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The COUP-TFs are orphan members of the steroid/thyroid hormone receptor superfamily. Multiple COUP-TF
members have been cloned and they share a high degree of sequence homology between species as divergent
as Drosophila and humans, suggesting a conservation of function through evolution. The COUP-TFs are
highly expressed in the developing nervous systems of several species examined, indicating their possible
involvement in neuronal development and differentiation. In the mouse, there are two very homologous
COUP-TF genes (I and II) and their expression patterns overlap extensively. To study the physiological
function of mCOUP-TFI, a gene-targeting approach was undertaken. We report here that mCOUP-TFI null
animals die perinataly. Mutant embryos display an altered morphogenesis of the ninth cranial ganglion and
nerve. The aberrant formation of the ninth ganglion is most possibly attributable to extra cell death in the
neuronal precursor cell population. In addition, at midgestation, aberrant nerve projection and arborization
were oberved in several other regions of mutant embryos. These results indicate that mCOUP-TFI is required
for proper fetal development and is essential for postnatal development. Furthermore, mCOUP-TFI possesses
vital physiological functions that are distinct from mCOUP-TFII despite of their high degree of homology and
extensive overlapping expression patterns.
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COUP-TF (chicken ovalbumin upstream promoter-tran-
scription factor) is one of the most characterized orphan
receptors of the steroid/thyroid hormone receptor super-
family. Two COUP-TF genes were cloned initially from
human cells, named hCOUP-TFI (Wang et al. 1989; EAR-
3, Miyajima et al. 1988) and hCOUP-TFII (Ritchie et al.
1990; Wang et al. 1991; ARP-1, Ladias and Karathanasis
1991). Since the initial cloning, the COUP-TF subfamily
has expanded rapidly. Homologs have been cloned from
many species, from Drosophila to mouse (for review, see
Qiu et al. 1994b; Tsai and Tsai 1997 and the references
therein). Most of the species examined have more than
one COUP-TF homolog. In addition, COUP-TF subfam-
ily members share a high degree of homology within and
between species (Qiu et al. 1994b; Tsai and Tsai 1997),
implying that they may serve conserved functions. How-
ever, despite extensive studies, the physiological func-
tion of COUP-TFs remains unknown.

It has been demonstrated that COUP-TFs bind to AG-
GTCA direct repeats with various spacings, which in-
clude the response elements for the retinoic acid recep-
tors (RAR), retinoid X receptors (RXR), vitamin D3 re-
ceptor (VDR), and thyroid hormone receptors (TR)
(Cooney et al. 1992). When cotransfected, COUP-TFs
can inhibit the activation function of the above men-
tioned receptors in the presence of their cognate ligands.
COUP-TFs exert their inhibitory activity mainly by
competitive DNA binding of the common response ele-
ments and by heterodimerizing with the common part-
ner RXR (Cooney et al. 1992 1993; Kliewer et al. 1992a;
Tran et al. 1992; Leng et al. 1996). Therefore, COUP-TFs
are proposed to modulate vitamin D3, the thyroid hor-
mone, and the RA signaling pathways. In addition,
COUP-TFs have been shown to regulate negatively the
expression of many genes by competing for the same or
overlapping response elements with other positive regu-
lators (for review, see Qiu et al. 1994b; Tsai and Tsai
1997). For instance, COUP-TFs could regulate negatively
the expression of several apolipoproteins by antagoniz-
ing the positive regulator hepatocytenuclear factor 4
(HNF-4) (Ladias and Karathanasis 1991; Ladias et al.
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1992; Mietus-Snyder et al. 1992). Thus, COUP-TFs may
also function independently of the above mentioned sig-
naling pathways.

In Drosophila, mutation of the COUP-TF homolog,
the seven-up gene (svp), is lethal. Mosaic analysis dem-
onstrated that svp activity is required for photoreceptor
cell fate determination as loss-of-function mutations in
svp transforms the fate of these photoreceptor cells into
another photoreceptor cell, the R7 cell (Mlodzik et al.
1990). In zebrafish, Xenopus, chick, and mouse, COUP-
TFs are expressed at high levels in the developing central
nervous system, suggesting that they are involved in
neurogenesis (Tsai and Tsai 1997 and the references
therein). In mouse, COUP-TFs are also highly expressed
in many developing organs and the expression level de-
creases with completion of differentiation, suggesting
that COUP-TFs may also be involved in organogenesis
(Jonk et al. 1994; Pereira et al. 1994). Collectively, this
evidence suggests that COUP-TFs play conserved and
vital roles during embryonic development.

To assess the physiological function of COUP-TFs in
vivo, we proceeded to disrupt one of the two mouse
COUP-TF genes (mCOUP-TFI) by homologous recombi-
nation. mCOUP-TFI and mCOUP-TFII share an excep-
tional degree of homology at the amino acid level (99%
identity in the DNA-binding domain and 96% identity
in the putative ligand-binding domain) (Qiu et al. 1994a;
Tsai and Tsai 1997). Furthermore, their expression pat-
terns overlap extensively (Qiu et al. 1994a; Tsai and Tsai
1997), suggesting that they might serve redundant func-
tions. We report here that the mCOUP-TFI null mutant
dies perinataly apparently from starvation and dehydra-
tion. Homozygous mutant animals exhibit defects in
morphogenesis of the ninth cranial ganglion and nerve.
This results in fewer neurons in the mutant ganglia and
abnormal nerve projections toward the hindbrain. This
defective ganglion formation probably resulted from an
excess cell death in the ganglionic precursor cells. In
addition, axonal guidance defects were observed in sev-
eral regions of the mutant embryos. Our results clearly
demonstrate that mCOUP-TFI is important for proper
development of the peripheral nervous system and that
mCOUP-TFI serves a vital function that is not shared by
mCOUP-TFII.

Results

Targeted disruption of the mCOUP-TFI gene

A genomic clone isolated from a mouse 129Sv genomic
library was used to construct the targeting vector. This
clone contained the entire mCOUP-TFI gene, which
spans three exons. The amino-terminal and the DNA-
binding domain are in the first exon, whereas the ligand-
binding domain is split into two exons (Qiu et al. 1995).
The targeting vector contains a 0.7-kb 58 homologous
sequence and a 6.5-kb 38 homologous sequence flanking
the neor cassette (Fig. 1A). A 4.0-kb genomic region in-
cluding the amino-terminus and the entire DNA-binding
domain and two-thirds of the ligand-binding domain will
be deleted and replaced with the PGK–neobpA gene with

correct recombination. This ensures that the mutation
does not generate a functional protein with dominant-
negative activity.

The targeting vector was linearized, electroporated
into the AB1 embryonic stem (ES) cells, and subjected to
positive (G418) and negative (FIAU) selections. A total of
850 colonies were screened by Southern blot analysis.
The restriction enzyme XbaI was used as the diagnostic
enzyme and a 0.5-kb XbaI–EcoRI fragment just upstream
of the 58 homologous sequence was used as probe. In the
case of the wild-type mCOUP-TFI locus, an 8.0-kb frag-
ment was generated, whereas in the mutant allele, a 2.6-
kb fragment was produced because an extra XbaI site is
introduced by the neor cassette (not shown). By using
this strategy, 13 positive clones were obtained. To en-
sure that proper recombination had occurred on both the
58 and 38 ends of the neor cassette, another diagnostic
enzyme (SacI) was used and hybridized with the same
probe. A 1.6-kb band and a 3.0-kb band were generated
from the wild type and mutant allele, respectively (Fig.
1B). In addition, a 1.0-kb PstI fragment, which resides
downstream of the 38 homologous sequence, was used as
a probe on BamHI-digested samples. As expected, 8.0-
and 15-kb bands were detected from wild-type and mu-
tant alleles, respectively (Fig. 1B). Southern blots were
stripped and reprobed with a fragment of the neor gene to
ensure that there were no other insertions in the genome
(not shown).

The ES cells carrying the mutated mCOUP-TFI locus
were injected into C57BL/6 blastocysts. Two male chi-
meras with 100% agouti coat color generated from one
ES clone were mated to C57BL/6 females. Germ-line
transmission was obtained, and the resulting heterozy-
gous mice appeared phenotypically normal and were fer-
tile. Heterozygous mice were intercrossed to generate
homozygotes. To ensure no normal mCOUP-TFI tran-
script was generated from the mutated allele, total RNA
was isolated from embryonic day 13.5 (E13.5) embryos
from heterozygote intercrosses. A 700-bp SacI fragment
containing the 38 untranslated region of mCOUP-TFI
gene was used as a probe in Northern hybridization
analysis. As shown in Figure 1C, no mCOUP-TFI spe-
cific transcripts were detected in the homozygotes.

To define the physiological consequences of removing
mCOUP-TFI in vivo, F1 heterozygous mice were inter-
crossed to generate homozygotes. Homozygotes were
not recovered at the weaning stage (3 weeks after birth)
during initial analysis of 100 F2 offspring. However, a
normal number of mutant pups were recovered at birth
(newborn), in accordance with Mendelian inheritance
(Table 1), indicating that the homozygotes survive until
birth. Within the first 2 days after birth, an unusual
number of newborn deaths were noticed. Dead pups
were genotyped and the vast majority of them were
found to be homozygotes (Table 1). A closer examination
showed that homozygotes were indistinguishable from
their wild-type or heterozygous littermates at birth.
However, within hours after birth, the homozygotes be-
came easily identifiable because of the lack or minimal
milk in their stomachs. Almost all homozygotes died

Qiu et al.

1926 GENES & DEVELOPMENT



between 8 and 36 hr after birth. After screening 901 off-
spring from heterozygote matings, two homozygotes
were found to survive for 3 weeks, but they were very
small, about one-quarter the size of their littermates, and
appeared ataxic.

The mCOUP-TFI null exhibit defects in formation of
the glossopharyngeal nerve

Anatomical analyses did not reveal any obvious struc-
tural defects in the craniofacial region that would have
compromised the suckling process. Thus, given the ex-
tensive neuronal expression of mCOUP-TFI, the nervous
system of the null mutants was examined. A monoclo-
nal antibody (2H3) raised against the 165-kD neurofila-
ment protein was used in whole-mount immunohisto-
chemical analyses to examine the peripheral nervous
system (Dodd et al. 1988). Thirty-seven embryos from

E9.5 to E11.5 (25–45 somites) were stained, of which 15
were wild type and 22 were mutant. The phenotype with

Table 1. Genotypes of offspring of COUP-TFI heterozygote
matings

Total +/+ +/− −/−

Adulta 901 318 581 2
(100%) (35.3%) (64.5%) (0.2%)

Newbornsb 172 49 73 50
(100%) (28.5%) (42.4%) (29.1%)

Perinatally deadc 38 3 0 35

Numbers represent individual animals and numbers in the
brackets are percentage of specific genotypes determined.
aThe mice were genotyped at wearning (21 days).
bNewborns were collected between 4 and 8 hr postnatal.
cFound dead within 36 hr postnatal.

Figure 1. Targeted disruption of the mCOUP-TFI locus. (A) Targeting strategy. The mCOUP-TFI locus is shown on top with exons
I–III in boxes. The solid region represents open reading frame and open boxes represents the 58- and 38-untranslated regions. The
hatched regions represent probes used in Southern blot analysis. The replacement vector includes a PGK-neo gene and a tk gene. The
directions of transcription are indicated by arrows. The shaded box represents pBluescript vector. The left and right arms are indicated
by dashed lines. The SacI site at the right end of the left arm was destroyed during subcloning. The correctly recombined locus is
shown at the bottom. Restriction sites are indicated above the lines. (P) PstI; (S) SmaI; (X) XbaI; (R1) EcoRI; (B) BamHI; (SL) SalI. (B)
Southern blot analysis on a representative litter from a mCOUP-TFI heterozygote intercross. Genomic DNA was digested with SacI
and hybridized with the 58 probe. A 1.6-kb and a 3.0-kb band were generated from wild type and mutant alleles, respectively. For the
38 probe, BamHI was used. The 8-kb and the 15-kb fragments were generated from the wild type and mutant allele, respectively. (C)
Northern analysis of RNA from E13.5 wildtype (+/+), heterozygote (+/−), and homozygote embryos (−/−). A 700-bp PstI–ScaI fragment
mainly containing the 38 untranslated region of mCOUP-TFI was used as the probe. Note the absence of mCOUP-TFI mRNA in the
homozygote. GAPDH was used as an internal control and is shown at bottom.
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the highest penetrance was an abnormality of the glos-
sopharyngeal ganglion (IX) and its nerve. In wild-type
embryos, ganglion IX and X are well separated with very
few nerve fiber connections between the two ganglionic
masses. Multiple axonal projections between the glosso-
pharyngeal ganglion and the hindbrain are readily seen in
wild types (arrows in Fig. 2A,C). However, in mutants,
ganglion IX appeared as an isolated mass of neurons (ar-
rowhead in Fig. 2B), or in other cases, a complete fusion
or shunt of the axons away from the hindbrain and to-
ward ganglion X (arrowhead in Fig. 2D). Indeed, embryos
with a complete fusion of ganglia IX and X had no axonal
fibers from ganglion IX projecting to the hindbrain. Of 22
mutant embryos examined, only one embryo exhibited
wild-type-like appearances for the glossopharyngeal
nerve, presumably attributable to incomplete pen-
etrance. The defect in the glossopharyngeal ganglion was
commonly seen on a single side of a given embryo, with
the other side appearing phenotypically wild type. How-
ever, in the more severely affected mutants, both sides
showed defects (one example is shown in Fig. 8B,C,E,F,

which will be discussed later). No wild-type embryo ex-
amined appeared aberrant (Fig. 2A,C and Fig. 8A). The
observed defects in the glossopharyngeal nerve could re-
sult from several reasons. To study how the loss of
mCOUP-TFI resulted in the defects, we should first ex-
amine the expression of mCOUP-TFI in this and earlier
developmental stages.

mCOUP-TFI is expressed in premigratory and
migratory neural crest cells

The expression of mCOUP-TFI was evident at the one-
to two-somite stage (not shown), and increased at the
four- to six-somite stage in the neuroepithelial region
corresponding to the presumptive rhombomeres (r) 1–3
in the hindbrain (Fig. 3A). At this stage, mCOUP-TFI
expression was observed in a stripe extending ventrally
from the dorsal tip of the middle of the neuroepithelial
expression domain. The posterior boundary of the neu-
roepithelium expression corresponded to the posterior
boundary of presumptive r3, as indicated by Krox-20 ex-
pression at the same stage (data not shown; Wilkinson et
al. 1989), suggesting the stripe originated from the pre-
sumptive r2. mCOUP-TFI transcripts could also be seen
in the developing foregut. At the 10- to 12-somite stage,
mCOUP-TFI was expressed at high levels in the neuro-
epithelium and the dorsal edges of the presumptive r1–r4
and at low levels in the dorsal edges of the presumptive
r5–r6. mCOUP-TFI transcripts were now detected in two
stripes extending ventrally from the presumptive r2 and
r4 (Fig. 3B). The pattern and timing of the two stripes of
mCOUP-TFI expression from r2 and r4 resemble that of
the migrating neural crest cells (NCC) (Lumsden et al.
1991). The NCC migrate through well-defined pathways
and occupy very characteristic positions (Noden 1988;
Erickson and Perris 1993; Trainor and Tam 1995). Sec-
tions of embryos stained by whole-mount in situ hybrid-
ization showed that some mCOUP-TFI-expressing cells
did occupy very characteristic positions of both premi-
gratory and migratory NCC (Fig. 3D–F). This conclusion
was further substantiated by the similar expression pat-
terns of mCOUP-TFI and several other known NCC
markers, including AP-2 (data not shown, Chazaud et al.
1996) and cellular retinoic acid-binding protein I (CRABP
I, Fig. 5A, below, and Maden et al. 1992) at these stages.
At E9.0, mCOUP-TFI was highly expressed in the entire
hindbrian neuroepithelium and in the migrating NCC
from r2, r4, and r6 to branchial arches 1, 2, and 3, respec-
tively (Fig. 3C). The expression in the midbrain, fore-
brain, and other regions was similar to the pattern in
later stages as reported previously (Qiu et al. 1994a;
Pereira et al. 1995).

Segmentation and identity of the hindbrain and NCC
migration is largely unchanged in
mCOUP-TFI mutants

In light of the diverse expression pattern of mCOUP-TFI
in the neuroepithelium, premigratory and migratory
NCC, the observed defects in the glossopharyngeal nerve

Figure 2. Whole-mount immunohistochemistry on wild-type
and homozygote embryos using 2H3 anti-neurofilament anti-
body showing the progression of cranial ganglion formation.
(A,C) Wild-type and (B,D) mutant embryos at E9.5 and E10.5,
respectively. Dorsal to the left, ventral to the right. Note the
ganglion IX in two different stages of embryos. Arrows in A and
C point to the nerve projections between the ninth ganglion and
the hindbrain. Arrows in B and D point to the absence of nerve
projection between the ninth ganglion and the hindbrain. The
arrowheads in B and D point to the connections between ganglia
IX and X. (V) Trigeminal ganglion; (VII) facial ganglion; (IX) glos-
sopharyngeal ganglion; (X) vagus ganglion; (XI) accessory gan-
glion; (XII) hypoglossal nerve. ot, otic vesicle. Bar, 100 µm.
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may be a result of loss of mCOUP-TFI function in any or
all of these regions. Thus, we examined the possibilities
in detail. It is very intriguing that mCOUP-TFI is ex-
pressed in NCC as part of the ninth ganglion is derived
from these specialized cells. The glossopharyngeal gan-
glion has two components; the inferior (petrosal) gan-
glion is derived from the second epibranchial placode,
and the superior ganglion is derived from NCC that
originate from r6 (D’Amico-Martel and Noden 1983;
Lumsden et al. 1991). The fact that mCOUP-TFI is ex-
pressed in the NCC raises the possibility that the supe-
rior component of ganglion IX is defective in mutant
embryos. However, in the mouse, unlike the chick, the
superior and inferior components of ganglion IX are ana-

tomically indistinct at these stages. In addition, because
there is no known molecular markers that could distin-
guish the superior component from the inferior one in
the ganglion, we have done our analyses at earlier em-
bryonic stages before the NCC reach their final destina-
tion. NCC are prepatterned in the hindbrain and carry
the identity of the rhombomere from which they emi-
grate (Noden 1983, 1988). The identities of the rhombo-
meres are established at molecular levels through a com-
binatorial expression of a number of genes at segmen-
tally restricted patterns during hindbrain development
(Lumden 1990; Wilkinson and Krumlauf 1990; Wilkin-
son 1993). To examine whether the segmentation and
identities of the rhombomeres were retained in the
mCOUP-TFI mutant embryos, several genes that are ex-
pressed in a segmentally restricted fashion in the devel-
oping hindbrain were used as markers for the respective
rhombomeres. The expression of Krox-20 in mCOUP-
TFI mutant embryos (Fig. 4C) followed the same profile
as in wild-type embryos (Fig. 4A), where Krox-20 expres-
sion was first detectable in the future r3 around E8.0 and
the second stripe appeared in the future r5 around E8.5.
Subsequently, the expression in r3 decreased at E9.5 as
previously defined (Wilkinson et al. 1989). Hoxb-1 is ex-
pressed at high levels in the neural tube at E8.0, extend-
ing from the posterior end of the embryo into the hind-
brain with a sharp anterior boundary corresponding to
the presumptive r3–r4 boundary. By E8.5, the expression
domain in the neural tube retracts posteriorly except for
the expression in r4, which persists until later stages
(Murphy and Hill 1991). This dynamic expression of
Hoxb-1 is unchanged in the mCOUP-TFI mutant as
compared with the wild-type embryos (Fig. 4B,E). In the
developing hindbrain neuroepithelium of E8.5–E9.5 em-
bryos, CRABP I is highly expressed in r4, r5, and r6 and
much lower in r2 (Maden et al. 1992; Ruberte et al. 1992).
Similar expression patterns were observed in both wild-
type and mutant embryos (Fig. 4C,F). These results allow
us to conclude that all the rhombomeres have segmented
appropriately and that their identities, as determined by
rhombomere-specific molecular markers, are largely un-
changed in the mCOUP-TFI mutant embryos.

Next, the migration of the NCC was examined.
CRABP I is also an established marker for the migrating
NCC (Maden et al. 1992). In E9.0–E9.5 embryos, it is
intensely expressed in the migrating NCC from r4, r6,
and weaker in those from r2 (Fig. 5A,B; Maden et al.
1992). The expression pattern of CRABP I in mCOUP-
TFI mutant embryos is similar to that in wild-type em-
bryos (Fig. 5D,E). This result suggests that the migration
of the cranial NCC is appropriate in mCOUP-TFI mu-
tant embryos. To examine the NCC for ganglion IX, in
situ hybridization was performed on coronal sections of
E9.5 embryos using CRABP I antisense RNA as a probe.
In both wild-type and mutant embryos, the neural crest
cell population for ganglia IX and X were appropriately
observed caudal to the otic vesicle (Fig. 5C,F). This study
suggests that the NCC that would form the superior
component of the glossopharyngeal ganglion migrated
properly.

Figure 3. Expression of mCOUP-TFI. (A–C) Whole-mount in
situ hybridization of mCOUP-TFI in E8.0 (A), E8.5 (B), and 9.0
(C) embryos, respectively. (D–F) Sections of a whole-mount
stained E8.5 embryo. (a1, a2, a3) branchial arch 1, 2, and 3,
respectively; (drg) dorsal root ganglia; (fb) forebrain; (h) heart;
(hb) hindbrain; (hf) head fold; (fg) foregut; (mb) midbrain; (ot) otic
vesicle; (pmnc) premigratory neural crest cells; (r2c, r4c) neural
crest cells from r2, r4, respectively; (sm) somite. Arrows in D
point to premigratory neural crest cells (NCC). Arrowheads in E
and F indicate migrating NCC that are mCOUP-TFI positive.
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mCOUP-TFI mutants have a reduced number of
neurons in the ninth ganglion

Although the NCC migrate appropriately, it is important
to know whether the correct number of neurons exist at
the ninth ganglionic position. Indeed, we noticed that
the ganglionic mass at ganglion IX was reduced fraction-
ally in the more dorsal aspect of the ganglion. To visu-
alize the ganglionic cells more easily, mCOUP-TFI mu-
tants were crossed into the BETA2–LacZ background.
BETA2/NeuroD is a basic helix–loop–helix transcription
factor (Lee et al. 1995; Naya et al. 1995). A lacZ gene
with a nuclear localization signal was placed in-frame
with the BETA2 open reading frame when the BETA2
knockout mice were generated (F.J. Naya, H.-P. Huang,
Y. Qui, H. Mutoh, F.J. DeMayo, A.B. Leiter, and M.-J.
Tsai, in prep.). BETA2 is expressed early in developing
cranial ganglia as visualized by X-gal staining (F.J. Naya,
H.-P. Huang, Y. Qui, H. Mutoh, F.J. DeMayo, A.B. Leiter,
and M.-J. Tsai, in prep.). The first few differentiating neu-
rons stained blue were observed at somite stage 17 in the
trigeminal ganglion and subsequently the blue neurons
were observed in all the differentiating cranial ganglia
(F.J. Naya, H.-P. Huang, Y. Qiu, H. Mutoh, F.J. DeMayo,

A.B. Leiter, and M.-J. Tsai, in prep.). Mice heterozygous
for the BETA2 gene have no detectable defects. There-
fore, the BETA2 gene expression was used as a marker for
ganglionic cell bodies in our study. The defect in the
mutant ninth ganglion was fully manifested at E10.5
(Fig. 6C,D), the number of neurons in both wild-type and
mutant ninth ganglia were counted. Indeed, the number
of neurons in ganglia IX was significantly lower (∼40%)
in the mutants than in the wild types or heterozygotes
(Table 2). As a control, neurons in ganglia X of the same
embryos were counted and the numbers were not signifi-
cantly different between the mutant and the wild-type or
heterozygous embryos. This suggests that some precur-
sor cells of ganglion IX must have died prematurely,
changed fate, or migrated to a different position.

mCOUP-TFI mutant embryos display pronounced cell
death in a region dorsal to the ninth ganglion

Some cell death occurs during normal embryonic devel-
opment at early stages and patterns of the cell death
correspond to routes of neural crest migration (Jeffs et al.
1992; Jeffs and Osmond 1992). It is thought that many

Figure 5. Analysis of cranial NCC migra-
tion in mCOUP-TFI mutants. Wild-type
(A–C) or mutant embryos (D–F) were hy-
bridized with CRABP I antisense probe to
examine the migration of the neural crest
cells. Whole-mount in situ hybridization
on E9.0 (A,D) and E9.5 (B,E) embryos. (C,F)
in situ hybridization with CRABP I anti-
sense probe on sections of late E9.5 em-
bryos. (c9–c10) Neural crest cells for gan-
glia IX and X; (fn) frontal nasal mesen-
chyme; (r) rhombomere; (r2c, r4c, r6c)
neural crest cells from r2, r4, r6, respec-
tively; (ot) otic vesicle; (4, 5, and 6) r4, r5,
and r6, respectively.

Figure 4. Expression of rhombomere-spe-
cific genes in mCOUP-TFI mutants.
Whole-mount in situ hybridization was
performed on wild-type (A–C) or mutant
embryos (D–F) with rhombomere specific
markers. Note expression is unchanged for
mutants. (A,D) Krox-20 expression in r3
and r5 of E8.5 embryos. (B,E) Hoxb-1 ex-
pression in r4 of E9.0 embryos. (C,F)
CRABP I expression strong in r4–r6, weak
in r2 of E9.5 embryos.
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more NCC are born than are required during develop-
ment. To visualize the apoptotic cells, TUNEL assay was
performed on sections of X-gal-stained late E9.5 embryos
(Fig. 6A,B). Consistent with previous reports (Jeffs et al.
1992), limited cell death was observed in regions of de-
veloping cranial nerve migration routes including those
of the ninth nerve in wild-type or heterozygous embryos
(Fig. 7A–D). In contrast, similarly staged mutant em-
bryos showed much more pronounced cell death in the
corresponding region just dorsal to the ninth ganglion
(Fig. 7E–H). The region of cell death corresponded to the

expression domain of CRABP I and to the known migra-
tory route of NCC for ganglion IX (cf. Fig. 5C,F), suggest-
ing that at least some of the apoptotic cells in the mutant
embryos might be of neural crest origin. In most cases,
the excess cell death was only seen on one side of the
mutant embryos. This correlates well with the observa-
tion that the defective ganglion IX was commonly seen
on one side of a given mutant embryo by neurofilament
staining. Collectively, these data suggest that the excess
cell death during the migratory phase of the NCC result
in a decrease in differentiating neurons in the mutant
ganglion IX. This suggests that the superior component

Table 2. Counts of neurons in the IXth and Xth ganglia of
COUP-TFI embryos

Ganglion +/+, +/− −/−a

IX 99.0 ± 3.5 60.4 ± 1.0
(n = 8) (n = 5)

X 170.3 ± 4.5 178.2 ± 9.0
(n = 7) (n = 5)

Values represents mean ± S.E.M.
a−/− differs from +/+ or +/−; P < 0.001.

Figure 7. Excessive cell death in mCOUP-TFI mutant em-
bryos. mCOUP-TFI mutant (A–D) and wild-type (E–H) embryos
at E9.5 were stained with X-gal, sectioned, and TUNEL assay
was performed. Every other section in the region of interest is
presented. Sections at top are more dorsal than the sections at
the bottom. Note that the left side of the mutant embryo shows
much more pronounced cell death than in the wild type. (ot)
Otic vesicle; (VII/VIII) facial and acoustic ganglia; (X) vagus gan-
glion. Note that IX marks a position dorsal to ganglion IX
proper, which lies further ventral. (Arrows) Apoptotic cells.

Figure 6. Developmental progression of the formation of gan-
glion IX as visualized by X-gal staining. mCOUP-TFI wild-type
(A,C) and mutant (B,D) embryos at E9.5 (A,B) and E10.5 (C,D)
were stained with X-gal. A and B were among the embryos used
for apoptosis study; C and D were among the embryos used for
neuronal counting, as shown in Table 2. (V) Trigeminal gan-
glion; (VII/VIII) facial and acoustic ganglia; (IX) glossopharyn-
geal ganglion; (X) vagus ganglion. Arrow indicates the fusion
between ganglia IX and X in the mutant embryo.
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of the glossopharyngeal ganglion is most likely compro-
mised.

mCOUP-TFI mutants exhibit defects in
axonal guidance

Besides being defective in the formation of the superior
ganglion, ganglion IX in mutants formed no correct con-
nections with the hindbrain (Fig. 8D,F). Instead, axons
fasciculated with cranial nerve X in some cases. Thus,
this is consistent with an axonal guidance defect. In fact,
this is a more general problem in mCOUP-TFI mutants.
In addition to the defect in the glossopharyngeal nerve,
abnormalities in other nerve projections were also ob-
served in some embryos at E10.5. As shown in Figure 8,
severely affected mutants display aberrant nerve fibers
running down the caudal part of the hindbrain on both
sides of the embryo (see asterisk in Fig. 8E,F). The origin
of the nerve fibers was not clear. In addition, the oculo-
motor nerve (III) at the left side of the embryo (Fig. 8H)
appeared as a shortened and broadened bundle when
compared to the right side or wild-type embryos (Fig.
8G,I).

In addition to the aberrant projections, mutant em-
bryos also displayed aberrant arborization at later devel-
opmental stages. When older embryos (E11.5–E13.5)
were stained with the 2H3 antibody, it was clear that the
extent of arborization or branching of the axonal trees
was affected in about half of the mutant embryos at the
facial and cervical plexus regions. The cervical plexus is
formed by the first four spinal nerves (Kahle 1993a). In
E11.5 wild-type embryos, the nerve fibers were aborized
extensively (Fig. 9A), whereas in the mutants, the pri-
mary axons appeared thicker and there were less second-
ary branchings and much less tertiary or higher order
branchings (Fig. 9B). A similar defect was also observed
in the ophthalmic branch of the trigeminal nerve (Fig.
9C,D), where there were fewer secondary as well as high
order branchings. The arborization in other regions of
the mutant embryos appeared relatively normal. These
results clearly suggest that mCOUP-TFI is required for
normal axonal guidance and arborization in a subset of
neurons in the peripheral nervous system.

Discussion

We have shown that deletion of the mCOUP-TFI gene
from the mouse genome results in perinatal lethality.
The null mutants displayed defects in morphogenesis of
the glossopharyngeal ganglion and its nerve and in axo-
nal arborization in various areas. The results suggest that
mCOUP-TFI is required for proper fetal development
and is essential for postnatal survival.

The morphogenesis of the glossopharyngeal ganglion
and its nerve is defective in mCOUP-TFI mutant em-
bryos as shown by neurofilament staining. The glosso-
pharyngeal nerve is the nerve of the third pharyngeal
arch. It supplies both sensory and motor innervation to
the pharynx and root of the tongue. It also innervates the
middle ear and soft palate. Together with the vagus

nerve (cranial nerve X), nerve IX registers and regulates
blood pressure and pulse rate (Gilman and Newman
1989; Kahle et al. 1993b). The cell bodies of the sensory
and taste fibers reside in ganglion IX and the fibers ter-
minate in the nucleus solitarius in the hindbrain. The
motor fibers originate from the cranial part of nucleus
ambiguus and the secretory fibers stem from the inferior
salivary nucleus in the hindbrain. These fibers pass
through the ganglion and terminate on the target organs
(Lumsden and Keynes 1989; Kahle et al. 1993b). Thus,
proper connection between the ganglion and the appro-
priate nuclei in the brainstem is crucial for the proper
function of the ninth nerve. In the mCOUP-TFI mutant
embryos, ganglion IX either appeared as an isolated gan-
glionic mass or fused with ganglion X. Indeed, there were

Figure 8. Whole-mount analysis of axonal projections. Mul-
tiple defects in cranial nerve projections are detected in severely
affected embryos. (A) wild-type E10.5 embryo. The right (B) and
the left (C) side of a E10.5 mutant embryo. (D–F) Enlargement of
cranial nerve IX–XII region from B and C. Note the isolated
ganglionic mass (asterisk in D) at the position of the ninth gan-
glion, the abnormal projection of a single nerve fiber toward the
hindbrain (D) and the abnormal axonal bundles (asterisk in E,F)
on both sides of the hindbrain. Note the extensive fusion of
nerve IX and X on the left side of the animal (arrowhead in F).
(G,H) Enlargement of the oculomotor nerve (III) region in B and
C. Note the abnormal projection of nerve III on the left side
(asterisk in H). (III) Oculomotor nerve; (V) trigeminal ganglion;
(VII) facial ganglion; (IX) glossopharyngeal ganglion; (X) vagus
ganglion; (XI) accessory ganglion; (XII) hypoglossal nerve. (A–C)
Bar, 100 µm; (E–H) bar, 50 µm; (D) bar, 20 µm.
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no connections to the hindbrain through its normal
route. Therefore, it is most likely that the function of the
glossopharyngeal nerve is severely compromised. Be-
cause the mutants die from apparent starvation and de-
hydration, they might have difficulty in obtaining exog-
enous nutrients that are critical for their survival.
Among the targets of the glossopharyngeal nerve, the
innervation to the pharynx and the root of the tongue
might be most important regarding the lethal phenotype
of mCOUP-TFI mutants, as proper control of the tongue
and the pharynx is required for proper suckling and swal-
lowing behavior. In fact, when tested by putting a drop of
milk around their mouth, wild types or heterozygotes
could easily drink and swallow 30–50 µl of milk. In con-
trast, the mutants displayed abnormal throat move-
ments after taking in the milk and soon the milk was
expelled from the nasal cavity, suggesting that the mu-
tant pups did exhibit difficulty in swallowing. However,
as in most cases, the defect in ganglion IX was only ob-
served at one side, most likely this was not the sole
contributor to the lethality of the mCOUP-TFI mutant
pups. Indeed, as ganglion IX was often fused with gan-
glion X in the mutant embryos, we cannot exclude the
possibility that the function of nerve X is compromised.

mCOUP-TFI is required for proper formation of the
glossopharyngeal nerve

The ganglion of the glossopharyngeal nerve contains two
components: the superior and the inferior (petrosal) gan-

glion. In the superior ganglion, both the neurons and the
nonneuronal cells are derived from the neural crest cells
of r6. In the inferior ganglion, the neurons originate from
the second epibranchial placode, whereas all the nonneu-
ronal cells are derived from neural crest cells of r6
(D’Amico-Martel and Noden 1983; Lumsden et al. 1991).
Because mCOUP-TFI is expressed in premigratory and
migratory neural crest cells, it is possible that the neural
crest-derived component of ganglion IX is defective. In
fact, the altered morphology of ganglion IX in the mutant
embryos supports this hypothesis. However, there is no
easy way to test this hypothesis as there is no well-char-
acterized molecular marker that only expresses in the
superior ganglion. The defect would range from improper
NCC fate specification, migration, to differentiation.
Analysis using various rhombomere-specific and migrat-
ing neural crest markers did not reveal any consistent
difference between mutant and control embryos in terms
of the expression pattern and profile, especially in the r6
region and its associated NCC. This suggested that the
NCC from r6 were appropriately fated and migrated to-
ward arch 3 in mCOUP-TFI mutant embryos. This con-
clusion was consistent with the observation that the
muscular and skeletal derivatives of the third pharyngeal
arch were apparently normal in mCOUP-TFI mutant
pups. The majority of the NCC from r6 migrate into
pharyngeal arch 3, which later differentiates into the
greater horn and lower portion of the body of the hyoid
bone and the stylopharyngeus muscle (Noden 1988).
More important, the NCC marker gene expression im-
plied that the NCC destined for the superior component
of ganglion IX were fated and migrated properly. How-
ever, the number of neurons in ganglia IX of the mutant
embryos was reduced by 40% when compared to that in
the wild-type embryos at E10.5. This suggests that either
the NCC for ganglia IX in mutants are defective in
proper differentiation or that the neuron loss in the mu-
tant ganglia is not of neural crest origin.

To clarify the possibilities, we analyzed the extent of
cell death in these regions. There is a limited amount of
cell death in specific regions during normal embryonic
development. The best known example is the cell death
in the interdigital necrotic zones of the vertebrate limb.
These cells undergo programmed cell death on a sched-
ule even when explanted into culture (Fallon and Saun-
ders 1968). Most of the apoptotic cells in other regions
are neural crest in origin (Lumsden et al. 1991; Jeffs et al.
1992; Jeffs and Osmond 1992). However, the life or death
decision of the NCC is influenced by environment and
position. For example, the NCC generated in r3 and r5 do
not emigrate, instead, they undergo apoptosis. Yet, when
r3 or r5 is explanted into culture, the NCC migrate out
perfectly because now they are free from the influence of
the even number rhombomeres (Graham et al. 1993).
Cell death has been detected along the migratory routes
of NCC, including regions of the developing ganglia VII/
VIII and ganglion IX. At late E9.5 embryos, a few apop-
totic cells were observed in a region just dorsal to the
developing ninth ganglion in wild-type or heterozygous
embryos. In contrast, much more pronounced cell death

Figure 9. mCOUP-TFI mutant embryos display reduced arbo-
rization of axonal trees. Whole-mount immunohistochemistry
of wild-type (A,C) and mutant E11.5 fetuses (B,D) using 2H3
anti-neurofilament antibody. (A,B) Sagittal views at the level of
posterior hindbrain and anterior somite region showing arbori-
zation of the first several spinal nerves. Note the reduced arbo-
rization in the mutant fetuses. (C,D) Higher magnification of
the ophthalmic branch of the trigeminal nerve. Arrowheads
point to the corresponding branching points in the wild-type
and mutant embryos. Note the extensive branchings in the
wild type. Also, note the less extent of arborization in the
bracketed region.

Defects in PNS in mCOUP-TFI null mutants

GENES & DEVELOPMENT 1933



was observed in a similar region of the mutant embryos.
The apoptotic cells occupied the same region as the neu-
ral crest cells for ganglion IX. Thus, more than likely, at
least some of the apoptotic cells are neural crest in ori-
gin, which in turn suggests that the neuron loss is in the
superior component of ganglion IX. Collectively, this
evidence suggests that the excessive precursor cell death
results in a decrease of neurons in the glossopharyngeal
ganglia of mCOUP-TFI mutant embryos and most likely
the defect is in the superior component.

Because NCC contribute to all the nonneuronal cells
in both superior and inferior ganglion and as nonneuro-
nal cells are present in the ninth ganglia of the mutant
embryos, it is clear that not all the neural crest cells for
ganglion IX undergo apoptosis. It is not known whether
the neurons undergo apoptosis selectively. Yet, it is pos-
sible that there are also less nonneuronal cells in the
mutant ninth ganglion than in the wild type. In addition,
it seemed that the apoptotic domain in the mutant em-
bryos extended toward ganglion X. Although the number
of neurons in the tenth ganglia of the mutant embryos
did not differ significantly from the wild-type or hetero-
zygous embryos, we could not exclude the possibility
that the formation of ganglion X is slightly compro-
mised.

Reasons for NCC death during normal embryonic de-
velopment is unclear. It could be either a response to an
overproduction of the NCC or it could contribute to pat-
terning the neural crest migration pathway (Jeffs et al.
1992; Jeffs and Osmond 1992). The excess death observed
around the mutant ganglion IX is a consequence of the
loss of function of the mCOUP-TFI gene. Thus, it is pos-
sible that this group of cells did not receive or could not
respond to appropriate signals for differentiation and
switched to programmed cell death or apoptosis instead.
However, it is not known whether the apoptosis is a
consequence of lack of mCOUP-TFI function in NCC
themselves or in the surrounding environment. Besides
ganglion IX, ganglia V, VII/VIII, and X also have neural
crest contribution. However, obvious defects were only
observed on ganglion IX. One possibility is that the for-
mation of the other ganglia does not require mCOUP-
TFI function. Alternatively, the lack of mCOUP-TFI
function in those regions is compensated by other genes
such as mCOUP-TFII, which is expressed similarly as
mCOUP-TFI although in a less restricted manner.

mMCOUP-TFI activity is necessary for proper
axonal guidance

In developing embryos, nerve fibers have to navigate for
long distances before reaching their targets. The path-
finding process has high fidelity because of the guidance
molecules presented in the surrounding environment
that are sensed by the growth cones (Tessier-Lavigne and
Goodman 1996). There are several kinds of guidance
cues, including long range (diffusible molecules) and
short range (contact mediated), both could be positive or
negative. Normally, multiple guidance cues in the sur-

rounding environment are presented to a given growth
cone. The net outcome is determined by the balance be-
tween different forces (Tessier-Lavigne and Goodman
1996). The nerve fibers in the cervical plexus and facial
regions of many mCOUP-TFI null mutants were much
less arborized than their wild-type or heterozygous lit-
termates and can be assigned to defects in axonal guid-
ance. Axonal branches could be formed either by collat-
eral initiation of secondary growth cones along the axon
shaft or by bifurcation of the primary growth cones. This
process involves initiation, stabilization, and outgrowth
of the secondary growth cones. Many transient branches
are formed, but only few are stabilized (Sato et al. 1994).
The higher order branches are formed in a similar way
(Sato et al. 1994). Both the initiation and subsequent
guidance of the secondary growth cones are believed to
be governed by the same forces that guide the primary
growth cones (Roskies and O’Leary 1994).

This abnormal axonal guidance in mCOUP-TFI mu-
tant embryos could be the result of a loss of mCOUP-TFI
in the neurons themselves. In the case of ganglion IX, the
connection to the hindbrain was altered or absent in the
mutants. It is possible that loss of neurons in the supe-
rior component affects the proper development of the
remaining ganglionic cells. Conversely, the apoptotic
cells in the mutants included some cells that would
themselves present guidance cues for the proper axonal
projection to the hindbrain. In addition, the aberrant ar-
borization in the cervical plexus could also be a defect in
the dorsal root ganglionic neurons as they are also de-
rivatives of the NCC. The other obvious possibility is
that the expression of guidance molecules is altered from
lack of mCOUP-TFI function. Most of the affected
nerves do not grow or arborize sufficiently, yet severely
affected mutants have aberrant fibers running down the
hindbrain, which implies an overgrowth of the axons. It
is unclear whether the defects in axonal guidance in the
various regions are directly caused by changes in a single
guidance molecule or by multiple molecules. Even if the
expression of a single guidance molecule is altered in
mCOUP-TFI mutants, different phenotypes could be
manifest because it is the collective information from
attractive and repulsive guidance cues in the environ-
ment that determine the action of a growth cone. Fur-
thermore, one guidance cue could be positive for some
axons yet negative for others (Tessier-Lavigne and Good-
man 1996).

In conclusion, we have shown that mCOUP-TFI is es-
sential for postnatal survival and required for proper de-
velopment of a subset of neurons in the peripheral ner-
vous system. Mutant embryos displayed a defective mor-
phogenesis of the glossopharyngeal ganglion and nerve.
Inactivation of mCOUP-TFI gene also resulted in defec-
tive axonal guidance. Interestingly, mCOUP-TFI is
widely expressed, yet the phenotypes exhibited by the
mutants were very specific. This suggests that in the
other regions, the function of mCOUP-TFI might be
compensated by mCOUP-TFII. Nevertheless, the fact
that mCOUP-TFI knockout is lethal provides convinc-
ing evidence that mCOUP-TFI indeed possesses distinct
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physiological functions despite its extensively overlap-
ping expression profile with mCOUP-TFII.

Material and methods

Targeting vector construction

A mouse 129Sv genomic library (a gift from P. Soriano, Fred
Hutchison Institute, Seattle, WA) was screened with a mouse
cDNA fragment containing the complete mCOUP-TFI open
reading frame. Several of the positive clones contained all three
exons of mCOUP-TFI gene (Qiu et al. 1995). A 700-bp fragment
containing the 58 untranslated region was excised with EcoRI–
SacI and used as the 58 homologous arm in the gene-targeting
vector. The SacI site was destroyed during subsequent subclon-
ings. A 6.5-kb fragment containing part of exon 2 and the entire
exon 3 was excised with SalI–SacI and used as the right arm.
The PGK–neobpA gene (neor) (Soriano et al. 1991) was digested
with SalI–XhoI and inserted in the same transcriptional direc-
tion as the mCOUP-TFI. The left arm, PGK–neobpA, and the
right arm were assembled in pBluescript, released with XhoI–
BamHI, and cloned into XhoI–BamHI of pSP72TK containing
the herpes simplex virus thymidine kinase gene (Mansour et al.
1988). The construct was linearized with XhoI before electro-
poration.

Electroporation and selection of ES cells

The ES cells were cultured and manipulated essentially as de-
scribed by Robertson (1987). Briefly, 107 AB1 ES cells (McMa-
hon and Bradley 1990) were electroporated with 25 µg targeting
construct in 0.9 ml of PBS using a Bio-Rad Gene Pulser (500 µF,
230 V), and plated on either one or two 10-cm plates containing
a monolayer of mitomycine C-treated fibroblast SNL76/7 (Mc-
Mahon and Bradley 1990). Twenty-four hours later, the media
was replaced with selection media containing 350 µg/ml of
G418 (GIBCO) and 0.2 mM FIAU, and cells were cultured for an
additional 9 days. Individual drug-resistant colonies were
picked and expanded in 96-well plates containing feeder cells.

Screening the G418-resistant colonies and genotyping mice

For screening the ES cell colonies, the cells were trypsinized in
situ and two-thirds were frozen at −80°C. The remaining cells
were replicated into a new 96-well plate without feeder cells
and grown to confluency for DNA isolation. The DNA was
isolated and digested within the 96-well plates as described pre-
viously (Romirez-Solis et al. 1992). Southern blot analysis was
carried out according to Church and Gilbert (1984). For geno-
typing mice and older embryos (E10.0 and older), genomic
DNAs were isolated from tail biopsies or the yolk sac, respec-
tively, after overnight proteinase K treatment and ethanol pre-
cipitation. The DNA was then subjected to Southern analysis or
PCR. For younger embryos, the yolk sac was treated with pro-
teinase K overnight, heated to 90°C for 10 min, and used for
PCR directly. To detect the wild-type allele, the 58 primer was
58-CACGGACCAGGTGTCTCTG-38, located in a region of
exon 2 that was deleted in the mutant allele. The 38 primer was
58-CTGACGTGAATAGCACGATG-38, located at the end of
exon 2, 38 to the SalI site. To detect the mutant allele, the same
38 primer was used. The 58 primer was 58-GCTATCAGGA-
CATAGCGTTG-38, located at the 38 end of the PGK–neo gene.
PCR was performed according to the manufacturer’s instruc-
tions (Promega), with 1.0 mM MgCl2, at the annealing tempera-
ture of 55°C.

Generation of chimeric mice and animal breeding

The positive clones identified from the screening were thawed,
expanded, and injected into E3.5 blastocysts derived from
C57BL/6 females. The embryos were transferred into the uteri
of pseudopregnant F1 (CBA × C57BL/6) foster mothers. Male
chimeras with 80%–100% agouti coat color were backcrossed
to C57BL/6 females, and germ-line transmission was deter-
mined by the presence of agouti offspring. Heterozygotes were
determined by Southern analysis and intercrossed to generate
homozygotes.

Whole-mount immunohistochemistry

Whole-mount immunohistochemistry with a monoclonal anti-
body (2H3) recognizing a 165-kD neurofilament protein was per-
formed essentially as described (Wall et al. 1992). Briefly, em-
bryos were collected in PBS, fixed in methanol:DMSO (4:1)
overnight at 4°C. The embryos were then bleached in metha-
nol:DMSO:30% H2O2 (4:1:1) for 4–5 hr at room temperature,
rehydrated for 30 min each through 50% and 15% methanol,
and finally PBS. Embryos were incubated twice in PBSMT (2%
instant skim milk powder, 0.1% Triton X-100 in PBS) for 1 hr at
room temperature, then with primary antibody diluted in PB-
SMT at 4°C overnight. Embryos were washed in PBSMT twice
at 4°C and 3 times at room temperature for 1 hr each, followed
by an overnight incubation at 4°C with peroxidase-conjugated
goat anti-mouse IgG diluted in PBSMT. The washes were simi-
lar to washes after the primary antibody one with an additional
20-min wash in PBT (0.2% BSA, 0.1% Triton X-100 in PBS) at
room temperature. For the color reaction, embryos were incu-
bated with 0.3 mg/ml of diaminobenzidine tetrahydrochloride
(Sigma) in PBT for 30–60 min at room temperature, and visual-
ized by addition of H2O2 to 0.0003% and incubation at room
temperature. Embryos were then rinsed in PBT to stop the re-
action, dehydrated through a methanol series; 30%, 50%, 80%,
100% for 30–60 min each, and cleared in benzyl alcohol:benzyl
benzoate (1:2). Embryos were photographed on a Zeiss stemi 200
dissecting microscope.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed according to
Wilkinson (1992). A mCOUP-TFI cDNA clone containing the
entire open reading frame was used as the template for tran-
scribing digoxigenin-labeled anti-sense probe. The same probe
did not generate a hybridization signal in homozygote mCOUP-
TFI mutant embryos.

X-gal staining

X-gal staining of the embryos was performed as described by
Behringer et al. (1993).

TUNEL assay

TUNEL assay was performed as described by Gavrieli et al.
(1992).

Neuron counting

The embryos were stained with X-gal, then processed and em-
bedded in paraffin. Neurons were counted from every sixth sec-
tion of 7-µm thick sections. In the cases when ganglia IX and X
were fused, the cells rostral to ganglion X were counted as cells
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for ganglion IX. Statistical significance was analyzed by Stu-
dent’s t-test.
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