or yolk sacs
and analyzed by Southern blotting, as described above, or by gel elec-
trophoresis of PCR-amplified DNA. The primers used for the PCRRESULTS
reaction wereHoxd-10sense primer,'8CCTTACACCAAGCAC-
CAAACG (nucleotides 2543-2564; Renucci et al., 1992)xd-10  Targeted mutagenesis of Hoxd-10
%Z_?r%é?g?&GKT_gNPA a”ft'sr\?’zze plrlmer‘,T'BC,iAIAG%C(;,]AAGIg-lgR 1) was electroporated into R1 ES cells. One cell line, shown
polylinker; DenggJ l:erzcettllonlg%) Thepgigge(r)?stﬁe wﬁc;]-ty;eeagdd- by Southern blot analysi_s to _carry tHexd-lOmut_ant allele,
10 mutant bands are 242 base pairs (bp) and 130 bp, respectively, V&S used to generate chlmerlc mice that tr_ansmltted the mutant

allele through the germline (see Materials and Methods).

Carbocyanine dye tracing Genotypes at birth and at weaning segregated in the expected
Embryos were collected at E12.5, pinned and fixed as described B§endelian ratios showing no preferential loss of mutant
Carpenter et al. (1993). To label spinal nerves in the sacral plexus, dp@mozygotes.
injections were made using a 0.5% solution of Dil (Molecular Probes)
in dimethylformamide. Dye was injected at the base of the hindlimtAlterations in gait, adduction, and male fertility

bud using multiple short pulses generated by a Picospritzer (Genemgfjylt Hoxd-10mutant mice exhibited hindlimb defects mani-
Valve). Dye transport was allowed to proceed at room temperature R

. ° ted in two locomotor phenotypes: an abnormal gait and
the dark for 48 hours. Embryos were then eviscerated and dissect; . . i : s
to expose the spinal cord and nerves entering the hindlimbs. Anima%fductlon, the inability to bring their hindlegs towards the

were initially examined using a Leitz Ortholux microscope equippe entral mldllne._ The g_alt phenotype varied in sever|ty,_W|th
with a rhodamine filter set. Further observations were made with 44% Of the mice acting outwardly normal; the remainder
BioRad MRC-600 confocal microscope. Images were collected as @monstrated mild to severe deficits (Table 1). In mildly
Z-series at 1 pm intervals and merged to a single frame for furth@ffected mice, the gait was jerky, with the hindlimbs being stiff,
analysis. but not spastic; the hindfeet were splayed out in an abnormal
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A 5 Table 1. Number ofHoxd-10mutant mice with defects in
ALY T2 pUC gait and adduction
heo No gait Mild gait Severe gait Adduction
5 H Genotype defect defect* defectt defect
! | i
L | ++ 5/5 0/5 0/5 0/5
Hoxd-10 +/- 10/11 1/11 0/11 1/11
S S -/- 7129 17/29 5/29 25/29
Jq/ l -m l | *Mild gait defects: jerky gait, slight hindlimb stiffness, abnormal foot
neo F.p. posture.
- tSevere gait defects: pronounced hindlimb stiffness, abnormal posterior
S 5 hindlimb extension, improper weight distribution on dorsal surface of foot.
| >23 | wild type
S S
'ﬁ' L 12.1 J mutant

males were tested in three trials for their ability either to mate
(as judged by the presence of copulation plugs) or to induce a
B iy (o E oy ) ey A A pregnancy. One of these six males impregnated a female on
one mating trial; all other males were unable to copulate. His-
tological sections through the male reproductive system
revealed no differences relative to control animals (data not
shown). The testes had descended, all of the reproductive
organs appeared normal, and normal quantities of sperm were
present in the epididymis and vas deferens. The decreased
fertility may be due to the hindlimb locomotor problems inter-

] . ) fering with mounting.

Fig. 1. Targeted mutagenesis ldbxd-10and genotype analysis of Six homozygous mutant female mice were tested for fertility
mice. (A) The diagram illustrates the targeting vector (upper line) i matings with heterozygous or wild-type males. All females
and the anticipated restriction fragment lengths (lower two lines) were able to produce offspring, but there was significant

resulting from a gene targeting evedbxd-10exons 1 and 2 are o ; .
depicted by black boxes; tiieocassette disrupts the second exon at mortality in the first two litters from four of these females. All

theHpal site; the white boxes are ttigymidine kinasgenes TK1 pups died during the first postnatal day with an absence of milk
and TK2, and the plasmid vector backbone is marked as pUC. The in their stomachs. Pups taken from such crosses and fostered

vertical arrows represent the ends of the genomic DNA used to with lactating Swiss Webster females survived to adulthood.
construct the targeting vect@pH digests, when hybridized witha ~ However, in subsequent litters, these mutant females were able
3 flanking probe (3f.p.) showed a mutant band of 12.1 kb, to successfully raise their pups.
downshifted from the wild-type band of >23 kb (data not shown). H,
Hpal; S, Sph. (B) Example of PCR/electrophoretic gel analysis of  Alterations in the axial and appendicular skeleton
ggﬂgtsygrens ?ﬁiséﬂt;pc?n]:r?hn;I?v?l):jq;1022r?£10rzn>:ﬁgﬁf;“§gg?:' 23';":‘ g Mice normally possess four sacral vertebrae. The most anterior
130 bp re‘;p ectively yp sacral vertebra (S1) fuses with the pelvis to z_inchor the pelvic
’ ' girdle. Both S1 and S2 vertebrae have winged transverse
processes, while S3 and S4 have anteriorly projecting, club-
posture. Severely affected mice had very stiff hindlimbsshaped processes. In wild-type animals, S1, S2, and S3 are
walked with their hindlimbs outstretched behind them, andused with each other at the tips of their transverse processes,
swung their hindfeet forward with effort in order to supportwhile S4 remains unfused (Fig. 3A). Fifteen mutant skeletons
their weight. In some cases, the animal put its weight on theere examined for changes in the sacral and caudal vertebrae.
top of the foot rather than the bottom. Affected hindlimbsMutant animals showed an increased number of fused sacral
retracted in response to touch. One heterozygous animal algertebrae and alterations in the shape of the transverse
had a mild gait defect, but others were unaffected. Thegwocesses (Fig. 3B,C). Most had three or four sacral vertebrae
defects were present in mutants as they first began to walk anith winged transverse processes compared with only two seen
were not progressive. in wild-type animals. Half of the mutant animals also had four
To test adduction, a mouse was positioned on a pencil aloragd occasionally five fused vertebrae (Fig. 3). Two heterozy-
its ventral midline (Fig. 2). When support was withdrawn,gous animals also had unilateral fusions of four transverse
wild-type and heterozygousioxd-10 mice responded by processes. Additionally, in mutants, both the S1 and S2
gripping the pencil with both of their forefeet and hindfeet andrertebrae articulated with the pelvis. This is suggestive of an
were able to maintain balance (Fig. 2A). Mutant homozygoteanterior transformation of the S2 vertebra into an additional S1
were able to grip the pencil with their forepaws, but werevith more posterior sacral and anterior caudal vertebrae
unable to bring their hindfeet together to grip the pencil (Figassuming a more anterior phenotype.
2B). Most mutant animals tested showed this adduction deficit, Skeletal alterations were also observed in the hindlimbs of
even those in which the gait defects were minimal (Table 1)nutant animals. The position of the patella was shifted upward
A single heterozygous animal was also unable to grip theo the forward surface of the femur in 13 of 16 mutant
pencil. hindlimbs examined (Fig. 4A-D). In addition, an ectopic
An additional defect apparent in adults was a markedesamoid bone was observed embedded in the patellar tendon
decrease in fertility in mutant homozygous males. Six mutardt the proximal edge of the patella in 5 of 16 mutant animals

W

242 —

130 —




4508 E. M. Carpenter and others

Fig. 2. Hindlimb adduction in wild-type (A) andoxd-10
mutant (B) mice. Wild-type animals can grip a pencil with
both forelimbs and hindlimbs, while mutant mice are
unable to bring their hindlimbs together in order to grip the
pencil with their hindfeet (arrow).

(Fig. 4D). Based on similarities in shape and position to theerve trunks providing distal limb innervation. The major
lateral sesamoid bones, this bone was termed an anterioerve arising from this plexus is the sciatic nerve, which
sesamoid. Ectopic sesamoids are often generated asbi@nches atthe level of the knee to form the tibial and peroneal
secondary remodeling response to changes in tension at a jor@rves that innervate the musculature of the lower leg and foot
(e.g., Davis and Capecchi, 1994; Favier et al., 1996). (Marieb, 1995). In nine out of ten limbs examined in five
Changes were also noted in the articulation between femapntrol animals these injections intensely labeled four spinal
and tibia which were shifted out of alignment with the tibianerves. The two central nerves contained the largest comple-
rotated outward (Fig. 4E,F). Rotations were observed in 10 afient of labeled fibers. These four nerves emerge from lumbar
16 mutant hindlimbs. These rotations result in an abnormallgegment L3 through L6. In a single control embryo, fibers

positioned foot. emerging from only three spinal segments were observed on
) ) one side of the animal. Fibers from all labeled nerves coalesced
Alterations in the nervous system to pass through the pelvic girdle and the sacral plexus, then

We examined the developing nervous system by carbocyaniéverged into multiple branches in the limb.

dye tracing, immunohistochemistry and histological analysis. Seven mutant embryos were analyzed by carbocyanine dye
Dye tracing was used to examine limb innervation in five wildtracing. One of these embryos had four labeled spinal nerves
type and seven mutant animals during development. Injectionmoviding sacral plexus fibers on both sides of the animal. Four
of the lipophilic tracer Dil were made into the base of theanimals had four spinal segments providing motor innervation
developing limbs at E12.5. Dil retrogradely labeled spinabn one side and three spinal segments on the contralateral side
motor neuron somata (Fig. 5A,B) and anterogradely labelefFig. 5B). The remaining two animals had three segments
the distal projections of these neurons through the lumbosacraloviding motor innervation bilaterally. In mutant animals
plexus into the limb (Fig. 5C-F). In humans and mice, the lumhaving four labeled spinal nerves, the contributions of the most
bosacral plexus has two components: the rostral lumbar plexasterior and posterior segments were reduced compared with
and the caudal sacral plexus. Due to the positioning of the

embryos during the injections and the position of the plexu

elements within the developing hindlimb at E12.5, the Dil A B ¥

injections primarily labeled motor neurons whose fibers pas 4
through the sacral plexus. These fibers travel along th
posterior margin of the femur and diverge to form the majo

Fig. 4.Knee joints and
alignment of the lower limb
in wild-type (A,C,E) and
mutant (B,D,F) animals. A
and B illustrate the shift in
articulation between femur
and tibia following a rotation
of the lower leg (white
arrows) and an upward shift
of the patella (black arrows)
in mutant animals. C and D

Fig. 3. Sacral vertebrae in wild-type ahtbxd-10mutant adult
mouse skeletons. (A) Wild-type animals have two sacral vertebrae

with wing-shaped transverse processes (S1, S2), a transitional third \ e illustrate a shift in the patella
sacral vertebra (S3), and one unfused fourth sacral vertebra (S4). /- (p) and the presence of an
(B) In mutants, the first three sacral vertebrae and sometimes the additional bone, the anterior
fourth (C) all have wing-shaped transverse processes. In wild-type sesamoid, anterior to the

animals, the first three sacral vertebrae are fused, while in mutants patella (dotted arrow in D) in mutant animals. E and F show a

the fourth and sometimes fifth sacral vertebrae are fused. In wild- frontal view of the right knee joint and lower limb in wild-type

type animals, only the first sacral vertebra articulates with the ilium, (E) andHoxd-10mutant (F) mice. In F, the tibia has rotated off axis
while in mutants, the second sacral vertebra articulates as well resulting in a lateral twisting of the foot (arrow). The underlying
(arrows in B and C). Scale bar, 2 mm. fibula is now exposed. Scale bar, 2 mm.
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Fig. 6. Antineurofilament stained nerves in hindlimbdHufxd-10

mutant heterozygous (A) and homozygous (B) E13.5 embryonic
mice. The peroneal nerve is present in the control animal but absent
in the mutant (arrows). Scale bar, 300.

peroneal nerve, was missing (Fig. 6). This nerve was present
in all 21 heterozygotes and 6 wild-type control hindlimbs
examined.

Transverse sections of newborn animals showed that the
spinal cord, dorsal root ganglia, and spinal nerves were grossly
normal in mutant animals (Fig. 7). Spinal nerves emerged from
Fig. 5. Carbocyanine dye fills of motor nerves and distal nerve arbor&he appropriate intervertebral _IeveI _accom_panled by Schyvann
in wild-type (A,C,D) ancHoxd-10mutant (B,E,F) mice at E12.5. In cells and followeq normal trajecto_rles to innervate the limb.
wild-type embryos, four spinal nerves are labeled following dye ~ Dorsal root ganglia were located in the expected places and
injection at the base of the hindlimb (injection sites visible at lateral @ppeared normal in size and shape. The spinal cord appeared
margins of the field in A). In the mutant embryo (B), four spinal to be the same size as in littermate controls, and its laminar
nerves are labeled on one side and three on the other. In the mutanbrganization appeared normal. The carbocyanine dye injec-
embryos having four spinal nerves labeled, the labeling in the most tions suggested that there might be some alterations in the pop-
anterior and most posterior nerve is greatly reduced. The labeled  y|ation of motor neurons innervating the hindlimb, so the mor-
nerves join together at the posterior margin of the limb to form the phology and position of spinal motor neurons and the lateral
sacral plexus (A, B arrows). Retrogradely labeled motor neuron motor column (LMC) were examined. The LMC containing

somata in the spinal cord (A,B, brackets) are also visible; note the . L . T
reduction of this domain in the mutant embryo (B). C, D, E, and F the motor neurons that provide hindlimb innervation is present

illustrate the distal arbors of the tibial nerve in right hindiimbs (C,E) IN the spinal cord in five lumbar segments, L1 through LS in
and left hindlimbs (D,F) of wild-type (C,D) and mutant (E,F) newborn mice (Lance-Jones, 1982). Motor neurons residing in
animals. The number of nerve fibers and the branching density is  this column can be identified by size and position, and partial
substantially reduced in the mutant animals. Scale bar for A and B, identification of the target of innervation of particular groups
800pm, and for C, D, E, and F, 1Q@n. of motor neurons may be made based on their relative position
within the LMC (McHanwell and Biscoe, 1981). A population
of large, ventrolaterally positioned cells resembling spinal
the contributions from the same segments in control animalsotor neurons was readily visible in transverse sections
In animals with only three labeled segments, the most anteritinrough wild-type and mutant newborn animals (Fig. 7). In our
segment was missing. wild-type animals, however, these cells extended more
Anterograde tracing with Dil also showed alterations inrostrally than reported, beginning opposite the rostral portion
terminal nerve arborizations of the tibial nerve in mutanbf thoracic (T) vertebra 13 and continuing posteriorly into L5.
animals (Fig. 5C-F). This nerve was tipped with a flattenedThe majority of LMC motor neurons were adjacent to the L1
hand-shaped terminal arbor of axons, which were bundled intnd L2 vertebrae, with smaller populations present as far
many large fascicles with smaller branching fascicles growingaudally as L5. This change in position may reflect differences
toward their targets. Terminal arbors of this nerve in mutanbetween the mouse strain used for previous motor neuron
animals showed a decrease in the size and density of theapping studies (CD1) and the strains used in construction of
fascicles (Fig. 5C-F). Labeling of E12.5 embryos with the 2H3Hoxd-10 mutant mice (B6 and 129). In mutant animals, the
neurofilament antibody showed a similar reduction in the.MC neurons were displaced posteriorly by half a segment,
density of these terminal arbors (data not shown). with the neurons first appearing near the middle of the T13
To visualize the complete set of nerves as it innervates thesrtebra. The largest populations of these neurons were
developing hindlimb, animals at E13.5 were examined usingdjacent to the L2 and L3 vertebrae.
whole-mount labeling with the 2H3 antibody (Fig. 6). As the o
spinal nerves enter the developing hindlimb, they diverge intéross anatomy of hindlimb musculature and
the lumbar and sacral plexuses which are positioned respdBnervation
tively anteriorly and posteriorly around the head of the femurindlimbs from six mutant and four wild-type adult animals
Muscle nerves branch off distally from these plexuses tavere examined for alterations in the organization of muscula-
provide the innervation to the hindlimb musculature. In 3 of 1Qure. Muscles from the anterior, medial and lateral compart-
mutant hindlimbs examined, one of these muscle nerves, timents of the distal part of the leg were dissected and scored
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for the presence and the appearance of the musculature (TatMeether the disruption oHoxd-10 affected the expression
2). Mice have five muscles in the lateral compartment, ipatterns of neighboring genes. Expressiofiokd-9in wild-
contrast to humans which have only three muscles in contype, Hoxd-10 heterozygous, andHoxd-10 homozygous
parable locations (Marieb, 1995). Three of these five musclesjutant embryos was found in forelimb, hindlimb, spinal cord,
peroneus brevis, peroneus longus, and peroneus tertius, wared prevertebrae adjacent to the hindlimbs as previously
correlated with their human counterparts. Two additionateported (Dollé and Duboule, 1989). In wild-type embryos at
muscles provide fine motor control of the fourth and fifthE12.5,Hoxd-9expression had an approximate anterior border
digits. We have termed these additional muscles the fourth digit the spinal cord at the level of prevertebra 19. High levels of
dorsolateral and the fifth digit lateral, based on the position axpression were maintained posteriorly through anterior
their tendon insertion sites into the fourth and fifth digits. Inumbar segments and then decreased at more caudal levels.
general, the musculature of the mutant animals appearédbeling in the prevertebrae was observed beginning at pre-
grossly normal. Most muscles were present in their expectagrtebra 22 and continued caudally for approximately 8
locations; the only differences noted with some frequency wergegments. The patternsldbxd-9expression were not altered
the misrouting of tendons to their insertion points (Table 2)in Hoxd-10 heterozygous and mutant homozygous embryos
This may be a response to alterations in the position of the l¢data not shown). Likeloxd-9, Hoxd-11s normally expressed
imparted by the skeletal abnormalities described above. Cross the spinal cord, prevertebrae and developing limb buds
sectional area and muscle position were also examined dlzpista-Belmonte et al., 1991). The patternsHafxd-11
sections taken through hindlimbs of newborn animals. Musclesxpression in wild-typetHoxd-10heterozygous antioxd-10
and their positions in mutant animals appeared normal in conmomozygous embryos were indistinguishable (data not shown).
parison to wild-type littermates (data not shown).

Muscle nerves were also examined in dissected hindlimbs
and the presence and position of six nerves were scored (TallSCUSSION
2). With the exception of a slight reduction in the size of the
common peroneus in two mutant animals, there were no diffargeted disruption of thdoxd-10gene results in mice with
ferences in the position and trajectory of the hindlimb nerveadduction and gait defects affecting the hindlimbs. In these

examined. mutants, both the axial and appendicular skeletons are affected,
as is the organization and robustness of the hindlimb motor

Hoxd-9 and Hoxd-11 expression appears normal in innervations. These alterations may provide a cause for the

Hoxd-10 mutant homozygotes observed defects in locomotion and reproductive behavior.

The expression oHoxd-9 and Hoxd-11 was examined in Disruption of theHoxd-10gene results in anterior transfor-
Hoxd-10 mutant embryos (E12.5 to E13.5) to determinemation of sacral vertebrae, with S2 transformed into a second
S1 and three to four more posterior vertebrae also adopting a
Table 2. Number ofHoxd-10mutant mice examined for more anterior morphology. This results in a duplication of S1
hindlimb muscles and nerves and a secondary articulation to the ilium. Disruption of the par-
alogous gendioxa-10also results in homeosis, though at a

Genotype more anterior level, with L1 transformed into T14 and L2, L3
+H+ -I- and L4 acquiring characteristics normally associated with their
Muscles immediate anterior vertebrae, respectively (Rijli et al., 1995).
Anterior dii | ' y Curiously, disruption of the moré Blox gene,Hoxd-11,also
.Ei’(bt;’l‘izogmégr'ig“m ongus 8?88 1%?“1122 results in a slightly more anterior homeotic transformation in
Extensor hallucis longus 8/8 10/12 the lumbosacral region, with S1 being transformed to a 7th
Medial lumbar vertebra, S2 to S1 and so on (Davis and Capecchi,
Flexor digitorum longus 8/8 12/12 1994; Favier et al., 1995). In this context the transformations
Tibialis posterior 8/8 124/12 resulting from theHoxd-10 mutation appear to be more
Flexor hallucis longus 26 7/10 posterior than anticipated either from the behavior of mutations
Lateral in paralogous family members and adjacérgenes, or from
Peroneus brevis 8/8 12§/12 the anterior limit ofHoxd-10expression in the prevertebrae.
Peroneus longus 8/8 1212 Clearly it is the coordinated temporal and spatial expression of
Peroneus tertius 59/5 9**/10 ltiole H . . . that ifi th
4th digit dorsolateral 5/5 8/8 multiple Hox genes in any given region that specifies the
5th digit lateral 4/4 7tt/8 identity of groups of ve_rtebr_ae. Dlsr_uptlon of any givéox
gene results in a break in this coordinated pattern. The mutant
Nerves | . ; phenotype is exposed in the region of minimal functional
ggg‘ﬁéﬁous 88?8 1122}122 overlap. Often this occurs at the anterior limit of expression of
Sciatic 8/s 12/12 the mutant gene; however, in the casélokd-1Q it occurs at
Common peroneus 6/6 10$1/10 a more posterior level. It is important to remember, however,
Tibialis 6/6 10110 that the expression patterns of these genes are dynamic and that
Posterior femoral cutaneous 6/6 10/10 the quantitative output, i.e., how marpxgenes are expressed
*1 abnormal (shifted laterally); T2 abnormal (reduced or shifted); In a given reglo_n, IS as |mportant as Wh|Ch_ SpeHﬁ”_‘Qe”eS
11 abnormal (tendon displaced); 81 abnormal (duplicated tendon); are expressed in the region. Thus, the point of minimal func-

111 abnormal(bifurcated tendon); **1 reduced, 1 potentially absent (or 5th  tional overlap could occur early or late during the formation of
digit lateral); 11 missing (or p. tertius); 1 reduced in 2 cases. the affected vertebrae.
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Skeletal alterations are also observed in the hindlimbs d?helan and Hollyday, 1990). This implies that there is no
Hoxd-10 mutants, including a shift in the position of the intrinsic segmental organization in the spinal cord. However,
patella, and the presence of an ectopic sesamoid. Thefere are some intrinsic features of spinal cord patterning
changes are likely to involve the patellar tendon, in which botlwhich may result from activity oHox genes or other tran-
the patella and the anterior sesamoid are embedded. Alterisgriptional regulators. One feature is the position of the lateral
the tension produced by this tendon through shortening and/orotor columns (LMC) adjacent to limbs. While signals from
improper alignment might cause the anterior shift of the patellthe lateral plate mesoderm of the developing limb bud may
with a simultaneous shift forward of the lower part of theestablish the position of the LMCs, evidence frimbless
hindlimb skeleton, affecting the articulation between femuichicken mutants (Lanser et al., 1986) and from limb ablation
and tibia. This would destabilize the knee joint and producexperiments (Hamburger, 1934; Hamburger, 1958; Oppenheim
the outward rotation in the lower part of the leg. There weret al., 1978; Lamb, 1981; reviewed by Hamburger and
no alterations in the shape of the distal part of the femur arfdppenheim, 1982) suggests that LMCs are produced even in
no extra ligaments that might provide an alternate explanatidine absence of a limb bud, but that limb buds are required for
for the reshaping and destabilization of the knee joint, as isontinued survival of LMC neurons. Our observations on
observed in theHoxa-10 mutant hindlimbs (Favier et al., Hoxd-10mutants, as well as published observations on other
1996). The defects in the formation of the knee are consisteHtox gene mutants, suggest that these genes may contribute to
with strong expression dfloxd-10in this joint (Dollé and the establishment of intrinsic patterning within the spinal cord
Duboule, 1989; Favier et al., 1996). The destabilization of th@_eMouellic et al., 1992; Rijli et al., 1995Hoxd-10mutant
knee joint and rotation of the lower limb could be sufficient toanimals have a decrease in the spinal cord domain providing
explain the defects in gait and adduction. motor innervation via the sacral plexus as well as a shift in the

Unexpectedly, mutations iHoxa-10, Hoxd-1@nd even in  segmental position of LMC neurons. Additionally, there is a
Hoxc-10(S.L. Hostikka and M. Capecchi, unpublished resultsydecrease in fiber number in the tibial nerve and an occasional
primarily cause defects in the formation of the knee jointloss of the peroneal nerddoxa-10mutant animals also show
Mutations in other BHox genes primarily affect the formation alterations in peripheral nerves (Rijli et al., 1995), which may
of forelimbs Hoxa-11, Hoxd-1land Hoxd-129 or both fore- reflect concomitant alterations in the spinal colrtbxc-8
and hindlimbs loxa-13and Hoxd-13. However, the elbow mutants have defects in autopod clenching which may also
and knee joints are particularly disparate structures and theisult from motor neuron defects at the brachial levels
differences need to be genetically programmed. It appears thaeMouellic et al., 1992).
one of the roles dflox-10paralogs is to mediate the formation  Alterations in the peripheral nerveshioxa-10mutants are
of these structural and functional differences. particularly interesting in light of our current observations on

Disruption of Hoxa-10affects male fertility due to a mal- Hoxd-10mutants. Rijli et al. (1995) interpret their peripheral
formation in the gubernaculum (Rijli et al., 1995; Satokata eherve alterations as anterior transformations of the spinal
al., 1995). Though male fertility was affected Hoxd-10 nerves emanating from segments T13 through a duplicated L5
mutants, the testes were present in their normal locations afebrresponding to wild-type T13 through L6). This suggests
histological analysis suggested that the testes, epididymis, vt a homeotic transformation of central nervous system struc-
deferens and sperm production were normal. The effect afires (e.g., the point of origin of the spinal nerves) is occurring
Hoxd-10on male fertility, therefore, is not likely to stem from and that it is anterior to the transformation observed in the
abnormalities in the male reproductive system, but is likely toertebral columnHoxd-10mutants suggest similar transfor-
be operational instead. Thus, the hindlimb locomotor defectmations in the spinal cord and vertebral column. We observed
in mutant males may interfere with their ability to mount anda reduction in the number of spinal segments providing motor
impregnate a female. innervation through the sacral plexus during embryogenesis

There are no major alterations in the hindlimb musculaturand a shift in the position of the major populations of neurons
of Hoxd-10mutants since all expected distal hindlimb musclesn the LMC of newborn animals. These two observations could
were present in both newborn and adult mutants. Tendor®e explained by proposing an anterior transformation in the
derived from these muscles showed occasional abnormalitispinal cord such that the spinal L3 segment is transformed an-
such as duplications or misrouting, and in one case there waesiorly to L2 with no additional posterior segments undergo-
a deletion of one of the peroneal group muscles. Preliminaing transformation (Fig. 8). Thus, there would be no overall
observations on myosin expression indicate that the normahange in the number of spinal cord segments. Lateral motor
complement of muscle protein is produced in these muscle®lumn motor neuron histogenesis occurs in L1 through L6
(Craig Neville and Nadia Rosenthal, personal communicationfLance-Jones, 1982) with the embryonic motor neurons pro-

Hox genes have been implicated in pattern formation of thgecting through the sacral plexus located in L3 through L6. An
central nervous system at the level of the hindbtdoxgene L3 to L2 transformation would reduce the number of motor
activity is required for the production and/or maintenance oheurons projecting through the sacral plexus. The reduction in
rhombomeres (Carpenter et al., 1993; Mark et al., 1993) arspinal nerves passing through the sacral plexus supports this
for the production of facial motor neurons (Barrow andhypothesis. Additionally, part of the tibial and peroneal motor
Capecchi, 1996; Goddard et al., 1996; Studer et al., 1d88). pools are derived from L3 (McHanwell and Biscoe, 1981), so
genes are also expressed in the developing spinal cord, whéhe reduction in fiber number in the developing tibial nerve and
they may act as regulators of neuronal identity. Embryologicadccasional deletion of the peroneal nerve might reflect the
studies have suggested that the segmented appearance of spilefdtion or respecification of those motor neurons which would
nerves and dorsal root ganglia is generated by the surroundingrmally be generated in L3.
paraxial mesoderm (Detweiler, 1934; Keynes and Stern, 1984; The neuronal defects observeddaxd-10mutants are more
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Fig. 7. Transverse sections through
the spinal column of wild-type (A),
andHoxd-10mutant (B) newborn |
mice. The position of the lateral motor !
column is outlined. Higher
magnification views of the same
sections (C,D) show large motor
neurons in the LMC in both animals
(arrowheads). d, dorsal root ganglion.
Scale bar for A and B, 1Q0m and for
C and D, 2Qum. Dorsal is up.

pronounced in embryos and newborn mice than in adults. Thigported mutant phenotypestbxd-9, Hoxd-1G&ndHoxd-11
difference may reflect the plasticity of the nervous systemmutant homozygotes (Davis and Capecchi, 1994; Favier et al.,
Motor neurons are, as most neurons, produced in excess at@b5; Favier et al., 1996). Second, no significant changes in
then reduced through apoptosis during refinement of theoxd-9 and Hoxd-11 expression patterns were evident in
neuron-target connections. Since thtoxd-10 mutation Hoxd-10homozygous mutants relative to wild-type embryos.
appears to reduce but not eliminate the allocation of nerves toln summary,Hoxd-10 mutant mice show deficits in loco-
the sacral plexus, gross neuroanatomical defects are nmibtion and adduction in the hindlimbs. The locomotor defects
apparent in the adult. This may reflect a rescue of cellappear to be due to a malformed knee joint and a rotation of
normally destined for apoptosis or a recruitment of ectopithe tibia and fibula relative to the femur. However, defects are
neurons to provide distal limb innervations. It will be of also apparent in the formation of the motor component of the
interest, however, to determine whether fine motor control imervous system in the lumbar region. The incomplete pen-
the hindfeet has been compromised in these mutants. etrance and variable expressivity suggest that étbggenes,

A possibility exists that the changes in prevertebral identitypossiblyHoxa-10andHoxc-1Q contribute to the formation and
observed irHoxa-10andHoxd-10mutant mice influence the organization of these nerves. This hypothesis can be tested by
patterning of the nervous system in these mutant mice. Thanalysis of mice carrying multiplédox gene mutations.
appears unlikely since in bottoxa-10and Hoxd-10mutant
homozygotes the alterations in the nervous system occur a

teriorly to those observed in the vertebral column (Rijli et al. A WT B Hoxd10
1995; and this report). In théoxd-10mutants the spinal cord ~I-

defects occur at the lumbar level and influence the generatic |4 s lumbar | 4 5 Lumbar
of the lumbar LMC, while the vertebral transformations occul plexus plexus
at the sacral level. This is consistent with Hox gene expressic |, L2

domains in the neural tube being maintained at levels anteri

to those in the prevertebral column (Dollé and Duboule, 198¢ |3 L2

Haack and Gruss, 1993). However, at E9 the separation

Hoxd-10expression in the neural tube and paraxial mesoder |4 p-sacral |4 > sacral
is not as great (Zakany et al., 1997), allowing for possibl plexus plexus
overlap at these early time points. Unambiguous allocation ¢ g L5

intrinsic or extrinsic specification of the spinal motor column

may require the use of conditional mutations directed & g L6

selective inactivation of these genes in the neural tube or st

rounding mesoderm. Fig. 8. Schematic representation of spinal segmental identity in wild-

The phenotypic consequences of t.arget.ed _dlsruptu_)n of tk{?pe (A) andHoxd-10mutant (B) animals. The L3 spinal segment
Hoxd-10locus appear to be limited to inactivation of this geng,ormally projects nerve fibers to both the lumbar and sacral plexuses.
alone (i.e., there do not appear to be contributions from arransformation of this segment to an L2 phenotype in mutant
altered function of adjacent genes). Two observations suppathimals (B) results in its projection only to the lumbar plexus and a
this idea. First, there are no apparent overlaps between theletion of the L3 projection to the sacral plexus.
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Deficits in the nervous system were apparent both in terms 6évier, B., LeMeur, M., Chambon, P. and Dollé, P(1995). Axial skeleton
robustness and organization. These defects may reflect domeosis and forelimb malformationsHioxd11lmutant miceProc. Natl.

; ; At Acad. Sci. USA2, 310-314.
common cause, since changes In specmcatlon of the L3 LIVlgavier B., Rijli, F. M., Fromental-Ramain, C., Fraulob, V., Chambon, P.

would concomitantly reduce the allocation of ner_ves t_O the and Dollé, P.(1996). Functional cooperation between the non-paralogous
sacral plexus, or they may have separate causes, in Wbich  genesHoxa-10andHoxd-11in the developing forelimb and axial skeleton.
genes would participate in decisions affecting both cell prolif- Development22, 449-460. _ '

eration and cell specification. Irrespective of the mechanisnffomental-Ramain, C., Warot, X., Lakkaraju, S., Favier, B., Haack, H.,

. . . . ' Birling, C., Dierich, A., Dollé, P. and Chambon, P(1996a). Specific and
these studies suggest thitixgenes are intimately involved in redundant functions of the paralogdimsxa-9andHoxd-9genes in forelimb

the patterning of the nervous system, starting with the ang axial skeleton patternirgevelopment 22, 461-472.

hindbrain and proceeding caudally along the entire axiatromental-Ramain, C., Warot, X., Messadecq, N., LeMeur, M., Dollé, P.

column of the mouse. and Chambon, P(1996b).Hoxa-13andHoxd-13play a crucial role in the
patterning of the limb autopoBevelopment22 2997-3011.
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