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undulated extensive mice carry a deletion of at least 28.2
kb, removing the terminal Pax- exon including the poly(A)
signal. This mutation leads to a drastically reduced amount
of Pax-1 transcript. The similarity in phenotype between
un®* and the point mutation un suggests both to be function-
ally equivalent. A third mutant, Undulated short tail, har-
bors a deletion of at least 48.3 kb, eliminating the Pax-1 lo-
cus as well as 38 kb of flanking sequences. Phenotypically,
this mutant differs from un and un®*. The comparative phe-
notype analysis of all undulated alleles revealed morpho-
logical alterations in the vertebral column, the sternum, the
scapula, the facial skeleton, and the thymus that correspond
to Pax-I expression domains. The vertebral column pheno-
type is characterized by the reduction of vertebral compo-
nents. These reductions can be traced back to the delayed
cell accumulation in the embryonic sclerotome while the
principal organization of this tissue is maintained. The mor-
phological alterations outside the vertebral column are
likewise confined to size reductions. Therefore, Pax-I may
exert similar functions in all of its expression demains.
© 1995 Academic Press, Inc.

INTRODUCTION

Using 2 paired box probe of the Drosophila gooseberry
gene in homology screens, the murine Pax- gene was
the first vertebrate paired box containing gene to be iso-
lated in 1988 (Deutsch ef al., 1988). Meanwhile eight ad-
ditional Pax genes have been found in the mouse ge-
nome, constituting the murine paired box containing
gene family of transcription factors (for review see
Gruss and Walther, 1992). Sequence ecomparison sug-
gests the murine Pax genes to belong to four groups
{Gruss and Walther, 1992): the first group encompasses
Pax-1and possibly Paz-9 (Wallin et al., 1993), harboring
a paired box and an octapeptide. Pax-2 and -7 encode a
second type of paired domain and octapeptide, and in
addition a paired type homeodomain. Pax-2, -5 and -8
harbor a paired box, oetapeptide and a truncated homeo-
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box, while the Pax-4 and Pax-6 genes carry a divergent
paired and homeobox only. The same groups of paralo-
gous Pax genes have been identified in humans, birds,
zebrafish (reviewed in Gruss and Walther, 1992}, and in
Xenopus (Featherstone and Turner, 1991), suggesting
that the Pax gene functions are conserved among verte-
brates.

Within the family of Pax genes, Pax-1 displays unique
features not only by structural means. Like other Pax
genes expressed along the anteroposterior axis of the
embryo, no Pax-1 expression could be detected in the
central nervous system. More similar to the ciosest Dro-
sophila relative pox meso, Pax-11s mainly active in me-
sodermal tissues, particularly the developing vertebral
column (Deutsch ef al, 1988). Therefore the Pax-1 gene
has been thought to be a sclerotomal marker, involved
in the development of cartilaginous structures (Balling
et al, 1988). Nevertheless, the gene is also expressed in
the pharyngeal pouch endoderm and in facial structures
(Deutsch et al, 1988; Dietrich ef al, 1993, this study),
arguing for a function in processes that take place in
nonmesodermal tissues as well.

The spatial and temporal expression pattern of a gene
may serve as one criterion to propose possible gene func-
tions. More direct evidence can be obtained from pheno-
types associated with functional mutations of the gene.
In the case of Pax-1 this mutation experiment was done
by nature: the mouse mutant undulated carries a spon-
taneous point mutation in the paired box of Pax-I caus-
ing a single glycine-serine exchange (Balling et al,
1988). As a conseqguence, the DNA binding specificity of
the mutant protein tn vitrois altered and the DNA bind-
ing affinity drastically reduced (Chalepakis et ai,, 1991).
Corresponding to the Pax-7 expression in the developing
vertebral column, homozygous un/un animals exhibit a
characteristic shortened and kinky tail phenotype due
to irregularly shaped vertebrae and intervertebral discs
(Wright, 1947; Griineberg, 1963). The skeletal malfor-
mations are most cbvious in the lumbar region where
the vertebral bodies are strongly reduced or absent
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(Wright, 1947; Griineberg, 1963). The first alterations in
the un/un axial skeleton have been depicted at the mes-
enchymal stage of vertebral column formation at Day
11.5 pe when the medial sclerotome fails to develop the
ceil dense anlage of the intervertebral dise (Griineberg,
1954). Consequently, the Pax-1 gene has been suggested
to be required for the development of vertebral compo-
nents by controlling the process of medial sclerotome
differentiation (Balling et al, 1988, 1992). However, pre-
dominant Pax-1 expression in the intervertebral disc
anlagen at Day 11.5 pc (Deutsch et al, 1988; this study),
and the absence of these structures in the mutants does
not explain the loss of the vertebral body; it rather indi-
cates that the role of the Pax-1 gene during vertebral
column formation is still unelear,

Besides the vertebral column, undulated mutant mice
have been reported to present anatomical alterations of
the shoulder girdle, where the acromion of the scapula
is reduced or absent (Grineberg, 1963). Furthermore, in
these animals fusions of sternebrae have been found
(Grineberg, 1963), indicating the undulated phenotype
to be pleiotropic. However, the connection between mu-
tant phenotype and extravertebral regions of Pax-1 ac-
tion has not been determined, leaving open the gquestion
whether Pax-1 plays a more general role during devel-
opment.

Since 1947, three more mouse mutants have been de-
scribed to be allelic with un, undulated minimal (un™;
Wallace, 1979, 1980) that is extinet, undulated extensive
(un®, Wallace, 1979, 1980), and Undulated short tail (Un®,
Blandova and Egorov, 1975). Un’ is a semidominant mu-
tation, already in heterozygotes leading to a more dras-
tically reduced tail length compared to un/un (Blandova
and Egorov, 1975; Balling ef al, 1992). In contrast to the
latter, the trunk vertebral column is less severely
affected. In homozygous condition the U»’ mutation is
lethal (Blandova and Egorov, 1975; Balling ef al, 1992).
Sinece in these animals the Pax-1 paired box has been
shown to be deleted, U»® has been suggested to be a null
allele (Balling et al, 1992; Wallin et al, 1993). However,
due to the unknown size of the deletion the contribution
of additional genes to the Un’ specific aspects of the phe-
notype cannot be excluded. In eontrast to Un®, un®™ ani-
mals display a mutant phenotype more similar to un
{Wallace, 197%). Being slightly more pronounced than in
un/un, the phenotype still has been described to be re-
cessive, in newborn animals confining sagittally split
vertebrae to the un®™/un® homozygotes. However, the
ur® mutation itself is not known (Balling et al, 1992).
Therefore, the molecular characterization of this muta-
tion should provide us with a basis to comparatively an-
alyze the genotype-phenotype relationship in undulated
mutant mice.

In this study we provide evidence that in un®™ the Pax-
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1 gene is mutated, leading to a drastically reduced
amount of Pax-1 transeript. In all undulated alleles we
investigated the vertebral column phenotypes as they
are delineated from impaired sclerotome condensation,
suggesting this step of axial skeleton formation to be an
intrinsie, Pax-I-dependent program of the sclerotome.
Mutant phenotypes of the sternum, the scapula, the fa-
cial skeleton, and the thymus eould be attributed to Pawx-
1 expression domains, demonstrating that the Pax-1
gene exerts essential functions also outside the verte-
bral column.

ANIMALS, MATERIALS, AND METHODS
Antmals

Wildtype control animals were obtained by breeding
NMRI females with B6D2 males or mating C57bl/6 ani-
mals inter se, all of these lines derived from the Zentral-
institut fiir Versuchstierzucht (Hannover, FRG). Unda-
lated short tail and unduloted extensive mice were kindly
provided by A. M. Malashenko, Krosnogorsk, Russia,
and J. L. Cruickshank, Leeds, England, respectively. Un-
dulated mice were purchased from the Jackson labora-
tory, Bar Harbor, Maine. From all undulated alleles col-
onies were established, leveling the background by out-
crossing to C57bl/6 mice for one to three generations.
undulated extensive mice were in addition cuterossed to
NMRI, revealing no differences in phenotype compared
to the C57bl/6 lines.

All mice were mated overnight, taking 12 am of the
morning of the vaginal plug as Day 0.5 pc. The age of the
mutant litters was determined according to Kaufman
(1992). The genotype of the mutant animals was defined
by the breeding strategy, or, in case of heterozygote
matings, by Southern analysis of the decidua or the
spleen, assaying for the point mutation in the Pax-1
gene of un and for the Pax-1 deletions in un® and Un®.

Materials and Methods

RNA preparation. Total cellular RNA from embry-
onic tails at Day 14.5 pc was isolated according to
{Chomezynski and Saechi, 1987). To separate the
poly(A)* and poly{A)™ fractions, the Oligotex-dT mRNA
kit (Diagen) was used.

Northern analysis. Northern analysis was performed
following (Ausubel et al, 1987), using 30 ug of total cel-
lular RNA and 5 pug of poly(A)" RNA per lane. The RNA
was transferred onto Quiabrane membranes (Diagen) in
20X SSC following the manufacturer’s instructions, hy-
bridized in 0.5 M sodium phosphate (NaPi), 7% SDS, 1
mM EDTA at 65°C, and washed in 40 mM NaPi, 1% SDS
at 65°C according to Church and Gilbert (1984). The ra-
dioactive probe was labeled by random oligo labeling
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(Feinberg and Vogelstein, 1983) using the random prime
kit (Amersham). The signal intensity was measured on
a PH-5 densitometer (Vernon), referring to #-actin as
internal eontrol.

RNaseH blot. Thirty micrograms of total cellular
RNA and 500 pM of the oligonucleotide SD15 (5-GC-
CAATCTTATTTCGCAGGATGCGACTGATG-3') were
annealed and RNaseH was digested according to Carra-
zana el al. (19338). After phenol-chloroform extraction a
Northern analysis was performed as described above,

RNase protection assay. Thirty micrograms of total
cellular RNA and the corresponding poly(A)* and
poly(A)~ preparations, 1.5 and 285 ug, respectively,
were supplemented with Escherichia coli tRNA to 40 pg
and assayed according to Stamminger et al (1990).

Whole mount in situ hybridization. The whole mount
in situ hybridization procedure was performed accord-
ing to Wilkingson (1992) using the Boehringer-Mannheim
Digoxigenin system. The Proteinase K treatment lasted
10-15 min. After hybridization with the riboprobe and
the anti-DIG antibody, respectively, the embryos were
washed overnight. The staining of the animals was
stopped with phosphate-buffered saline/Tween (PBT)
after the signals appeared in the un®™/un™ animals. To
control the specificity of the signals Un®/Un’ embryos
were analyzed in parallel.

Isolation of genomic DNA and Southern blot. Genomic
DNA from the embryonic decidua or from the spleen of
newborn mice was isclated according to Ausubel et al.
(1987}, subsequently digesting b ug with appropriate re-
striction endonucleases. After electrophoresis, the frag-
ments were transferred to Qilabrane nylon membranes
(Diagen) and hybridized with radiolabeled probes as de-
scribed for the Northern analysis.

Sequence analysis. Double-stranded DNA cloned into
pBluescript (Stratagene) was sequenced according to
the dideoxy-nucleotide method, utilizing the T7-deaza
sequencing kit from Pharmacia.

Pax-1 probes, The 85 kb upstream of the first Pax-1
exon localized genomic gKpnl probe encompasses 1.3 kb.
The 556-nt gClal-BamHI probe contains 279 nt of the
1st intron and 277 nt of the adjacent 2nd exon, including
parts of the paired box. The 313-nt cHinclI-Sacl probe
is entirely exon 2-derived as described in Deutsch et al
(1988). The 488-nt cSmal-2 probe corresponds to position
824-3113 of the ¢DNA, thus harboring sequences from
the 2nd to 4th and 26 nt of the last exon. The 326-nt
gStyl-Ddel probe encompasses parts of the 3rd and 4th
introns, as well as the intervening 217 nt of exon 4, The
1.7-kb gEcoRI probe is localized in the middle of exon 4,
2 kb 3 of the 4th exon, containing the 302-nt gE'coRI-
BspHI subfragment at its 5 end. The 1.19-kb gBumHI-
Nhel probe corresponds to the 3’ portion of exon 4 and to
180 nt at the 5 end of exon 5. The 34%-nt cSsp-Alul probe
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is derived from the Pax-1 ¢cDNA positions 2094-2443.
The genomic gKpni-BamHI probe encompasses 1.3 kb,
localized 4.9 kb downstream of the Pax-7 exon No.5.

Pax-8 probe. A 914-nt PCR product corresponding to
the cDNA positions 130-1043 as described in Plachov et
al. (1990) was used.

Skeletal preparations. Skeletal preparations were per-
formed according to Kessel et al (1990). To photograph
the skeletons ventrally, internal organs were removed.
In newborn mice, in addition, the ventral parts of the
ribcage were removed and the extremities disarticu-
lated.

Sections and hematoxylin/eosin staining. The em-
bryos were embedded in Paraplast plus according to
Kaufman (1992) and the lumbar region coronally sec-
tioned to 5 pm on a Reichert-Jung 2040 microtome. Sim-
ilarly, frontal seetions were taken from the thymus of
newborn anhimals. The sections were collected on gelati-
nized slides, HE-stained according to (Romeis, 1989),
and covered with Eukitt (Kindler).

Microscopy and photography. Skeletons were photo-
graphed on a Zeiss Stemi SV& binocular microscope and
whole mounted embryos and HE-stained sections on a
Zeiss Axiophot microscope using bright-field or Nomar-
ski optics.

RESULTS
Molecular Analysis of the unduloted extensive Mutation

To determine whether the Pax-1 gene is mutated in
wn™/un® mice, the structure of the gene was investi-
gated by Southern analyses. Probes derived from up-
stream regions (not shown) as well as exons 1-4 lead to
the same restriction pattern beth in wildtype and un®™/
un®™ animals (Fig. 1A). The intron 4-derived probe de-
picts restriction fragment-length polymorphisms after
digestion with Xbal, FeoRI, and Xhol plus Kpnl (Fig.
1B). Fine mapping revealed that in the middle of the 4th
intron, within a 365-nt region at the 3’ end of the EcoRI
fragment, any homology between wildtype and mutant
sequences is lost (not shown). Probes derived from the 3
end of this intron, from the last exon and 4.9 kb 3 of the
terminal exon do not hybridize to the un®™/un® genome,
indicating a deletion of at least 15.7 kb (Figs. 1C and 1D),
In these animals, in 9.1 kb proximity to the 4th Pax-1
exon and about 6.3 kb apart from the 5 breakpoint of the
deletion a Smal site is located that is not represented in
the 24.9 kb of available 3’ cosmid sequences (not shown).
Similarly, 12.6 kb 3’ of exon 4 and 9.8 kb 3 of the break-
point of the deletion a Clal site are found, while the wild-
type-specifie Xhol site about 20.2 kb 3’ of the 5th exon is
absent (Pig. 2). Consequently, the deletion in the Pax-1
region of un®/un*" measures at least 28.2 kb, removing
the last exon of the gene and the polyadenylation signal.
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F1G. 1. Southern analysis of the Pax-1 gene structure in #n®/un® and Un*/Un’. (A) Hybridization with the a probe spanning exon 4 and parts
of the flanking intron sequences results in the same pattern of restriction fragments in NMRI and wxn®/un®™. (B) The 2 kb 3' of the 4th exon-
located intron 4 probe hybridizes to different restriction fragments in +./+ and un®/un"™. Hybridization with the intron 4-exon 5-derived probe
(C) and a genomic probe located 4.9 kb 3 of the 5th exon {D) indicates a deletion of these sequences in un™/un™, Hybridization of +/+ and Un®/
Un® DNA preparations with probes derived from the 5 (E) and &' (F) flanking regions of the Pax-1 locus. In Un’/Un®, the entire Pax-1 gene
including these flanking sequences is deleted. (G) Control hybridization of the blot in (E,F) with a Pax-8 probe, like Pax-7 located on mouse

chromosome 2,

RNase protection analyses of Day 14.5 pc tail RNAs
showed that the deletion within the un®/un™ genome
leads to an altered structure of Pax-1 mRNAs: the mol-
ecules lack sequences derived from the 3’ terminal exon.
As expected, the exon 2-5 encompassing ¢cDNA probe be-
comes shortened by the exon 5 encoded portion (Fig. 3B),
and the probe derived solely from this exon is not pro-
tected at all (Fig. 3D). Instead, positive signals can be
obtained using an intron 4-derived probe, which is lo-
cated about 2 kb 3 of the 4th exon and about 1.2 kb 5 of
the deletion (Fig. 3C). Similarly, sequences derived from
the 5" end of this intron are represented (not shown),
suggesting that in contrast to +/+ and un/un at least a
majority of un®/Pax-1 transcripts remains improperly
spliced.

At the 5 end, the un®*/Pax-I transcripts resemble
wildtype molecules. Using a genomic probe derived from
the intron-exon boundary of the 2nd exon, the same pro-
tected fragment can be observed in un®™/un™ and the
wildtype controls (Fig. 3A). Similarly, if, prior to North-
ern analysis, the RNA preparations are hybridized with
an oligonucleotide complementary to the 3' region of the
paired box (SD15), followed by removal of the 3" portions
of the Pax-1 mRNA by cutting the double-stranded re-
gion with RNaseH, the 666-nt fragment corresponding
to the 5" end of the Pux-1 transeript can be found in un®/
un™, un/un, and +/+ (Fig. 4A). However, in both types
of assays the intensity of the un®™/un®™ signal is drasti-
cally reduced. Densitometric evaluation of the RNaseH
blots referring to the S-actin signal as an internal con-
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F1G. 2. Map of the Pex-1 locus on chromosome 2 adapted from Deuatsch (1890) and the probes used in this study.
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Fi6. 3. RNase protection analysis of the Pax-7 mRNA structure in wildtype and undulated tails at Day 14.5 pe. The positions of the probes are
indicated in Fig. 2. (A) Hybridization with an intron 1-exon 2-derived probe. Note the signal obtained with total cellular and poly(A)” RNA
preparations from un®™/un’® embryonic tails. Compared to +/+, the intensity of this signal is reduced. (B) Hybridization with an exon 2-5
spanning ¢DNA probe. The protected fragment in un™/un®™ is shorter than that in +./+. The size difference corresponds to the length of the
exon 5-derived portion of the probe. (C) Hybridization with a 2-kb downstream of the 4th exon-located intron 4 probe. Note the strong signal in
the un™/un® lane. (D) The exon 5-derived ¢cDNA probe does not hybridize to the un®*/un® RNA preparation.

trol indicated that the intensity of the Pux-7 signal
reaches about 20 % of the wildtype level in un®™/un™ and
about 710% in un™/-+,

Without RNaseH treatment, no transcription of the
un®/Pax-1geneis detectable by Northern analyses, nei-
ther with total cellular nor using poly(A)* RNA (Fig.
4A). This finding suggests that the 3 portion of the tran-
geripts and consequently their overall size is heteroge-
neous, during electrophoresis resulting in the distribu-
tion of the molecules throughout the lane. However, pos-
itive signals ean be obtained in RNase protection assays
using poly(A)~ preparations of un®™/un® RNA only (Fig.
3A). Thus, the deletion of the exon 5 encoded poly(A)
signal leads to poly(A)-deprived mRNAs, suggesting
that accelerated RNA degradation accounts for both
length variation and low abundance of the molecules.

As the 5th Pgx-1 exon encodes the 30 C-terminal
amino acids, un®™/un® mice were expected to express an
altered Pax-I protein. Sequence analysis of the intron 4
portion represented in the mutant RNA shows that 3’ of
exon 4 the open reading frame is extended by 30 amino
acids (Fig. 5). Therefore, the mutant protein should ex-
hibit wildtype length but a different amino acid compo-

sition. Nevertheless, using the polyclonal anti Pax-1 se-
rum no protein could be detected at all, neither in West-
ern nor in whole mount analysis of un®™/un® embryos
(not shown). However, since 9 of 14 amino acids used as
a polypeptide antigen are encoded by the deleted exon
5 (Chalepakis et al, 1991), this antiserum might fail to
recognize the mutant Pax-1 protein. Alternatively, low
abundance and structural changes of the transcripts
may prevent the effective production of Pax-I proteins
in un®/un® mice.

Moleculor Analysis of the Undulated short tail Mutation

Un*/ U’ mice have been suggested to represent a Pax-
1 null allele, due to the deletion of the paired box (Ball-
ing et al, 1992; Wallin ef al, 1993). To compare the mu-
tations in un®/un®™ and Un’/Un’, we extended the mo-
lecular characterization of the latter. RNA preparations
of Un®/Un® embryos are completely deprived of Pax-1se-
quences (Figs. 3 and 4), confirming the classification as
a null allele. Moreover, Southern analyses showed that
all probes derived from the Pax- I locus fail to hybridize
to the Un®/Un® genome (Figs. 1E-1G). Consequently,



534

-
-
A T . .
B £ 5 £ B
-8 388
B 8w w D -'n": w o
A 23 23
+ = O % 4 =2 @ LU
¥ 5 5§53 F 5 5§ 55
74
47
2 5|8 & Pax-1
9
1 /
06 - |5 Pax-t
64
03
.

SD15 + RANaseH

B ¢ Hing |l - Sac |

28

19 - . e e - C-Actn
B-Actin

FIG. 4. Northern and RNaseH analysis of Pax-J transcripts in wild-
type and wndulated tails at Day 14.5 pe. Using a paired box derived
probe, a weak Pax-1signal appears in the un®™/un® lane after removal
of the ¥ portion of the mRNA, The signal intensity ecompared to +/+
is drastically reduced. Without RNaseH treatment, this signal is not
detectable at all.

these mice carry a deletion of at least 48.3 kb removing
the entire Pax-I gene and about 38 kb of flanking se-
quences. As the breakpoints of the deletion could not be
identified yet, additional genes may be affected as well.

Comparative Vertebral Column Analysis of undulated
Mutant Mice

The analysis of the Pax-7 gene in undulated extensive
illustrated that in all undulated alleles the Pax-1 gene is
mutated. To study the genotype-phenotype relation, we
comparatively analyzed anatomical alterations in all al-
leles in heterozygous and homozygous condition, as well
as in the compound heterozygotes in all permutations.
Since the phenotype of the compound heterozygotes re-
mained invariant, independent from the transmission of
the stronger allele through the maternal or paternal
germline thus excluding imprinting, in the following we
will only refer to the three possible compound genotypes
as such.

The vertebral column phenotypes were investigated
in aleian blue/alizarin red-stained skeletons of newborn
and 13.5-day-old animals, scoring presence, reduction,
or absence of vertebral eolumn components between the
1st cervical (C1) and the 10th caudal vertebra (Cal0).
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Embryos at Day 12.6 pc were similarly analyzed be-
tween Cl and CaZ2. Atlas-axis fusion were not taken into
account, since in the background line C57bl/6 8% of the
animals also developed this phenotype.

un/+ and un®/+ heterozygotes displayed the weakest
phenotypes (Table 1). Sixteen percent of the newborns
showed single lumbar vertebrae with anteroposteriorly
and dorsoventrally reduced vertebral bodies, irregular
intervertebral discs, shortened transverse processes,
and weakened neural arches (not shown). At Day 13.5 pc
reduced or sagittally split lumbar vertebral bodies were
found in 45% of these animals, while at Day 12.5 pe 85%
exhibited this phenotype (not shown), encompassing a
wider region than at Day 13.5 pe. In the center of this
zone, split vertebrae may lack the ventromedial compo-
nents completely, consequently not reaching the noto-
chord. However, as this phenotype is compensated dur-
ing development, the formation of ventromedial verte-
bral celumn appears delayed rather than blocked.

In un/un and wn®/un®™ homozygotes, and un/un™
compound heterozygotes, skeletal aberrations are found
at any of the analyzed stages and at any axial position
(Fig. 6B, Table 1). In newborns, mildly affected verte-
brae are restricted to the upper thoracic region, where
the vertebral bodies are reduced in anteroposterior and
dorsoventral dimension, 08sifying from reduced centers.
In the lower thoracie, the lumbar, and the sacral regions,
the vertebrae lack their centers but remain ventrally
closed due to the fusion of the pedicles. Here, the inter-
vertebral discs disappear as well. In the lumbar region,
the pedicles may fail to fuse across the ventral midline,
unable to compensate the loss of the vertebral body.
These pedicles may ventrally be connected by irregu-
larly shaped eartilage, that often fused to the neighbor-
ing cartilaginous structures, Their texture resembles
the not yet ossified, most ventrolateral portion of the
pedicles in wildtype mice rather than intervertebral
discs, suggesting that the mutant lumbar vertebrae are
entirely deprived of their ventromedial ecomponents.
This interpretation is supported by the inspection of dis-
articulated lumbar vertebrae: they lack vertebral bodies
and intervertebral dises (Figs. 6F and 6G).

In the lumbar region, in addition to the ventromedial
components, the transverse processes are either reduced
or absent; rudiments may alter their orientation due to
neural arch narrowing (Figs. 6B, 6F, and 6G). Similarly
affected ventrolateral axial skeleton components can be
observed in the lowermost thoracic region, where the
ribs may be stiffly connected or even unconnected with
the corresponding vertebrae. In posterior body regions,
neural arches occasionally fail to fuse dorsally (not
shown), indicating that even dorsolateral components of
the vertebral column may be compromised.

Compared to the newborn stage, un/un, un™/un® and
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CTGECTTCCAGCCTCTCCGCAGTGGRAGGCTTCCTTCCTGCCTACGCCTACCCGGCTTCC

535

345 LeuAlaSerSerLeuSerAlaValGlyGlyPheLeuProAlaCysAlaTyrProAlaSer 364  wildtype

345 LeuAlaSerSerLeuSerAlavalGlyGlyPheLeuProAlaCysAlaTyrProAlaSer 364 unf
AACCAGCAGGGAGTATACAGCGCTCCAGCAGCCGECTACCTATCTCCCGGCCCGCCCTGEG

3165 AsnGlnGlnGlyValTyrSerAlaProAlaAlaGlyTyrLeuSerProGlyProProTrp 384  wildtype

365 AsnGInGlnGlyValTyrSerAlaProAlaAlaGlyTyrLeuSerProGlyProProTrp 384 wnt*
CCACCAGCCCAGGCACCCCCACTGACGCCCCACGGAGCTGGTETGGCGGTGCACGGCGEE

385 ProProAlaGlnAlaProProLeuThrProRisGlyAlaGlyValAlavalHisGlyGly 404 wildtype

385 ProProalaGlnAlaProProLeuThrProHisGlyAlaGlyValAlavalHisGlyGly 404  un®*
GAGCTTGCAGCGECAATGACCTTCAARCACCGAGAAGGTGAGGGGCGCCATTTGGGAGGT

405 GluleuAlaAlaAlaMetThrPheLysHisArgGluG. . ...vvveenenenanannn- 416  wildtype

405 @GluLeuAlarlahlaMetThrPheLysHisArgGluGlyGluGlyArgHisLeuGlyGly 424 un®™
GTCAGGTTATTGGAGGGGTTAGAAACTGAGGAGAGGAGCTTGGAAGACAGAAGAARGGAG
............................................................ wildtype

425 vValArgLeuLeuGluGlyLeuGluThrGluGluArgSerLeuGluAspArgArglysGiu 444  an®™
GGGGGETGATGAGTGGGGGA . v o v v v v v v v e v a s intron sequences..........
............................................................ wildtype

45 GLYBLY * ottt 446  un®*
ACCCGATGCTCCTGTGCTTCTTCCGCAGEGGACCGACCCGAAGCCCCCCAGCCCGGGAGGC

5 1lyThrAspArgLysProProSerProGlyGly 427  wildtype

£x

............................................................ ur
AAGGCCACGGATGCACTCGGTAGCTTACACGGACTGCCCATCCCAGCCTCGACCTCCTAG

427 LysAlaThrAspAlalLeuGlySerleuHisGlyLeuProIleProAlaSerThrSer * 446  wildtype

ex

............................................................ an
GGGCTGTCCTCTCACAGAGCCACAGCC
........................... wildtype

"nex

F16. 5. Coding region of the 4th exon, the adjacent intron, and the 5th exon; stop codons are indicated by a star. Note that in the putative wn™/

Pax-1 protein the C-terminus is replaced by intron 4 encoded sequences.

un/un®™ embryos again exhibit a stronger phenotype
(Table 1). At Day 12.5 pe sagittally split vertebrae are
found in the lower thoracic, the entire lumbar and the
upper sacral vertebral column (not shown). In addition,
in some embryos split cervical vertebrae have been ob-
served, confirming the idea of partial mutant phenotype
compensation during development. In the lumbar re-
gion, the strongest affected vertebrae completely lack
the anlage of the vertebral body. Here, the pedicles do
not reach the ventral midline even at Day 13.5 pe (Fig.
6K), illustrating that the formation of ventromedial
vertebral components is more retarded than in the het-
erozygotes. On average, the left half of the neural arch
movre frequently fails to ventromedially reach the noto-
chord than the right, possibly due to the flexure of the
embryos predominantly to the right side applying more
physical stress to the left.

While in the un and un™ alleles the most dramatic
phenotypes are found in the lumbar region, in Un'/+

heterozygotes the tail is most strongly affected, appear-
ing even more drastically shortened than in un®/un®
due to vertebral reduction and multiple fusions (not
shown). Within the trunk all vertebral bodies are sim-
ilarly reduced in anteroposterior, dorsoventral, and
mediolateral dimension (Table 1), and the interverte-
bral dises exhibit a lentil-shaped morphology (not
shown). In addition, all neural arches are narrowed. The
13th rib exhibits a slender morphology, while the proxi-
mal portion of the 9th or 10th rib appears strongly ven-
trally bent. In the lumbar region the vertebrae are de-
prived from transverse processes; posteriorly, no sa-
crum ig formed. As in contrast to the former alleles the
ventrolateral phenotypes does not coincide with the ab-
sence of ventromedial structures, the [/»°/+ mutation
may cause a more general underdevelopment of verte-
brae. However, at embryonic stages U'n°/+ mutants ex-
hibit sagitally split vertebrae similar to wn/+ and un®/
+, though the penetrance of this phenotype is complete
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TABLE 1
TYPE AND FREQUENCY OF VERTEBRAL COLUMN PHENOTYPES IN unduleted MUTANT MICE

Number of vertebrae/animal with

% animals
Number of with mutant Ventromedial Ventromedial Retrosomatic
Mutant Stage animals phenotype reductions clefts clefts

un/+ NRBO 9 11 0.1 0 0

E135 29 31 1.7 0 0

E125 5 100 0.6 1.6 nd
un™/+ NBO 14 21 0.4 0 ]

E 135 26 58 1.1 0 0

E125 16 69 4.4 21 nd
un/un NB0O 3 100 377 2.3 0

E 135 20 100 36.5 3.5 0

E 125 4 100 19.8 12.2 nd
un® /s un®™ NBO0 7 100 37.9 21 0

E 13.5 6 100 358 4.2 0

E 125 10 100 19.7 12.3 nd
wn/un® NRO i 100 38.6 14 0

E 1356 12 100 36.9 31 0

E125 10 100 25.3 6.7 nd
Un'/+ NBO 2 100 40.0 0 1]

E 135 15 100 5.8 0.1 1]

E125 11 100 20.3 48 nd
Un®/Un® NBO 2 100 24.0 16.0 12

E 135 5 100 22,2 17.8 7.6

E 125 3 100 7.0 25.0 nd
un/Un® NB9 5 100 29.4 10.6 4.8

E135 3 100 289 111 2,0

E125 7 100 14.3 177 nd
wun®/Un* NBO 5 100 304 9.6 0.6

£ 135 8 100 29.1 10.9 1.63

E 125 3 100 16 16 nd

Note. In newborn and Day 13.5 pc animals all 40 vertebrae between the 1st cervical and the 10th caudal vertebra were quantitatively analyzed
for ventromedial vertebral reductions, visible as constrictions, ventral sagittal, and retrosomatic clefts. Similarly, in Day 12.5 pc embryos all 32
positions between Cl and Ca2 were investigated. At this stage, caudal retrosomatic cleft phenotypes could not be determined due to incomplete
cartilage formation. Note that un/+ and un*/+ develop analogous phenotypes. The same applies to un/un, un®™/un®, and un/un, whilerQun.
Un® and un® / Un® resemble Un®/Un®, In all mutants the most extreme phenotypes are confined to Day 12.5 pe.

(Table 1). Again, split vertebrae are most frequent at
Day 125 pe.

In contrast to the mutants described so far, the un/
Un®, un®/Un® and Un’/Un’ genotypes lead to lethality
briefly after birth. Rarely, compound heterozygotes sur-
vived to juvenile ages, remaining very small and suffer-
ing from strong kyphoses and scolioses. Skeletal prepa-
rations of newborn animals revealed absence of inter-
vertebral disecs and sagittally split vertebrae in the
cervical region, the lower thoracie, the lumbar, and the
upper sacral regions, leaving expanded sectors of the
vertebral eolumn ventrally open (Fig. 6C, Table 1). Oc-
casionally, the lateral parts of these vertebrae are at-
tached to ventromedial stripes of cartilage that repre-

sent a persisting notochord and possibly rudimentary
ventromedial or ventrolateral sclerotomal tissues. In
the most strongly affected region, in addition to absent
vertebral bodies the pedicles are drastically shortened
or absent and the lamina narrowed. The extinction of
ventrolateral axial skeleton components includes the
proximal parts of the lowest ribs, which are conse-
quently not attached to the vertebral column. This phe-
notype, together with a curvature of the 8-9th rib more
proncunced than in Uxn'/+, leads to a flattened ribeage
that may account for breathing problems and the neo-
natal death. In the lumbar region, the loss of ventrolat-
eral structures encompasses the transverse processes.
Posteriorly, the animals do not develop the sacrum, rem-
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Fic. 6. Skeletal preparations of wildtype and «ndulafed mutant mice at birth and Day 13.5 pe. The scale bar in (A) represents 3.5 mm in (A-
C), the scale bar in (D) 400 pm in (D-1), and the scale bar in (J) 650 pm in (J-L). C, notochord; V, vertebral body, P, pedicle; La, lamina; 1
transverse process; 2, processus articularis superior; 3, processus articularis inferior; 4, anlage of the spinous process; I, intervertebral disc; R,
rib; C1, 1st cervical vertebra; T1, 1st thoracic vertebra; L1, 1st lumbar vertebra; 81, 1st sacral vertebra; Cal, 1st caudal vertebra; the positions
of sagittally split vertebrae are indicated. {A-C) Newborn animals, ventral view; ribeage and limbs removed. (A) +/+ Note the separate
ossification centers in the vertebral bodies and in the neural arches. (B) un™/un®. The vertebral bodies are drastically reduced or absent. In the
thoracic and sacral region, the loss of the vertebral body is compensated by ventrally closed neural arches. Failure of the lumbar neural arches
to reach the ventral midline leads to sagittally split vertebrae as indicated for L4 and L5. The with respect to the animal right, 13th rib is stiffly
connected to the corresponding vertebra while the left counterpart shows no vertebral connection at all (R). (C) Un®/ U, Sagittally split
vertebrae are found in the cervical region and in the lower thoracic and the lumbar vertebral column from T10-L4/5. The vertebral rudiments
are often fused to their neighbors (f). Note the median stripe of cartilage (m) probably representing the persisting notochord. In the candal
region only the pedicles are absent, causing retrosomatic elefts (arrows). The ribs appear broadened and strongly ventrally bent. The lowest
ones fail to contact the vertebral column, and the 13th pair of ribs is missing (R). (D-1) preparations of the 5th lumbar vertebrae; (D, F, H) view
from anterior, dorsal to the top; (E, G, 1) lateral view, anterior is to the left. (D, E) +/+. (F, G) un®™/un". The vertebral body is absent (arrow),
the pedicles hardly reach the ventral midline, and the lamina appear slightly dorsally shortened. The drastically reduced transverse processes
point posterior due to the narrowed neural arches (small arrows). (H, I} In®/Un". Strongest phenotype: agenesis of vertebral body (arrow),
pedicle, and transverse process (small arrow). The ventrally located cartilaginous structure (m) may result from notochord persistence. The
articulation processes appear short and poorly differentiated. The lamina are shortened, leading to dorsal dyssymphysis (arrowhead). {(J-L}
Embryos Day 135 pe, ventral view. (J) +/+. In the trunk, vertebral bodies, pedicle, and the ventral portions of the laminae are preformed in
cartilage. (K) un®™/un*. Vertebral bodies are absent from the lower thoracic to the sacral region. Lumbosacrally, the pedicles do not reach the
notochord. Note that the zone of sagittally split vertebrae is wider than in the newhorn. (L) In®*/ Un". Sagittal vertebral clefts are found cervically
and in a wide zone from T10-82/3. Note the candal retrosomatic clefts (arrow) and the frequent vertebral fusions {f). The lowest ribs lack the
proximal portion, and the 13th pair is completely absent (R).

F1G. 7. Sclerotome of wiid-type and unduldied embryos at Days 10.5 and 11.5 pe. Hematoxylin/eosin-stained 5-zm coronal sections of the
lumbar region; anterior is to the top. The scale bar in (A) represents 100 um in (A-D). C, notochord; D, dermatome; M, myotome; Se, selerotome;
8p, spinal nerve; a, anterior sclerotome half; p, posterior half; 1, lateral sector; m, medial sector: The arrows indicate the segmental (somitic)
borders. (A, B) Embryes Day 10.5 pe. (A) +/+. Note the condensing mesenchyme in the posterior half of the lateral sclerotome (arrows), (B}
un®/un®. The lateral sclerotome condensations appear retarded (arrowheads). (C, D) Embryos Day 11.5 pe. (C)+/+. Note the cell condensations
in the medial aspect of the sclerotome: In the posterior sclerotome half, the cell dense zone is continuous with the lateral condensation (ar-
rowhead). A second condensing zone is located intrasegmentally, direetly adjacent to the posterior half (arrowhead). (D) un/un. A small stripe
of condensing cells within the posterior sclerotome half is visible. It hardly reaches the notochord. The intrasegmental condensation has not
formed yet. The arrowheads indicate the missing condensations.

FIG. 8. The sclerotomal Pax-I expression pattern in the lumbosacral region of embryos at Days 10.5 and 11.5 pe. Whole mount 1% situ analysis;
the neural tube is removed. The scale bar in (A) represents 100 um in {A-D); abbreviations as in Fig. 7. (A) +/+ Day 10.5 pe, dorsal view into
the grove obtained from neural tube removal, anterior is to the top. Elevated levels of Pax-1 expression are confined to the posterior half of the
lateral sclerotome (arrowheads). (B) un*/un** Day 10.5 pe, same view as in (A). The region of strong Paw-1 expression is narrowed (arrowheads).
(C) +/+ Day 11.5 pe, same view as in (A). Intense Paz-1 expression in the posterior and the intrasegmental portion of the sclerotome (ar-
rowheads). Note that the extraordinarily strong lateral staining is partly due to the sclerotome thickness being maximal in this region. (D) un/
un Day 11.5 pe, same view as in {C). Strong Pux-1 expression is restricted to a narrow zone within the posterior sector of the selerotome
(arrowheads).

FI1G. 9. Extravertebral undulated phenotypes. {(A-C) Sternum and rib cage preparations of newborn wildtype, un®™/un®, and Un®/Un mice.
Dorsal view, the ribs are cut and the clavicle disarticulated, and anterior is to the top. The scale bar in (A) represents 1330 gm in (A, B). Ma,
manubrium sterni; Co, corpus sterni; St, sternebra; X, xiphoid process; R1-R7, sternal ribs. (A) +/+ The lowest rib and the xiphoid process
form an angle of about 52°. At the sternum-rib junctions the sternum remained cartilaginous, indicating the subdivision into sternebrae, The
arrowhead marks the previous articulation with the clavicle. (B) un®/un®. The angle between the seventh rib and the xiphoid process is
extended to about 58°. The arrowhead indicates fused sternebrae. The hole in the xiphoid process probably results from incompletely fused
sternal bands (arrow). (C) Un’/Ux". The five lowest ribs and the xiphoid process form an angle of about 90°, The xiphoid process itself is
broadened and terminally split (arrow). Similarly, the sternal bands between the 4th and 6ths ribs appear incompletely united. Here, two
sternebrae are fused (arrowhead). (D-F) Pax-7 expression and mutant phenotype in the appendicular skeleton. (D) Whole mount in situ analysis
of the Pax-1 activity in the forelimb of a Day 12.0 pc +/+ emhryo, dorsolateral view, anterior is to the top, proximal to the left. The scale bar in
(D) represents 340 um. F, forelimb. Note the signals in the scapular area at the anterior and posterior margin of the forelimb (arrowheads). (E,
F) Scapula and ctavicle preparations of wildiype and wn®/un® newborns. View from anterior, the lateral portion is to the top. The scaie bar in
(E) represents 870 um in (E, F}. Cl, clavicle; Pe, processus coracoideus; Ac, acromion; Spi, spina scapulae; Sca, blade of the scapula; ], lateral; m,
medial; v, ventral; d, dorsal. (E) +/+. (F) un®/un. The acromion is lacking {arrowhead) and the spina scapulae reduced (arrow). (G-1I) Facial
Pgzx-1expression and mutant skull phenotype. (G, H) Whole mount in situ analysis of the wildtype Pax-1 expression in the embryonic face, Day
12.0 pe. The scale bar in (G) represents 810 pm in (G, H). Mxp, maxillary process of the first hranchial arch; Np, nasal process; N1, nasolaerimal
groove; Mnp, mandibular process of the first branchial arch. (G) Frontal view, (H) lateral view. Note the Pax-1 expression in the maxillary and
the nasal process, the borders of the nasolacrimal groove, and the mandibular process. In the nasal prominence, the signal is confined to the
lateral portion flanking the prospective nostrils. (I) un*/un®, skull preparation of an adult male, lateral view, The facial skeleton is reduced
in length, in particular the praemaxilla, PM, the maxilla, Mx, and the mandible, Mn. The upper incisors appear steeply inserted and the jaw
elements strongly bent toward each other, preventing the incisors to meet. (J, K) Thymus phenotypes of newhorn wildtype and undulated mice.
Hematoxylin/eosin-stained 8-um frontal sections, representing the widest extension of the thymus. Anterior is to the left. The scale bar in ()
represents 200 pm in (J, K); Me, medulla; Cor, cortex. (J) +/+. (K) un®/un*". The size of the thymus is drastically reduced. The arrows indicate
cysts.
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iniscent of some properties of Un°/+ animals. More ob-
vious than in the previous constellations, the vertebral
reductions reach the dorsal aspect of the vertebral col-
umn; the processes forming the articulation are poorly
structured and often fused to their neighbors, while dor-
sally shortened neural arches and absent spinous pro-
cesses result in dorsal vertebral dyssymphyses (Figs. 6H
and 6I). This phenotype is a constant feature of Un®/ Un®
animals, which with respect to quantitative differences
represent the most extreme case: caudal vertebrae en-
tirely lack the dorsalmost components. In the thoraco-
lumbar region the complete ventral half of the axial
skeleton is absent, removing the pedicles, and in addi-
tion the 13th pair of ribs.

In posterior body regions of wun/Un®, un®™/Un® and
Un®/ Un® newborns, more obvious than in Un’/4, the loss
of ventrolateral vertebral components occurs indepen-
dent from the ventromedial: the lower sacral and the
caudal regions frequently lack the pedicles while the
vertebral bodies reappear, thereby generating retroso-
matic clefts that in combination with the dorsal dys-
symphyses apply a trifurcated structure to the tail (Fig.
6C). Here, the neighboring vertebral rudiments are to-
tally fused, diminishing the tail length even more dra-
matically than in Un’/+.

Skeletal preparations of un/Un’, un®™/Un®, and Un®/
Un® embryos confirmed that in all undulated mutants
the regions of sagittally split vertebrae are most ex-
tended at Day 125 pe (Fig, 61, Table 1). Nevertheless,
the number of split vertebrae does not differ as drasti-
cally from Day 13.5 pec and the newborn stage as in the
previous constellations, indicating that pedicle elonga-
tion does not as efficiently balance the loss of the ventro-
medial vertebral column components. As in newborns,
Un®/ Un® embryos are most strongly affected, presenting
tail shortening and kinks already at Day 13.5 pe (not
shown).

Analysis of Sclerotome Differentiation in undulated
Mutants

The vertebral column analysis of undulated mutant
mice demonstrates that all alleles develop semidomi-
nant phenotypes, reducing or extinguishing mainly ven-
tromedial vertebral components. Nevertheless, also lat-
eral and dorsal eomponents are reduced, although to less
extent. Grouping the mutants according to qualitative
and quantitative eriteria, un and un® seem to develop
similar phenotypes that differ from all combinations of
the Un®- allele. In order to identify when and by which
process the mutant phenotypes are generated, we in-
vestigated the lumbar embryonic axial skeletons at
the mesenchymal stage on coronal, hematoxylin/eosin
stained sections.
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In wildtype control embryos at Day 10.5 pe the differ-
entiation of the lateral portion of the sclerotome begins,
leading to a less cell dense anterior somite half which
will promote neural outgrowth, and the cell dense an-
lage of the neural arch (Fig. TA; for review see Christ
and Wilting, 1992). In un/un, un™/un®™, and Un®/ Un® em-
bryos at Day 10.5 pe, cells in the posterior half of the
lateral sclerotome are less densely packed than in the
wildtype (Fig. 7B). Moreover, both sclerotome halves ap-
pear improperly separated. Both phenotypes are most
pronounced in I/%*/Un® animals (not shown). The sim-
ilarity in phenotype, however, suggests that in all undu-
lated mutants the cell accumulation in the posterior half
of the segment is compromised by a similar mechanism,
probably accounting for the observed neural arch phe-
notypes.

At Day 11.5 pe, in wildtype embryos the ventromedial
(perichordal) portion of the sclerotome differentiates
(Fig. 7C): the lateral band of condensed tissue expands
towards the midline. Anteriorly, a new condensation in-
dependently arises, encompassing the posterior aspect
of the anterior sclerotomal sector. While the densely
packed cells will later on give rise to the intervertebral
disc, the anlage of the vertebral body is formed by the
less cell dense areas between the intervertebral dise an-
lagen, probably incorporating the borders of the con-
densed tissue including the ventral neural arch elonga-
tion (Dalgleish, 1985; Bagnall and Sanders, 1989; Ewan
and Everett, 1992; Goldstein and Kalcheim, 1992). In
Day 11.5 pe un/un, un®™/un®, and again slightly en-
hanced in I/n*/ Un® animals the lateral cell condensation
is still incompletely separated from the anterior region
of the somitic segment, however appearing now more
defined than at Day 10.5 pe (Fig. 7D). As this zone pro-
gresses ventromedially, it narrows to a small band
hardly reaching the notochord. Condensation of the
sclerotome anterior to the intrasegmental border does
not take place yet, indicating that in undulated mutants
the ventromedial sclerotome differentiation is even
more retarded than laterally. Being improperly con-
densed, these tissues may fail to proceed on the pathway
of vertebral column formation, as a consequence abol-
ishing ventromedial axial skeleton components.

Relation of Pax-1 Expression and Sclerotome
Condensation

To identify whether the condensation of the scleroto-
mal mesenchyme results from the activity of the Pax-1
gene, we analyzed the differential Pax-1 expression in
more detail. When the sclerotome emerges from the so-
mite epithelium, Pax-1 transcripts are evenly distrib-
uted within this tissue (Deutsch ef al., 1988; Dietrich et
al., 1993). About 6 somites anterior to the youngest Pax-
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1 expressing segment, the molecules aecumulate in the
posterior half of the lateral sclerotome, preceding the
morphologicalty visible lateral sclerotome condensation
(Fig.8A). About 16 somites further anterior, at Day 11.5
pe confining the lumbosacral region, this signal forms a
broadened band, traversing the segment from dorsolat-
eral to ventromedial (Fig. 8C). [n addition, the intraseg-
mentally located condensing zone is strongly stained.
Thus, the elevated Pax-1 signal colocalizes with regions
of excessive cell accumulation, encompassing the inter-
vertebral disc and neural arch anlage. In anterior body
regions, where the sclerotome differentiation is further
advanced, Pax-1 transcripts medially concentrate on the
intervertebral disc anlage and the perichondrium of the
vertebral body. Laterally the signal is restricted to the
perichondria of the proximal rib and the neural arch,
and in addition to the spinal nerve surrounding mesen-
chyme (not shown). Zones in which cartilage formation
began at the expense of proliferation (Wilting, personal
communication) do not express the gene anymore.

In the un/un and un®™/un® mutants, the spatial dis-
tribution of Pax-I transcripts to subportions of the
sclerotome in the first place resembies the wildtype pat-
tern. However, at Day 10.5 pe the expression domain in
the posterior sclerotome half appears narrowed, re-
flecting the delay in lateral sclerotome differentiation
(Fig. 8B). Similarly, the Pax-1 expression at Day 11.5-
12.0 pe initially shows wildtype properties, but the sig-
nal in the posterior sclerotome half regresses to a small
stripe, and the intrasegmentally located signal even
fades (Fiig. 8D). These changes in Pax-1 expression sug-
gest that the establishment of borders within the sclero-
tome is independent from Pax-1. However, size and
shape of the future vertebral column components that
result from regionalized cell accumulation seem Pax-1
dependent.

Analysis of Sternal Phenotypes in undulated Mutant
Mice

To test whether mutant phenotypes occur in nonver-
tebral Pax-1 expression domains, we studied the ster-
num, the seapula, the skull, and the thymus of undulated
mutant mice. The sternum, except the sternum-rib
junctions, has been shown to express Pax-1 at Day 14.5
pe of development (Deutsch et al, 1988). In addition, oc-
casienal fusions of sternebrae have been found in un/un
{Griineberg, 1963), suggesting a role of the Pax-I gene
for the development of this structure. Therefore, the
skeletal preparations of the newhorn mutant mice were
analyzed for rib-cage phenotypes as well (Table 2).

In wn/+ and «n®™/+ animals, sternebrae may be ex-
panded at the expense of the cartilage zone usually
found at the sternum-rib joint. However, the frequency
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TABLE 2
STERNAL PHENOTYPES N undulated MUTANTS

% Animals with split % Enlarged/fused

%iphoid process/ slerncbrae
Number of incompletely fused hetween 2nd and
Mutant Stage animals sternal hands 7th ribs
uns+ NEo 9 33 9
TS+ NBO 7 28 14
WU NRO 3 66 20
R un® NE(} ki 71 34
un/un™ NBG ki 2b 23
Unf/+ NBO 2 100 40
Un® 7 Un® NBo 2 100 40
wn/ NB} 5 83 27
©un= L’ NBa o 130 52

Nofe. Newborn mice were analyzed for incompletely fused sternal
bands or xiphoid processes and the reduction or absence of the carti-
lage stripe at the sternal junction of the 2nd- to 7th ribs, thus assaying
for the enlargement or fusion of sternebrac. It has to be noted that in
about 50% of C57bl/6 mice, but in none of the NMRI and +/+({Un®}
controls, the ultimate end of the xiphoid processes was terminally
gplit. In CATb1/6, 6% of the sternebrae also appeared enlarged. Thus,
un/+ and un®™/+ mice resembled our sample of wildtype animals.

of this phenotype resembles C57bl/6 mice. Nevertheless,
compared to wildtype mice, the angle between sternum/
xiphoid process and the 7th rib widens from 50 to 52 to
53 to 57 degrees. In un/un, un™/un’™, and un/un® ani-
mals the expansion of sternebrae is more profound (Fig,
9B): 17% of these segments fuse with their neighbors.
The angle between xiphoid process and 7th rib increases
to on average 58 degrees. In about 54% of these mutants,
the ultimate end of the xiphoid process is medially split,
probably due to incompletely fused sternal bands. This
phenotype is more pronounced in In’/+, un/Unf, and
un™/Un® mice, where occasionally even anterior por-
tions of the sternal bands remain separated. The Tth rib
assesses the anteriorly broadened xiphoid process in an
angle between 62 and 70 degrees, while sternebral fu-
sions occur with a frequency of about 25%. Similar phe-
notypes were observed in Un®/Un® homozygotes (Fig,
9C). However, these animals differ from the former by a

rectangular arrangement of the xiphoid process and the
3rd-"Tth ribs.

Analysis of Scapula Phenotypes in undulated Mutants

The sternum analysis supported the idea of a Pax-1
function besides the vertebral eolumn, as the split xi-
phoid processes probably reflect a requirement of the
gene for the fusion of the eontralateral sternal bands
(Chen, 1953}. In the shoulder girdle, Pax-1I activity and
mutant phenotype are even more clearly connected.
Here, Pax-1 expression begins at Day 10.5 pe at the an-
terodorsal margin of the forelimb (Dietrich et al., 1993)
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TABLE 3
SCAPULA PHENOTYPES IN undulated MUTANTS

% Scapulae with acromion

Number of Reduced  Reduced
Mutant Stage animals Absent >1/2 <1/2
un/+ NBO 9 0 0 0
E 135 29 0 0 0
E 125 5 0 0 0
un™/+ NBO 14 0 0 0
E135 26 0 0 0
E125 16 0 0 0
un/un NBO 3 4] 0 100
E135 20 20 40 40
E125 4 87 13 0
un®™/un®™  NBO T 26 14 0
E 135 6 42 58 0
E125 10 100 0 0
un/un™ NBO ki 0 100 0
E 135 12 B 92 0
E 125 10 60 40 0
et/ + NB0 2 0 0 100
E 135 15 0 0 100
E124 11 0 0 0
Un*/ Un® NBO 2 0 0 100
E135 5 0 0 100
E 125 3 0 0 100
wn/ Un® NB0 5 0 0 100
E 135 8 0 0 100
E125 ki 0 0 100
wn™ /U’ NBO 5 0 0 100
E13.5 8 [} 0 100
E125 3 0 0 100

Naote, In all animals of Table 1, the acromion was quantitatively an-
alyzed for length (absence, reduction by more, or less than 50% com-
pared to the wildtype length), position with respect to the mediolat-
eral axis of the blade, and presence of a second outgrowth. Note that
absence of the acromion is confined to the unun, un™/un™, and un/
wn™ genotypes. Most frequently, this phenotype is found at embryonic
stages. In 100% of the U/n® mutants, the acromion is located close to
the shoulder articulation. Fork-like acromial structures, first visible
at Day 13.5 pc, are found in 100% of the Un' compound heterozygotes.

which in the chicken is believed to form the acromion
and parts of the scapular blade (e.g., Beresford, 1983;
Saunders, 1948). One and a half day later a transient
expression in the posterodorsal margin appears (Fig.
9D}, probably corresponding to the medial component of
the scapula (Beresford, 1983; Saunders, 1948). Simulta-
neously, the same pattern can be observed in the hind-
limbs and, in addition, in the carpal and tarsal region of
the paws at Day 13.5 and 14.5 pc (not shown). While no
anatomical changes could be identified in the pelviec gir-
dle, structures that develop in the region of the anterior
forelimb expression domain exhibit mutant phenotypes
(Table 3).

In un/+ and un®/+ newborns, compared to the wild-
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type the spina scapulae appears flattened. This pheno-
typeis preformed at embryonic stages, when at Day 13.5
pe of development the angle formed by the scapula and
acromion is reduced (data not shown).

The reduction of the spina scapulae is more pro-
nounced in un/un, un/in™ and un®/un® (Fig. 9F). In
these mutants, however, the most obvious alteration is
a reduction or even complete loss of the acromion, the
latter most frequently found in wn®™/un®, where the cor-
responding Pax-1 expression domain appears narrowed
already at Day 12.0 pc (not shown). In all three geno-
types, embryos at Days 12.5 and 13.5 pec more frequently
lacked the acromion than newborns, suggesting that the
phenotype may be compensated similar to the vertebral
reductions. Oeccagionally, the clavicle carried wing-
shaped structures at the acromial end that could not be
related to the embryonic phenotypes (not shown).

In anterior views on the scapulae of Un’/+ newhorns,
the spine appears even, while the length of the acromion
is only slightly reduced. In eontrast to the former mu-
tants however, the acromion is shifted laterally into
that third of the scapula that is closest to the shoulder
articulation. In addition, it poorly elevates from the
blade of the scapula. This phenotype is preformed al-
ready at Day 13.5 pe, when the anlage of the acromion
leaves the seapula in a small angle close to the prospec-
tive shoulder articulation {data not shown).

Similar to Un®/+, the shortened acromion of un/Un®
and un®/Un® compound heterozygotes arises in a posi-
tion close to the shoulder. However, instead of remain-
ing a separate structure, it widely fuses with the scap-
ula, most pronounced in un/Unr® animals. In addition, a
second fork-like protrusion is formed, that together
with the acromion fuses to the clavicle. This fusion
seems to be of secondary origin, since at Day 13.5 pe both
acromion and the second spike are separated from the
clavicle anlage. At Day 12.5 pc, though the fork-like
structure is not visible yet, the acromion is laid down as
a conical outgrowth {data not shown).

In newborn Un®/Un® animals, the acromion forms a
gshort protrusion close to the shoulder articulation, al-
most entirely fused to the scapula. At Day 13.5 pe it is
represented by a short outgrowth close to the shoulder,
twice as wide as in the wildtype, at Day 12.5 pointing
medially towards the vertebral column rather than lat-
erally towards the shoulder (data not shown).

Summarizing the seapula analysis, all undulated mu-
tants develop anatomical alterations, illustrating the
semidominance of the Pax-1 mutation. As in un/un, un/
un® and un®/un®™ exhibiting the strongest phenotypes
the acromion is drastically reduced or absent, Pax-7I ac-
tivity seems essential for the outgrowth of this struc-
ture.
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Analysis of the Facial Skeleton tn undulated Mutant
Mice

So far we deseribed skeletal alterations that are con-
fined to Pax-1 expression domains in the trunk of the
murine embryo. However, beginning with Day 11,5 pe
the Pax-1 gene is expressed in the lateral portion of the
maxillary prominence, followed by the base of the man-
dibulary component of the first branchial arch and the
maxillary edge of the nasolaerimal groove (Dietrich et
al,1993). Adjacent to the latter, a weak staining can also
be observed in the nasal prominence. All these expres-
sion domains reside in the mesenchyme underlying the
surface ectoderm (not shown). The signals enhance and
progress anteriorly when at Day 12.0 pe the snout form-
ing components grow out (Fig. 9H). Now, alse in the na-
sal region laterally flanking the prospective nostrils,
transeription of the Pax-I gene starts (Fig. 9G). At Day
12.5 pe the signal in the upper jaw broadens and ven-
trally surrounds the eye, where a second, dorsal expres-
sion demain appears at Day 13.5 pe (not shown). Here,
the eyelid remains positive until Day 14.5 pe (not
shown), while in the lower jaw the perichondrium of
Meckel's cartilage still expresses the gene (Deutsch,
1990).

The Pax-1 expression domains in the faeial region of
the mouse embryo suggest that the gene might play a
role for the development of skull elements that for the
chicken have been demonstrated to arise from neural
erest (Couly et al, 1993). Indeed, in about 5% of adult
wn™/un® homozygotes head phenotypes can already ex-
ternally be identified by a snubby appearance of the
snout and, in addition, by small openings of the eyelids
(not shown). The snout morphology is combined either
with the absence of one or both upper incisors or with
ineisor overgrowth. Inspection of alcian blue/alizarin
red stained skulls revealed that independent from the
teeth phenotype length and shape of the jaws are
affected: mandible, maxilla, praemaxilla, and os nasale
are reduced in their longitudinal dimension. Particu-
larly the distance between incisors and molar teeth ap-
pears reduced, leading to a general shortage of the snout
(Fig. 9I). Moreover, upper and lower jaws are bent to-
ward each other, and the angle between praemaxilla and
incisors is reduced. In the case where reduction and cur-
vature of the lower jaw exceeds the alteration of the up-
per, both pairs of incisors fail to meet each other, see-
ondarily leading to indefinite growth.

As adult animals are not available for U»’- homozy-
gotes and compound hetejozygotes, we also investigated
the skeletal preparations of the newborn animals to
identify whether all undulated alleles develop skull phe-
notypes. In all alleles, the elements of the facial skeleton
appear shortened. In additien, the mutants have a ten-
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TABLE 4
Facial SKELETON OF undulated MUTANTS

% Animals with
steeply inserted,

Number of reduced incisors/
Mutant Stage animals bent upper jaw
wn/+ NBO 9 11
wn™/+ NBo 7 0
wnSun NBC 3 33
un®™ S un®™ NBO 7 26
wn/un™ NBO 7 57
Ut/ + NBO 2 100
U/ Un® NBO 2 100
un/Un® NBO 5 80
un®™/Un® NBO 5 i)

Note. Referring to skull preparations of +,/4 newborns as controls,
newborn mutants were quantitatively analyzed for steeply inserted
and shortened incisors and the eurvature of the upper jaw between
molars and incisors. ‘

dency to more steeply insert the upper incisors, com-
bined with a pronounced curvature of the jaw elements
(Table 4). In extreme eases, most frequent in un®™/un™
homozygotes and all combinations of the Un’- allele, one
or both upper incisors were shortened, not protruding
from the upper jaw, thus confirming the idea of Pax-
1 affecting the development of the neural crest derived
facial skeleton.

Analysis of Thymus Morphology in undulated Mutants

The analysis of undulated phenotypes has shown, that
in correlation with Pax-1 expression domains skeletal
elements of both mesodermal and neural crest origin are
specifically altered. However, the pharyngeal pouches
that stem from endoderm also express Pax-1 starting at
Day 8.25 pe (Dietrich et al., 1993). Since the Pax-1 signal
persists in the pouch 3- to 4-derived thymus until juve-
nile age (Deutsch ef al, 1988), we analyzed size and mor-
phology of this organ in newborn undulated and wild-
type mice on explanted material and haematoxylin/eo-
sin stained frontal sections. Compared to +/+, the
thymus of un/+ and wn™/+ animals is reduced in size
{Table 5). This reduction is more obvious in the corre-
sponding wn/un and un™/un® homozygotes (Fig. 9K),
where the thymus only reaches about two-thirds of the
wildtype size. In all mutants, the thymus tissue is inter-
spersed with cell-free regions demarcated by endothelia,
probably representing cysts. These cysts may arise by
the expansion of lymphatic vessels or by the enhance-
ment of the lobular thymic structure, both a possible
consequence of the thymus hypoplasia. In compound
heterozygotes the thymus resembles that of un/un and
un®/un® mice, while reduction and eystic alterations in
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TABLE 5
THYMUS PHENOTYPES IN undulated MUTANTS

Reduced thymus

Number of Number of Reduced thymus
Mutant Stage animals sections <8 cysts <240 nm >8 cysts >240 nm

un/+ NBO 2 164 + +
UN=TS + NBO 2 104 + +
un/un NBO 2 99 +
un= /S un™ NBO 2 193 +
wunsS un NBO 2 212 + +
Ut/ + NBoO 1 30 +

im® /7 Un® NBO 2 212 +

un/ U’ NBO 2 242 +
un®/ Un’ NBO 2 232 + +

Note. The thymus of newborn animals was explanted and the size estimated referring to the thymus of +/+ animals as controls. After frontal
sectioning and HE staining, the size of the largest sections was measured again. In addition, all sections were analyzed for the maximal number

and diameter of cysts.

Un® homo- and heterozygotes appear more similar to
un/+ and un®™/+ (data not shown). Taken together, the
undulated thymus phenotypes indicate that Pax-1 in-
fluences the development of an organ completely unre-
lated to skeletal structures.

DISCUSSION

Almost one century of mouse geneties has led to an
impressive collection of developmental mutants that
may serve as model organisms for the embryonic devel-
opment of vertebrates (Lyon and Searle, 1989). Unfortu-
nately, the genetic basis has been identified in compara-
tively few mutants, leaving the genetic control of verte-
brate embryogenesis eompared to Drosophila still very
poorly understood. However, within the murine Pax
gene family three genes could be linked to classical
mouse mutants; in Small eye the Pax-6 gene is mutated,
Splotch mice earry mutations in the Paz-3 gene, and in
undulated mutant mice the Pax-1 gene is affected (re-
viewed in Gruss and Walther, 1992).

undulated Mutant Mice: An Allelic Series of Pazx-1
Mutants

The genetic basig of undulated (un) has been demon-
strated to be a point mutation in the paired box of Pax-
1, invitrodrastically reducing the DNA binding capacity
of the mutant protein (Balling et al, 1988; Chalepakis ef
al, 1991). Specific alterations of the vertebral column,
the sternum, the acromion (Wright, 1947; Gruneberg,
1963), as well as the facial skull and thymus (this study)
demonstrate the relevance of the mutation also in vivo.
However, whether or not this mutation allows some re-
sidual Pax-I activity, could not be determined due to the
unknown Pax-1 targets.

The identification of Pax-1 dependent phenotypes

profits from the existence of two further alleles, «n™ and
U°, which, together with un, constitute the allelic series
of undulated mutants. U/n®/Un’ mice have been shown to
lack the Pax-1 paired box within their genome, suggest-
ing this deletion mutant to be a null allele (Balling et al.,
1992; Wallin et al, 1993). Our Southern analysis proved
that the deletion encompasses at least 48.3 kb, eliminat-
ing the Pax-1 gene and 38 kb of flanking sequences.
Therefore, the possibility remains that the U»’ deletion
also removes contiguous genes whose absence might
contribute to the phenotype.

The problems in interpreting both the un and Ux® mu-
tation include difficulties in identifying the solely Pax-
I-dependent undulated phenotypes. Therefore, we char-
acterized genotype and phenotype of the third allele, un-
dulated extenstve. The structural analysis of the Pax-1
gene in ur™/un® homozygotes revealed a deletion of at
least 28.2 kb, removing the 5th exon including the
poly{A) signal. Consequently, the mutant Pax-I tran-
scripts lack the poly(A) tail. As polyadenylation is re-
quired for RNA stabilization conferred by the poly(A)
binding protein {reviewed in Sachs, 1990), the absence of
the poly(A) tract probably accounts for the low Pax-1
mRNA levels observed in these animals. Since the pres-
ence of the poly(A) binding protein promotes transla-
tion (Jackson and Standart, 1990; Huarte et al, 1992),
the amount of un™/Pax-1 protein may be even lower.
However, since neither the presence of the mutant pro-
tein nor the function of the exon 5 encoded amino acids
could be determined, un* may be considered a null allele
as well as a hypomorph. Nevertheless, the similarity of
the un®™ and un phenotypes suggest, that alse in un®/
un™ solely the Pax-1 gene is affected. It furthermore
suggests that the reduced amount of Pax-I transcripts
in un®/un®™ is functionally equivalent to the altered
DNA-binding properties of the un/Pax-1 protein. Prob-
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FiG. 10. Mutations in the Pax-I gene of undulated mutant mice. undulated (un) mice carry a point mutation in the paired box, altering the
DNA binding capacity of the mutant protein. undulafed extensive (un"*) mice harbor a deletion of at least 28.2 kb, removing the terminal exon
and the poly(A) signal. Consequently, the un®/Pax-1 transeripts lack the stabilizing poly{A) tail, leading to a drastically reduced amount of
transeripts probably due to aceelerated turnover. In Undulated short tail (Un®) a deletion of at least 48.3 kb encompasses the entire Pax-1 locus

and about 38 kb of flanking sequences.

ably, both mutations similarly reduce the amount of
Pax-1protein effectively interacting with its targets.

In undulated Mutant Mice Vertebral Components Are
Reduced or Absent

The molecular analysis has shown that in all wundu-
lated alleles the Pax-1 gene is mutated (Fig. 10). Conse-
quently, phenotypic features shared between these
three alleles should reflect the fundamental functional
Pax-1 requirement during the development of the
affected structures. The most obvious alteration of wun-
dulated compared to wildtype mice is the vertebral col-
umn phenotype, externally visible as a shortened, kinky
tail (Wright, 1947, Balling et al, 1992). A closer exami-
nation of the mutant axial skeletons in newborn animals
and embryos at Days 12.5 and 13.5 pec revealed that the
shortening of the tail results from vertebral malforma-
tions rather than the truncation of the axial skeleton: in
homozygous undulated mutants as well as in the com-
pound heterozygotes, the vertebral bodies are reduced
or absent along the entire anteroposterior axis. In addi-
tion, the animals may lack the transverse processes at
least in the lumbosacral region while the neural arches
appear narrowed. Here, in I/n®* homo- and compound
heterozygotes, the pedicles may be absent while the ar-
ticulation processes appear irregular and the lamina of
the neural arches shortened. Thus, in undulaeted mu-
tants all vertebral elements may be compromised. As
even un/+ and un®/+ animals may develop mutant phe-
notypes, the three types of undulated mutations have to
be qualified as semidominant and Pagx-1 as haploid in-
sufficient.

In all combinations of the U/xn® allele, one focus of ver-
tebral malformations is confined to the tail, where in U’
homo- and compound heterozygotes the vertebrae may
be deprived from the pedicles independent from the ver-
tebral bodies. However, in all undulated alleleg, at least
in the trunk, the extent of vertebral reductions pro-

gresses in a gradient-like fashion: with respect to the
anteroposterior body axis, the severity of vertebral mal-
formations inereases toward the lumbosacral region.
Here, the largest somites and subsequently the most
massive vertebrae are formed, probably requiring the
highest amount of Pax-1 gene products, Within individ-
ual vertebrae, the extent of vertebral malformations
progressively enhances from dorsal to ventral, suggest-
ing that the reductions differ only by quantitative
means. Thus, Pax-1 may affect ventral and dorsal verte-
bral eolumn compoenents by a similar mechanism.

The undulated Vertebral Column Phenotypes Can Be
Traced Back to a Delay in Sclerotome Condensation

The idea of a uniform Pax-I function for the develop-
ment of the various vertebral structures is supported by
the early wndulated phenotypes at the mesenchymal
stage of vertebral column formation. In wildtype ani-
mals, the first sign of sclerotome differentiation is visi-
ble at Day 10.5 pc when in the posterolateral portion of
the somitic segments the sclerotome cells accumulate in
order to form the anlage of the neural arch (for review
see Christ and Wilting, 1992). In undulafed mutants,
even earlier than previously reported (Griineberg, 1954),
this zone appears narrowed, less cell dense and less
clearly separated. However, the cell density enhances
until Day 11.5 pe. At that stage, in wildtype embryos
also the morphologically defined ventromedial sclero-
tome differentiation begins. Here, cells within the pos-
terior segment half proliferate at higher rates (J. Wilt-
ing, personal communieation), forming a stripe of con-
densed tissue laterally continuous with the neural arch
anlage. Independently, the mesenchyme anterior to the
cell dense band condenses and medially unites with the
former. In undulated mice, both condensations are again
affected: the posterior one narrows to a small stripe
hardly reaching the notochord, while the intrasegmen-
tally located condensation is not visible at all. Since
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FiG. 11. Model for the formation of the vertebral body, shown by a
schematic representation ventromedial embryonic sclerotomes at Day
11.5 pe (left side) and the corresponding vertebral elements (right).
The positions of the spinal nerves and the dermomyotomes are indi-
cated by triangularly and oval-shaped white areas, respectively. The
black, vertical bar symbolizes the notochord, The celt density within
the sclerotomal mesenchyme is represented by the density of dots; 1,
lateral; m, medial, a, anterior; p, posterior; V, vertebral body; P, pedi-
cle; I, intervertebral dise. {(A) In wildtype animals, the cell-dense area
in the posterior sclerotome half unites with the noncondensed anterior
zone of the adjacent segment and most likely the borders of the intra-
segmentally situated condensation in order to form the vertebral
body. (B) In undulated animals, particularly the medial selerotome
condensations appear delayed. In the lumbar region, the critieal cell
density may not be reached preventing vertebral body development.

some cell accumulation appears at later stages, both me-
dial and lateral sclerotome condensation can he re-
garded as delayed rather than abolished. This delay to-
gether with the expression of Pax-I in the embryonic
sclerotome qualifies the condensations as an intrinsie,
Pazx-1 dependent program of the selerotome.

The Scleratomal undulated Phenotype Suggests a Model
Jor the Development of the Vertebral Body

The interpretation of Pax-I mutations to retard
sclerotome condensation provides us with a possible sce-
nario for the formation of the vertebral body (Fig. 11):
in wildtype mice, this structure is believed to arise from
the noncondensed area within the anterior portion of
the medial sclerotome (reviewed in Christ and Wilting,
1992). Absolute and relative expansion of this less eell
dense zone (Dalgleish, 1985; Bagnall and Sanders, 1989;
Gasser, 1979), as well as the contribution of two somites
to one vertebral body (Bagnall ef al., 1989; Ewan and Ev-
erett, 1992; Goldstein and Kaleheim, 1992), suggest that
the vertebral bodies incorporate also parts of the medial
condensed tissue. This hypothesis is supported by the
undulated phenotypes: the massive delay in the medial
sclerotome condensation lumbosacrally is incompatible
with vertebral body formation.

The medial sclerotome condensation itself, however,
is composed of two, independently proliferating zones.
The first one is located in the posterior half of the so-
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mitie segment, continuous with the lateral neural arch
anlage. This continuity is particularly obvious at Day
12.5 pc, when the cartilage precursor of the neural arch
accesses the notochord, not yet uniting with the adja-
cent, medial cartilage elements. Therefore, it seems
likely that the posterior medial condensation contrib-
utes to the anterior portion of a vertebral body. The sec-
ond medial condensation resides intrasegmentally, con-
tiguous with the former. It posteriorly overlaps with the
cartilage element that anteriorly aligns the neural arch
elongation, thus possibly contributing to the same ver-
tebral body. In anterior direction, the intrasegmental
condensation overlaps with the cartilage element in the
anterior segment half, and may therefore also contrib-
ute to the adjacent vertebral body. In summary, in
agreement with the data obtained from transplantation
experiments in the chick (Goldstein and Kalcheim, 1992)
we suggest that the vertebral body consists of two, more
likely three medial sclerotomal ecomponents, the con-
densed posterior sclerotome half, the noncondensed an-
terier portion of the adjacent somite, and possibly parts
of the flanking, intrasegmentally located condensations,
the last also supplying the intervertebral disc anlagen.

In undulated Mutants, Additional Morphological
Changes Correspond to Pax-1 Expresston Domains

Apart from the vertebral column, additional pheno-
typic alterations in undulated mutant mice could be at-
tributed to Pax-1 expression domains, The developing
sternum represents a Pax-I expression domain that
originates from lateral mesoderm (Chen, 1952). Here,
undulated mutants show sternebral fusions, an in-
creased angle between the lowest ribs and the xiphoid
process, and a terminally split sternum, The impaired
sternal segmentation and the altered sternum-rib as-
sessment may be consecutive to the shortened and
strongly curved ribs, thus resulting from the selerotome
deficiency (Chen, 1953). However, the broadened and
split xiphoid process may he evoked from incompletely
fused sternal bands, directly depending on a Pax-I func-
tion during elongation and unifiecation of the contralat-
eral sternal anlagen (Chen, 1953).

Another mesodermal expression is confined to the de-
veloping shoulder region, that for the chicken has been
shown to be of somitic origin (e.g., Saunders, 1948;
Beresford, 1983). Here, undulated mutant mice exhibit
reductions of the spina scapulae and the acromion.
While un/un, un™/un™, and un/un® mutant mice may
completely lack the acromion, Un® animals develop this
structure, however in close vicinity to the shoulder ar-
ticulation. In the Un® compound heterozygotes, a second,
fork-like protrusion acecompanies the aeromion, both
secondarily fusing with the clavicle, While this pheno-
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type illustrates the qualitative differences in the scapu-
lar phenotypes of undulated mutants, the acromial re-
duetion in un and un*™ underlines the requirement of
Pax-1for the development of this appendicular skeletal
element.

A Pax-1 expression domain that has not achieved
much attention so far is the developing nasal, maxillary,
and mandibular process. However, this region is of par-
ticular interest, since the skeletal elements formed here
all originate from neural crest (Couly et al., 1993). undu-
lated mutant mice show a remarkable size reduction of
the facial skeleton, that may prevent the incisors to
meet and to become worn down by use. The incisors
themselves may be more steeply inserted or absent. In
the facial region in addition to skeletal structures the
opening of the eyelid may be reduced, corresponding to
the Pax-1 expression in the develeping lid from Day 12.5
pe onward.

The thymus constantly expresses the Pax-I gene from
the pharyngeal pouch stage to juvenile ages (Deutsch et
al., 1988; Dietrich et al, 1993), suggesting a role of Pax-1
even for the development of this endoderm derived or-
gan, This possibility is supported by the undulated mu-
tants: in these animals, the thymus is reduced in size. In
addition, the tissue is interspersed by cysts, probably a
consequence of the thymus hypoplasia.

Do the Morphological Alterations in undulated Mutant
Mice Suggest an Integrated Concept of Pax-1 Funciion
during Development?

Based on the skeletal aberrations in the undulated
mutant, Pax-1 so far is interpreted to be required fo the
correct differentiation of the sclerotome (Griineberg,
1954; Balling et al, 1988; Balling et al, 1992). However,
the comparative analysis of undulated phenotypes re-
vealed that besides the vertebral column morphological
alterations in the sternum, the scapula, the facial skull
and the thymus can be aseribed to Pax-1 expression do-
mains. The most obvious common feature of the affected
structures is a striking reduction in size, while the fun-
damental organization is maintained. Another possible
role of Pax-1 may therefore be related to growth pro-
cesses,

In tissue culture experiments, the overexpression
of Pax-1 leads to cell transformation and neoplastic
growth {Maulbecker and Gruss, 1993), thus connecting
Pax-1with cell proliferation, The oncogenic potential of
Pax-1 is abolished, when the undulated mutation is in-
troduced into the expression construct (Maulbecker and
Gruss, 1993). In the embryonic sclerotome, Pax-1 is pre-
dominantly expressed in the condensing areas, zones of
high mitotic activity (J. Wilting, personal communica-
tion). In undulated mutants, these zones prematurely
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narrow, reflecting the delayed cell accumulation. These
findings together with the tissue culture data suggest
that Paz-I mutations may similarly reduce prolifera-
tion in vitro and in vivo. As proliferation is not com-
pletely inhibited, the early phenotypes may partly be
compensated during development as observed particu-
larly for the heterozygotes. In case the condensations do
not reach a critical threshold, the corresponding strue-
tures may fail to chondrify, Such a mechanism has al-
ready been proposed, e.g., by Griineberg (1963}, and may
account for the agenesis of lumbar vertebral bodies and
intervertebral dises and the absence of the acromion in
undulated mutant mice,
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Note added in proof. Recently, two related studies have been pub-
lished by J. Wallin et el (1994), Development 120(5), 1109-1121, and P. M.
Timmons et al (1994}, Development 120(10), 2773-2785, describing the
unduloted vertebral column and seapula phenotypes, respectively.
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