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ABSTRACT Midbrain and cerebellum development de-
pends on an organizing center that is located at the midbrain—
hindbrain junction of the vertebrate embryo. Expression of the
two closely related transcription factors Pax2 and Pax5 over-
laps spatially and temporally in this region of the developing
central nervous system. To study a possible interaction of
these transcription factors in midbrain and cerebellum pat-
terning, we have generated Pax5, Krd double mutant mice. The
transgene-induced Krd mutation corresponds to an ~7-
centimorgan chromosome 19 deletion that eliminates the
entire Pax2 locus. The heterozygous Krd mutation deleting one
Pax?2 allele had no effect on midbrain and cerebellum devel-
opment. Moreover, only minor developmental defects were
previously observed at the midline of the inferior colliculus
and anterior cerebellum in mice that were homozygous for a
targeted Pax5 mutation. Similar morphological alterations
were observed in 80% of all compound heterozygous Pax5
(+/-) Krd (+/—) mice. However, in the remaining 20% of
compound heterozygotes, the inferior colliculi were missing,
and the vermis of the cerebellum was severely disrupted due
to the failure of the cerebellar primordia to fuse at the midline.
Inactivation of the second Pax5 allele in Pax5 (—/—) Krd
(+/-) mice resulted in complete loss of the posterior mid-
brain and cerebellum, as the tissue originating from the
midbrain-hindbrain boundary region was deleted in the
embryo as early as day 9.5. On the basis of these data, we
propose that the cooperation of Pax2 and PaxS5 is essential for
normal functioning of the organizing center at the midbrain-
hindbrain junction.

Early patterning of the central nervous system (CNS) results
in subdivision of the neural tube along the anterior—posterior
axis into the forebrain, midbrain, hindbrain, and spinal cord.
Different strategies are subsequently used for the regional
specialization of these CNS domains. Segmentation plays a
prominent role in the compartmentalization and differentia-
tion of the hindbrain (for review, see ref. 1). In contrast, the
development of the midbrain and cerebellum depends on an
organizing center that is located at the midbrain—hindbrain
junction known as the isthmus (for review, see ref. 2). Isthmic
tissue grafts were shown to induce an ectopic midbrain or
cerebellum when transplanted into the chicken forebrain or
hindbrain, respectively (for review, see ref. 3). Two secreted
signaling molecules, Wnt1 and Fgf§, are specifically expressed
in the organizing center at the isthmus and have thus been
implicated in patterning of the midbrain region (4, 5). The Fgf8
protein was directly shown to have midbrain-inducing activity
(6), whereas the midbrain and cerebellum failed to develop in
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mouse embryos homozygous for a WntI null allele (7, 8). Four
different transcription factors encoded by the homeobox genes
Enl and En2 and the paired box genes Pax2 and Pax5 are
transiently expressed in the midbrain-hindbrain junction of
the mouse embryo (for review, see ref. 2). Targeted gene
inactivation revealed a critical role for Enl in the early
specification of the entire midbrain region (9), whereas the
function of En2 is restricted to cerebellar patterning (10, 11).
Herein we present evidence that the cooperation of Pax2 and
Pax5 is indispensable for the function of the organizing center
at the midbrain—hindbrain junction.

The Pax5 gene coding for the transcription factor BSAP is
expressed in all B lymphoid tissues and testis in addition to the
developing CNS (12). Consistent with this expression pattern,
targeted gene disruption demonstrated an essential role for
Pax5 in early pro-B cell development and in patterning of the
midbrain and cerebellum (13, 14). The brain phenotype of
homozygous Pax5 mutant mice was manifested as a change in
the foliation pattern of the anterior cerebellum and as a
reduction of the inferior colliculi near the midline. These
morphological alterations did not impair the auditory function
of the posterior midbrain (15) and were first visible only at
embryonic day (E) 16.5 as a growth defect in the posterior
region of the collicular neuroepithelium (13). The expression
of the Pax5 gene is, however, already initiated at the three- to
five-somite stage in the prospective midbrain of 8.25-day
embryos (13, 16), indicating that a full week elapses between
the onset of Pax5 expression and the first morphological
manifestation of the Pax5 mutant phenotype. These observa-
tions combined with the mild brain phenotype suggest that the
loss of Pax5 function is compensated for by another member
of the Pax gene family that is expressed with a similar pattern
in the developing midbrain-hindbrain boundary region.

A likely candidate for such a compensating gene is Pax2
because its expression pattern is temporally and spatially
overlapping, yet not identical, with that of Pax5. The expres-
sion of Pax2 is highly dynamic in the embryonic midbrain
region. It is already detectable in the late primitive streak
embryo (day 7.5) and is subsequently observed in a relatively
broad domain of the neural plate corresponding to the pro-
spective midbrain and anterior hindbrain (16). At the one-
somite stage, expression of the Wntl and Enl genes is initiated
within the Pax2 expression domain followed by the onset of
Pax5 and En2 transcription at the three- to five-somite stage
(13, 16, 17). Upon neural tube closure, the expression of Pax2
becomes restricted to a narrow stripe at the isthmus, is
thereafter down-regulated, and is no longer detectable at E11
(16, 17). At the same time, the Pax5 gene is transcribed in a
broad domain centered around the midbrain-hindbrain
boundary and is up-regulated to reach maximal expression at
day 12.5 (12, 18). The Pax2 gene is expressed, in addition to the
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midbrain-hindbrain region, also in the developing kidney, eye,
ear, and spinal cord (19, 20). Recently, a targeted null allele
and a spontaneously occurring frameshift mutation of the
mouse Pax2 gene have been described (21, 22). Analysis of
homozygous mutant mice uncovered an essential role for Pax2
in midbrain, eye, ear, and kidney development consistent with
Pax2 expression in these tissues (21-23). Curiously, the mid-
brain phenotype differed for the two Pax2 mutations analyzed.
Whereas targeted inactivation of the Pax2 gene consistently
resulted in exencephaly at the midbrain region (23), deletion
of the posterior midbrain and cerebellum was frequently
observed with the spontaneous Pax2'™Ne" mutation (22).

A characteristic and unusual feature of mammalian Pax
genes is the association of disease syndromes with heterozy-
gosity for null alleles, known as haploinsufficiency (for review,
see refs. 24 and 25). The function of these transcription factors
is, therefore, thought to be particularly sensitive to gene
dosage, since mutation of one allele already results in devel-
opmental abnormalities. Haploinsufficiency of PAX2 has re-
cently been shown to be responsible for the dominantly
inherited renal-coloboma syndrome in two human families (26,
27). Heterozygous patients exhibit bilateral optic nerve
colobomas and various degrees of renal hypoplasia ranging
from progressive kidney failure to the absence of any defect
(26,27). A phenotype closely resembling the syndrome of these
patients (26) was previously described for the dominant mouse
mutation Krd (kidney and retinal defects) (28). This mutation
was generated by a transgene insertion on chromosome 19 that
resulted in deletion of an approximately 7-centimorgan DNA
segment that includes the Pax2 locus (28). Homozygous Krd
embryos die prior to implantation due to the deletion of
several recessive genes in addition to Pax2. Heterozygous Krd
mice show a high incidence of kidney defects, including small,
cystic, and hypoplastic kidneys, and abnormalities of eye
development manifested as optic nerve defects and hypocel-
lularity of the retinal cell layers resulting in altered electro-
retinograms (28, 29). The kidney and eye defects of heterozy-
gous Krd mice not only closely resemble those of human
patients with heterozygous point mutations in PAX2 (26, 27)
but also are identical with the phenotype of heterozygous Pax2
mutant mice (21, 22). Hence, deletion of Pax2 is sufficient to
account for the haploinsufficient phenotype of the Krd muta-
tion.

Herein we have studied the interaction between Krd and
Pax5 in patterning of the midbrain and cerebellum region by
crossing the targeted Pax5 mutation (13) into the Krd (+/-)
genetic background. No morphological abnormalities were
observed in the midbrain and cerebellum of single mutant Krd
(+/—) mice, indicating that deletion of only one Pax2 allele
has no effect on midbrain development. However, progressive
inactivation of one and both Pax5 alleles on the Krd (+/—)
background resulted in increasing loss of the posterior mid-
brain and cerebellum. In Pax5 (—/—) Krd (+/—) embryos,
most, if not all, tissue originating from the midbrain—hindbrain
boundary is missing as early as E9.5. These data suggest that
the cooperation of Pax2 and Pax5 is essential for normal
development of the midbrain and cerebellum.

MATERIALS AND METHODS

Mice. Krd (+/—) mutant mice of the C3H strain (28) were
crossed with Pax5 (+/—) mutant mice (13) bred on the
C57BL/6J and 129/Sv hybrid background. The genotype of
the mutant mice was determined by PCR assay using oligo-
nucleotides specific for either the Pax5 locus (14) or the
chloramphenicol acetyltransferase gene insertion associated
with the Krd mutation (28, 30).

Histological Analysis. Brains of newborn and adult mice
were dissected, fixed overnight at 4°C in PBS containing 4%
paraformaldehyde, washed in PBS, and then processed for
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paraffin sectioning. Sections (6-8 um) were stained with
hematoxylin and eosin.

B-Galactosidase Staining. Dissected embryos were briefly
washed in PBS; fixed for 5-10 min on ice in a buffer containing
100 mM sodium phosphate (pH 7.3), 0.2% glutaraldehyde, 2
mM MgCl,, and 5 mM EGTA; and then stained with 5-bromo-
4-chloro-3-indolyl B-D-galactoside as described (31).

Whole-Mount in Situ Hybridization Analysis. Whole mount
in situ hybridization was performed essentially as described
(32). Single-stranded RNA probes were labeled with digoxi-
genin-UTP (Boehringer Mannheim). After hybridization, the
labeled RNA probes were detected with anti-digoxigenin
antibodies coupled to alkaline phosphatase. The Krox20 probe
contained 750 bp of C-terminal coding sequences (33). The
Enl and En2 probes contained 600 and 800 bp of 3’ untrans-
lated sequences, respectively (34). The Wntl and Fgf§8 probes
consisted of a 900-bp and 400-bp cDNA fragment from the
respective 3’ untranslated region (4).

RESULTS

One Functional Pax2 Allele Is Sufficient for Normal De-
velopment of the Midbrain and Cerebellum in Heterozygous
Krd Mutant Mice. Mutation of one Pax2 allele leads to a
semidominant kidney and eye phenotype both in humans and
mice (21, 22, 26, 27). Heterozygous Krd mutant mice also
exhibit similar kidney and retinal defects, thus indicating that
the Krd deletion can be regarded as a null mutation of the Pax2
locus in heterozygotes (28). During embryogenesis, the Pax2
gene is also transiently expressed in the midbrain—hindbrain
junction in addition to the developing kidney, eye, and ear (19,
20). Recently, a defect in neural tube closure at the midbrain
region was reported in embryos heterozygous for a targeted
Pax2 mutation. In these heterozygous embryos, exencephaly
was observed at a low frequency and in a genetic background-
dependent manner (23). During our analysis of heterozygous
Krd (+/—) embryos, we did not observe any case of exen-
cephaly among all midgestation embryos (E9.5-E12.5) ana-
lyzed, suggesting that the Krd mutation does not interfere with
neural tube closure on the mixed genetic background contrib-
uted by the inbred strains C57BL/6J, 129/Sv, and C3H (data
not shown). Moreover, detailed inspection and histological
analysis did not uncover any developmental abnormalities of
the midbrain and cerebellum in adult Krd (+/—) mice (Fig. 1
D-F) compared with wild-type animals (Fig. 1 A-C). The
inferior and superior colliculi of the midbrain were fully
developed, and the foliation of the cerebellum was entirely
normal. We conclude therefore that elimination of one Pax2
allele by the Krd deletion does not affect the development of
CNS structures that originate from the mid-hindbrain bound-
ary region. The absence of a semidominant midbrain pheno-
type, therefore, makes the heterozygous Krd mutation well
suited for investigating its potential interaction with Pax5 in
midbrain and cerebellum development by crossing the targeted
Pax5 mutation (13) into the Krd (+/—) genetic background.

Absence of the Inferior Colliculi and Disruption of the
Vermis in a Subset of Compound Heterozygous Pax5, Krd
Mutant Mice. Mice that were heterozygous for both the Pax5
and Krd mutations were born at the expected Mendelian
frequency (18 of 76) in crosses between Pax5 (+/—) and Krd
(+/—) mutant mice. Morphological analysis revealed two
different phenotypes in the adult brains of these compound
heterozygous mice (Fig. 1 and Table 1). The majority (80%) of
these mice displayed only mild phenotypic abnormalities in the
midbrain and cerebellum (Fig. 1 G-I). The inferior colliculi
were laterally displaced and thus underdeveloped near the
midline (Fig. 1 G and H), but the development of the superior
colliculi was normal. Moreover, the cerebellum of these mice
showed a minor alteration of the foliation pattern, as the lobule
culmen was bifurcated due to the presence of an intraculmi-
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FiG. 1. Brain phenotype of compound heterozygous Pax5 (+/—) Krd (+/—) mice. The entire brain (dorsal view in A, D, G, and J), a close-up
view of the cerebellum and colliculi (B, E, H, and K), and histological sections of the midbrain and cerebellum (C, F, I, and L) are shown for
4-week-old mice of the genotypes indicated to the left. The sagittal plane of sectioning was close to the midline. Open arrowheads highlight the
lateral displacement of the inferior colliculi in Pax5 (+/—) Krd (+/—) mice (G and H); a solid arrowhead indicates the intraculminate fissure present
in the cerebella of these mice (/). Arrows point to the absence of the inferior colliculus in the lateral midbrain (J and K) and at the midline (L)
of severely affected Pax5 (+/—) Krd (+/—) mice. SC, superior colliculus; IC, inferior colliculus; V, vermis; H, hemisphere; Cu, culmen; D, declive;

T, tuber vermis; P, pyramis; U, uvula.

nate fissure near the midline (Fig. 11, arrowhead). This mild
brain phenotype of compound heterozygous Pax5 (+/—) Krd
(+/—) mice closely resembles that of homozygous Pax5 mu-
tant mice (13). Hence, the Krd and Pax5 mutations affect
midbrain patterning in a dosage-dependent manner as inacti-
vation of one Pax5 allele combined with the heterozygous Krd
deletion can result in a similar brain phenotype as mutation of
both Pax5 alleles.

A more severe phenotype in the midbrain and cerebellum
was observed in 20% of compound heterozygous mice (Fig.
1J-L and Table 1). In these animals, even the lateral aspect
of the inferior colliculi was lost. Moreover, the structure of
the cerebellum was severely disrupted near the midline due
to the presence of a deep furrow that divided the central part,
known as the vermis, into two parts (Fig. 1 J and K). As a
consequence, the foliation pattern in the two separated
halves of the vermis was completely abnormal (Fig. 1L). One

Table 1. Variability of the brain phenotype in compound
heterozygous Pax5, Krd mutant mice

Pheno- New- 1-3
Pax5 Krd type E16-18 born  weeks Total
+/- +/= Mild 18 14 36 68 (80%)
+/- +/—  Severe 5 4 8 17 (20%)

Numbers refer to compound heterozygous mice displaying either a
mild or severe phenotype in the posterior midbrain and cerebellum.
The brain phenotype was scored as mild or severe according to the
analyses shown in Figs. 1 and 2.

of the main functions of the vermis is to control the fine
coordination of movement (35). Consistent with this notion,
all compound heterozygous mice with a disrupted vermis
displayed ataxia that was manifested as classical swaying
behavior. These mice could not move straight on a plane
surface but instead pivoted in circles. Interestingly, the
swaying mice and the mice displaying the mild brain phe-
notype were fertile and thus could be mated with Pax5
(+/—) mice. Among the compound heterozygous progeny of
these crosses, the mild and severe midbrain phenotype
segregated again at a ratio of about 4:1 (data not shown),
indicating that the observed phenotypic variability is inher-
ent to the Pax5 (+/—) Krd (+/—) genotype (see Discussion).

The cerebellum develops during embryogenesis from the
cerebellar anlage that becomes morphologically visible be-
tween E11 and E12 as two bilateral thickenings on both sides
of the roof of the fourth ventricle (36, 37). As development
proceeds, these bilateral thickenings expand, grow together,
and fuse in the midline at approximately day 15 of gestation.
After birth the cerebellum is subdivided into different folia by
a complex folding process, whereby eight folds are derived
from the fused central part of the cerebellum, thus constituting
the vermis. A failure of the cerebellar primordia to fuse at the
midline could, therefore, explain the disruption of the vermis
in 20% of all Pax5 (+/—) Krd (+/—) mice. To test this
hypothesis, we have analyzed the brain of these mice at birth.
Like in adult mice, two distinct brain phenotypes were ob-
served with newborn mice of the Pax5 (+/—) Krd (+/-)
genotype. In 14 cases, the brains of compound heterozygous
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mutants were morphologically very similar to those of wild-
type mice (Table 1 and Fig. 2 4 and C). The cerebella of four
mice were, however, not fused at the midline (Fig. 2D), which
thus explains the disruption of the vermis in a subset of
compound heterozygous mice. In this context it is interesting
to note that we have not yet found an adult compound
heterozygous mouse with developmental abnormalities in the
vermis and inferior colliculi that were intermediate between
the mild and severe phenotypes shown in Fig. 1 (data not
shown). It appears therefore that either the completion or
failure of midline fusion determines the severity of the brain
phenotype in compound heterozygous mice.

Early Deletion of the Cerebellum and Posterior Midbrain in
Pax5 (—/—) Krd (+/—) Embryos. Mice of the Pax5 (—/—) Krd
(+/—) genotype were obtained by crossing compound het-
erozygous Pax5 (+/—) Krd (+/—) mice with Pax5 (+/-)
mice. Pax5 (—/—) Krd (+/—) progeny were present at about
the expected frequency of 12.5% during embryogenesis and at
birth, indicating that these mutants could develop to term
(Table 2). These mice were, however, unable to feed after birth
since no milk could be found in their stomach. Consequently,
they died within 24 h of birth, demonstrating that inactivation
of the second Pax5 allele on the Krd (+/—) background is
incompatible with postnatal life (Table 2). Superficial exam-
ination of the brains of newborn mutants revealed a large
deletion of collicular and cerebellar tissues encompassing the
posterior midbrain and cerebellum (Fig. 2E). As shown by the
midsagittal section in Fig. 2F, the cerebellum and posterior
midbrain were entirely missing, and the choroid plexus was
fused to the remnants of the anterior midbrain. Interestingly,
the analysis of 13 newborn Pax5 (—/—) Krd (+/—) mice
revealed that the variability of the brain phenotype associated
with this genotype was less pronounced than that of compound
heterozygous mutant mice. In a few cases, some rudimentary
tissue of the cerebellum was found on both lateral sides of the
brain (data not shown).

To investigate the onset of the tissue deletion in the devel-
oping CNS of Pax5 (—/—) Krd (+/—) embryos, we have taken
advantage of the fact that the inactivated Pax5 allele expresses
an in-frame lacZ fusion gene under the control of the endog-
enous Pax5 locus (13). LacZ gene expression in Pax5 mutant
embryos can, therefore, be used to trace cells originating from

Pax-5 Krd [

cb
%

(. CP
+/+  +/+

7

severe

FiG. 2. Absence of the cerebellum and posterior midbrain in Pax5
(=/-) Krd (+/—) mutant mice. The brains of newborn mice of the
genotypes indicated to the left are shown as dorsal view (4 and C-E).
Midsagittal sections through the brains shown in 4 and E are displayed
in B and F, respectively. M, midbrain; Cb, cerebellum; Cp, choroid
plexus.
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Table 2. Perinatal lethality of Pax5 (—/—) Krd (+/-)
mutant mice

Pax5 Krd E8.5-12.5 E16-18 Newborn 1-3 weeks
-/— +/+ 33/321 4/73 5/76 7/105
-/  +/- 44/321 9/73 13/76 0/105

The progeny of crosses between Pax5 (+/—) Pax2 (+/+) females
and Pax5 (+/-) Krd (+/—) males were genotyped at different
developmental stages, and the numbers of offspring with the two
genotypes indicated to the left are shown as a fraction of the total
number of mice analyzed. Progeny of both genotypes are expected at
a frequency of 12.5% in these crosses.

the midbrain-hindbrain boundary region. Strong B-galactosi-
dase staining was observed in the corresponding brain region
of Pax5 (—/—) embryos at day 9.5 (Fig. 34) in agreement with
our previous conclusion that Pax5 is not involved in autoreg-
ulation of its own transcription (13). Weaker, but consistent,
lacZ expression was detected at the midbrain—hindbrain
boundary in heterozygous Pax5 (+/—) mutant embryos re-
gardless of whether one copy of the Pax2 locus was in addition
deleted by the Krd mutation (Fig. 3 D and E). Importantly,
lacZ expression was entirely lost at the 20-somite stage in Pax5
(—=/-) Krd (+/—) embryos (Fig. 3B), whereas some B-galac-
tosidase activity was still detectable in the 15-somite embryo
(Fig. 3C). These data therefore demonstrate that complete
deletion of the Pax5-expressing CNS tissue is achieved be-
tween the 15 and 20 somite stages in Pax5 (—/—) Krd (+/-)

A 3 B C >

S/
Paxs (-1) X5 () Pax5 (-/-)
Krd (+/+) Krd (+/-) Krd (+/-)
D E F <
A ﬂ%ﬁ
(+H) 3 (+F) Pax5 (-/-)
Krd {+/+) Krd (+/-) Krd (+/4)
G H |
A A 5
o8l OB e S
< ’
L\ )
S - -
Pax5 (+/+) Pax5 {+/-) Pax5 (-/-)
Krd (+/+) Krd (+/-) Krd (+-)

Fi1G. 3. Early deletion of midbrain-hindbrain boundary tissue in
Pax5 (—/—) Krd (+/—) embryos. (A-E) B-Galactosidase staining of
E9.5 embryos of the indicated genotypes. An arrowhead denotes the
expression domain of the Pax5-lacZ allele in the mid-hindbrain
boundary region. (F-I) Whole-mount in situ hybridization of E9.5
embryos with Fgf§ and Krox20 probes. A solid arrowhead points to the
Fgf8 expression domain in the mid—hindbrain region; open arrowheads
denote expression of the Krox20 control gene in rhombomeres 3 and
5 of the hindbrain (33). All embryos were analyzed at the 20- to
21-somite stage except for the embryos in C and F, which contained
only 14 or 15 somites. Note that the expression of Krox20 is down-
regulated in rthombomere 3 during the transition from the 15- to
20-somite stage (33) and that intensive B-galactosidase staining is
already seen at the 7-somite stage in the midbrain region of Pax5
mutant embryos (13).
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embryos. This finding was confirmed by whole-mount in situ
hybridization analysis of gene transcripts that are specifically
expressed at the midbrain-hindbrain junction. As illustrated
for the Fgf8 gene, no expression could be detected at day 9.5
in the corresponding CNS region of Pax5 (—/—) Krd (+/-)
embryos (Fig. 3) in contrast to wild-type (Fig. 3G), compound
heterozygous (Fig. 3H), and Pax5 (—/—) embryos (Fig. 3F).
The Fgf§8 gene was, however, transcribed in other regions of the
Pax5 (—/—) Krd (+/—) embryo, including the previously
described expression domains in the surface ectoderm of the
forebrain and in the tail bud (4, 38, 39). Furthermore, tran-
scripts of the Enl, En2, and Wntl genes could also not be
detected at day 9.5 in the midbrain—hindbrain junction of Pax5
(=/-) Krd (+/—) embryos (data not shown). Thus these data
demonstrate that inactivation of both Pax5 alleles combined
with the heterozygous Krd deletion eliminating one Pax2 allele
results in an early loss of CNS tissue that normally gives rise
to the posterior midbrain and cerebellum.

DISCUSSION

Pax2, Pax5, and Pax8 constitute a subgroup within the mam-
malian Pax gene family whose protein products are highly
related in sequence (12, 40). The three transcription factors
also recognize DNA with identical sequence specificity (41)
and are expressed in a partially overlapping manner in the
developing CNS of the mouse embryo (12, 16, 18). Pax2
expression is initiated in the primordia of the midbrain and
anterior hindbrain at E7.5 (16, 17) followed by expression of
the Pax5 gene in the midbrain-hindbrain boundary region at
ES8.25 (13). Starting at E9, Pax8 is also weakly expressed in this
region of the CNS (12, 42). To gain insight into the function
and possible redundancy of these Pax transcription factors in
midbrain and cerebellum development, we have crossed the
targeted Pax5 mutation (13) into mice heterozygous for the
Krd deletion, which eliminates the entire Pax2 locus (28).
Deletion of one Pax2 allele did not affect midbrain develop-
ment in Krd (+/—) mice. Likewise, targeted disruption of both
Pax5 alleles in Pax5 (—/—) mice had only a minimal effect on
morphogenesis of the inferior colliculus and cerebellum close
to the midline (13). However, progressive inactivation of one
and both Pax5 alleles on the Krd (+/—) background resulted
in increasing deletion of the posterior midbrain and cerebel-
lum. All tissue at the midbrain-hindbrain boundary was
completely lost in Pax5 (—/—) Krd (+/—) embryos at the
20-somite stage (E9.5), as shown by the absence of midbrain-
specific expression of the lacZ (Pax5), Fgf8, Wntl, Enl, and
En2 genes. These experiments identify the period from E8.25
(onset of Pax5 expression) to E9.5 (tissue loss) as the critical
time window for the interaction of Krd and Pax5 in midbrain
and cerebellum development.

The Krd deletion eliminates several genes in addition to the
Pax2 locus (28). Hence, another gene within the Krd deletion
region could cooperate with Pax5 in midbrain and cerebellum
patterning. However, we regard this as unlikely for the fol-
lowing two reasons. (i) The mammalian genome contains only
a few genes that exhibit truly haploinsufficient phenotypes
upon heterozygous mutation (43). Pax2 is one of these genes
as shown by the haploinsufficiency of Pax2 mutations in
humans (26, 27) and mice (21, 22) (see also Introduction). (i7)
The specificity of the Krd (+/—) Pax5 (—/—) phenotype
strongly argues that the cooperating gene located in the Krd
deletion would have to be expressed in the developing mid-
brain—hindbrain boundary region. Thus it is highly improbable
that the Krd deletion contains, apart from Pax2, a second gene
that is both haploinsufficient and important for midbrain and
cerebellum development. We therefore interpret the brain
phenotype of Krd, Pax5 double mutant mice to indicate that
the Pax2 gene cooperates with Pax5 in midbrain and cerebel-
lum patterning. In this view, the gene dosage of Pax2 and Pax5
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is critical for normal functioning of the organizing center at the
midbrain-hindbrain boundary, suggesting that the two tran-
scription factors may fulfill similar partially redundant func-
tions in this region of the CNS. The wild-type Pax8 gene is,
however, unable to compensate for the loss of Pax2 and Pax5
function and thus appears to be dispensable for early pattern-
ing of the midbrain and cerebellum in agreement with the late
onset of its expression in this brain region (42).

In zebrafish, the formation of the midbrain-hindbrain
boundary was previously shown to depend on the function of
the Pax[b] gene, because neutralizing antibodies raised against
the Pax[b] protein prevented morphogenesis of this CNS
region in injected embryos (44). Recently, several Pax[b]
alleles with intragenic mutations have been isolated in a
large-scale genetic screen for zebrafish developmental mutants
(45). These noi (no isthmus) mutations interfered with the
development of the midbrain—hindbrain boundary region in
homozygous embryos (45), thus genetically confirming the
result of the antibody injection experiments. We have recently
cloned all three members of the zebrafish Pax2/5/8 subfamily,
which unequivocally identified Pax[b] as the zebrafish ortho-
logue of the mouse Pax2 gene based on sequence similarity (P.
Pfeffer and M.B., unpublished data). Thus in fish, the loss of
Pax2 is sufficient to interfere with normal functioning of the
organizing center at the midbrain-hindbrain boundary. A
similar phenotype has recently been reported for the sponta-
neous mutation Pax2'™et of the mouse that resulted in fre-
quent deletion of the posterior midbrain and cerebellum (22).
The midbrain phenotype of homozygous Pax2'™et mice is,
therefore, similar to that of Pax5 (—/—) Krd (+/—) mice,
suggesting that the inactivation of the second Pax2 allele may
be functionally equivalent to disruption of two Pax5 alleles.
However, exencephaly rather than deletion of the midbrain
region was observed in embryos that were homozygous for a
targeted Pax2 gene mutation (23). The reason for this discrep-
ancy is at present unclear, particularly since both mutations
appear to be null alleles of the Pax2 gene (22, 23). Interestingly,
the exencephalic embryos lacking Pax2 still express the Pax5
gene in a region corresponding to the midbrain—hindbrain
junction (23). Moreover, the lacZ gene at the inactivated Pax5
locus is also normally expressed in homozygous Pax5 mutant
embryos (ref. 13; see Fig. 34). Hence, Pax5 is neither subject
to autoregulation by its own product nor to cross-regulation by
Pax2. Likewise, Pax2 expression appears to be normal in Pax5
(—/—) embryos (data not shown). It is therefore highly likely
that the severe midbrain phenotype of Pax5 (—/—) Krd (+/-)
embryos results from the failure to activate common target
genes rather than from disruption of auto- or cross-regulatory
loops of Pax2 and Pax5.

The haploinsufficient nature of mammalian Pax genes was
revealed by the discovery that mutation of one allele of either
Pax3 or Pax6 causes Splotch or Small eye in the mouse and
Waardenburg syndrome or aniridia in humans, respectively
(for review, see refs. 46—48). Heterozygous mutation at the
Pax3 or Pax6 locus results in variable phenotypes in humans
and mice (46-48). However, this phenotypic variability does
not correlate with specific mutations, since large chromosomal
deletions cause the same spectrum of developmental abnor-
malities as single point mutations (for review, see ref. 25).
Phenotypic variability is also a hallmark of the renal-coloboma
syndrome, which has recently been associated with single
nucleotide mutations of the human PAX2 gene (26, 27). Herein
we have reported considerable variation of the midbrain
phenotype in compound heterozygous Pax5 (+/—) Krd (+/-)
mice. The severity of the brain phenotype in these mice
appears to be determined by stochastic events that either allow
or prevent midline fusion of the cerebellar primordia during
embryogenesis. In analogy to other Pax gene mutations, we
propose that the fluctuation of the Pax5 (+/—) Krd (+/-)
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phenotype is caused by a critical threshold requirement of Pax2
and Pax5 in midbrain and cerebellum development.

During Drosophila development, the Pax genes paired (prd)
and gooseberry (gsb) are involved together with the segment
polarity genes engrailed (en) and wingless (wg) in a regulatory
network controlling the segmentation process in the ectoderm
(for review, see refs. 2 and 49). Interestingly, the murine
homologues of these Drosophila genes are not only expressed
in the midbrain-hindbrain boundary region of the mouse
embryo but also play an important role in the development of
this region of the CNS as shown by gene targeting experiments.
Inactivation of the Wnt1 gene resulted in the deletion of the
entire midbrain and cerebellum (7, 8), whereas the function of
the Enl gene was required for morphogenesis of the posterior
midbrain and cerebellum (9). Recently, the expression of the
Enl transgene in the midbrain-hindbrain junction of WntI null
embryos was shown to rescue midbrain and cerebellum devel-
opment, indicating that Enl is a target of the Wnt1 signaling
pathway (50). Pax2 and Pax5 are also part of the regulatory
network controlling midbrain and cerebellum patterning (refs.
13 and 22 and this study). Interestingly, the brain phenotype of
Pax5 (—/—) Krd (+/—) embryos resembles that of Enl mutant
mice (9) at the morphological level, although it may be slightly
more extreme than the Enl (—/—) phenotype based on gene
expression data (9). Moreover, the expression of the En2 gene
depends on a midbrain-specific enhancer containing function-
ally important binding sites for Pax2 and Pax5 (42). Thus these
findings indicate that the regulatory interactions of Pax, Wht,
and En genes have been conserved from Drosophila to mam-
mals similar to the highly conserved role of Pax6 in eye
development (51).
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