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ABSTRACT Chicken ovalbumin upstream promoter-
transcription factor (COUP-TF) genes encode transcription
factors belonging to the orphan subfamily of the steroid/
thyroid hormone receptor superfamily. Two COUP-TF coun-
terparts have been cloned from mouse. In an attempt to study
the function of these genes in the developing central nervous
system (CNS), the spatiotemporal expression patterns of the
two mouse genes have been examined by in situ hybridization.
Both genes are widely expressed in the developing CNS, with
patterns that are overlapping yet distinct from each other. The
differential expression of murine COUP-TFI and -I in the
diencephalon is striking in that high levels of expression from
each gene are confined to specific segmental compartments-
the neuromeres. Our results suggest that murine COUP-TFs
may play important roles in the development and differentia-
tion of the CNS, including the specification of diencephalic
neuromeres.

Chicken ovalbumin upstream promoter-transcription factors
(COUP-TFs) belong to the superfamily of steroid/thyroid
hormone receptors (1, 2). They are also known as orphan
receptors since no ligand has yet been identified. Two
members of this group have been cloned from human and are
designated COUP-TFI (2), also known as ear-3 (1), and
COUP-TFII (3, 4), also named ARP I (5). Like other steroid
hormone receptors, each COUP-TF has a DNA binding
domain (DBD) and a ligand binding domain (LBD). The
amino acid sequences of human (h) COUP-TFI and -II are
highly homologous in these functional domains (4). Counter-
parts of COUP-TFs have been found in many species in the
animal kingdom (6-10). These genes all show high homology
in their amino acid sequences, indicating a high degree of
evolutionary conservation.

Functional characterization has demonstrated that COUP-
TFs can repress transactivation of target genes induced by
vitamin D3, thyroid hormone, and retinoic acid receptors
(11-14). Repression of the retinoid and thyroid hormone
pathways is of special interest since these hormones and their
respective cognate receptors are involved in vertebrate mor-
phogenesis (15-18). In the central nervous system (CNS),
expression of COUP-TFs has been reported in zebrafish and
chicken (7, 8). In chicken embryos, chicken (c) COUP-TFII
is expressed transiently in spinal motor neurons and ectopic
expression can be induced by a notochord graft (8). This
would imply that cCOUP-TFII is functioning as a member of
a cascade of transcription factors operating downstream of
factors released by the notochord. cCOUP-TFII is also

expressed in other parts of the CNS, suggesting that COUP-
TFs may function in other regions during neural develop-
ment. It is therefore important to determine the developmen-
tal expression patterns of COUP-TFs in the CNS for each
member ofthis nuclear receptor subfamily. To investigate the
in vivo functions of COUP-TFs, we have used the mouse
model system. Examination ofthe spatiotemporal expression
patterns ofCOUP-TFs will reveal potential sites ofaction and
will shed light on possible roles of these nuclear receptors in
the developing nervous system.

MATERIALS AND METHODS
Cloning of Murine (m) COUP-TF cDNAs. To generate a

specific probe to clone the mouse homologs of COUP-TFs,
a PCR strategy was used. Two oligonucleotides consisting of
sequences from hCOUP-TFI were used as primers (the 5'
primer is from positions 628-647; the 3' primer is from
positions 890-871) to amplify a 270-bp fragment of the LBD
of mCOUP-TFs (2). DNA (1 jug) purified from a mouse
BALB/c neonatal Uni-ZAP XR cDNA library (Stratagene)
was used as the template. An amplified DNA fragment of the
correct size was subcloned and sequenced. The sequence
confirmed that the DNA fragment encoded part of mCOUP-
TFI. It was then used as a probe to screen the same cDNA
library. A total of 5 x 105 plaque-forming units were
screened. Several positive clones were isolated, subcloned,
and sequenced.
Embryo Preparation. Staged mouse embryos were col-

lected and fixed in 4% paraformaldehyde (PFA) overnight at
40C. They were cryoprotected by sinking in a graded series
of sucrose (7%, 15%, and 23% in PBS) and finally embedded
in OCT. Serial sections of 10-15 Aum were cut using a
cryostat, postfixed in PFA, dehydrated, and stored at -200C.
Probe Preparation. The template cDNAs encoding the

whole open reading frames of mCOUP-TFI and -II were
subcloned into pBluescript SK+. 35S-labeled antisense and
sense RNA probes were synthesized by T3 and T7 polymer-
ase, respectively, according to the manufacturer's conditions
(Promega). The probes were degraded to 150-300 bp by
limited alkaline hydrolysis. Unincorporated nucleotides were
removed by ethanol precipitation.
In Situ Hybridization. In situ hybridization was performed

as described by Wilkinson et al. (19). Briefly, the sections
were hybridized at 550C with RNA probes with a minimum of
108 cpm/ml. Washes were performed with high stringency at

Abbreviations: COUP-TF, chicken ovalbumin upstream promoter-
transcription factor; DBD, DNA binding domain; LBD, ligand
binding domain; CNS, central nervous system; h, human; m, murine;
p.c., postcoitum.
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65TC. The sections were dipped into Kodak NTB2 emulsion,
exposed for 5 days [with the exception of 18.5-day postcoi-
tum (p.c.) embryonic sections, which were exposed for 14
days], developed in Kodak D19 developer, and counter-
stained with hematoxylin. The sections were photographed
with a Zeiss Axiophot microscope.
Although mCOUP-TFI and -II are very homologous at the

amino acid level, they share only 80% identity at the DNA
level. The differences between the two cDNAs in their open
reading frames are evenly scattered over the entire length.
The mismatches will be cleaved by RNase digestion and
released during the subsequent high temperature wash. From
the data (see Results), especially sections from 14.5 days p.c.,
it is clear that some structures are hybridized only to
mCOUP-TFI probe, while another structure (oculomotor
nucleus) is hybridized strongly only to mCOUP-TFII probe.
Therefore, we can state with confidence that the strong
hybridization signals are specific, although we do not rule out
minor cross hybridization. Sense probes showed background
level signals.

RESULTS
Cloning ofmCOUP-TF cDNAs. Two COUP-TF cDNAs of

1559 and 1578 bp were isolated from a mouse cDNA library.
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The two cDNA clones contained complete open reading
frames of 435 and 431 amino acids, respectively. Sequence
comparisons (Fig. 1) showed that one clone shared 99%o
identity with hCOUP-TFI at the amino acid level, while the
other showed 100%o identity with hCOUP-TFII. Therefore,
the two cDNAs were designated as mCOUP-TFI and
mCOUP-TFII, respectively. Like their human counter-
parts, the DBDs of mCOUP-TFI and -II were almost
identical except for one conserved serine to threonine
substitution. The most diverged region between mCOUP-
TFI and -II was at the N-terminal domains, which shared
only 40% identity.

Expression of mCOUP-TFs. To determine the spatiotem-
poral distribution of mCOUP-TFI and -II transcripts, in situ
hybridization was performed on serially sectioned mouse
embryos ranging from 7.5 to 18.5 days p.c. Expression of
mCOUP-TFI and -II was first observed around 8.5 days p.c.,
peaked at 14-15 days p.c., and declined before birth (data not
shown). Up to 10.5 days p.c., both genes were expressed in
a similar pattern in the ventricular layer of the brain (Fig. 2
A and B). Three expression domains were recognized in the
brain at 11.5 days p.c. (Fig. 2 C and D). The anterior domain
included the optic stalk, dorsocaudal portion of the telen-
cephalon, and the thalamus. The medial domain was re-
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mcouptf1: ATGGCAATGGTAGTTAGCAGCTGGCGAGATCCGCAGGACGACGTGGCCGGGGGCAACCCC
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TTAACTTACACATGCCGTGCCAACAGGAACTGTCCCATCGACCAGCACCACCGCAACCAG

TGCCAATACTGCCGCCTCAAGAAGTGCCTCAAAGTGGGCATGAGGCGGGAAGCGGTTCAG
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mcouptf 1 CGAGGAAGAATGCCTCCAACCCAGCCCAATCCAGGCCAGTATGCACTCACAAACGGGGAT
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mcouptf 1 CCTCTCAATGGCCACTGCTACCTGTCTGGCTACATTTCTCTGCTGCTGCGCGCAGAGCCC
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: TACCCCACGTCGCGTTATGGCAGCCAGTGCATGCAGCCCAACAACATCATGGGCATCGAG
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mcouptf 1 CCGTTCTTCCCGGATCTGCAGATCACGGACCAGGTGTCTCTGCTGCGCCTCACCTGGAGC
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hcouptf2 : ----------------------
mcouptfl : -----G-C---------
hcouptfl : ---- G-C-------------
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FIG. 1. (A) Alignment of nucleotide sequences of mCOUP-TFI
and -II open reading frames. Start and stop codons are underlined.
(B) Alignment of amino acid sequences of the entire open reading
frames of mCOUP-TFI and -II (mcouptfl, -2) and hCOUP-TFI and
-II (hcouptfl, -2). Boxed sequence represents the DBD. LBD in-
cludes all the sequences C-terminal to the DBD. Note that there are
only 3 amino acid differences between mCOUP-TFI and hCOUP-
TFI, while mCOUP-TFII and hCOUP-TFII are identical.
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FIG. 2. Comparison of mCOUP-TFI (A, C, E, and G) and -II (B, D, F, and H) expression patterns in the developing mouse brain by in situ
hybridization using 35S-labeled RNA probes. Red color represents specific hybridization signals. (A and B) Parasagittal sections of 10.5-day p.c.
embryonic brain. (A) Expression of mCOUP-TFI is seen in the optic stalk (os), dorsocaudal part of the telencephalon (te), diencephalon (di),
midbrain (mb), and hindbrain (hb) regions. (B) Expression pattern for mCOUP-TFII is similar to mCOUP-TFI except for a slightly lower
expression in the future D2 region (dorsal to arrowhead) of the diencephalon. (C and D) Parasagittal section of 11.5-day p.c. embryonic brain.
Expression ofmCOUP-TFII is weaker in D2 than that ofmCOUP-TFI. Note the rostrally restricted expression domain in the midbrain. or, Optic
recess; ge, ganglionic eminence. (E and F) Sagittal sections of 14.5-day p.c. embryo. Expression levels of mCOUP-TFI and -II are high in DI
and the medial ganglionic eminence (mge), and low in D3/D4 regions and the zona limitans intrathalamica (zli). mCOUP-TFI (E) is highly
expressed in D2, the lateral ganglionic eminence (lge), the pallium (pa), and the tectum (t). In contrast, mCOUP-TFII expression is undetectable
in these regions except for the rostral part of the tectum (F). Expression of mCOUP-TFII is high in the oculomotor nucleus (III) where
mCOUP-TFI expression is minimal. Arrow in F points to the D1/D2 boundary and arrowhead indicates the D2/D3 boundary. me, Medulla;
pn, pons. (G and H) Sagittal sections of 18.5-day p.c. forebrain. Expression of COUP-TF genes at this stage is much lower than previous ones
since the sections were exposed to emulsion for 14 instead of 5 days. Minimal expression is seen in the telencephalon for mCOUP-TFI and -II.
Expression in D1, D3, D4, zli, and rostral midbrain regions is the same for both genes (arrowhead in H shows the anterior boundary of zli).
Note that expression in D2 is high for mCOUP-TFI and low for mCOUP-TFII. cp, Caudate and putamen. (Bar = 0.5 mm.)

stricted to the future midbrain and the caudal domain started
in the middle ofrhombomere 1 in the hindbrain and extended
caudally. The separation of the anterior and the medial
domains was not distinct prior to 11.5 days p.c.

Forebrain. At 10.5 days p.c., the expression patterns of
mCOUP-TFI and -II were similar in the future telencephalon
(data not shown). Later, the anterior expression domain of

mCOUP-TFI extended anteriorly and dorsally in the pallium
and, by 13.5 days p.c., the transcripts were detected in most
of the pallium (Fig. 2E shows 14.5-day p.c. pallium). The
mCOUP-TFII expression domain, on the other hand, was
restricted more caudally (Fig. 2F). At 14.5 days p.c., the
lateral and medial ganglionic eminences are well developed.
mCOUP-TFI was expressed in both eminences, while the
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mCOUP-TFII transcripts were detected only in the medial
eminence. By 18.5 days p.c., the expression of both genes in
the telencephalon had decreased approximately to that of the
background (Fig. 2 G and H).
The anterior expression domain extended caudally into the

diencephalon. mCOUP-TFs were expressed in a segment-
restricted fashion in the diencephalic neuromeres. Following
the definition by Figdor and Stem for chicken embryos (20),
these neuromeres are referred to as D1 (ventral thalamus and
hypothalamus), D2 (dorsal thalamus), and D3 and D4 (pre-
tectal region). Based on the mouse embryonic forebrain,
Puelles and colleagues (21) have put forth another scheme
that divides the forebrain into compartments smaller than
those proposed by Figdor and Stem. Our result showed that
mCOUP-TFI and -II were expressed differentially in the
dorsal thalamus, which is similarly defined by both groups.
Henceforth, the following descriptions will employ Figdor
and Stem's terminology. At 10.5 days p.c., the neuromeres
are not well defined and the expression patterns ofboth genes
were similar except that mCOUP-TFII expression was lower
in the future D2 as compared to mCOUP-TFI (Fig. 2B). At
11.5 days p.c. when D1 and D2 become visible, mCOUP-
TFII expression was higher in D1 than in D2, while mCOUP-
TFI was expressed at similarly high levels in both D1 and D2
(Fig. 2 C and D). At 14.5 days p.c., the D3/D4 region is
distinguishable and the zona limitans intrathalamica appears
between D1 and D2. Essentially no COUP-TFI or -II expres-
sion was detected in this boundary segment and the expres-
sion was slightly above background in the D3/D4 region for
both genes (Fig. 2 E and F). The mCOUP-TFI expression
domain now extended from D2 rostrally, with the absence of
expression in zona limitans intrathalamica (Fig. 2E), while
that of mCOUP-TFII extended from D1 anteriorly (Fig. 2F).
Such expression patterns were maintained until 18.5 days
p.c. (Fig. 2 GandH).
Midbrain and Other Regions. The medial expression do-

main was restricted to the midbrain. At 10.5 days p.c.,
mCOUP-TFI transcripts were distributed in the tectum with
an anteroposterior gradient of intensity with the highest point
at the rostral end (Fig. 2 A, C, and E). mCOUP-TFII
expression was restricted to the rostral third of the tectum
(Fig. 2 B, D, and F). From 16.5 days p.c. onward, the
expression domains of both genes narrowed rostrally and, by
18.5 days p.c., they were restricted to an anterior strip of the
tectum (Fig. 2 G and H). From 11.5 to 16.5 days p.c., the
oculomotor nucleus in the tegmentum strongly expressed
mCOUP-TFII. This nucleus represents the anteriormost so-
matic motor component along the neuraxis.
mCOUP-TFs were expressed at high levels in a portion of

the hindbrain neuroepithelium just lateral to the floor plate at
11.5 days p.c. (Fig. 3 A and B). This structure colocalizes with
the cranial motor nuclei in the hindbrain (22, 23). mCOUP-
TFI was also expressed at a lower level in the rest of the
hindbrain neuroepithelium while mCOUP-TFII showed
background expression (Fig. 3 A and B). From 10.5 days p.c.
onward, both mCOUP-TFs were expressed in spinal motor
neurons, the posterior somatic motor components (Fig. 3 C
and D). The signal of mCOUP-TFI was weaker than
mCOUP-TFII in the motor neurons, whereas it was stronger
than mCOUP-TFII in the rest of the spinal cord. mCOUP-
TFI and -II expression disappeared from the somatic motor
neurons at 16 days p.c. and persisted longer in the lateral
hom, which contains sympathetic neurons (data not shown).
In addition, the substantia gelatinosa in the dorsal hom
expressed mCOUP-TFII at the cervical level between 14.5
and 18.5 days p.c. (Fig. 3 D and F). By 18.5 days p.c.,
mCOUP-TFI was expressed homogeneously in the entire
spinal cord (Fig. 3E).

FIG. 3. Expression of mCOUP-TFI (A, C, and E) and -II (B, D,
and F) in developing hindbrain and spinal cord. (A and B) Horizontal
sections of 11.5-day p.c. embryo at the hindbrain (hb) level. mCOUP-
TFII is expressed at high levels in the motor neurons (mn), while the
expression ofmCOUP-TFI is more uniform throughout the hindbrain
neuroepithelium. (C and D) Horizontal sections of 14.5-day p.c.
embryo at the level of the cervical spinal cord. mCOUP-TFI is
expressed in most regions of the spinal cord, while mCOUP-TFII
expression is seen in motor neurons of the ventral horn and in the
substantia gelatinosa (sg) of the dorsal horn (dh). cc, Central canal;
drg, dorsal root ganglion; fp, floor plate. (E and F) Horizontal
sections of 18.5-day p.c. embryo at the level of the cervical spinal
cord. mCOUP-TFI (E) is homogeneously expressed in the entire
spinal cord. In contrast, mCOUP-TFII (F) expression is restricted to
the dorsal horn. vh, Ventral horn. (Bar = 0.5 mm.)

DISCUSSION
The present study reports the spatiotemporal expression
patterns of two mCOUP-TF genes in the developing CNS.
Our results show that mCOUP-TFI and -II are specifically
expressed in several regions during development ofthe brain.
In the diencephalon, mCOUP-TFI and -II expression is
restricted by the neuromeric boundaries.
The developing diencephalon displays a repeating set of

bulging structures called neuromeres (20, 24, 25). These
diencephalic neuromeres are developmental compartments
established through restricted cell lineage. Each represents a
primordium of a well-defined adult structure distinct from
one another (20, 26). When the diencephalic neuromeres
become conspicuous, mCOUP-TFI is characteristically ex-
pressed in the D1/D2 region, whereas mCOUP-TFII is
primarily found in the D1 region. Such a segnent-specific
expression is first detected at 10.5 days p.c., at which time
D1/D2 segmentation is already histologically apparent (27).
The earliest axonogenesis further precedes this stage in this
area. Within the area ranging between the midbrain and
future D2, axonal tract primordia are already seen at 9.0 days
p.c., well before the D1/D2 segmentation is formed (28).
Segment-related expression patterns of mCOUP-TFs be-
come clearer at 14.5 days p.c. onward, with the down-
regulation ofboth genes in the pretectal area and COUP-TFII
in D2 (Fig. 2 E and F). At present, it seems more reasonable
to assume that mCOUP-TFI and -II may be among the genes
that are involved in maintenance of neuromeric compart-
ments and/or maintenance of segment-specific neuronal dif-
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ferentiation rather than the establishment of segmentation of
the forebrain itself or regulation of neurogenesis.
The secondary restriction of mCOUP-TF expression do-

mains during development suggests that the genes may be
regulated by cell lineage-related factors. A similar sharpening
of expression boundaries has been reported for GhoxBl
(previously Ghox-2.9), which becomes restricted to rhom-
bomere 4 (29). Besides COUP-TF genes, several other ho-
meobox genes (21, 30-33), Pax genes (34, 35), and members
of the Wnt gene family (36, 37) are also expressed in a
segment-restricted fashion in the diencephalon. Develop-
mental fates of diencephalic neuromeres may be governed
and maintained by these clonally regulated transcription
factors or growth factors.
The differential expression patterns ofmCOUP-TFI and -II

in the CNS suggest that they may play different roles in neural
development. However, the binding activities of COUP-TFI
and -II in human and mouse are very similar in vitro (refs. 11
and 14; unpublished observations). This raises the question of
how each COUP-TF functions in a specific manner. When
expressed in different tissues, each COUP-TF might control
different sets ofgenes and be involved in different pathways,
resulting in different phenotypes. Even when expressed in
the same tissues, they may exert different effects on down-
stream genes through their less conserved N-terminal do-
mains, which have been shown to be responsible for cell- and
receptor-specific activities of other superfamily members
(38-40). Furthermore, in regulation ofa target gene, the ratio
of different transcription factors could also be crucial. Fi-
nally, the availability of the ligand for COUP-TFs could add
another level of complexity to its activation capacity.

In addition, COUP-TFs could regulate the CNS develop-
ment through their repression function on other members of
the steroid/thyroid receptor superfamily. COUP-TFs bind to
AGGTCA direct repeats and palindromes with various spac-
ings (11). These include response elements for vitamin D3
receptor (VDR), thyroid hormone receptor (TR), retinoic
acid receptors (RARs), and retinoid X receptors (RXRs) (11,
13, 14). In cultured cells, COUP-TFs can repress VDR, TR,
RAR, and RXR activities by competition for DNA binding
(11-14) and by heterodimerization with RXR, which de-
creases the effective concentration of available RXR to form
dimers with RAR, TR, and VDR (12, 13). Thus, COUP-TFs
could also exert their function via controlling or modulating
the retinoid and thyroid hormone pathways. To discriminate
between these possibilities, and in view of the widespread
and high-level expression ofthese two receptors during CNS
development, the transgenic mouse system can be used to
over-, under-, and ectopically express COUP-TFs.
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