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The patterning of the mammalian brain is orchestrated by a large battery of regulatory genes. Here we examine the
developmental function of the Gsh-2 nonclustered homeobox gene. Whole-mount and serial section in situ hybridiza-
tions have been used to better define Gsh-2 expression domains within the developing forebrain, midbrain, and hind-
brain. Gsh-2 transcripts are shown to be particularly abundant in the hindbrain and within the developing ganglionic
eminences of the forebrain. In addition, mice carrying a targeted mutation of Gsh-2 have been generated and character-
ized. Homozygous mutants uniformly failed to survive more than 1 day following birth. At the physiologic level the
mutants experienced apnea and reduced levels of hemoglobin oxygenation. Histologically, the mutant brains had
striking alterations of discrete components. In the forebrain the lateral ganglionic eminence was reduced in size. In
the hindbrain, the area postrema, an important cardiorespiratory chemosensory center, was absent. The contiguous
nucleus tractus solitarius, involved in integrating sensory input to maintain homeostasis, was also severely malformed
in mutants. Immunohistochemistry was used to examine the mutant brains for alterations in the distribution of
markers specific for serotonergic and cholinergic neurons. In addition, in situ hybridizations were used to define
expression patterns of the Dlx 2 and Nkx 2.1 homeobox genes in Gsh-2 mutant mice. The mutant lateral ganglionic
eminences showed an abnormal absence of Dlx 2 expression. These results better define the genetic program of develop-
ment of the mammalian brain, support neuromeric models of brain development, and further suggest similar patterning
function for homeobox genes in phylogenetically diverse organisms. q 1997 Academic Press
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INTRODUCTION al., 1991). Adding to the complexity, the average cortical
neuron correctly synapses with 10,000 others. Understand-
ing the genetic basis of brain development presents a majorThe development of the brain is a complex multistep
challenge.process. The folding of the neural plate forms the neural

Homeobox genes often occupy high-level positions in thetube. The undifferentiated neuroepithelium of the rostral
genetic hierarchy of development. This evolutionarily con-neural tube then bulges, flexes, and constricts to form the
served family of genes encodes transcription factors with aprosencephalon, mesencephalon, and rhombencephalon,
60-amino acid helix–turn–helix motif, the homeodomainwhich give rise to the forebrain, midbrain, and hindbrain,
(reviewed by Gehring, 1987). These genes are broadly di-respectively. The adult mammalian brain is an extremely
vided into two groups. In mammals, the 39 genes that resideelaborate structure. The human brain, for example, consists
within the four main clusters are designated Hox genes,of thousands of types of neurons and about 1011 total neu-
while the remaining chromosomally scattered or orphanrons associated with more than 1012 glial cells (Kandel et
genes, of even greater but still uncertain number, are usu-
ally named after their Drosophila homologues. The clus-
tered Hox genes show a striking colinearity between their1 To whom correspondence should be addressed at Division of
position within the cluster and their expression domain inDevelopmental Biology, Children’s Hospital Research Foundation,
the developing embryo (Graham et al., 1989). Genes more3333 Burnet Avenue, Cincinnati, OH 45229-3039. Fax: 513-636-

4317. E-mail: steve.potter@chmcc.org. 3* in the clusters are expressed earlier and in more rostral
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231Altered Brain Development in Gsh-2 Mutants

domains. In contrast, the nonclustered homeobox genes Gsh-2 homeobox gene. The resulting homozygous mutant
mice, which die within the first day following birth, arehave diverse expression patterns (Kern et al., 1992; Li et al.,

1994; Valerius et al., 1995). Mutations in the Drosophila shown to have interesting brain malformations. In the hind-
brain, the area postrema and nucleus tractus solitarius, im-clustered homeobox genes often result in homeotic trans-

formations of segment identity or structure deletions portant for cardiorespiratory control, suffer major structural
deletions. In the forebrain the lateral ganglionic eminence is(McGinnis and Krumlauf, 1992).

Abundant evidence indicates that homeobox genes play reduced in size and perturbed in its gene expression pattern.
critical roles in brain development. The Hox genes show
overlapping domains of expression in the rhombomeres of
the developing hindbrain (Keynes and Krumlauf, 1994). Ec- MATERIALS AND METHODS
topic expression of Hox genes, induced by retinoic acid or
heterologous promoters, can generate partial transforma- Construction of the Gsh-2 Targeting Vector
tions of rhombomere identity (Marshall et al., 1992; Zhang

An isogenic replacement targeting vector was generated using aet al., 1994). Likewise, targeted mutations of Hox genes can
129/SVJ mouse genomic DNA library (provided by Tom Doetsch-influence hindbrain development. In Hoxa 1 mutants, for
man). A multipurpose knockout vector, pMCKOV, previously de-example, there is a deletion of rhombomere 5 as well as a
scribed (Li et al., 1994) was used as the backbone to make thedramatic reduction in the size of rhombomere 4 (Lufkin et
pMCKO Gsh-2 construct. A 9-kb XbaI fragment was used as the

al., 1991; Chisaka et al., 1992; Dolle et al., 1993; Carpenter long block of homology while the short block of homology con-
et al., 1993). Nevertheless, the clustered Hox genes are not sisted of a 0.8-kb NotI/EcoRI fragment. Plasmid DNA was prepared
expressed rostral to rhombomere 2 of the hindbrain (Keynes by cesium chloride banding, linearized, and used for electroporation
and Krumlauf, 1994). This indicates that other genes are as previously described (Li et al., 1994).
responsible for pattern formation in these regions. Indeed,
more than 25 nonclustered homeobox genes, including the

Generation of Gsh-2 Targeted Micevertebrate homologs of the Drosophila Engrailed, Distal-
less, and empty spiracles genes, are expressed in the devel-

D3 ES cells maintained on mitomycin C-treated G418r mouse
oping midbrain and forebrain (reviewed by Rubenstein and embryo fibroblast feeder cells were electroporated with the
Puelles, 1994). pMCKOGsh-2 vector. Positive and negative selection, using G418

We have previously described the isolation of a pair of and ganciclovir, respectively, were as previously described (Li et
murine homeobox genes, designated Gsh-1 and Gsh-2, with al., 1994). A total of 320 individual colonies were picked and
no known Drosophila homologues (Singh et al., 1991). screened for homologous recombination. DNAs were pooled into

groups of six and initially screened by PCR using nested primersThese two genes are closely related, encoding homeodo-
from the 3* end of the neo cassette and the 5* end of the DNAmains that are identical at 58 of 60 amino acid positions.
flanking the short block of homology. The outer oligos were 5*-Gsh-1 and Gsh-2 map chromosomally to two distinct posi-
CAGGACATAGCGTTGGCTACCCGTGATATT-3* and 5*-CGC-tions on chromosome five and are not associated with the
TCTACCTTTGCTCAAAAGCCAGTTCTC-3*, and the innerfour main clusters of Hox genes. Nevertheless, these genes
oligos were 5*-CATCGCCTTCTATCGCCTTCTTGACGAGTT-

are very Hox-like in two respects. Among all nonclustered 3* and 5*-CACCCACCACAGCATCATCATCACCATCAC-3*, for
homeobox genes their encoded homeodomains are most neo and Gsh-2, respectively. It was necessary to include 5% for-
closely related to those encoded by the Hox genes. Indeed, mamide in the PCR cocktail to amplify this GC-rich region of
their encoded homeodomains are more ‘‘Antennapedia- DNA. Once correctly targeted pools of DNA were identified, PCR
like’’ than those of many Hox genes (Singh et al., 1991). and Southern blot analysis were used to identify and confirm indi-

vidual targeted clones. A 1-kb NotI–HindIII fragment was used asFurthermore, their genomic organization, with but a single
a flanking probe on Southern blot analysis and gave diagnosticsmall intron, closely resembles that seen for many Hox
bands of 9.3, 3.5, and 3.6 kb for HindIII, HindIII, and EcoRV andgenes and is distinct from that found for most nonclustered
BsteII restriction endonuclease digestions, respectively (data nothomeobox genes.
shown).Gsh-1 and Gsh-2 appear to function in the formation of

C57BI/6J blastocysts (day 3.5 p.c.) were isolated from uteri of
the brain. They are transcribed in partially overlapping do- superovulated mice, injected with targeted ES cells, and transferred
mains in the developing brain. Gsh-1 and Gsh-2 are ex- to pseudopregnant mice as previously described (Li et al., 1994).
pressed in the developing ganglionic eminences and dien-
cephalon of the forebrain and in restricted regions of the
developing mid- and hindbrain (Valerius et al., 1995; Hsieh- Histological Analysis
Li et al., 1995). Moreover, we have previously reported the

Embryos or neonate heads were fixed overnight in Bouin’s solu-targeted deletion of Gsh-1 (Li et al., 1996). The resulting
tion followed by extensive rinsing and dehydration in 70% ethanol.homozygous mutants have hypothalamic defects, with the
Samples were then fully dehydrated in ascending ethanol baths,

arcuate nucleus no longer synthesizing growth hormone- cleared in xylene, and embedded in paraffin. Serial sections were
releasing hormone. This creates a severe dwarfism, caused cut on a microtome at 15 mm thickness and Nissl stains performed.
by a hypocellular pituitary with a greatly reduced popula- Lungs were dissected out of neonates and fixed overnight with 4%
tion of growth hormone-producing somatotrophs. paraformaldehyde/PBS at 47C. The following day, samples were

rinsed in 70% ethanol and processed as above.In this report we describe the targeted mutation of the
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232 Szucsik et al.

Immunohistochemistry in the ganglionic eminences and around the third ventricle
in the developing thalamic nuclei, as well as a band of signal

Neonate brains were dissected from the cranium and fixed over-
that extended ventrally toward the floor of the third ventri-night in 4% paraformaldehyde/PBS at 47C. Following fixation the
cle (Hsieh-Li et al., 1995). At E14 Gsh-2 transcripts werebrains were rinsed and dehydrated with 70% ethanol. Samples were
localized in the medial ganglionic eminences (MGE) and infurther dehydrated in ascending alcohol baths, cleared in xylene,
the lateral ganglionic eminences (LGE) (Fig. 1D). At thisand paraffin embedded. Serial sections were cut on a microtome at
time point (E14) no hybridization signal was detected in the15 mm thickness and collected on glass slides. Just prior to use,

sections were deparaffinized in xylene and rehydrated in descend- developing spinal cord or around the fourth ventricle. By
ing ethanol baths. Primary antisera consisted of anti-choline acetyl- the newborn stage (Fig. 1E) the hybridization signal was
transferase (Chemicon) and anti-tryptophan hydroxylase (Chemi- weak and essentially restricted to a small cluster of cells
con) used at a 1:100 dilution and incubated at 47C overnight. An overlying the basal ganglia in the subependymal region of
avidin/biotin immunoperoxidase system (ABC system/Vector) was the lateral ventricles.
used to detect antibody binding according to supplied protocols.

Targeted Disruption of the Gsh-2 GeneBlood Gas Measurements
To better define its developmental function Gsh-2 wasBlood gas measurements were performed on neonates using a

disrupted by homologous recombination in embryonic stemCorning 170 pH/blood gas analyzer. Animals were decapitated and
cells. The replacement construct, illustrated in Fig. 2A, wasblood samples immediately collected in heparinized microhemato-
designed to inactivate Gsh-2 by deleting the region encodingcrit capillary tubes and analyzed. Readings were collected and a

one-way ANOVA statistical analysis was performed. Noninvasive the DNA recognition helix of the homeodomain. Homolo-
measurements of blood oxygenation levels were also determined gous recombination between the pMCKO Gsh-2 targeting
with a laser oxymeter generously provided by Dr. Michael Don- construct and the Gsh-2 gene resulted in a deletion of 487
nelly. bp. This removed coding sequences for the last 40 amino

acids of the homeodomain and the carboxy terminus of the
protein. The construct was electroporated into D3 ES cellsIn Situ Hybridizations
and 320 clones were screened for homologous recombina-

Serial section and whole-mount in situ hybridizations were per- tion, with a single targeted clone identified and confirmed
formed as previously described (Li et al., 1994). The Gsh-2 probe by Southern analysis (data not shown).
used was also previously described (Hsieh-Li et al., 1995). Blastocyst injections and implantations into pseudopreg-

nant mice to produce chimeras were as previously described
(Li et al., 1994). The heterozygous progeny of these chimeras

RESULTS were indistinguishable from wild type. They were healthy
and fertile and had a normal lifespan. The Gsh-2//0 mice
were mated to generate Gsh-20/0 offspring, which were ge-Gsh-2 Developmental Expression
notyped as shown in Fig. 2B.

The Gsh-2 gene is expressed in discrete domains during
early brain development. We previously described the distri-
bution of Gsh-2 transcripts in embryos using serial section The Gsh-2 Mutant Phenotype
in situ hybridization (Hsieh-Li et al., 1995). Signal was de-
tected in the ganglionic eminences and diencephalon of the The Gsh-2 gene is not required for survival to birth. One

hundred fifty-seven newborn offspring of heterozygous mat-forebrain, as well as restricted regions of the mid- and hind-
brain. In this report we extend the expression analysis to ings were genotyped, giving a normal Mendelian distribu-

tion, with 36 (22.9%) wild types, 86 (54.8%) heterozygotes,include whole-mount in situ hybridizations at earlier time
points as well as serial section in situ hybridizations that and 35 (22.3%) homozygotes (mutants). There was no evi-

dence of prenatal loss of homozygous mutants. Further-include later time points than previously examined.
Gsh-2 expression was first detected in E9 embryos where more, at birth the homozygous mutants were of normal

weight and grossly identical to heterozygous and wild-typeit localized to regions of the primitive neuroepithelial layer
in the telencephalic vesicle, neuroepithelium of the third littermates.

The Gsh-2 gene is, however, required for continued post-ventricle adjacent to the hypothalamic sulcus, and to bands
extending from the neural tube rostrally into the developing natal survival. No mutant animals lived beyond 24 h after

birth. The Gsh-20/0 neonates suffered from apnea. The mu-hindbrain (Fig. 1A). These studies revealed a dynamic, de-
velopmentally regulated spatial and temporal expression tant pups exhibited periods of normal skin coloration and

breathing, with lung inflation observed grossly through thepattern. At E9 the hindbrain expression was strictly caudal
of the otic vesicles, but by E10 the expression extended chest wall, followed by episodes of cyanotic appearance and

cessation of breathing. Blood gas measurements of neonateswell rostral of the otic vesicles (Fig. 1B). Transverse sections
showed that the expression of Gsh-2 at E10 was within the indicated that the mutants were hypoxic (Fig. 3). The blood

oxygen levels (pO2 mm Hg) of the mutant pups measuredalar plate of the developing neural tube (Fig. 1C). At E12
the embryos showed a persistent strong hybridization signal only 63.9 ({7.1 SEM, nÅ 11), which was significantly lower
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233Altered Brain Development in Gsh-2 Mutants

FIG. 1. Localization of Gsh-2 transcripts during development. (A) Whole-mount in situ hybridization at E9 shows Gsh-2 expression
(arrowheads) in the developing neural tube below the level of the otic vesicle. (B) One day later in development, at E10, expression in the
hindbrain (arrowheads) extends well rostral of the otic vesicles. Staining of the otic vesicles in A and B is also seen with the sense control
probe and is therefore likely due to nonspecific trapping. (C) In a cross-section through the neural tube at E10 Gsh-2 expression is limited
to the dorsal aspect or developing alar plate region (arrowhead). (D) Serial section in situ hybridization indicates Gsh-2 expression at E14
in the neuroepithelium of the MGE and LGE. (E) Gsh-2 expression in the neonate brain (horizontal section) is weak, although clearly
present in this long exposure, and restricted to cells beneath the ependymal lining and overlying the basal ganglia region of the lateral
ventricles (arrowheads). b, basal ganglia; f, frontal cortex; l, lateral ganglionic eminence; m, medial ganglionic eminence; o, otic vesicle.
Size bar indicates 125 mm.
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234 Szucsik et al.

FIG. 2. Targeted modification of Gsh-2. (A) The wild-type allele,
replacement vector, and targeted allele are shown. Arrows indicate

FIG. 3. Gsh-2 mutants have reduced blood oxygenation levels.the locations of nested oligonucleotide primers used in PCR genotyp-
Blood oxygenation levels from wild-type, heterozygous, and mutanting. Black boxes in pMCKOGsh-2 indicate locations of the two blocks
neonates are shown. Error bars represent standard errors of theof Gsh-2 homology. (B) PCR results from genotyping offspring from
mean for each group. Oxygenation levels for the mutant animalsmating of Gsh-2//0 heterozygous animals. Amplification using the
were significantly lower (P õ 0.05) than for wild-type or heterozy-neo primers results in a 1.2-kb PCR product of the targeted allele,
gous littermates. No significant difference was observed in bloodwhile amplification using the endogenous primers results in a 1.0-kb
oxygenation levels between wild-type and heterozygous animals.PCR product. PCR products were electrophoresed on a 1% agarose

gel. Molecular weight marker is phi1 174 DNA digested with HaeIII.
///, wild-type offspring; //0, heterozygous offspring; 0/0, Gsh-2
homozygous mutant offspring; HD, homeodomain; neo, neomycin underdeveloped lungs at birth (Wigglesworth et al., 1977).
cassette; TK, thymidine kinase cassette. We therefore examined lungs for morphological defects or

dysmaturity. At the histological level the neonate mutant
lungs were normal in appearance (data not shown). This
was further investigated at the biochemical level. Glycogen

(P õ 0.05) than their wild-type (100.6 { 2.3 SEM, n Å 9) or content is high in the immature lung and falls as the lung
heterozygous (99.1 { 3.8 sem, n Å 17) littermates. develops. We were unable to detect significant differences

The reduced blood oxygenation levels could result from in neonatal mutant lung glycogen levels compared to wild-
developmentally immature lungs and/or from defects in the type and heterozygous littermates. The mutant lungs had
central nervous system (CNS) control of respiration. Gsh-2 a mean glycogen level of 1.98 ({0.55 SEM mg glycogen/g
expression has not been detected in the developing lungs of lung, n Å 8), while the wild-type and heterozygous lungs
(Hsieh-Li et al., 1995), suggesting that the primary defect had mean glycogen levels of 2.73 ({0.55 SEM, n Å 10) and
resides in the CNS. It remained possible, however, that CNS 2.26 ({0.59 SEM, n Å 10), respectively. The normal lung
malformation retarded lung maturation, which could then morphology and statistically equivalent glycogen values
contribute to breathing deficits. There is communication suggest that the failure of mutants to maintain normal
between the hindbrain and developing lungs, with in utero breathing patterns and blood oxygenation levels is not likely

caused by defects in the lungs.transection of the cervical spinal cord resulting in severely

FIG. 4. Abnormal forebrain development in Gsh-20/0 mice. Coronal (top row), transverse (middle row), and parasagittal (bottom row)
sections of forebrains from E12.5, E13.5, and E14.5 mice. For each stage the wild-type mice are shown on the left (A, C, E; G, I, K; M, O,
Q) and Gsh-2 homozygote mutant mice are shown on the right (B, D, F; H, J, L; N, P, R). Medial ganglionic eminence (m), wild-type
lateral ganglionic eminence (l), and lateral ventricle (v) are marked. At each age, for each plane of section, the mutant lateral ganglionic
eminence (*) is reduced in size.
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236 Szucsik et al.

Interestingly, the Gsh-20/0 neonates exhibiting apnea 5A) and mutant (Fig. 5B) E15.5 hindbrains showed that the
developing area postrema was hypocellular. Two days latercould be temporarily revived by tactile stimulation. The

blood gas measurements described above were performed in gestation, at E17.5, the differences were more pronounced.
Figures 5C, 5E, and 5G show the progression from lateral tousing a Corning 170 blood gas analyzer that requires with-

drawn blood, allowing only one time point per neonate. In medial parasagittal hindbrain sections in a wild-type embryo
and demonstrate normal area postrema and underlying NTSaddition, however, a noninvasive laser oxymeter that al-

lowed continual time course readings of blood oxygenation (Barraco et al., 1992). In corresponding mutant littermates
(Figs. 5D, 5F, and 5H), however, the area postrema did notlevels was used. It was observed that handling the mutants

markedly increased the fraction of hemoglobin with bound form and the underlying NTS was reduced in size. This was
even more pronounced in the neonate hindbrains. Figures 5I,oxygen (data not shown). The effect was temporary, how-

ever, and even prolonged handling did not extend survival 5K, and 5M show frontal sections (rostral to caudal) of a wild-
type newborn hindbrain. The area postrema was evident atbeyond 24 h.

In addition, the mutants had normal hematocrits, and the base of the fourth ventricle and posteriorly fused at the
dorsal midline to become the dorsal tissue over the centralskeletal stains revealed no apparent structural defects (data

not shown). The absence of milk spots in all mutants indi- canal of the spinal cord. In the mutant brainstem (Figs. 5J,
5L, and 5N) the area postrema failed to develop, and thecated a failure to feed, but this was not likely the cause of

death, as most mutants died within hours of birth. larger opening of the fourth ventricle resulted from a deficit
in the NTS, which normally lies immediately ventral to the
area postrema and immediately lateral to the fourth ventri-

Central Nervous System Defects cle. The observed malformations of the area postrema and
NTS correlate with both the developmental expression pat-

To search for potential developmental defects, the brains tern of Gsh-2 in the hindbrain and the phenotype of apnea
of Gsh-2 mutants, heterozygotes, and wild-type littermate and hypoxia seen in the mutant pups. Heterozygous brains
controls were subjected to histological analysis. The devel- appeared normal (data not shown).
opmental time points of E12.5, E13.5, E14.5, E15.5, E17.5, Gsh-2 is most similar to another dispersed mouse homeo-
and newborn were studied. The histological analysis in- box gene, Gsh-1, with identity at 58 of 60 amino acids in
cluded sagittal, frontal, and transverse planes at each time the encoded homeodomains (Singh et al., 1991). Expression
point. Furthermore, the phenotype was characterized on of both genes is largely limited to the central nervous sys-
both a 129/CF-1 hybrid genetic background and a 129 inbred tem, and there is partial overlap in their patterns of expres-
background. The results are summarized below and were sion in the mesencephalon and diencephalon (Hsieh-Li et
the same for both genetic backgrounds. al., 1995; Valerius et al., 1995). The anterior pituitary of

Discrete defects were observed in the developing basal Gsh-10/0 mice was found to be hypocellular and showed a
ganglia of the homozygous mutant forebrains. In particular, decrease in the number of acidophilic somatotrophs and
there was a significant reduction in the size of the LGE. At lactotrophs (Li et al., 1996). To determine if Gsh-2 plays a
E12.5, E13.5, and E14.5, as determined by frontal, trans- role in pituitary development tissue sections from mutant
verse, and parasagittal sections, the LGE was reduced (Fig. brains were examined and stained to define acidophiles and
4). This decreased mass of the LGE persisted at later time basophiles. The anterior pituitary was normal in size and
points (data not shown). cellularity, and no abnormalities in the differentiation of

Histological examination also revealed hindbrain malfor- cell types were detected (data not shown).
mations in Gsh-20/0 mutants. This again corresponded to a
region of high Gsh-2 expression during development. The
area postrema, a circumventricular organ, and the adjacent Immunohistochemistry
nucleus tractus solitarius (NTS), both important in the con-
trol of cardiorespiratory physiology, failed to develop prop- The histological analysis demonstrated the importance of

the Gsh-2 gene in development of the ganglionic eminenceserly in mutants. Parasagittal sections through wild-type (Fig.

FIG. 5. Abnormal hindbrain development in Gsh-20/0 mice. Parasagittal sections through the developing E15.5 area postrema show
normal development and cellularity in the wild-type animal (A) and hypocellularity of the area postrema in the mutant (arrows, B). (E–
H) Parasagittal sections, lateral to more medial, through the hindbrain of wild-type and mutant E17.5 embryos. The wild-type embryo
(C, E, and G) shows normal development of the area postrema and the underlying nucleus tractus solitarius. In the mutant embryo (D,
F, and H), however, the area postrema fails to form (arrows) and the underlying nucleus tractus solitarius is reduced in size. (I–N) Neonate
frontal sections showing progression from rostral to caudal hindbrain. The wild-type hindbrain (I, K, and M) shows the formation of the
area postrema and closing of the dorsal region of the medulla to form the central canal of the spinal cord. The Gsh-20/0 hindbrain (J, L,
and N) does not form an area postrema and the dorsal medial medulla corresponding to the nucleus tractus solitarius region is also affected
as seen by the wider fourth ventricle opening (arrows). The fourth ventricle does close in more caudal sections, leaving a larger opening
of the central canal. a, area postrema; c, cerebellum; cp, choroid plexus; h, hypoglossal nucleus; n, nucleus tractus solitarius; o, inferior
olive. Size bar indicates 25 mm in B, 125 mm in H, and 200 mm in N.
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238 Szucsik et al.

FIG. 6. Immunohistochemical analysis of Gsh-20/0 brains. Nissl stained section through the medulla of a mutant brain (A). An adjacent serial
section (B) was reacted with an antibody specific for choline acetyltransferase and shows labeling of neurons in the dorsal motor nucleus of the
vagus, as well as the hypoglossal and prepositus nuclei. Nissl stained section through the pons of a mutant brain (C). Serial section (D) reacted
with an antibody specific for tryptophan hydroxylase, with intense labeling of neurons in the medial longitudinal fasciculus (arrow). No differences
were seen in comparing wild-type and mutant brains. a, Aqueduct of Sylvius; c, cerebellum; d, dorsal tegmental nucleus; h, hypoglossal nucleus;
i, inferior colliculus; m, medial longitudinal fasciculus; p, prepositus nucleus, v, dorsal motor of vagus nucleus. Size bar indicates 125 mm.

of the forebrain as well as the area postrema and NTS of the wild-type neonates were compared. No differences in the
distributions of cholinergic neurons were found betweenhindbrain. Nevertheless, other regions of Gsh-2 expression,

including the diencephalon, appeared histologically normal. wild-type and mutant brains.
The most rostral expression of tryptophan hydroxylase wasThis could be the result of an absence of Gsh-2 developmental

function in these areas or the result of functional redundancy seen at low but detectable levels starting in the caudate–puta-
men region in neonates. More caudal sections showed strongerwith the closely related Gsh-1 gene. Alternatively, subtle de-

fects may be present that were not detectable histologically. levels of expression scattered throughout the thalamus and
hypothalamus, with localized expression seen in the subtha-To begin to address this issue immunohistochemistry was

used to assay the expression patterns of neuronal markers. lamic nucleus. The highest tryptophan hydroxylase levels
were seen in the pons in the ventral tegmentum and the isth-Entire brains from Gsh-20/0 and Gsh-2/// animals were seri-

ally sectioned and reacted with anti-tryptophan hydroxylase mus of the cerebellum (Figs. 6C and 6D). Again, three wild-
type brains and three mutant brains were serially sectionedand anti-choline acetyltransferase antibodies to compare the

distributions of serotonergic and cholinergic neurons, respec- and compared. No differences in the distribution patterns of
serotonergic neurons were detected. In addition, cranial nervetively. These markers have expression domains that include

and flank regions of Gsh-2 expression and provide a molecular distribution was examined using an anti-neurofilament anti-
body. Again, no additional differences between wild-type andassay for developmental perturbation that might not be de-

tected by histology. mutant were observed (data not shown).
Acetylcholine transferase expression was observed in dis-

Expression Patterns of the Nkx 2.1 and Dlx 2crete patterns in the thalamus and hypothalamus and more
Homeobox Genes in Gsh-2 Mutant Micecaudally in the pons. The highest levels were seen in the

hindbrain in the prepositus, dorsal motor of the vagus, and The possible molecular level perturbation of development
in Gsh-2 mutants was further pursued by in situ hybridiza-hypoglossal nuclei (Figs. 6A and 6B). Three mutant and
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tion analysis of the expression patterns of three homeobox orders that include tremors, chorea, and ballism (violent,
flailing movements).genes normally transcribed in the developing forebrain.

Two of these genes, Nkx 2.1 and Nkx 2.2, belong to the NK The targeted mutation of Gsh-2 also severely perturbs
development of the area postrema and subpostremal regiongene family originally discovered in Drosophila (Kim and

Nirenberg, 1989). Nkx 2.1 and Nkx 2.2 have patterns of of the NTS in the hindbrain. Indeed, in homozygous mu-
tants only remnants of these structures appear to remain.expression that overlap with each other and with that of

Gsh-2 (Lazzaro et al., 1991; Price et al., 1992; Price, 1993; The observed disruption of hindbrain development in Gsh-
2 mutants indicates that the nonclustered homeobox genes,Rubenstein and Puelles, 1994). Of particular interest here,

Nkx 2.1 is normally expressed in the developing MGE. In as well as the previously studied Hox genes, play an im-
portant role in the morphogenesis of the hindbrain. Thecomparing E12 wild-type and homozygous Gsh-2 mutants

no difference in Nkx 2.1 expression was observed (Figs. 7A hindbrains of the Gsh-2 animals show malformations
which are coincident with high levels of Gsh-2 expressionand 7B).

We also examined ganglionic eminence development in during development of the dorsal–medial medulla. These
malformations are in turn consistent with the mutant phe-mutant mice by in situ hybridization using a Dlx 2 probe.

The mouse Dlx 1 and Dlx 2 genes are homologs of the Dro- notype of apnea and hypoxia since this region of the brain-
stem is an important cardiorespiratory regulator.sophila distal-less homeobox gene. The normal expression

patterns of the Dlx 1 and Dlx 2 genes have been described, The area postrema is a chemosensory center at the blood–
brain interface of the fourth ventricle (Ferguson, 1991). It iswith both genes expressed in a similar fashion in both the

MGE and the LGE during development (Price et al., 1991; an important target for information reaching the brainstem
through the blood supply for the maintenance of homeosta-Porteus et al., 1991; Robinson et al., 1991; Dolle et al., 1992;

Price, 1993). In situ hybridizations with the Dlx 2 probe re- sis (Johnson and Gross, 1993). Surgical ablation of the area
postrema in rats results in hypotension and marked brady-vealed a dramatic difference in expression between wild-type

and Gsh-2 mutant E12 embryos (Figs. 7C and 7D). Once again, cardia (Skoog and Mangiapane, 1988).
The NTS is a Y-shaped tract of neuronal cell bodies lo-both the wild-type and mutant MGE showed expression.

However, while the wild-type LGE expressed abundant Dlx 2 cated in the dorsal–medial medulla adjacent to the fourth
ventricle and area postrema (Barraco et al., 1992). It func-transcripts, the mutant LGE showed no detectable hybridiza-

tion signal. Therefore, the mutant LGE is not only reduced tions as the major integrative visceral sensory nucleus of
the brainstem through the afferent connections it receivesin size, but also shows an abnormal gene expression pattern.

Of interest, in the mutant MGE there is also apparently re- from mechano-, baro-, and chemoreceptors, while also serv-
ing a major visceral efferent function through its connec-duced expression of Dlx 2 in the neuroepithelium immedi-

ately flanking the ventricles (Figs. 7E and 7F), suggesting the tions with regulatory regions within the ventral–lateral me-
dulla. The subpostremal region of the NTS, deleted in Gsh-2presence of subtle MGE abnormalities.
mutants, serves as the major integrator of cardiopulmonary
afferent information to control cardiorespiratory homeosta-
sis. It also has extensive connections with virtually all ros-DISCUSSION
tral brain sites involved in cardiorespiratory control, ho-
meostatic maintenance, and metabolic regulation. It isIn this report we extend the previous Gsh-2 expression

studies and describe the Gsh-2 mutant phenotype. Expres- therefore not surprising that disruption of this region of the
brainstem is fatal in the Gsh-20/0 animals at the criticalsion of Gsh-2 in the hindbrain was observed to be dynamic,

with transcripts detected in the neural tube and most caudal transition from uterine to external life. Motor function in
the Gsh-2 mutants appears intact as assayed by the abilityregion of the developing hindbrain at E9. One day later the

boundary of Gsh-2 expression in the hindbrain extended to of these animals to inflate their lungs and breath for periods
of time. Morphologically and biochemically the mutantinclude regions rostral to the otic vesicles. Gsh-2 expression

in the hindbrain then faded, with no hybridization signal lungs appear normal. Nevertheless, the newborns exhibit
periods of apnea, at the physiologic level they are hypoxic,detected at E14.5. Gsh-2 transcription was also seen in parts

of the diencephalon and in the ganglionic eminences of the and at the histological level they show an absence of specific
hindbrain structures derived from the alar plate. These ob-developing forebrain. Expression in the forebrain also de-

creased with time, being barely detectable in newborns. servations are all consistent with a critical deficit in the
sensory components of the cardiorespiratory control centerTargeted mutation of the Gsh-2 gene resulted in alter-

ations of discrete structures of the brain, representing a sub- of the hindbrain.
Several models have been proposed to account for theset of Gsh-2 expression domains. In the developing forebrain

histologic sections showed a reduction in size of the LGE, regionalization of the forebrain during development. Co-
lumnar model(s) have been described by His (1893), Herrickwhich gives rise to the striatum in the adult brain. The basal

ganglia consist of multiple subcortical nuclei, including the (1910), and Kuhlenbeck (1973). Neuromeric models have
more recently been proposed. Figdor and Stern (1993) usedglobus pallidus, the subthalamic nucleus, the substantia

nigra, the putamen, and caudate nucleus. The putamen and injections of tracer dyes in developing forebrain cells to
define neuromere boundaries that block cell mixing. In ad-caudate nucleus comprise the striatum. Diseases of the

basal ganglia generally result in involuntary movement dis- dition, morphological structures and expression patterns of
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FIG. 7. Expression patterns of Nkx 2.1 and Dlx 2 in Gsh-2 mutant mice. A–G are dark-field photomicrographs of coronal sections
through the brains of E12 embryos. Wild-type mice are shown in A, C, and E. Gsh-2 homozygote mutants are shown in B, D, F, and G.
The expression pattern of Nkx 2.1 is restricted to the MGE (M) in both wild-type (A) and mutant (B). In contrast, Dlx 2 is expressed in
the wild-type embryo (C) in both the MGE and LGE (arrowhead), while the Gsh-2 mutant (D) shows expression in the MGE but not in
the LGE (arrowhead). E is a higher magnification of C, and F is a higher magnification of D. These panels show less expression of Dlx 2
in a band of neuroepithelial cells (arrowhead) overlying the MGE in the Gsh-2 mutant (F) in contrast to the more intense uniform signal
in the same region (arrowhead) of the wild-type embryo (E).

cell adhesion molecules, acetylcholinesterase, and a battery romeres based primarily on an extensive analysis of expres-
sion domains of regulatory genes. The alterations of discreteof regulatory genes were used to divide the diencephalon

into four neuromeres. Puelles and Rubenstein (1993) have brain structures in the Gsh-2 mutants further demonstrate
the importance of such regulatory genes in brain develop-also described a neuromeric model, with boundaries of neu-
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ment and suggest that the use of their expression domains will be necessary to identify and characterize these gene
targets.in constructing neuromere boundaries represents a valid ap-

proach.
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