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Genetic analysis of the development and evolution of the vertebrate head is at a primitive stage. Many homeo 
box genes, including the Distal-less family, are potential regulators of head development. To determine the 
function of Dlx-2, we generated a null mutation in mice using gene targeting. In homozygous mutants, 
differentiation within the forebrain is abnormal and the fate of a subset of cranial neural crest cells is 
respecified. The latter causes abnormal morphogenesis of the skeletal elements derived from the proximal 
parts of the first and second branchial arches. We hypothesize that the affected skull bones from the first arch 
have undergone a transformation into structures similar to those found in reptiles. These results show that 
Dlx-2 controls development of the branchial arches and the forebrain and suggests its role in craniofacial 
evolution. 
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The vertebrate head is a modular structure built in part 
from segmental neuroectodermal units (Lumsden and 
Keynes 1989; Rubenstein et al. 1994). The head differs 
from the body in two major ways. First, much of the 
brain is overtly segmented (Lumsden et al. 1991; Ruben- 
stein et al. 1994)) whereas the spinal cord of higher ver- 
tebrates does not exhibit intrinsic segmentation (Stern et 
al. 1991). Second, neural crest from the brain [cranial 
neural crest (CNC)] can differentiate into many more 
types of tissues than the spinal neural crest (Noden 1988; 
Langille and Hall 1993; LeDouarin et al. 1993). The neu- 
ral crest of the head and the body form the peripheral 
nervous system (PNS) (Bronner-Fraser and Fraser 1989; 
LeDouarin et al. 1993), whereas only the CNC contrib- 
utes to skeleton, muscles, and blood vessels (Baroffio et 
al. 1991). Thus, the CNC is involved in major aspects of 
craniofacial development, and many of the morphologi- 
cal features that characterize the vertebrate head are pat- 
terned by the CNC. The developmental program of the 
CNC is determined while these cells are still in the brain 
(Noden 1983). 

4Corresponding author. 

There are three major transverse subdivisions of 
the brain: the hindbrain, midbrain, and forebrain. The 
anterior part of the embryonic hindbrain is subdivided 
into seven segments, the rhombomeres (Lumsden et al. 
1991). CNC from pairs of rhombomeres generally mi- 
grate ventrally, some associating with ectodermal pla- 
codes to give rise to the cranial sensory ganglia; others 
migrate more ventrally to become the mesenchyme of 
the branchial arches, where they form skeletal, muscu- 
lar, and vascular structures (Lumsden et al. 1991; 
Sechrist et al. 1993). 

There is increasing evidence that many aspects of 
hindbrain and branchial arch development are controlled 
by the Hox family of homeo box genes. Although Hox 
genes from paralogue groups 1, 2, 3, and 4 are expressed 
in the rhombencephalon (Krumlauf 1993), mutations in 
some affect development of the hindbrain (Hox-al) (Car- 
penter et al. 1993; Dolle et al. 1993) and mutations in 
others (Hox-a2 and Hox-a3) appear not to disrupt the 
CNS (Chisaka and Capecchi 1991 ; Gendron-Maguire et 
al. 1993; Rijii et al. 1993). Mutations in all of these Hox 
genes do affect development of the CNC, although they 
influence different subsets of these cells. For instance, 
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loss of Hox-a1 function mainly affects neurogenic CNC Results 
(Lufkin et al. 199 1 Chisaka et al. 1992), and loss of Hox- 
a2 primarily alters mesenchymal CNC-derived tissues 
(Gendron-Maguire et al. 1993; Rijii et al. 1993). The Hox 
genes are not expressed in regions rostral to rhombomere 
2, which is near the hindbrainlmidbrain junction and are 
not expressed in the first branchial arch; therefore, other 
genes must control development of the mesencephalon, 
prosencephalon, and craniofacial regions rostral of the 
second branchial arch. 

The midbrain (mesencephalon) is the second major 
brain subdivision. CNC derived from the midbrain and 
rhombomeres 1, 2, and 3 form the trigeminal ganglion 
and populate the first branchial arch (Lumsden et al. 
1991). There is also evidence that mesencephalic CNC's 
contribute to the development of the eye (Matsuo et al. 
1993). Several types of homeo box genes are expressed in 
the midbrain, including vertebrate homologs of the en- 
grailed (En-1 and En-2) (Davis and Joyner 1988), ortho- 
dentical (Otx-1 and Otx-2), and empty spiracle (Emx-2) 
genes (Simeone et al. 1992). Mutations in the En-1 and 
En-2 genes disrupt development of the midbrain and ros- 
tral rhombencephalon (Joyner et al. 1991; Wurst et al. 
1994), but no phenotype has been reported in the bran- 
chial arches. There are other mouse homeo box genes 
that are expressed in the CNC that populates the first 
branchial arch. These include five distal-less genes (Dlx- 
I, Dlx-2, Dlx-3, Dlx-5, and Dlx-6) (Porteus i t  al. 1991; 
Price et al. 1991; Robinson et al. 1991; Simeone et al. 
1994; Robinson and Mahon 1994) as well as the Msx-1 
and Msx-2 (MacKenzie et al. 1991), MHox (Cserjesi et al. 
1992), and Gsc (Gaunt et al. 1993) genes. Mutation of 
Msx-1 and MHox disrupts development of CNC-derived 
tissues of the first arch (Satokata and Maas 1994; Martin 
et al. 1995). 

The forebrain is the rostral-most subdivision of the 
central nervous system (CNS). There are at least 25 ho- 
meo box genes that are expressed in regionally restricted 
patterns in the forebrain, whose boundaries are consis- 
tent with a prosencephalic segmental organization 
(Rubenstein and Puelles 1994). Among them are the 
members of the Dlx, Emx, and Otx families that are 
related to genes expressed in segmental patterns in the 
embryonic fly head. 

Here we describe the functional analysis of the murine 
Dlx-2 homeo box gene. Dlx-2 is primarily expressed in 
the neurogenic and chondrogenic CNC and in the fore- 
brain. Loss of Dlx-2 function disrupts development of 
subsets of these cells. In the forebrain, loss of Dlx-2 func- 
tion does not clearly alter regional specification but does 
reveal that Dlx-2 controls development of at least one 
cell type, the periglomerular cells of the olfactory bulb. 
Derivatives of the proximal region of the first branchial 
arch are affected most severely by the mutation, and a 
subset of the affected bones have morphologies similar 
to those found in reptiles. Thus, Dlx-2 regulates regional 
specification of the CNC that populates the maxillary 
branch of the first arch, and loss of Dlx-2 function ap- 
pears to transform several skeletal elements toward 
more primitive evolutionary forms. 

Generation of mice with a deletion in the Dlx-2 gene 

To determine the role of the Dlx-2 gene, we used homol- 
ogous recombination in embryonic stem (ES) cells 

(Thomas and Capecchi 1987; Joyner 1994) to generate a 
strain of mice that has a deletion in Dlx-2. A schematic 
of the genomic organization of Dlx-2 is shown in Figure 
lA, which is based on nucleotide sequence analysis of 
Dlx-2 (T. McGuinness, M.H. Porteus, and J.L. Ruben- 
stein, unpubl. ). Using this information, we constructed a 
gene replacement vector designed to make an -5-kb de- 
letion in Dlx-2 (Fig. IA). This deletion removes the se- 
quence encoding 199 of 331 of the DLX-2 amino acids 
(including the homeo domain). 

The gene replacement vector was electroporated into 
ES cells, and we analyzed 250 independent clones by 
Southern blot analysis (Fig. 1B) with a probe that comes 
from the region flanking the 5' end of the Dlx-2 se- 
quences in the replacement vector (probe A in Fig. lA)j  
Eleven ES clones were identified that had the predicted 
deletion in one Dlx-2 allele and were further confirmed 
with another flanking probe (probe B, Fig. 1A; data not 
shown). Four clones were injected into blastocysts to 
produce chimeric mice. Each of these produced highly 
chimeric offspring that passed the mutant allele through 
their germ line (Fig. 1B). Mice heterozygous for the Dlx- 
2-DSlneo are indistinguishable from wild-type litter- 
mates. Heterozygotes were mated to generate mice that 
were homozygous for the Dlx-2-DSlneo allele. 

To verify that the wild-type -2.6-kb Dlx-2 transcript 
is missing in the mutant mice, the RNA was probed with 
a DNA fragment (probe 2, Fig. 1A) from a portion of the 
Dlx-2 gene that had been deleted. Figure 1C shows that 
this probe detects the expected -2.6-kb transcript in 
wild-type but not in Dlx-2-D5lneo homozygotes. In ad- 
dition, immunohistochemistry with anti-DLX-2 anti- 
bodies showed no staining in Dlx-2-D5lneo homozy- 
gotes (data not shown). 

Dlx-2-D51neo homozygotes die the day of birth 
and have gross craniofacial and gastrointestinal 

abnormalities 

Dlx-2-D5lneo homozygotes from four independent cell 
lines had indistinguishable phenotypes in both hybrid 
( 129 x CD 1 ) and inbred ( 129) genetic backgrounds. We 
performed a detailed phenotypic characterization on the 
progeny of two founder ES cell lines (39 and 73). 

Genotype analysis of the offspring from heterozygote 
crosses showed Mendelian segregation ratios in prenatal 
and newborn mice (102:204: 113, + I +, + 1 -, - / - ). 
This demonstrates that Dlx-2-DSlneo homozygotes do 
not die in large numbers in utero. However, all Dlx-2- 
DSlneo homozygotes die within 24 hr after birth. The 
newborn Dlx-2-DSlneo homozygotes had decreased 
spontaneous movements, gasping respiration, and cya- 
notic skin. They do not nurse, and they accumulate air 
in their stomachs and intestines after birth (Fig. 2F), and 
gradually weaken and die. 
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The massive distention of their proximal gastrointes- 

tinal tract could be caused by a structural obstruction, an 
abnormality in gut motility, or the swallowing of exces- 
sive air. Whereas we found no evidence for a structural 
obstruction, we observed that the small intestine in the 
newborn (PO) homozygotes showed much less peristal- 
sis, implying a defect in the enteric neuromuscular sys- 
tem. Dlx-1 and Dlx-2 are expressed in the enteric ner- 
vous system during midgestation (Fig. 2C,D) (Dlx-2 is 
expressed in intestinal enteric neurons, although this is 
not shown clearly in Fig. 2D). In Dlx-2-D5lneo homozy- 
gotes at embryonic day 14.5 (E14.5), expression of Dlx-1 
is lacking in the gut (Fig. 2E), implying that the cells 
normally expressing Dlx-1 were either missing or not 
properly differentiated. 

The external anatomy of Dlx-2-D5lneo homozygotes 
showed that -80% of the Dlx-2-DS/neo homozygotes 
had a cleft secondary palate (Fig. 3B-D). A study of the 
morphology of the skull, described in the next section, 
revealed extensive abnormalities that may cause the 
cleft palate. 

The Dlx-2 mutant mice exhibit abnormal craniofacial 
bones 

Previously, we reported that Dlx-2 is expressed in CNC 
cells, which probably originate from the hindbrain and 
possibly the mesencephalon, and migrate into the bran- 
chial arch region (Bulfone et al. 1993a). Dlx-2-expressing 
CNC cells are found in the developing craniofacial gan- 
glia (neurogenic CNC) and mesenchyme (mesenchymal 
CNC). Mesenchymal CNC cells contribute to several 
tissues, including craniofacial bones, cartilage, and teeth 
(Noden 1988; Langille et al. 1993; LeDouarin et al. 1993). 
We used the alizarin red S and alcian blue method 
(McLeod 1980) to differentially stain bone (red) and car- 
tilage (blue) in the skeletons of prenatal and newborn 
(PO) pups. Comparison of -60 skeletons revealed no 
morphological differences between wild type and het- 
erozygotes. However, all of the mutant homozygotes 
have multiple defects in a subset of the craniofacial 
bones and cartilages (Figs. 3-5). 

The structure of several bones and cartilages is consis- 
tently altered, although detailed aspects of their shapes 
vary from individual to individual. In the following sec- 
tion, we describe the alterations in the skulls of animals 
ranging in age from E14.5 to PO. 

Components of the skull are generally categorized into 
three groups that have distinct embryological andlor ev- 
olutionary relationships: the neurocranium, the splanch- 
nocranium, and the dermatocranium. The neurocranium 
and splanchnocranium form from cartilaginous interme- 
diates; therefore, these bones are classified as the chon- 
drocranium. Dermatocranial bones, also called mem- 
brane bone, ossify in a noncartilaginous mesenchyme. 
The neurocranium forms the base of the skull and the 
capsules that surround the sense organs (eyes, ears, and 
olfactory epithelium), whereas the splanchnocranium 
originated as the skeleton of the branchial arches (Bar- 
ghusen and Hopson 1979). Dermatocranial bones encase 

the neuro- and splanchnocranial structures, and form the 
roof of the skull (Couly et al. 1993). Splanchnocranial 
and dermatocranial bones are derived from CNC, 
whereas only some bones of the neurocranium are CNC 
derived (Couly et al. 1993). During vertebrate evolution, 
skull bones have been altered that create species-specific 
skeletal changes. The CNC-derived bones show dra- 
matic morphological variations between species. For in- 
stance, components of the splanchnocranium produce 
mammalian-specific structures: the middle ear bones 
(incus, malleus, and stapes) and the alisphenoid (which 
forms part of lateral skull wall). Loss of Dlx-2 function 
has a profound effect on the development of many of 
these CNC-derived structures. We have subdivided the 
description of our analysis of the Dlx-2 mutants into 
alterations of these classes of bones and cartilage, which 
are summarized in Table 1. 

Neurocranial analysis Studies in birds have demon- 

strated that rostral to the end of the notochord (pre- 
chordally), the neurocranium is formed from CNC, 
whereas parachordal neurocranial structures are of me- 
sodermal origin (Couly et al. 1993). Extrapolation of the 
avian results to the mouse suggests that the most rostral 
mesodermal component of the murine neurocranium 
would be the basisphenoid. Lateral to the basisphenoid 
are CNC-derived structures. In PO wild-type and het- 
erozygote animals, the basisphenoid is ossified and con- 
nected at its lateral aspects with cartilaginous compo- 
nents of the alisphenoid (Fig. 3E), and is connected with 
other components of the neurocranium by cartilaginous 
bridges; the presphenoid is rostral, and the basioccipital 
is caudal to the basisphenoid (Fig. 3C,E). From the caudal 
part of these processes arises the alicochlear commissure 
(ACC) that contacts the otic capsule. The primordia of 
these structures can clearly be seen at E14.5 (Fig. 3A,B). 
Lateral to the basisphenoid is the knob-like basitrabec- 
ular process (BT). Articulating with the BT is the ala 
temporalis (AT) and the ACC. The AT contributes to 
part of the alisphenoid (Presley 198 1J.The lateral aspects 
of the basisphenoid are altered in the mutant mice (Figs. 
3B,D,F,G,H,J,L and 5B; see legend for details). 

Splanchnocranial a1 terations The mutant PO animals 
have abnormalities in boneslcartilages derived from the 
proximal (dorsal) parts of the first and second arch (see 
Table 1). The first arch has two major subdivisions: the 
maxillary (considered as dorsal or proximal) and the 
mandibular (considered as ventral or distal). It is gener- 
ally believed that maxillary mesenchyme gives rise to 
the pterygoquadrate cartilage of lower vertebrates (Bar- 
ghusen et al. 1979; de Beer 1985), which is homologous 
to several separate mammalian bones (part of the al- 
isphenoid and incus) (Barghusen et al. 1979; de Beer 
1985). The mandibular mesenchyme gives rise to Meck- 
el's cartilage, whose dorsal region forms the malleus in 
mammals. 

In the first arch, only the maxillary derivatives are 
abnormal in the mutant mice, which can clearly be seen 
at E14.5, E16.5, and PO (Fig. 3). The major abnormalities 
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Figure 1. (A) Structure of the Dlx-2 gene B. 
and targeting vector. (Top line] Diagram of 
the genomic organization of Dlx-2 on 
mouse chromosome 2 and gene replacement ES Clones F2 Progeny 

strategies for targeting Dlx-2. Open boxes - - - - 

represents exons; the blackened regons of : = - -  - i 

those boxes correspond to the homeo box in 
? * * *  

exons two and three. Probes A and B were 

clone; probe 1 corresponds to the part of 
- _I - 

exon 1 that is not deleted in the mutant al- Probe A Prohe R Probe B 

lele, and probe 2 corresponds to exon 3 that 
is deleted in the mutant allele. (Middle line) C. 
Diagram of the Dlx-2 targeting vector, + "  
showing the PGKneo cassette (solid box 

2 : :  

with hatch marks; the white arrow shows 
the direction of transcription off of the PGK - 2 h K 

promoter) flanked by fragments (4.5 and 8.5 
kb] from the Dlx-2 gene. The extent of the 
deletion in DIx-2 is indicated by the broken 
lines that connect the top and middle dia- GAPDH- I ?K 

grams. The PGKtk cassette (TK) is shown to 
the left of the 5- Dlx-2 fragment. (Bottom line) Diagram of the structure of the mutant DIx-2 allele (Dlx-2-DS/neo). Abbreviations: 
[B] BamHI; (E) EcoRI; (HcII] HincII; (Xb) XbaI. (BJ Genotyping by Southern analysis of ES clones and F, animals. Genomic DNA 
isolated from ES cells (clones 11,39,40) or mouse tails was either digested with EcoRI plus SalI and hybridized with probe A, or digested 
with BamHI and hybridized with probe B [probes A and B are defined above]. [ + )  The wild-type allele; ( - 1  the mutant allele. [C] 
Northern analysis of Dlx-2 expression in the mutant animals. Two micrograms of poly(A) + RNA from an entire E14.5 embryo, isolated 
from wild-type ( + / + ), heterozygote ( + / - 1, and homozygote ( - / - ) animals, was hybridized with a probe from the deleted region 
(probe 2 in A). The same membrane was then rehybridized with GAPDH as an internal control for the quantity of RNA. The RNA 
expression level in heterozygote is approximately half of that in wild type; no expression is found in the homozygote. 

the flanking probes used for genotyping the * K h  - 

mutant ES cells and mutant mice. Probes 1 6 ~h - 
and 2 were isolated from a Dlx-2 cDNA 

include a deletion in most of the alisphenoid, abnormal 
morphology of the incus, and the formation of a novel 
ectopic cartilage (see legend to Fig. 3 for details). The 
shape, position, and articulations of the ectopic cartilage 
led us to hypothesize that it is homologous to the ptery- 
goquadrate, the splanchnocranial element of the maxil- 
lary arch of nonmammalian vertebrates. 

Dorsal (proximalj second arch bones/cartilages are 
also abnormal, whereas ventral structures are unaf- 
fected. The second arch forms Reichert's cartilage, 
which dorsally gives rise to the stapes and the styloid 
process, and ventrally forms part of the hyoid bone (Bar- 
ghusen et al. 1979; de Beer 1985). In mutant PO animals, 

*T 

the stapes lacks a central hole [Figs. 4H and 5B,D) and 
the styloids lack their connection with the otic capsule 
(Figs. 4B and 5B,D). The incus and stapes abnormalities 
would cause abnormalities in hearing. 

Dermatocranial alterations These bones contribute to 
the formation of the ventral surface, lateral wall, and 
roof of the skull [Couly et al. 1993). Abnormalities in the 
morphology of the maxillary, palatine, pterygoid, 
squamosal, and jugal dermatocranial bones alter the 

temporal wall and the ventral surface of the skull in 
mutant PO animals. These abnormal dermatocranial 
bones are topologically related to the abnormal neuro- 
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Figure 2. Abnormal phenotypes of neuronal derivatives of the CNC in Dlx-2 null mutant animals. (A,B) Abnormal arborization of the 

mandibular branch of trigeminal nerve in E10.5 mutant embryos. Wild type (A) and homozygous embryos ( B )  were studied by 
immunohistochemistry with an anti-aN-catenin antibody. A subpopulation of fibers from the mandibular branch of the trigeminal 
nerve take an abnormal course (indicated by arrows). Ectopic fiber growth is also seen in the facial (VII) nerve (arrow). Abbreviations: 
(Va) Ophthalmic branch of trigeminal nerve; [Vb) maxillary branch of trigeminal nerve; (Vc) mandibular branch of trigeminal 
nerve; (VII) facial nerve; (M) glossopharyngeal nerve. Bar, 50 pm. [C-E) Expression of Dlx-2 and Dlx-1 in the enteric neurons of normal 
and D k - 2  mutant embryos studied using in situ RNA hybridization. (C) Dlx-I expression in the enteric neurons of E14.5 wild-type 
embryos, as indicated by arrows. (D) D1x-2 expression in the enteric neurons [arrow) of E12.5 wild-type embryos. (E) Dlx-I expression 
is absent in the enteric neurons of a mutant E14.5 embryo, although Dlx-1 expression in forebrain was not altered in the same embryo 
(see Fig. 6BJ. Bar in E, 100 pm. Efforts to identify abnormalities in the enteric nervous system late in gestation have not uncovered 
specific defects. For instance, there was normal immunohistochemical staining of the myenteric and Auerbach plexi using anti-nitric 
oxide synthase (data not shown). (F) Mutant newborn mouse has massive air accumulation in its digestive tract. 

cranial and splanchnocranial structures. The roof of the 
skull appears normal in the mutants. 

The zygomatic arch is a characteristic feature of the 
temporal wall of the mammalian skull. It is formed by an 
articulation between the squamosal, jugal, and maxillary 

bones (Fig. 4AJCJE)j this structure is altered in the Dlx-2 
mutants. In the mutants, the squamosal and jugal bones 
are replaced with four bones that we have named bones 
1,2,3, and 4 (Figs. 4DJF and SD). These four bones appear 
at different times during development (bones 1 and 2 on 
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-El 5.5 and bones 3 and 4 on -E16.5) from independent 
ossification centers (Fig. 4F; data not shown). 

Alterations of three other dermatocranial bones (max- 
illary, pterygoid, and palatine) transform the morphology 
of the ventral surface of the skull. In general, the caudal 
aspects of the palatine bones and the medial parts of the 

maxillary bones are reduced in size (Fig. 3F,G). The 
pterygoids are rostrally displaced, smaller than normal, 
and contact the BT and Strut (Fig. 3F,G,H). The maxil- 
lary, palatine, and pterygoid changes lead to cleft second 
ary palate in -80% of the mutant homozygotes (Fig. 
3F,G,H), which predisposes to aspiration of oral contents. 

Figure 3. (See facing page for legend.) 
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The Dlx-2 mutants exhibit an abnormal trajectory 

of  the trigeminal nerve 

CNC also participates in the formation of the PNS of the 
head, including the trigeminal ganglia, the facial ganglia, 
and the glossopharyngeal ganglia. Dlx-2 is expressed in 
nests of cells on E9.5, which we have interpreted previ- 
ously as being in the primordia of the trigeminal and 
faciacoustical ganglia (Bulfone et al. 1993a). The PNS of 
E9.5-E11.5 embryos was studied using a monoclonal an- 
tibody against aN-catenin, a cadherin-associated mole- 
cule preferentially expressed in neurons (Uchida et al. 
1994). As shown in Figure 2A, the trigeminal nerve con- 
sists of three branches: the ophthalmic, maxillary, and 
mandibular. Comparison of the Dlx-2-D5lneo homozy- 
gotes with their littermates revealed a subtle but consis- 
tent change in the arborization pattern only in the man- 
dibular branch. In all of the homozygous mutant mice, as 
the nerve enters the mandibular arch, some fascicles di- 
verge from the normal pathway and appear to grow to- 
ward the lateral surface of the proximal mandibular arch 
(Fig. 2B). No significant differences have been found in 
the ophthalmic and maxillary branches of the trigeminal 
nerve between the normal and homozygous mice. The 
facial nerve (nerve VII) in the second arch also showed 
some abnormalities in its branching patterns (Fig. 2B). It 
is not clear at present whether the abnormal trajectories 
of the nerves are caused by defective neuronal differen- 
tiation or altered enviromental cues. 

Dlx-2 loss of function alters differentiation 

i n  the olfactory bulb but does not alter regional 
specification of the forebrain 

Dlx-2 is expressed in two spatially restricted domains of 
the embryonic forebrain beginning at -E9.5 (Bulfone et 
al. 1993a), suggesting that it could play a role in regional 
specification, morphogenesis, and differentiation. To 

evaluate these possibilities, we compared the morphol- 
ogy, histology, and patterns of gene expression in wild- 
type and Dlx-2-D5/neo homozygous mice at E14.5 and 
PO. Comparison of cresyl violet-stained tissue sections 
from these two stages failed to reveal morphological or 
histological differences. 

To determine the fidelity of regional specification in 
Dlx-2-D5lneo homozygotes we studied the expression 
of a number of genes whose expression is restricted to 
distinct domains. To characterize specification of the do- 
mains where Dlx-2 is expressed we examined the expres- 
sion of Dlx-1 and Dlx-5 (Fig. 6A-D), which are expressed 
in nearly identical patterns to Dlx-2 (Bulfone et al. 
1993b; Simeone et al. 1994). Nkx-2.1 expression was ex- 
amined because it is coexpressed with Dlx-2 in the me- 
dial ganglionic eminence (MGE) (Fig. 6E,F) (Price et al. 
1992). Finally, we examined Emx-1 expression (Fig. 
6G,H) because it is a marker of the dorsal telencephalon 
(cerebral cortex), a domain that shares a boundary with 
Dlx-2 expression in the lateral ganglionic eminence 
(LGE) (Simeone et al. 1992; Rubenstein and Puelles 

Figure 3. Realistic (A-H) and schematic (I-L) ventral view of the wild type (A, C, E, K, I), and Dlx-2 mutant (B, D, F, G,!, L)  newborn skulls 

at different developmental stages (A,B, E14.5; C,D, E16.5; E-H, PO). The dentary, hyoid, and roof bones were removed to enhance the 

view of the cranial base. (I-L) With particular emphasis on the region containing the trigeminal ganglion (cavum epipterygum). I and 

1 highlight (in blue) some chondrocranial and splanchnocranial components (trigeminal ganglion and nerves are in yellow) of E14.5 

embryos. K and L highlight cartilage (blue) and bones (red) derived from chondrocranial and splanchnocranial components of newborns 

(PO). 1 and L show loss of the proximal ala temporalis and the appearance of the PQ and strut in the mutant. Details of the 

chondrocranial alterations: The lateral aspects of the basisphenoid are altered in the mutant mice (B,D,F,G,H,\,L). The overall shape 
of the basisphenoid is normal, as are its rostral and caudal connections. Laterally the cartilaginous component of the alisphenoid is 

absent in all of the PO mutant animals. In addition, an osseous process, which we will term the strut (STR), extends laterocaudally from 

the basitrabecular process (BT) (B,F,G,H). It connects the basisphenoid with a novel cartilaginous structure (see below). Variations in 

the STR can be seen, which range from its absence (D) to having a thin connection with the BT (G), although -80% of skulls have at 

least one STR. It is unclear whether the STR is of neurocranial or splanchnocranial origin. Finally, the alicochlear commissure (ACC) 

is absent in -50% of the mutant skulls. In the first arch, only the maxillary derivatives are abnormal in the mutant mice. The 

ventromedial part of the alisphenoid is absent, and its lateral wing is malformed. This can be seen clearly at E14.5 (A,B,I,\). In the 

mutants, the alisphenoid (AL) is replaced by a more lateral cartilage (AT*), and an associated membrane bone (arrowheads in F,G,H). 

In addition the incus is misshapen in all of the mutant animals (missing its short process) (Fig. 4G,H), and it never articulates with 

the stapes. In about half the cases, the incus is fused at the position of its short process to a new elongated cartilage (Figs. 4H and 5D), 

that is lateral to the basisphenoid (F,G,H; also Fig. 5B,E). The shape of this new cartilage is somewhat variable, but its location and 

relationship with other bones are constant. In some cases, it is a continuous cartilage (F,G,H; and Fig. 4B), whereas in the other cases 

it is discontinuous (H i  and Fig. 4D). The new cartilage also articulates with several other structures. Its rostral process contacts the 

maxillary bone (F,G; and Fig. 4B); its ventromedial process extends towards the palatine bone (F,H). The new cartilage also has a caudal 
ventromedial process that is continuous with the (STR) (F,G,H,L; and Fig. 5B). Finally, its dorsal surface contacts the dermal bones in 

the temporal wall (D,F,G; and Figs. 4D and 5D). The shape, position, and articulations of the new cartilage lead us to hypothesize that 

it is homologous to the pterygoquadrate, the splanchnocranial element of the maxillary arch of nonmammalian vertebrates. Details 

of dermatocranial alterations: In general, the caudal aspects of the palatine bones and the medial parts of the maxillary bones are 

reduced in size (F,G). The pterygoids are rostrally displaced, smaller than normal, and contact the BT and STR (F,G,H). Abbreviations: 

(AL) Alisphenoid; (AT) ala temporalis; (basal p.) basal process; (BO) basi~occipital~ (BS) basisphenoid; (BT) basitrabecular process; (E) 
eyeball; (EO) exo-occipital; (AT*) epipterygoid processj (ethm. p.) ethmoid process; (fc) carotid foramen; (fo) foramen ovale; (fr) foramen 

rotundum; (I) incus; (J)  jugal; (lo) lamina obturans; (M) malleus; (Mc) Meckel's cartilage; (Mx) maxilla; (0) otic capsule; (OC) occipital; 

(OF) optic foramen; (otic p.) otic process; (PL) palatine; (PO) postorbital; (PQ) pterygoquadrate; (PS) presphenoid; (P) pterygoid; (Px) 
premaxillary; (QJ) quadratojugal; (S) stapes; (SQ) squamosal; (Sty) styloid; (T) tympanic; (V) trigeminal ganglia (a, opthalmic; b, 
maxillary; c, mandibular branches). Bar, 1 mm. 
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1994). These studies, together with the whole-mount in 
situ RNA hybridization with Dlx-I and Dlx-5 in E10.5 
embryos (I.G. Ghattas and J.L.R. Rubenstein, unpubl.), 
did not reveal abnormalities in the expression of these 
molecular markers and suggest that regional specifica- 
tion within the forebrain is not significantly altered. 

To study cellular differentiation in the Dlx-2 express- 
ing structures, we examined the expression of several 
proteins that are found in specific types of neurons. 
These include nitric oxide synthase, tyrosine hydroxy- 
lase, parvalbumin, calbindin, calretinin, substance P, va- 
sointestinal peptide, neuropeptide Y, L-enkephalin, and 

- 

Figure 4 .  (See facing page for legend.] 
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choline acetyltransferase. Immunohistochemical analy- 
sis of tyrosine hydroxylase (TH) expression is clearly ab- 
normal in the olfactory bulb of Dlx-2-DSlneo homozy- 
gotes at PO (Fig. 7). Wild-type and heterozygote animals 
express TH in their periglomerular neurons, whereas TH 
expression was lost in eight independent Dlx-2-D5lneo 

homozygotes. Dlx-1 is also expressed in the periglomer- 
ular cells (Salinas and Nusse 1992). In situ RNA hybrid- 
ization shows that Dlx-1 continues to be expressed in 
the region of the periglomerular cells in Dlx-2-DS/neo 
homozygotes (data not shown). This suggests that the 
periglomerular cells are present but that either their 
state of differentiation or identity has been altered. 

Discussion 

Dlx-2 function i s  required in a subset of the tissues 
where i t  i s  expressed 

We show that loss of Dlx-2 function affects a subset of 
the tissues where it is expressed. For instance, whereas 
Dlx-2 mutants have profound craniofacial abnormalities, 
limb development is normal (Fig. 2F), despite its expres- 
sion in the ventral ectoderm of the limb bud (Bulfone et 
al. 1993a) and the important role of Dl1 in development 
of the fly limb (Cohen et al. 1989). 

The fact that many Dlx-2-expressing tissues are unaf- 
fected in Dlx-2-DS/neo homozygotes implies a genetic 
redundancy that may involve the other Dlx genes. The 
homeo domain sequences of the five known murine DLX 

proteins are nearly identical (Porteus et al. 1991 Price et 
al. 1991 ; Robinson et al. 1991; Simeone et al. 1994), sug- 
gesting that each of them is capable of binding to similar 
target nucleotide sequences. In addition, Dlx-1, Dlx-2, 
Dlx-5, and Dlx-6 have similar patterns of expression 
(Price et al. 1991 ; Robinson et al. 1991; Bulfone et al. 
1993bj Simeone et al. 1994), which further implies that 
loss of function of one Dlx gene can be at least compen- 
sated partially for by the presence of the other Dlx ho- 
mologs. However, because loss of Dlx-2 function leads to 
severe abnormalites, we hypothesize that each of these 
genes has a unique function in a subset of the tissues 
where it  is expressed. The unique and redundant func- 
tions of the Dlx-1 and Dlx-2 genes are clearly demon- 

strated by comparing the phenotypes of Dlx-1 mutant, 
Dlx-2 mutant, and Dlx-1 and Dlx-2 double mutant ani- 
mals (M. Qiu, A. Bulfone, and J.L.R. Rubenstein, un- 
publ.). 

Loss of Dlx-2 expression results in abnormal 

development of  a specific forebrain cell type 

Dlx-2 expression in the embryonic forebrain is tempo- 
rally and spatially regulated (Bulfone et al. 1993b; 
Puelles and Rubenstein 1993; Rubenstein et al. 1994). 
However, we have not found any evidence for the role of 
Dlx-2 in regional specification and morphogenesis. On 
the contrary, we have demonstrated that in most Dlx-2- 

DSlneo homozygotes, expression of TH in the PO olfac- 
tory bulb is not detectable (Fig. 7). In the olfactory bulb 
this enzyme is predominantly expressed in the periglom- 
erular cells (Farbman 1991). The absence of TH expres- 
sion could be caused by several mechanisms. These in- 
clude absence of all or a subset of periglomerular cells or 
abnormal expression of TH in these cells. The absence of 
periglomerular cells could be caused by cell death or by 
failure to migrate into the olfactory bulb from the ven- 
tricular zone of the anterior lateral ventricle (Luskin 
1993). Abnormal expression of TH could be attributable 
to an immature phenotype or to an alternate cell fate, or 
to dependence of TH expression on the DLX-2 protein. 
Alternatively, there is evidence that TH expression de- 
pends on normal innervation of the periglomerular cells 
by the olfactory afferents (Farbman 1991). Thus, Dlx-2 

could alter the ability of the periglomerular cells to form 
functional synapses with the olfactory afferents. We ob- 
serve Dlx-1 expression in the region of the periglomeru- 
lar cells in the Dlx-2-DSlneo homozygotes suggesting 
that the precursors for these cells have migrated into the 
correct position. We are presently performing experi- 
ments designed to study the differentiation and innerva- 
tion of the periglomerular cells. 

Defects in the skull, trigeminal ganglion, and enteric 
nervous system show that Dlx-2 has an essential role 

in the  differentiation of the CNC 

Dlx-2 is expressed in the CNC from the rhombenceph- 
alon beginning -E8.5 (Bulfone et al. 1993b; K. Shimam- 

Figure 4. Lateral views of the skull and middle ear bones. (Left) Wild-type (A,C,E,G); (right] homozygous mutant (B,D,F,H). In the 

mutant (B), the elongated cartilage (PQ*), extends from incus to the maxillary region. The styloid cartilage (SY] is normally connected 

to otic capsule (A] but is separated from the otic capsule in the mutants (B). (C,D) The temporal region in greater detail. (C] is a higher 

magnification of A, whereas D shows the temporal wall in a mutant different than in B. In the Dlx-2 mutants, the squamosal (SQ] and 

jugal (J ) are replaced with four new bones, 1, 2, 3, and 4. In the region of the squamosal are two bones (1 and 2). Just rostra1 to bones 

1 and 2 are bones 3 and 4, whose shapes resemble bones 1 and 2. Also note that the ventromedial part of the alisphenoid (AL) is missing 
in D. (E,F] The temporal walls of the wild-type and mutant E16.5 embryos. Four independent ossification centers (1,2,3,4) can be seen 

in the mutant, whereas only two can be seen in the wild type (SQ, J). (G,H] The middle ear bones dissected from normal (GI and 
homozygous mutant (H) samples. The stapes (S) is misshapen and has lost its central hole in the mutants. Also, the incus is fused with 

the pterygoquadrate (PQ]. The malleus (M), tympanic (TI, and gonial (GI bones appear to be normal in the mutants. The different shapes 

of the gonial bones are attributable to different photographic angles. Additional abbreviations: (Mx) maxillary; (0s) orbitosphenoid; 
(PR) parietal. Bar, 1 mm. 
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Figure 5. Comparison of the alterations in Dlx-2 mutant skulls to wild-type mouse and synapsid skulls. (A,B) ventral view of base 

of skull of wild-type and mutant PO skulls; (C,D] lateral view. (Yellow] dermatocranium; (red] maxillary splanchnocranium; (green) 

second arch splanchnocranium; the blue arrow shows the cleft of palatine bones in the mutants. (El The four processes of the 
pterygoquadrate in the mutant mice. (F) The temporal wall of synapsids, the reptilians ancestors of mammals; cf. the arrangement of 

the dermatocranial bones in the mutant (Dl. Development, evolution, and alteration of the alisphenoid. The alisphenoid has two 

components: splanchnocranial and membranous. During its development, the splanchnocranial part is known as the ala temporalis 

(AT] (Fig. 3A,C). This cartilage may correspond to the epipterygoid component of the pterygoquadrate found in mammal-like reptiles 

(Presley et al. 1976; Presley 198 1; Novacek 1993). The membrane bone component of the alisphenoid may be equivalent to the lamina 
obturans [LO) found in monotreme mammals (Fig. 3C,H,L]. At present, it is uncertain whether this membrane bone is novel to 

mammals or whether it is related to a bone found in the reptile group (cynodonts] from which mammals are derived [Presley and Steel 

1976; Presley 1981; Novacek 1993). In the mutants, the medial part of AT (splanchnocranial precursor of the alisphenoid) is missing, 
but a lateral cartilaginous fragment remains (AT*, Fig. 3D,F,G,H), We suggest that this fragment is a remnant of the AT, as supported 

by its location and constant association with a dermal bone in the position of lamina obturans (see arrowhead in Fig. 3F,G,H). 

Abbreviations: (ACC) alicochlear commissure; (AL) alisphenoid; (BO) basisoccipital; (BS) basisphenoid; (BT) basitrabecular process; 
(EO) exo-occipital; (EP] epipterygoid; (epipt. p.] epipterygoid process (AT']; (ethm. p.) ethmoid process; (fo) foramen ovale; (fr) foramen 

rotundum; (I] incus; (J )  jugal; (Mc) Meckel's cartilage; (Mx) maxilla; (0) otic capsule; (OC) occipital; (PL] palatine; [PO] postorbital; (PQ] 

pterygoquadrate; (P) pterygoid; (Q] quadrate; (QJ) quadratojugal; [S] stapes; (SQ) squamosal; (Sty) styloid; (TI tympanic. 

ura and J.L.R. Rubenstein, unpubl.). This is consistent 
with alterations in the morphology of first and second 
branchial arch-derived structures in the Dlx-2 mutants. 
CNC contributes to several tissues, including bone, car- 
tilage, cranial ganglia, enteric neurons, meninges, and 
muscle in the arches (Noden 1988, Langille et al. 1993; 

LeDouarin et al. 1993). Loss of Dlx-2 function results in 
defects in many of these derivatives, including specific 
bones and cartilages, trigeminal axons, and enteric neu- 
rons. The largest abnormalities lie in the skull whose 
defects we discuss separately. 

Although mutation of Dlx-2 causes severe defects in 
the CNC-derived tissues, the brain and other Dlx-2-pos- 
itive tissues have more subtle or no abnormalities. Sim- 
ilar findngs are found for mutations of other homeo box 
genes such as Hox-a2, Hox-a3, and Msx-1 (Chisaka and 

Capecchi 1991; Gendron-Maguire et al. 1993; Rijii et al. 
1993; Satokata et al. 1994). It appears as though the CNC is 
particularly sensitive to mutations in homeo box genes, 
whereas redundancy may protect the CNS from major phe- 
notypic alterations attributable to mutations in a single 
homeo box gene. This implies that the derivatives of the 
CNC are capable of evolving more rapidly than the CNS, 
which is consistent with the idea that there may be a se- 
lective advantage to being able to modify the fate of the 
CNC while only slightly altering the fate of the CNS. 

Dlx-2 is part of the homeo box gene code 
for branchial arch morphogenesis: role in 
proximodistal patterning 

The role of homeo box genes in craniofacial development 
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Table 1. A summary of abno~malities of craniofacial bones in the Dlx-2 mutants 

First archa 

proximal distal 

Second archa 

proximal distal 
- 

Splanchnocranium incus (quadrate) ( - ] Meckel's cartilage stapes ( - ) hyoid (upper body and lesser 

alisphenoid (AT*Jb ( -  ] malleus styloid ( - ) horns) 

Dermatocranium maxillary ( - ] mandible no dermal bones are related 
to the second arch iugal 1 - 1 tympanic 

squamosal ( - ) gonial 
palatine ( - ) 
pterygoid [ - ) 

a( - ) Bones affected by the Dlx-2 mutation. 

b(AT*) Ala temporalis component of the alisphenoid. 

is suggested by their temporally and spatially restricted 
patterns of expression. Mutations in three Hox genes 
(Hoxa-I, Hoxa-2, and Hoxa-3) each cause distinct sets 
of craniofacial abnormalities. A combinatorial Hox code 
has been suggested for the control of the regional 
patterning of branchial arches (Krumlauf 19931, and 

the involvement of Hox genes in the specification of ros- 
trocaudal identities of the branchial arches is supported 
by the loss of function of Hoxa-2, which causes a ho- 
meotic transformation of the second arch into first-arch 
structures (Gendron-Maguire et al. 1993; Rijii et al. 
1993). 

Figure 6. Expression of homeo box genes 
in the head of wild-type (A,C,E,G] and 
Dlx-2 mutant (B,D,F,H) E14.5 embryos, 
studied bv in situ RNA hvbridization. No 
significant differences in the expression of 
these genes have been detected between 
wild-type and Dlx-2 mutant animals. 
Parasagittal sections were hybridized with 
Dlx-1 (A,BJ, Dlx-5 (C,D), Nkx-2.1 (E,FJ, and 
Emx-1 (G,H) cRNA probes. Bar, in H, 50 

pm. Abbreviations: (AC] archicortical pri- 
mordium; (LGE) lateral ganglionic emi- 
nence; (MGE] medial ganglionic eminence; 
(NC) neocortical primordium; (POA) preop- 
tic area; (SCH] suprachiasmatic area; (SE) 
septum; (TO) tooth primordium; (TU] tu- 
beral hypothalamus; (VT] ventral thala- 
mus; (ZL] zona limitans. 
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MUTANT 1-1-1 

Figure 7. Lack of TH expression in the 

periglomerular neurons in the olfactory 

bulb of the Dlx-2 mutants. Frontal sections 

of the wild-type and mutant newborn pups 

(PO) were used for immunohistochemistry 
with an anti-TH antibody. TH expression 

is detected in the periglomerular neurons 

of the wild-type pups (A,C],  but not in 

those of mutants (B,D]. C and D show the 

basal regions of A and B, respectively, at 
higher magnification (2.5-fold). 

Non-Hox homeo box genes may be involved in other 
processes of regional patterning, such as proximal-distal 
and medial-lateral patterning. In addition, the Hox genes 
are not expressed in the first arch, where Dlx-2 and other 
genes are candidate regulators. These genes include the 
entire Dlx family (Porteus et al. 1991; Price et al. 1991; 
Robinson et al. 1991; Beauchemin and Savard 1992; 
Dirkson et al. 1993; Papalopulu and Kintner 1993; Aki- 
menko et al. 1994; Simeone et al. 1994; Zhao et al. 1994), 
Msx-l and Msx-2 (MacKenzie et al. 19911, MHox 
(Cse jesi et al. 19921, and Gsc (Gaunt et al. 1993). These 
homeo box genes have distinct and overlapping expres- 
sion patterns in the branchial arches. For instance, Msx-1 
and Msx-2 are expressed in the mesenchyme of the me- 
dial part of the arches (MacKenzie et al. 1991; Mina et al. 
19951, whereas expression of the Dlx genes is localized 
more laterally (Bulfone et al. 1993a; Robinson and Ma- 
hon 1994; I.G. Ghattas and J.L.R. Rubenstein, unpubl.]. 
Their complementary expression patterns could explain 
why the Msx-1 and Dlx-2 mutations affect different cra- 
niofacial tissues (Satokata and R. Maas 1994; this paper). 
Furthermore, each Dlx gene has a unique expression pat- 
tern in the first two arches of the mouse and zebrafish 
(Bulfone et al. 1993; Akimenko et al. 1994; Robinson and 
Mahon 1994; I.G. Ghattas and J.L.R. Rubenstein, un- 
publ.]. Although all of the Dlx genes are expressed in the 
mandibular component (distal) of the first arch and the 
distal second arch, only Dlx-2 and Dlx-I have expression 
in the mesenchyme of the maxillary component (proxi- 
mal) of the first arch and proximal second arch (I.G. 
Ghattas and J.L.R. Rubenstein, unpubl.). As described in 
this report, only the proximal structures of the first and 
second arches are affected in the Dlx-2 mutants. The 
lack of alterations in the distal part of the first and sec- 
ond arches may be because Dlx genes, such as Dlx-3, 
Dlx-5, and Dlx-6 can compensate for the loss of Dlx-2 in 
these regions. 

Splanchnocranial and dermatocranial malformations 
in Dlx-2-DSIneo homozygotes are consistent with a 
transformation toward a reptilian-like morphology 

Dlx-2-D5/neo homozygotes have distinct splanchno- 
cranial and dermatocranial abnormalities (see Table 1). 
The splanchnocranium and dermatocranium of the 
proximal first and second branchial arches is either 
deleted or misshapen. In this section, we interpret these 
alterations in the context of evolution of the skull. 
In this regard, mutations of Hoxa-2 and MHox also lead 
to skull alterations that have been interpreted to cause 
evolutionarily related skeletal transformations 
(Gendron-Maguire et al. 1993; Rijii et al. 1993; Martin et 
al. 1995). 

The splanchnocranial bones and cartilages of the 
mouse are related to a cartilage that is present in each 
branchial arch in primitive vertebrates (Barghusen et al. 
1979). The second arch (hyoid arch) contains Reichardt's 
cartilage, which differentiates distally into the lesser hy- 
oid horns and the styloid ligaments and proximally into 
the stapes and styloid. The first arch cartilage is subdi- 
vided into distal and proximal parts. In mammals the 
distal part forms Meckel's cartilage and the malleus; the 
proximal part forms the incus and the alisphenoid, 
which are hypothesized to have evolved from the ptery- 
goquadrate csrtilage of lower vertebrates (Presley and 
Steel 1976; de Beer 1985; Feduccio and McCrady 1991; 
Novacek 1993). 

Dlx-2-D5/neo homozygotes display alterations in the 
proximal derivatives of the splanchnocranium from 
arches 1 and 2 (Table 1). Thus, from the first arch the 
alisphenoid and incus are abnormal and from the second 
arch the stapes and styloid are abnormal. Distal arch 1 
(Meckel's cartilage and the malleus] and arch 2 (lesser 
hyoid horns) structures are normal. 

Most of the alisphenoid is missing in this mutant 
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(Figs. 3F-H and 4D). The alisphenoid is unique to mam- 
mals; its origin is of considerable interest, as variations 
in its form characterize phylogenetic relationships in the 
evolution of mammals (Presley 1981). Furthermore, i t  is 
generally held that the alisphenoid is composed of two 
components: its ventrolateral part from the pterygoquad- 
rate cartilage (splanchnocranium) and its dorsolateral 
blade from a membrane bone (Presley and Steel 1976; 
Novacek 1993). Our data of wild-type mouse develop- 
ment support this idea (see legend to Fig. 5 for details). 

Another major change in the splanchnocranium of the 
mutants is the presence of a lateral cartilaginous bar. On 
the basis of its shape and relationships with other skel- 
etal elements (see Results), we hypothesize that this car- 
tilage is the homolog of the pterygoquadrate cartilage of 
lower vertebrates. The pterygoquadrate has four charac- 
teristic processes (otic, basal, epipterygoid, and ethmoid) 
(Barghusen and Hopson 1979); each is present in this 
new cartilage (Fig. 5E). The new cartilage is fused with 
the otic capsules (otic process). The connection of the 
new cartilage with the basisphenoid (the strut) could be 
homologous to the reptilian basal process. Another pro- 
cess extends medially to contact the palatine and ptery- 
goid bones (epipterygoid process, which we have labeled 
as AT* because of the similarity in its position to part of 
the AT in the wild-type animals). Finally, its rostra1 pole 
enters the ethmoidal region, similar to ethmoid process 
of primitive vertebrates. 

In at least half of the cases, the pterygoquadrate carti- 
lage is continuous with the incus, the mammalian ho- 
molog of the quadrate, which is an element of the ptery- 
goquadrate cartilage of primitive vertebrates (Fig. 4H). In 
mammal-like reptiles (cynodonts), the structures that 
are believed to be derived from the pterygoquadrate 
(epipterygoid and quadrate) are separate elements (Fourie 
1974). 

The dermatocranium is also abnormal in all of the 
Dlx-2 mutants. The jugal and squamosal bones, which 
normally constitute the temporal wall in the wild-type 
mice, are replaced by four bones in the mutants (Figs. 4 
and 5A-D). The shapes and positions of the new bones 
can be conceived as being related to the four dermal 
bones (squamosal, quadratojugal, postorbital, and jugal) 
in the temporal wall of reptiles and mammal-like rep- 
tiles (Figs. 4 and 5D,F) (Barghusen et al. 1979; Rieppel 
1993). 

Most of the proximal first-arch skeletal abnormalities 
found in the Dlx-2 mutants can be conceived as a trans- 
formation of this region of the skull toward a reptilian 
form. If this hypothesis is correct, it predicts that Dlx-2 

has an important role in the evolution of the proximal 
first arch. However, given that orthologs of Dlx-2 appear 
to be present in fish (Akimenko et al. 1994), frogs (Pa- 
palopulu et al. 1993), and chickens (G.P. Keleher and 
J.L.R. Rubenstein, unpubl.), it is likely that the mamma- 
lian Dlx-2 is not a novel gene. Thus, it is more probable 
that during vertebrate evolution, either the regulation of 
Dlx-2 expression and/or the response or activity of its 
target genes has been modified to yield the skull struc- 
tures that are distinctive to each vertebrate class. 

Materials and methods 

Construction of the Dlx-2 targeting construct 

Genomic DNA encoding the Dlx-2 gene was isolated by screen- 

ing a genomic library (from Anton Berns, Amsterdam, The 

Netherlands] made from the liver of strain 129 mice using a 

Dlx-2 cDNA (Porteus et al. 19911 as a probe. The targeting con- 

struct was made using pBS KS- as the cloning vector. The 

organization of the targeting vector is shown in Figure 1A. 

Briefly, a 4.5-kb Dlx-2 fragment (upstream of the HincII site in 

the first exon of Dlx-2) was ligated 5' to the positive selection 

gene cassette (PGKneo) (Tybulewicz et al. 1991). An 8-kb XbaI 

genomic fragment was subcloned 3' of the PGKneo cassette. 

The Dlx-2 replacement vector contains a -5-kb deletion that 

includes the homeo box and 3' coding sequences. Finally, a 
negative selection gene cassette [PGK-thymidine kinase 

(PGKtk); Johnson et al. (1989)l was inserted 5' to the 4.5-kb 

Dlx-2 fragment. 

Generating recombinant ES clones 

The targeting vector (20 pg) was linearized and introduced into 

the ES cells by electroporation (500 pF, 240 V); the cells were 

cultured on UV-irradiated neo-resistant ST0 cells. A new line of 

ES cells (JM-1)' generated from 1291SvJ mice (J.J. Meneses and 

R.A. Pedersen, unpubl.] was used in these experiments. Two 

days following electroporation, the ES cells were grown in 300 

pglml of G418 (GIBCO) and 0.2 p~ FIAU (Bristol Meyers) on 

ST0 cells for 1 week. The G418 and FIAU double-resistant 

clones were then picked, trypsinized, and divided into two 
plates for further culture; one plate was used for genomic DNA 

extraction and the cells in the replica plate were frozen. Geno- 

typing of the clones was performed using Southern analysis. For 

this purpose, DNA was isolated from individual clones using a 

Biotecx kit, digested with EcoRI and SalI, separated on a 0.8% 

agarose gel, transferred to Duralon UV membrane (Stratagene), 

and hybridized with probe A or B (Fig. 1A) under high stringency 

conditions (Sambrook et al. 1989). 

Generation and genotyping of the Dlx-2 mutant mice 

The ES cell lines containing mutations in one of the Dlx-2 al- 

leles were karyotyped and then injected into blastocysts iso- 

lated from C57BLIGJ mice, which were reimplanted into the 

uteri of pseudopregnant CD-1 mice (Joyner 19941. Male chime- 
ras were mated with C57BL6 females; germ-line transmission 

was assessed by scoring the F1 offspring for the agouti pheno- 

type and was verified by Southern analysis (see below]. Dlx-2- 

D5lneo homozygotes from four independent cell lines (39, 73, 

285, and 301) had indistinguishable phenotypes in both hybrid 

(129xCD1) and inbred (1291 genetic backgrounds. We per- 

formed a detailed phenotypic characterization on the progeny of 

two founder ES cell lines (39 and 73). 

F1 mice heterozygous for the Dlx-2 mutant allele were inter- 

crossed to produce F, progeny. Southern analysis and/or PCR 

was used to genotype these offspring. For Southern analysis, the 
genomic DNA was digested with BamHl and hybridized with 

probe B (Fig. 1A). For genotyping by PCR, two sets of PCR prim- 

ers were used. The primers for the wild-type allele amplify a 

fragment located in the 3'-coding region that is deleted in the 
mutant animals; their sequences are 5'-TCCGAATAGT- 

GAACGGGAAGCCAAAG-3' and 5'-CAGGGTGCTGCTCG- 
GTGGGTATCTC-3'. The PCR conditions for these primers are 

94°C for 2 min; 35 cycles of 94°C for 1 mini 58°C for 1 min; and 

72°C for 1 min and 30 sec. The other set of primers are located 

in the neo gene; their sequences are: 5'-CAAGATGGGATTG- 
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CACGCAG-3' and 5'-CATCCTGATCGACAAGAC-3'. The 
PCR conditions for these primers are 95°C for 2 min, 35 cycles 

of 95°C for 1 min, 61°C for 1 min, and 72°C for 1 min. 

Skeletal analysis 

Bone and cartilage preparations were performed as described by 

(McLeod 1980). 

Northern analysis and in situ RNA hybridization 

Northern analysis was performed using standard methods (Sam- 

brook et al. 1989). In situ hybridization was performed as de- 

scribed in Bulfone et al. (1993b). Dlx-2 expression was studied 

using three different probes: Probe 1 encodes -0.8 kb from the 

undeleted region in the 5' end of the cDNA (probe 1 in Fig. 1A); 

probe 2 (0.75 kb) encodes a region from the 3' end of the cDNA 

that is deleted in the mutants (probe 2 in Fig. lA)j probe 3 

encodes the full-length Dlx-2 cDNA. The Dlx-1 probe was gen- 

erated from a full-length (2.8 kb) Dlx-1 cDNA clone (A. Bulfone, 

Xu and J.L.R. Rubenstein, unpubl.). The Dlx-5 probe was pro- 

duced from a 1-kb cDNA containing its homeo box and 3' se- 

quences (J. Liu and J.L.R. Rubenstein, unpubl.). The Emx-I 
probe was transcribed from a 0.9-kb cDNA clone containing its 

homeo box region and the 3'-coding sequence (M. Qiu and J.L.R. 

Rubenstein, unpubl.). The Nkx-2.1 probe was generated from a 

2.6-kb cDNA clone (D. Hartigan and J.L.R. Rubenstein, un- 

publ.). 

Immunohistochemistry 

Immunohistochemistry was carried out as described by Uchida 

et al. (1994). E10.5 embryos from heterozygous intercrosses 

were isolated and immunostained with an anti-aN-catenin 

(NCAT-2) monoclonal antibody, which was kindly provided by 
Dr. M. Takeichi (University of Kyoto, Japan). 
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