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Abstract

NURR1 and NUR77 are members of the nuclear receptor superfamily of transcription fac-
tors. Both proteins can interact with common enhancer elements to regulate target yene expres-
sion. In order io establish whether bath transcription factors are likely to regulate overlapping
genes, we have used an in sifu hybridization approach to relate the constitutive expression pat-
tern of these mKNAs with funchionally detired regions of the adu.t mouse brain. By Western
analysis, NURKI mRNA expressed by brain cells appeared to be translated.

Here we show that both transcripts display a differential but partially overlapping pattern of
expression within the central nervous system (CNS). The expression of NURRIL is more
restricted than NUR77 and is localized predominantly in sensory neuronal structures associ-
ated with the limbic sysiem and in the cerebellum. In contrast, the expressior. pattern of NUR77
is more widespread. Positively stairing cells for NUR77 appear to overlap with NURR1<on-
taining cells in the limbic system and cerebellum, suggesting overlapping roles for these pro-
teins in mediating behavioral and cognitive function as well as equilibrium maintenance.
Huowever, the differential expression of NUR77 in motor areas of the cortex and bhasal ganglia
sugyest a selective role for this transcriplion factor in regulation of motor function at the consti-
tutive level. Our data indicates that these nuclear receptors are likely to have both shared and
independent gene regulatory roles in neuronal cells.

Index Entries;: Orphan receptors; in situ hybnidization.

Introduction

The nuclear receptor superfamily comprises a
group of structurally related transcription factors
that program developmental, physivlogical, and
brhatioral respunses to a variety of chernical sig-
nals. The family includes receptors for steruids,

rertain vitamins, and thyroid hormone (Fyvans,
1988; Brato, 1989; Tsai and (F’Ma.ley, 1994) in
addition to a growing number of orphan members
whose physiological function and cognale ligand,
if any, remain to he established ((O’Malley and
Conneely, 1992). Nurlear receptors regulate the
eXpression of speciﬁr target genes by interacting
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as either monomers (Harding and Lazar, 1993;
Wilson et al., 1993a) or dimers (Hard et al., 1990;
Naar et al., 1991; Cooney et al, 1992; Kliewer et
al., 1992; Perlmann et al., 1993) with specific DNA
elements based on extensions or repeated spatial
variations of two types of core sequence motifs,
AGGTCA and AGAACA (Klein-Hitpass et al,
14986; Martinez et al.,, 1987; Strahle et al_, 1987,
Umesono and Evans, 1989) DNA sequence-spe-
cific hinding by nuclear receptors is specified by a
highly conserved DNA binding domain that con-
sists of two zinc finger structural motifs and is the
hallmark of this transcription factor family (Evans,
1988; Freedman et al, 198%). Binding of nuclear
receptors to DNA and regulation nf transcription
through specific cis-acting sequences may occur in
a Jigand -dependent or -independent manner (Den-
ner et al., 1990; Arunica and Katzenellenbogen,
1991; Power et al., 1991; Ignar-Trowbridge et al.,
1992; Lydon et al., 1992).

We previously reported the isolation of a murine
arphan receptor NUKKRI (also termed RNR-1 and
NOT) that s expressed predominartly in brain tis-
sue (Law et al., 1992; Scearce et al., 1993; Mages et
al., 1994). The protein exhibits a close structural
relationship to a previously characterized orphan
nuclear receptor, NUR77/NGFIf (Hazel et al.,
1983, Milbrandt, 1988%). Both NURR1 and NLR77
are part of a subclass of nuclear receptors that
function as constitutively active transcription fac-
tors and thus do not appear to require binding of a
lipand for activity (Davis ct al., 1991; Wilson et al,,
1991; Scearce et al,, 1993). As predicted by the
strong amino acid conservaticn (Y9%) between the
DNA binding domains of NUKR1 and NURYY,
both proteins bind as monomers to the same c15-
acting enhancer DNA sequence to regulate target
gene expression (Wilson et al., 1993a,b; Scearce et
al., 1993; Murphy et al., 1996). These observations
suggest that both transcription factors may regu-
late overlapping target gene networks.

Like NURRI1, NUR77 is expressed in mouse
brain tissue but spatial expression pattern is less
restricted than NURR1 and the transcript is found
in a variety of tissues (Law ¢t al,, 1992). Uniike
most nuclear receptors, NURR1 and NUR77 also
are the products of immediate early genes whose
expression is induced in response to distinet stimuli
both within (Watson and Milbrandt, 1989; Chan et
al., 1993) and outside (Scearce et al., 1993; Davis
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and Lau, 1994, Mages etal., 1994) the central nervous
system (CNS), indicating that both constitutive
and inducible expression of these transcription
factors contribute to their tissue-specific functional
rules. In the case of NUR77, induced expression of
this transcript has been demonstrated in response
to a variety of extracellular signals, iwcluding
growth factors (Hazel et al , 1388; Milbrandt, 1938;
Williams and Lau, 1993), neurotransimnitters (Are-
nander et al., 1989; Watson and Milbrandt, 1989),
seizure aclivity (Watson and Milbrandt, 1989),
polypeptide hormones (Wilson et al., 1993b; Davis
and Lau, 1994), arud T-rell antigens {(Lin et al, 1994;
Waronicz et al., 1994). In at leas: two of these cases,
the transcription factor has been shown to play an
important role in stimulus transcription coupling.
For example, the induction of NUR77 by adreno-
corticotrophic hormone (ACTH) in adrenal corti-
cal cells can mediate steroidogenesis by regulating
the expression of the steroidogenic enzyme ste-
roid-21-hydroxylase (Wilson et al.,, 1993b). The
protein also mediates programmed cell death in
self-reactive T-lymphocyte cells in response to
apop*otic signals (Liu et al., 1994; Woror.icz et al,,
1994). Thus, some of the physiological roles of this
transcription factor are beginning tc unravel.

The selective constitutive expression of NIJRR1
in brain tissue predicts an important role for this
transcription factor in regulation ot target genes
withir the CNS. In support of this hypothesis, spe
cific DNA binding sites for NURRT have recently
been 1dentified in the promoter region of several
neuronal potential target genes (Murphy et al,
1995). Therefore, in order to gain further insight
into the neural pathways that may be influenced
by NUKRI and to establish whether NURRY and
NUR77 may regulate overlapping target genes, we
have analyzed their spatial distribution within
the CNS by in situ hybridization. In the presend
article we have focuscd on the comparative con-
stitutive expression of NURK1 and NUR77 mRNAs
in mouse brain tissue, where both mRNAs are
expressed, to determine whether they are localized
in overlapping or independent neura. structures.

Here we demonstrate that both transcripts show
a differential but overlapping pattern of expres-
sion throughout the mammalian brain. NURR1 is
expressed in sensory neurons associated with the
hypathalamus, olfactory, and limbic systems as
well as limbic-associated cortical areas, whereas
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NUR77 is more widely expressed in a variety of
neural structures, including both motor and sen-
sory pathways

The overlapping expression of NUR77 in sen-
sury pathways that express NURR1 sugpests that
these transcription factors may have shared roles
in mediating limbic-associated behavioral and
cognitive functions. However, the selective expres-
sion of NUR77 in motor areas suggests that this
protein may play an independen® ro.e in regula-
tion of motor function.

Materials and Methods

Tissue Preparation

A total of five males and 5 females were used in
these studies. The mire were sacrificed by decapi-
fation and the hrains were removed from the skull,
fraozen with Tissue-Tek im (]ry ice, and stored at
-70°C until cryostat sectioning. Serial sections of
10 pumn thickness were thaw-mounted onto gelatin-
ruated microscape slides, dried for 15 min by air,
and fixed in 4% paraformaldehyde in PBS for
200 min at room temperature. These slides were
then stored at —20°C until use.

Prabe Preparation

The NITRR]1 probe was derived from a 371 bp
Drall-Aua] fragment between positions 367 and
738 uf the NURRT ¢DDNA. The NUR77 probe was
derived from a 287-bp Marlll fragment between
positions 168 and 455 of the NUR77 ¢DNA. Both
fragments were cloned in the pBluescript KS
vecior (Stratagene, [Los Angeles, CA). The [3S]UTP-
labeled antisense strand RN A prubea for NURR1
and NUR77 were synthesized using T7 polyrmerase
after linearizing with Drall and HindIIl, respec-
tively. The [*SJUTP-laheled sense strand RNAs
used as controls were synthesized using T3 poly-
metase after linearizing with BenrHI Al probes
were hydrolyzed to a length of approx 150 nucle-
ptides before use.

In Situ Hybridization

Before hybridization, sections were warmed to
room temperature and allowed to dry. Sections were
then permeabilized with proteinase K (20 ug/mL),
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postfixed in 4% paraformaldehyde, treated with
acetic anhydride in 0.1M triethanolamine, pH 8 0,
and dehydrated through graded ethanol. The
hybridization was carried out with a 6 x 10° cpm
RNA probe in a volume of 70 uL hybridization
buffer containing 0.1M DTT, 50% formamide,
10% dextran sulfate, 4X SSC, 1X Denhardt's solu-
tion, and 250 pg/mL yeast tRNA at 58°C for 18 n
in a humid chamber. Slides were washed in hign
stringency with 0 JM IDTT, 2X §5C, and 509 forma-
mide at 60°C, digested with RNase A (20 ug/mL)
solution at 37°C for 30 min, and then rinsed to a
final stringency of 0.1X S5C at room temperature
for 15 min. Sections were dehydrated and air-
dried at room temperature. Autoradiographic
lIocalization of bourd probe was performed by
apposition of the sections to X-ray film for 3 d. For
higher resolution, the sections were dipped into
NTB2 autoradiography emuision (Eastman Kodak,
New Haven, CT). After an appropriate exposure
period ranging 6-10 d, slides were developed by
using Kodak D-19 developer foilowed by Kodak
fixer, stained with hematoxylin, dehydrated, and
caverslipped. The sections were photographed
with a Zeiss Axiophat micrescope.

Western Blot Analysis

A fusion between six histidines and an amino
terminal portion of NURR1 protein was made and
expressed in Escherichia col, allowing purification
over nickel-chelated agarose beads. Briefly, a
0.7-kb fragment of NURK1 cDNA coding sequence
spanning amino acids 9-236 was ligated into the
Kpnl and Pstl sites of PQE-30 (Qiagen, Chatswcrth,
CA). The 30-kDa tusion protein was expressed
from the strong E. coli phage T5 promaoter in
strain M15[pREP4] and purified on nickel-che-
lated agarose according to the manufacturer’s
instructions {(Ni-NTA; Qiagen). Polyclonal anti-
bodies were raised by injection of the fusion protein
into New Zealand white rabbits. Allimmunization
procedures were carried out by Bethy. Laborato-
ries, Inc (Mpntgomery, TX). Tissue samples were
treated by sonication in TESH 0.4M NaCl buffer.
After two centrifugations (10,000¢ for 10 min and
100,000¢ for 30 min at 4°C) the supernatant pro-
teing were quantified by Bradford protein assay.
Samples (25 ug) were separated on a 7.5% acryla-
mide gel run for 5 h at constant voltage (100 V) at
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room temperature and were transferred to Immo-
bilon-P membrane (Millipore, Bedford, MA) for
17 h in 25 mM Tris-HCl, 192 mM glycine, and
20% methanol; the membrane was blocked for 1 h
in 10 mM Tris HCL, pH 7.5, 100 mAM Na(l, con-
taining 2% nonfal dried milk. The immunological
reactions were performed with antibody at a
1:4000 dilution for 2 h at room temperature. The
antigen-antibody complex was revealed by chem-
tluminescence (ECL. Western blotting kit, Amer-
sham, Arlington Heights, IL).

Results

Camparative Distrihution of NURR1
and NUR77 in Adult Mouse Brain

Since our previous analvsis demonstrated that
both NURR1 and NUR77 are expressed in the
adult mouse brain we have compared the spatial
expression of both mRNAs within the brain to
establish whether these transcription factors
are expressed in overlapping or distinct neural
structures. In these studies, we analyzed coronal,
horizontal, and sagittal prain sections from adult
mouse by i sifw hybridization with antisense and
sense NUKRI1 or NUK77 KNA probes.

Two general observations can be made from
these analyses. First, both NURR1 and NUR77
mRNAs show a restricted pattern of expression
within the CNS with positively staining cells in
every major brain division. Second, NURR1 and
NUR?77 show a differential pattern of expression
throughout the brain, although staining for both
transcripts appears to overlap in some neural
structures. The comparative distribulion of these
mRNAs within the major brain divisions is
described below and summarized in Table 1.

Telencephalon

The expression of NURR1 and NUR77 mRNAs
overlaps most extensively in the telencephalon
(Fig. 1). NURRI expression in this brain region
was more restricted than NUR77 and was local-
1zed primarily in the olfactory arcas, the limbic
system, and limbic-associated cortical structures.
The expression of NUR77 appeared to overlap
with NURRI in the olfactory (Fig. 1B,C) and lim-
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bic areas but unlike NURR1, NUR77 staining was
widespread throughout all regions of the cortex
and also was observed in the basal panglia (Fig. 1E,F).

Within the olfactory areas, positively staining
cells for both transcripts were observed in the
olfactory bulb and piriform cortex, although stain-
ing for NUR77 was more intense than NURRT in
these areas. However, unlike NURR1, NUR77 was
also observed in the olfactory tubercle and accumbens
nuclews (Fig. 1).

Both transcripts were expressed at high lovels
in the major components of the limbic system and
limbic-associated cortical structures. In these arcas,
positively staining cells were localized in the hip-
pocampus and hippocampal-associated struc-
tures, including the presubiculum, subiculum,
perirhinal and entorhinal coriex, and amygdalcid
areas. Within the hippocampus, intense staining for
both transcripts was detected in the CA fields of
Ammon’s harn whereas weak staining for both
mRNAs was cbserved in the dentate gyrus (Fig. 2).

In addition, positively staining cells for both
transcripts were found in the frontal, temporal,
and parietal cortices (Figs. 1 and 2). Low-level
staining for both mRNAs was found in the septo-
hypothalamic nucleus. However, only NUR77 was
detected in the lateral gseptal nucleus. Overlap-
ping expressicn of NURR1 and NURY7 also was
chserved in the Bed nucleus of the stria terminalis
and in the claustrum (Fig. 1E.F), suggesting a role
for these proteins in mediating autonomic and
visual responses.

The most striking differerces in expression pat-
tern within the telencephalon were observed in the
cortex and basal ganglia (Fig. 1E,F). Irtense stain-
ing for NUR77 was observed throughout the fron-
tal lobe as well as in the caudate putamen, ventral
pallidum, and globus pallidus, suggesting a selec-
tive role for this factor in mediating motor
responses. In contrast, NURRI] was Jocalized to the
supra.imbic layer of the parietal and temporal
lobes and was <concentrated in the cecpest layer
(V) of the cortex (Figs. 1B,E, 2B,E).

Diencephalon

NURRI1 and NUR77 showed mostly a ditferen-
tial pattern of staining in the diencephalon. Posi-
tively staining cells that express NUXR] were
observed in all major diencephalic struc:ures,
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Table 1
Distribution of NUKK] mRNA in the Mouse Central Nerveus System

Region NURKI NUR/7

Telencephalon

Neocortex

Cingulate cortex (Cg) +42 ++
Frontal cortex (Fr) + 4+
Parietal cortex (Par) ++ ++
Temporal cortex (Te) +++ ++
Inner layer of the cortex (1L) H f
Entorhinal cortex (Ent) ++ +
Dorsal endopiriform nucleus (DEn) +- ++
Penrhinal cortex (PRh) 4+ -+
Piriform cortex (Pir) + +++
Subiculumn (5} b -t
Hippocampus
Field Al ~++ +++
Fieid CAZ ++ ++
Field CA3 ++ -+
Dentate gyrus (NG) + +
Septohypothalamic v (SHy) + +
Bed nu of the siria terminalis (BSTM) + +
Amygdala
Amigdalchip area (AlTi) ++ ++
Posteromed cortical amyg nu (TMCo) ++ 4
Amigdopiriform transition (Apir) ++ ++
Olfactory bulb (OB} bt b
Olfactory tubercle (Tu) - ++
Claustrum (CI) +++ ++
Caudate putamen (CCP'u) - +++
Globus pallidus (GT') - ++
Ventral pallidum (VD} - ++
Accumbens nucleus (Acbh) - ++
Lateral septal nu (15) - ++
Diencephalon
Thalamus
Anteromedial thalamic nu (AM) bt -
Parafasicular nucleus (I'F) ++ -
Anterodarsal thalamic nu {AD) ++ ++
Paraventricular thal nu, anterior (PVA) ++ -
Precommissural nu (I*r(C) + -
Medial habenular nu {(MHb) +4+ -
Lateral habenular nu (L1 Th) ~++ -
Medial geniculate body (M(G) +
Hypothalamus
Penventricular zone
Paraventricular hypothalamic nu (Pa) ++ -
Periventricular hypothalamic nu (Pe) ++ -
Medial zone
Medial preoptic area (MPA) + i
Medaal preoptic nucieus (MPQ) - ++
{continued)
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Table 1 (cantinued)

Region NUKRI1 NUR77
Anteror hypoth area (AH) +
Posterior hypoth area (PH) 4+ +
Premammillary body (PMV) +4++ +
Lateral zone
Lateral preoptic areas (LPQ) + +
[ateral hypoth area (I.LH) ++ -
Pituitary gland
Anterior pituitary [Al'1H) +4 b+
Posterior pituitary (PPPit] ++ +
Mesencephalon
Pontine nuclei (Pn) ++ +
Tegmentum
Ventral tegmental area (VTA) +++ +
Dorsal nucleus raphe (DR) b+ -
Caudal linear nu raphe {CL1) ++ -
Dorsal tegmental decussation (dtgx) +4+ +
Retrorubra! field (RRF) ++ +
Pedunculopontine tegmental nu (PPTg) +++ +
Interstitial nu of the mif (IMLF) ++ -
Rostral interstitial nu mlf (RI) ++ ++
Interpeduncular nucleus (IL) - +
Edinger-Westphal nucleus (EW) H -
Central gray (CG) + !
Rhombencephalon
Pang
Medial vestibular nu (MVe) + -
Intermediate reticular nu (IRt) ++ -
Raphe nucleus (R) ++ -
Pontine reticular nu, oral (PnQO) + -
Cerebellum (Cb), granular layer 44 +4+4
Medulla oblongata + +
Spinal cord (SP)
Lamina X of the gray matter + -

Darsal horm

"Semiquantitative estimates of the sipnals are indicated: +, weak; ++, moderate;

++4+, strong.

including the thalamus, habenula, and hypothala-
mus (Fig 2B.E). Intense staining for NURR1 was
ubserved in the medial and lateral haberular region
whereas lower levels of staining were observed 1n
several thalamic nuclei, including the anteromedial,
parafasicular, anterodorsal, paraventricular, and
precommissural nuclei. Within the main hypotha-
lamic zones, moderate to high levels of NURR1
staining were observed in at least nine discrete
nuclei (Table 1). The most intense hybridization
sipnal was observed in premammillary nuclei,
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which are associated with emotive responses and
in the posterior hypothalamic area (Fig. 1E). A role
tor NURRI in mediating neuroendocrine and
autonomic responses 1s supported by its expres-
sion in the paraventricular, periventricular {Fig. 3),
anterior, posterior, and lateral hypothalamic areas
(Fig. 28,E). The medial and lateral preoptic areas
also showed a faint and diffuse NURR1 expres-
sion (Fig. 1E).

In rondrast to NURR1, staining for NUR77 was
weak in the diencephalon with positive cells
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observed in fewer thalamic and hypothalamic
nuclei. NUR77 staining was absent from the habe-
nula and was detected at low levels in the antero-
dorsal (Fig. 2C) and medial geniculate nucleus
of the thalamus. Within the hypothalamus, mod-
erate to weak staining was observed in the medial
preoptic nucleus, posterior hypothalamic area,
premammillary body, and lateral preoptic areas
(Figs. 1F, 2F).

The pituitary gland showed differential stain
ing of NURR] and NUR?7 between the posterior
and anterior regions (Fig, 4]. Widespread expres
sion of NURR1 was cbserved in both the anterior
and posterior regions, whercas positively staining
cells for NUR77 were localized predominantly in
the anterior regicn, with tew NURR1-positive cells
in the poslerior lobe.

57
Mesencephalon

The expression of NURR1 and NUR?77 in the
midbrain is shown in Fig. 5. NURK] was expres-
sed at high levels in the cerebral peduncles where
positively staining cells were observed in several
nuclei with fiber pathway connections to the lim-
bic system, ventral striatum, and hypothalamus.
These included the ventral tegmental area, raphe
nuclei, pedunculopontine tegmental nucleus, inter
stitial nucleus of the medial longitudinal fasciculus,
retrorubral field, and central gray (¥ig. 5B,E).

Several nuclei with major projections to the cer-
ebellum (pontine, reticulotegmental, and Jateral
reticular) also expressed high levels of NURRI
mRNA. The Edinger-Westphal nucleus showed
moderate NURR] cxpression, suggesting a pos-

Fig. 1. rhigs. 1. & on pp. 58-59; In situ hybridization analysis of NURR1 and NURZ7 mRNA expression in the
telencephalon of the mouse adult brain. Bright field (A) and dark field photomicrographs of adjacent sagittal
sections hybridizec to NURR1 (B) and NUR77 (C) an:isense S probes through the olfacio-y buls. Bright field (D)
ard dark field photomin rographs of adjacent coronal sections hybrid-zed 1o NURRT (E) and NUR77 (F) antisense
425 probes at rostral level. No hybridization was detected using the sense prabes. Note that NUR7 7 distributicn 1y
widespread in this rastral regicn of the brain. OB, olfactory bulb; (11, claustrum; Fr, frontal cortex; Pir, piriform
cartex; Ahi, amigdalohip area; Cpu, caudate putamen: GP. globus pallidus; Ach, Accumbens nu; VP, ventral
pallidus; Tu, olfattory tubercle, Cg, cinguium; Shy, sentohypothalamic nu; BSIM, bed nucleus of the stria
terminalis; MPQ), medial preoptic nucleus; Den, dorsal endop 'riferm nucleus; IL, inner layer of the cortex.

Fig 7. Distribution of NURRT and NUR77 gene expiession through dienceptidon. Brigt field (A) and dark
ficld ptolomicroprapks of ad:acent horizontal sections Fybr dized to NURRT (B) and NUR?77 (C) antisense probes
through the nabenula of the thalamus. Bright field (D) and dark field photomicrographs of adjacent coronal
sections hybridized to NURRT (E) and NUR77 (F) antisense prabes through posterior part of thalamus and hypo-
thalamus regions. Hb, habenula; Prc, precommissural nucleus; AD, anterior dorsal thalamus; PH, posterior hypo-
thalamic nu; PMV, premamm llary body; Ahi, amigdalohip area; PMCo, posteromed cortical amyg nu; Apir,
amigdopiriform t-ansition; Cg, tingulum cortex; Par, parietal conex; Te, temporadl cortex; Frh, perirhinal cortex; S,
subiculum; CA-3, h ppocampus fields; DG, dertate gyrus.

fig. 3. Mouse coronal section showing the distribution of NURR1 and mRNA in the hypothalamus. (A) Bright field;
(B) dark field. Pa, paraventricular hyoothalamic nucleus; Pe, periventricular Fypothalamic nucleus.

Fig. 4. Pituitary gland showing the expression pattern of NURR1 and NUR7/. Top panels show the bright (A)
and dark field (B) of NURR1 mRNA. Bottom pane.s show the bright (C) and dark (D) field of NUR77 mRNA. APit,
anterior p:tuitary; PPit, posterior pituitary.

Fig. 5. Distribution of NURRT and NUR77 gene expressian through midbrain, Bright field (A) and dark field
photomicrapraphs of adjacent horizontzl sections hybr'dized to NURRY (B) and NUR77 (C) antisense probes
through the raphe nucleus of the brain. Bright field (D) and dark field photomicrographs of adjacent coronal
sections hybridized to NURRT (E) and NUR77 (F) antisense probes through the ventral togmental area of the
midbrain. PVA, Paraventricuiar thal nu, anterior; PF, parafasicular nu; Rl, rostral interstitial nu mif; DR, dorsal nu
raphe; Pptg, pedunculopontine tegmental nu; VP, ventral pallidus; GP, globus pallidus; Cpu, caudzte putamen;
LS, lateral septal nu; S, subiculum; Ent, entorhinal cortex; Te, temporal cortex,

Fig. 6. Localization of NURRT mRNA in a coronal section of the mouse hindbrain bright field (A) and da-k
field (B} photarmicrogravtis. Chb, cerebellum; R, raphe nucleus; MVe, medial vestitwlar nuclens; IRt, intermedi-
ate reticular nucleus.
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Fig. 7. Expression of NURR1 protein. Ext-acts prepared from varous mouse aduit tissues were electru-
phoresed on SOS-polyacrylamide gel, transferred to immaobilon-P membrane, and orobed with anti-NJRR1
(immune) serum. The number at the left indicates the mohility of the molecular weight of NURR1 praten.

sible role for NURRI1 in control of eye muscle
activity. In contrast, we observed only faint expres-
sion for NUR77 within these tegmental regions
and this transcript was not expressed in the raphe
nucleus (Fig. 5C). Low levels of NUR77 mRNA
also were observed in the medial geniculate and
interpeduncular nucleus (Fig. 5F).

Rhombencephalon and Spinal Cord

The highest levels of expression of NURR1 and
NUR77 in this region were observed in the cerebel-
lum (Fig. 2B,C), where intense staining for both
transcripts was detected throughout the granular
layers. The most striking difference in the expres-
sion pattern of NURR1 and NUR77 in this brain
region was observed in the pons and medulla,
which lacked detectable expression of NUR77. The
pons showed moderate NURR1 staining (Fig. 6) in
several nuclei, including the medial vestibular and
intermediate reticular nucleus, which is involved
in four general types of function: motor control,
sensory control, visceral control, and control of
consciousness. Consistent with its midbrain expres-
sion pattern, positively staining cells for NURRI
were observed in the pontine nuclei and raphe
nuclei. The medulla showed moderate NURR1
expression {data not shown) in the dorsal vagal
nucleus involved in sensory, motor, and parasym-
pathetic functions. The remaining portions of
these nuclei were unlabeled.

Finally, very low intensity staining for NURRI1
and NURY7 was observed in the spinal cord,
where the transcripts showed a differential non
overlapping expression pattern. Expression of
NURY7 was localized in the dorsal horn whereas
NURRI staining was confined to the lamina X
region of the gray matter surrounding the central
canal (data not shown).

Journal of Maolecular Neuroscience

Western Blat Analysis of NURRT Protein
in Mouse Tissue Extracts

In order to confirm that NURR1 protein is also
detected in areas that express NURRT mRNA tran-
scripts, we carried out Westerr. immunoblot analy-
sis of tissue extracts from cerebrum, thalamus,
midbrain, hypotha.amus, cerebellum, pons, adre-
nal gland, liver, and heart. A polycloral antibody
that recognizes the amino terminal portion of
NURRI protein detected a specific band, corre-
sponding to NURRI protein in all the brain tissue
extracts and in the adrenal gland. This band of
66 klJa was not detected in the liver and heart tis-
sue extracts (Fig. 7).

Discussion

The present analysis of the comparative spatial
distribution of NURR1 and NUR77 within the
CNS indicates that these transcripts may have
both shared and independent functions in neu-
ronal cells. Both mRNAs show a different but par-
tially overlapping pattern of expression within the
CNS. The function of NURR® may be more spe-
cific since its expression is more restricted than
NUR77 and appears to be mainly Iccalized to sen-
sory neural structures.

Positively staining cells for NURRT were observed
in all major brain divisions. However, its expres-
sion within these areas was found predominantly
in structures associated with the limbic system.
The association of NURR! with the hvpothalamus
and limbic system predicts a role for this transcrip-
tion factor in the integration and processing of
sensory and motor information required for
expression of complex motivational and emo-
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tional behaviors as well as learning and memory.
A role for NURR1 in mediating both neuroendo-
crine and autonomic components of these behav-
iors is supported by the localization of NURRI1
within neuroendocrine structures of the hypo-
thalamus and the anterior pituitary gland, and its
association with autonomic structures, including
the hypothalamus, the cirgulate gyrus, Bed nucleus
of stria terminalis, and ventra!l tegmental area. The
localization of NURRI in the paraventncular nucleus
of the hypothalamus and in the anterior pituitary
is of particular interest because we previously
have jdentifiad cis-acting enhanced sequences for
NURRTI in the promoter regions of the corticotro-
phin-releasing factor (CKF) gene and the pro-opio-
melanocortin (POMC) gene, which are expressed in
the hypothalamic and pituitary areas, respectively
(Murphy et al., 1995). Furthermore, using syn-
thetic target genes containing the CRF and POMC
promoters, we recently have demorstrated that
NURR]J can regulate the expression of these genes
when transfected into pituitary cells in culture
(E. Murphy and O. M. Conneely, unpublished
results). These data, together with the previous
demonstration by others that NURY7 upregulation
by ACTH can mediate regulation of expression of
the steroidogenic enzyme steroid-21-hydroxylase
(Wilson et al., 1993b), provide the first indication
that the NURR1/NUR77 subfamily of nuclear
receptors may play an important neuroendocrine
role in the coordinate regulation of activity of the
hypothalamic—pituitary-adrenal axis.

The expression of NUR77 overlaps extensively
with NURRI in the limbic system but also shows
significant differences in its expressjon pattern in
all major brain divisions. Most striking is the wide-
spread expression of NUR77 throughout all regions
of the cerebral cortex and its selective expression in
telencephalic structures within motor areas. The
expression of NUR77 in the basal ganglia, nucleus
accumbens, and olfactory tubercle suggests that
this transcription factor may participate in the
regulation of motor activity.

Significant differences in expression patterns of
the two transcripts also are observed in the dien-
cephalon (Fig. 2). Most notable is the lack of
appearance of positively staining cells for NUR77
in the habenula and its low expression in the
hypothalamus. Although this transcript is not
constitutively expressed in the endocrine hypo-
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thalamus, its expression in the anterior pituitary
together with the previously reported stress-
inducible expression of NUR77 in the paraventri-
cular hypothalamic nucleus {Chan et al., 1993)
support a role for this protein in mediating neu-
roend ocrine responses.

Unlike NURRI, which shows significant expres-
sion in mid- and hind-brain structures, particu-
larly those with fiber connections to the limbic
sysiem, the expression of NUR77 in these areas is
extremely low to undetectable. However, the
intense staining for both transcripts throughout
the cerebellum suggests that they may have over-
lapping roles in mediating maintenance of equi-
librium and coordination of muscle action.

Qur aralysis of the expression patterns of NUKRI
and NUR77 in this study identifies functionally
defined brain regions in which constitutive expres-
sion of these transcription factors is likely to
contribute to maintenance of a base-line or consti-
tutive level of neuronal activity. The ability of
these transcripts to respond in an inducible man-
ner to a variety of stimuli provides an additional
level of contribution of these transcription factors
to neuronal activity urder specific stimulatory
conditions that are not detected in this study.

We did rot see a discrepancy between expres-
sicn of the NURK] mRNA and its protein in the
main structures of the brain. The overlapping
expression of NURR1 and NUR77 in the limtic
system together with their ability to interact with
similar enhancer elements (Scearce et al., 19493)
clear.y predicts that both proteins may interact
with similar gene networks in behavioral and cog-
nitive pathways. Whether this overlapping inter-
action leads to a redurdancy of function ¢f both
proteirs or a differential repulation of gene tran-
scription remains to be established.
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Ahstract

NURRI is #n immediate early pene ptoduct and a member of the nuclear receptor superfanily of lranseription factors. Using
the NURRI ¢clONA as a probe, we isolated the genomic DNA encoding NURKRIL from a mouse 1295vEv genomic Library. The
NURRI gene is approximately 6 7 kb long and is organized into 7 exons separated by 6 introns. Stinciural analysis of the
NURRI! reveals that this gene shares a similar structure with Lhal of the nuclear receptor NUR7T/NGFI-B. As in NUR77, the
prometer region of NURRI lacks an identihable TATA box, bet s GC-rich, The proximal promoler region also contains an
ATF/CREB consensus hinding site that may participate in cAMP-mediated inducuon of this immediate early gene product.
Tscrtation and structural characterization of the NURR! gene provides infonaation for Turther developmental am) transcriptinnal

regulation studies of this gene.

Kevwords: Promater; Consensus seqquence; NURTT

1. Introduction

We previously reported the isolation of a munne
orphan receptor NURRI (also termed RNR-1 and
NOT) that is expressed predominantly in the main
rcgions of the central nervous system (Law et al., 1992;
Scearce et al., 1993: Mages ct al, 1994; Ssucedo-
Cardenas and Conneely, 1996}, NURRI s a member
of the nuclear receptor supertamily. This tamily com-
prises a proup of structurally related transcription
factors that program developmental, physiolegical and
behavioral responses to a variety ol chemical signals.
The family includes receptors for steroids, certain vita-
mins and thyroid hormone (Evans, 1988; Beatn, 1989,
Tsat and O'Malley, 1994) in addition to a prowing
number of orphan members whose physiological func-
tion and eognate ligand, if any, remain to he established
{(XMalley and Conneely, 1992).

NURR] cDNA encodes a 66-kilodalton protein
and exhibits close structural relationship to previously
characterized orphan  nuclear receptors, NGiFI-B/

* Uorresponding author. Fax 1 713 7901275,

Abbrevialions: bp, base pair(s), %b, kilobase{s! or 1000 bp. nt,
nuxleolide(s1.

NUR77/NIMNAK-1 (Mibrandt, 1988; Nazel et al,
[988: Ryseck ct al, 15§9; Nakal et al, 1990) and
NOR-1/MINOR/TEC (Ohkura ct al., 1994; Hedvat and
Irving, 1995; J.abelle et al., 1995). These receptors are
part of a subclass of nuclear receptors that are immediate
carly gene products and function 4s constitulively active
transcription factors that do not appear 10 require
binding of a hgand for activity (Chulepakis et al., 198E;
Davis et al., 1991, Wilson et al., 1991). In addition,
these three transcniption factors arc able to bind to the
same cis-acting enhancer DNA sequence to regulate
target gens expression (Chalepakis et al, 1988; Ohkura
et al,, 1994, Hedvat and Irving, 1995; W:san et al,
19%3a.b; Murphy et al,, 1995). These observations sug-
pest that these transeription factors may regulate over-
lapping gene nctworks.

To undeorstand the regulation of the NURRI gene
and its relationship to other members cf the nuclcar
receptor superfamily, we have determmined its structural
organization. The exon intron arranpement 15 similar to
that of the NGFI-B/NUR77 nuclear receptor support-
mng the conclusion that this subclass of gene products
have 4 close evolutionary relationstip within the nuclear
receptor superfamily. Analysis of the proximal promote
region of NURRI reveals at least one potentia) cis-
acting sequence that may participate in srgnal induced
transcription of this immediate early gene.

DITRAN19/97 81 7 00 Copnyright £ 1997 Elsevier Science B V. All rights reserved
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2. Experimental and discussion
2.1 Isolation of the NURR! gene

Two mouse 129/SvEv genomic libraries prepared in
ADash II (Stratagene) and Pl (Genome Systems Inc)
were used o isolate the NURR gene. Screening of the
. ADash Il library was performed (Grunstein and
Hogness, 1975) using as probe a Drall-Pst1 (680-bp)
fragment from the N-terminal region of NURR 1 ¢cDNA
(Law et al., 1992). The probe was radiolabeled using
[}*P] ACTP to a specific activity of 2x 10” cpm/pg.
Using this approach, onc positive clone was identified
from the ADASH II genomic library. Two fragments of
this clone, 5.5-kb Bam111 (p20) and 6.5-kb EcoR1 (pl10),
corresponding (o the 5" portion of the NURRI gene,
were subcloned into pSP72 (Promega). The Pl library
was initially screened by PCR using oligonucleotides
specific for the same N-terminal region of the NURRI
gene. Two NURRI positive clones were identified. One
of these clones, 7.8-kb Bg/ll (p30), containing the 3’
end of the NURRI gene was subcloned into BamHI
site of pUCI9 (New England Biolabs, Inc.). The three
overlapping genomic fragments (p10, p20 and p30) were
characlerized by Southern analysis (Fig. 1). Together,
these fragments spanned the entire NURRI gene and
were used to establish the intron/exon organization by
PCR amplification and sequence analysis,

2.2. Analysis of exons, introns and exonfintron
boundaries

To identify and sequence the exon/intron boundarices,
amplification of individual regions of the NURRI gene
was performed. This was done by using 10 ng of NURR
genomic DNA (p20 and p30) as template and a variety
of 20-27-mer oligonucleotide primers. These primers
were designed from the NURRI cDNA and by com-
parison to sequences flanking the published NUR77/

NGFI-B intronfexon boundaries (Watson and
Milbrandt, 1989). The PCR products were analyzed by
agarose gel clectrophoresis and sequenced directly
(Sanger et al., 1977; Casanova ¢t al., 1990).

The structural organization of the NURRI gene is
shown in Fig. 1. Sequences of the exon/intron junctions,
as well as the size of cach exon and corresponding
encoded amino acids, are shown in Table 1. A compari-
son of the genomic and cDNA sequences revealed that
the NURR1 gene is composed of seven exons. Exon
sizes ranged from 130 to 866 bp, the largest being the
second exon which contains the first ATG codon. The
introns vary in size from 350 bp to 1 kb. All of the
exon-intron boundaries satisfy the GT-AG intron
donor-acceptor splice rule (Mount, 1982). Based on this
data, the physical map of the NURRIT gene spans
approximaltely 6.2 kb.

Comparison of the NURRI gene structure with its
closely related family member NGF1-B (Watson and
Milbrandt, 1989) reveals that the exon/intron bound-
aries are identical. The two genes have seven exons
which are similar in length and in the distribution of
the protein-coding sequence. Both contan the amino
terminal transactivation domain in exon 2. The DNA
binding domain, common to all members of the nuclear
receptor superfamily, is encoded by exons 2 and 3. Exon
4 encodes a nonconserved domain thought to function
as a hinge region transactivation domain between the
DNA- and the putative ligand-binding domains ( Evans,
1988). The exons 5, 6, and 7 encode the dimerization
and putative ligand binding domains. In addition, like
NGFI-B, the NURRI gene contains in exon 7, the
termination codon and the 3" untranslated region, which
contains multiple AUUUA motifs that may play a
role in the regulation of NURRI mRNA stability
(Milbrandt, 1988). While the gene structure shares a
similar general organization with other members of the
nuclear receptor superfamily (Hazel et al., 1988), the
NURRI and NUR77/NGFI-B genes contain an addi-
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Fig. 1. Structural organization of the NURR1 gene and its relationship to the three overlapping genomic clones identified from hybridization
screening. The boxes in the map denote exons with the exon number shown below each box and the line connecting each box denotes introns. The
coding region and DNA binding domain of NURRI are indicated. B, BamHl; Bg, Belll; E, EcoRI.
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Table |
Location of introns and exon-intron boundaries of NURRI gene
EXON (SIZE) EXON 5°' (s} INTRON (SIZE) EXON 3!
1 334bp GAA G 134 GTCAGT. . INTRON 1(~600bp) . . TTCCAG CC ATG*
Met
2 B866bp TTT AAG 1201 GTGAGC. .INTRON 2 (~900bp) . .CTACAG CGC ACG
Phe Lys Arg Thr
3 130bp GAA G 1330 GTAGGT..INTRON 3(~500bp) ..TTACAG TG GTT
' Glu v al val
4 164bp . TCC AGG 1494 GTAAGA..INTRON 4 (~1 kb)..TTCCAG TTC CAG
Ser Arg Phe Gln
E 203bp TAC AG 1697 GTAATG. .INTRON 5(~600bp)..TTGCAG G TCC
Tyr Ar q Ser
6 176bp ACA G 1876 GTCAGT..INTRON 6(~350bp)..CTGCAG AG AGA
Thr G lu Arg
7 >147bp

Exon-intron boundaries and the size of each exon and intron are shown. The ATG* codon is located in
exon 2; (@) indicates the nucleotide number of the NURR | ¢cDNA at which the intron is located

tional intron in the amino terminal portion of the gene
5' to the DNA binding domain.

2.3. Determination of the transcription initiation site and
5’ sequence analysis

Total RNA was prepared [rom adult 129/C57 mouse
brain ( Kingston, 1989). An 18-mer antisense oligonucle-
otide primer was synthesized corresponding to nucleo-
tides 97- 114 of exon 1 of NURRI. The oligonucleotide
was labeled with T4 polynucleotide Kinase and (y**P)
to a specific activity of 10° cpm/ug). The extension
reactions were performed as described (Wong et al.,
1989). As is typical of genes with TATA-less promoters,
some heterogeneity was observed in the transcription
start site. However, five potential initiation sites were
detected (Fig. 2), one of which was clearly identified as
the major transcriptional start site located 322 bp
upsiream of the translation initiation ATG in the
NURRI ¢DNA. We sequenced ~500bp of the 5
flanking sequence of NURR! gene (Fig.3). Like
NUR77/NGFI-B, the NURR! gene lacks identifiable
TATA and CAAT boxes and contains several GC boxes.
Computer analysis of this 5’ flanking sequence revealed
that there is an ATF/CREB consensus cis-acting binding
site located at — 165 nucleotide (Fig. 3). The identifica-
tion of this consensus CREB site in the proximal pro-
moter region of the NURRI gene is of particular interest
in light of the known induction of NURRI expression
in the adrenal glands by ACTH (Wilson et al., 1993b)
and our recent observation that NURRI mRNA is
induced in primary pituitary cells by corticotrophin
releasing factor (CRF) (Murphy E. and Conneely O.M.,
in preparation). Both CRF and ACTH play an impor-
tant role in neuroendocrine regulation of the
hypothalamic/pituitary/adrenal axis and the signal/
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Fig. 2. Identification of the transcriptional start sitc of NURRI, Primer
extension analysis of the NURR1 gene is shown in lane 1. The arrows
show the five potential transcription initiation sites.

transcription coupling by these cffectors is mediated by
activation of a cAMP dependent pathway.

Cloning and sequence characterization of the NURR |
gene provides an important tool to facilitate elucidation
of the mechanisms that underlie the restricted temporal
and spatial expression of this gene as well as its
differential regulation by extracellular signals.
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Fip. 3. Sequence of the NLURRL § flanking region, The major transeriptiorn initiation site 1s mdicaled 5y an arrow. The NURRI cINA sequence
i~ underlined. A potential ATFAREB consensus hinding site is high'ighted in bold letters. The AT trarslation initiatien coden 1= al the 3 end
of the sequence. The nt sequence teparled in Lhis paper 1as been deposited in GenRBank /NCBI under accession No. 167738
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ABSTRACT Nurrl is @ member of the nuclear receptor
superfamily ol {ranscription Taclors that is expressed pre-
dvminuntly In the ventral nervous system, including develop-
ing and mature dopaminergic neurons. Recent sludies have
demonsirated that Nurrl is essentisl for the induction of
phenctypic markers of ventral mid-brain dopaminergic neu-
rans whase peneration Is sperified by the Floor plate-derived
morphogenic signal sanic hedgehog (SHH), but the precise
role of Nurrl In this dilferentiative pathway has nntl been
established. To provide further insighls into the rele of MNurrl
in the final differentiation pathway, we have examined the fate
of dopumine cell precursors in Nurrl null mutant mice. Here
we demanstrate that Nurrl functions at the later stages of
dopamine cefl development {o drive differentiation of ventrz!
mesencephalic Iate dopaminergic precursor neuruns. In the
absence of Nurrl, neurcepithelial cells that give rise to
dopaminergic nearons adopl 2 normal ventral localizalion
and neuronal phenntype characterized by expression of the
bomeodomain transceiption factor and mesencephalic
marker, Ptx-3, at embryonic day 11.5. However, these late
precursors fail to induce 2 dopaminergic phenotype, indicat-
ing that Nurcl is essential for specifyiug commitment of
mesencephalic precursors to the full dopaminergic phenctype,
Further, a5 development progresses, these mid-brain dopa-
mine precurser cells degenerate in the absence of Nurrl,
resulting in loss of Pix-3 expression and a concomitant
increase in apnptosis of ventral midbrain neurons in newborn
null matant mice. Taken fogether, these data indicate that
Nurrl is essenlial for both sarvival and Final differentiation
of veniral mesencephalic late dopaminergic precursar nen-
rons infy @ complete dopaminergic phenotype.

The catecholamine neurotransmitter dopamine piays a central
role in the control of voluntary movememt, cognition, and
emotive behaviors (1). The majority of neutons that produce
dopamine griginate in the ventra) midbrain in the substantia
nigra (A%) and the ventral legmental area {A)0). Neurons
arsing from the substantia nigra project lo the stnatum to
regulate motor control snd their depeneration is associated
with Farkinson’s discase (1-3). Neurons frum the ventral
legmental area give rise to a distinet system that projects ta the
limbnc system and corlex, and regulates emotional and reward
behavior and motivation (4). Disturbances in this system are
implicated in schizophrema and addictive behuvioral disorders
{5-7).

While rhe physinlogical relevanee and clinical significance of
dopaminergic neurons are well recognized, the mechanisms
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underlying their development are poorly understood and arc
the subject of intcnse investipation. The development of
mid-brain dopaminergic aeurans is initiated at embirycaic day
10 in thz mause in the ventrelateral neural tube adjacent to the
floor plate and iy jegulated by the {loor piate-derived mor-
phogenic signal, sonic hedgehog (SHH) (8 .1). SHH initially
Induies a genuial ventral cell fate characterieed by the induc-
tion of ventrai markers, including the SHH receptor, pig, the
winged helix, and zinc finger transcription factors, HNF3J and
Gli-1 [11-14). Subsequently, these ventraiized celis further
diffctentiate to adopt ditfereat specific cell fates along the
anterior—posterior axis. Indeed, sctopic expression of SHH in
the dorsal neural tube of transgenic mice is sufficient o drive
thductic:y of dopaminergic and serotonetgic neutons of the
rlid- and himdbrain, 1espectively (11). Al the level of the
midbrain, this diferentiaticn leads ultimately to the expression
of dopamine synthet:c cnzymes including tyrosine hydrexylase
(114) and L-aromatic anuno acid decarboxylase [AALC). The
expression of these enzymes in the ventral midhrain at em-
bryonic day 11.5 i the mouse 15 characteristic of the emer-
gence of a dopamine pic phenotype (15).

Nurrl, a member ot the nuclear receptor supertamily ot
transcription factors (15-18), is expiessed predomnantly o
the central nervous system in limbic areas and the vental
midbrain, including dupamine neuruns (19-21). The onset of
Nurrl expression in the ventral midbrain occurs at embryonic
day 10.5 before the appearance of the dopaminergic murker
enzyme, TH, at cmbryvanic day 11.5. Expression of Nurrl
cantinues in mature dopaminergic neurans during adulthoud,
suggesting that the protein may also be required tor normal
furction of mature dopzininergic reurons. Using Nurr! null
mutant mice, Zetterstrom et al. (1Y) recently demonstrated
that ablation of Nurrl leads to agenesis af midnrain dopam:-
nergic neurons as evidenced by an absence of the dopaminergic
cell markers, TH, the tetinoic actd conve: ting cimeyme. ADRHZ
and the receptor tyrosine kinasg, c-ret, and a loss of strialal
doparmine neurotransmitter. Howeve:, the precise role of
nurrl in this developmental cascade has not been established.

The objective of this study was Lo examinge the tole of Nurrl
in mediating the final ditferentiation of ventral dopaminergic
neurons. Here we demonstrate that in the absence of Nurrl,
neureepithelial cells underga normal ventralization, ditferen-
tiate into neurnns, and adopt a specific mesencephalic phe-
notype that 15 identified by the expression of the homecdomain
protein, Ptx-3 (22). However, these dopamine precursor cells
are arrested in a developmental state descnbed by a lack of
dopamine phenotypic markers. Further, these dopaminergic
precursors do not survive and die es development progresses
to the neonatal stage Together, these data indicate that Nurrl

Abbreviations. SHH, sanic hedgchog: T, tyrosine hyd:oxylase,
AADC, L-atumatic aminu acid decarboaylase; Chat, choline acetyl-
transferase; FS5 cell, embryon.c slem cell.
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regulates dopaminergic cell development by promoting both
survivai of ventral mesencephalic ncurons and their differen-
tiation into the final dopaminergic phenotype.

MATFRIALS AND METHODS

Gene Targeting. The Nurrl genomic DNA fragment (~7.6
kb that comprised the gene tarpeting vector was isolated from
mouse 1298y A Dash II genomic library (Stratagene) using as
a prube a fragment from the N-terminal region of Nurri cDINA
(16, 23). This mNuril genomic fragment contained exons 2-8
uf the Nurrl gene. Fxon 3 encodes the nonconserved N-
terminal domain of the receptor that contains the initiating
methionine Tesidue, ATG. The reo” gene PGKNEQbpA (24)
was inserted into a unigue Meol restriction site in exon 3 that
was located downstream from the initiator codon ATG bt
upsiream of the DNA-binding domain in e Nure! gene (),
The insertion af the ueo” gene into cxon 3 divides the 7.6-kb
Nurr! genomic fragment into 5° and 3* arms of Nurrl homol-
agy that are 1.9 kli and 5.7 kh in size, respectively The herpes
simplex virus thymidine kinase (HSVY-TK) genc [25) was
attacherd 5° to exon 3 and inserted with a transcrinrional
orientation gpposite to both the ner and Nurrl genes. The
cloming plasmid used in this vector construction was PSP72
(Promega). The targeting vector was lineanized by the restric
tian enzyme Nofl located in a synthetic linker at the 3' end of
the long arm of homology.

Introductinn of Targeling Yector into Mouse Embryonic
Stem (ES) Cells. The gencral pracedures for culturing and
manipulating ES cells hefore and after the electroporation step
were followed as described (26). Bricfly, 107 ES cells were
electroporated with 25 pg of linearized tarpeting vectar in 0.9
ml of PBS at 230 V and 500 uF with a Bio-Rad Gene Pulser.
Electroporations were performed routinely using the actively
growing ES cell hne AB-1 (27). ES cells were culturzd in the
presence of G418 (350 pg/m!) and 1-(2-deoxy-2-fiuoro-g-D-
arabinofurnzosyl) S-iodouracil (FIAU) drug selection. Drug-
resistant S cell eolonies were picked and expanded in 96-well
SNL76/7 feeder plates (master plates). A duplicate gelatinized
96 well (no feeder layer) of each master plate was also
prepared to idenlify targeted events by Southern blot analysis.
The master plates containing the ES cell clones for blastoeyst
microinjection were frozcn at —T0°C until jdentification of
thuse ES cells scaring positive for the targeted event.

Generation of Chimeric Mice and Germ-Line Transmission
of the Nurrl Mutation. Four largeted ES cell clunes were
tested for gern-line tiansmission of the Nurrl mutation. ES
cells {13-15) were microinjected inta the blastovoel of 3.5-
day-old blastocyst stage embryos derived from CS7BL/6 fe-
males. Embryos were transterred unilaterally inlo the uterine
hern {six to seven embryos per hom) of pseudopregnamt F
(CUBA X CyVBL/6) foster mothers, Approximately 10 days
after birth, the sex uf the offspring was determined and the
extent of agouli coat color was evaluated. Maie chimeras with
0% to 100% agouti coat volur were backcrossed to CS7BL/6
females, and germ-line transmission was determined by the
presence of agouti offspring.

Screening of ES Cells and Mouse Tall DNA for Targeted
Events. To identify the Nurrl mutation in ES ceiis, Southern
blat analvsis was perlormed on genomic DNA isolated from
ES cells colonies. DNA samples were digested with BamHI
overnight, resolved by elactrophoresis, and transterred onto
nylan membranes for hybridization with a radiolabeled 0.9-kb
Hindll]l -EcoRV penomic DNA fragment located outside but
immediately 5° to the distupted nurrl genomic fragment (see
Fip. 14). Hybridization and washing conditions were as de-
scribed (28). To deteet germ-line transmissian of the noll
mutant allele, PCR analysis of tail DNA {rom agouti offspring
frnm chimeric mice was rarried ont. Three oliponucliontides
wrre uked in n o rindle PCR for genolvping. They consisted of

FProc. Natl. Acad. Sci. USA 95 (1998)

a 5" primer (GGCACTCCTGTGTCTAGCTGCC) located on
the 5'-end of the neo” gene in exor. 3 and two 37 primers, ane
(CTGCCTTGGGAAAAGCGCCTCC) located in the neo’
gene to geperate a 200-bp PCR product representing the
mutated allele and the other [CAGCCCTCACAAGTGC-
GAACAC) located ina 3" portion of exan 3 that was deleted
in the targeting veotar to allow selective detection of the
wild-type allele as a 300-bp prodnct.

Determination of TH Activity, Catecholamine, and Related
Compounds. ‘TH was measured using coupled nonenzymatie
decarboxylation of L dopa {29), Briefly, mouse siriatal tssues
after dissection were homogenized in 50 mM of cold Tris-EIC]
butfer containing 1 mM EDTA and 0.2% Tween 20, pH 7.2
(1:20 vol/vol) with a Tefion homogenizer. Twenty-five micro-
liter aliquots of homogcnate were incubated in 2 microwell
culture plate with reaction soluion containing "MCtyrosine
[NEN, specilic activity 48.6 mCi/rmaol (1 Ci = 37 Glk} and
cofactors at 37°C for 20 min. The L-|"Cldopa farmed was
decarboxylated by adding 33 mM potassium fer-icyianide and
heating the mixture at 53°C for 30 min. The [M]CO; released
wus ahsorbed on filter paper impregnated with benzethontum
hydroxide and quantified by counting the radioactivity on the
paper covering cach well,

Catecholamines and related compmunds in homogenized
tissue were extracted with 10% perchloric acid (7010 vol fval),
clarified by centrifupation, and chromatographed by HPLL.C on
a BAS P/IN reversed-phase cartricge column (Phase 11 ODS 3
pm X 100 X 3 2 mm). The acid extract was applied isocratically
and detected electrochemically according to published proce-
dures (30).

Measurement of Choline Acety!transferase (Chat) Activity.
Chat activity was assayed in the candate nucleus, hippocampus,
and frontal cortex, using a slight modification of Fonnum's
method (31). After brain tissues were homogenized in 10 mM
(1:50vol/vol) of cald FBS containing l mM ol EDTA (pl117.4),
and centrifuged ar 10,000 x g for 10 min, 25 ul of supernatant
was incubated with 75 pl of assay mediom (150 mM NaCl/0.5
mM FDTA/0.15 mM eserine/0.2 mM [H]acetyl-CoA/S5 mM
choline chlonde/50 mM PBS) in 96-well platc microwells.
After 45 min incubation at 37°C, reactions were tenrinated by
transferring 80 gl of incubation mixtures into vials containing
Fannum's sciatillation solution, and were counted in the
Rockbeta LKB scintillation counter.

Immunohistochemistry and in Sitw Hybridization. Fer im-
munohustochemucal siadics, brains of wild-type and mutant
newborms were fixed in 4% paraformaldeiyde for 12-24 hours
at 4°C and soaked in 30% sucrose overnight, frozen, and cut
on a cryostar to 20 um. Frozen sections were stained according
to standard avidin-biotin immunohistechemical procedures
(Vector Laboratories). Primary antisera included polyclonal
rabbit antiserum against TH and AADC diluted 1:600 (Eu-
gene Tech Intemational, Inc.) and mouse monoclonal anti-
serum 3ALQ diluted 1:200 (Developmental Studics Hybridoma
Bank). fr site hybridizationwith TH, Ptx-3, HNF2 3, and Nurrl
riboprobes were performed as deseribed previously (20, 22).

Apoptosis Detection. Embryos were obtained by dissection
of pregnant mice al specific stages of pregnancy [noon of the
day on which the copulatory plug was detecred was fiesignated
day 0.5 of gestation (EN.5]). The embryos and newborn brains
werte fixed in 4% naraformaldehyde. dehydrated by washing m
graded alcohol solutions, embedded i paraffin, and sectioned
at 5 pm. To identify apoptotic cells, we usec the trevigen
apoptotic cell system fn situ kit (TACS) from Trevigen (Gaith-
ersburpg, M) according to manufacturer's recommendations.

RESULTS

Targeted Disvuption of the Nurrl Gene in Mice. The Nurrf
gene was disrupied in mouse emaryonic stem cells using the
tarectine vectow shawn in Fie. 1 The vectoar eontained 3 7 .6-kh
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Fio. 1. Targeted inactivation of Nurrl gene in mouse ES cells and
generation of mutant mice. (A) Schematic diagram of the strategy used
to target Nurrl gene. (Top) The 13.7-kb targeting vector used for
electroporation. Numbered boxes represent exons. The PGK-neobpA
and the HSV-thymidine kinase casseltes are indicated by open boxes.
The arrows indicate the direction of transcription. (Middle) Genomic
structure of the Nurrl gene. (Boitom) Representation of the structure
of the inactivated Nurrl gene. (B) Southern blot analysis of the DNA
from G4 |8-resistant ES cells. The DNA was digested with BamHI and
hybridized to a 900-bp genomic probe located upstream of the 5
homologous arm. This probe hybridized to a 5.5-kb and a 3.5-kb
fragment from wild-type and mutant alleles. respectively. (C) PCR
analysis of mice derived from heterozygous Nurrl (+ /—) crosses. Two
PCR products are shown at 300 bp and 200 bp correspond to the
wild-type and mutant alleles, respectively.

fragment of the mouse nurrl gene interrupted within exon 3 by
the introduction of a neomycin resistance cassette (neo)
downstream of the initiator ATG and upstream of the DNA-
binding domain of nurrl. Targeted integration of this vector
into the murrl genomic locus was detected by Southern blot
analysis of BamHI-digested ES cell DNA using a *2P-labeled
genomic probe (900 bp) located 5’ to the nurrl sequences used
in the targeting vector (Fig. 1A4). Using this strategy, the
wild-type nurrl gene is represented by a 5.5-kb radioactive
band containing exons 2-4, whereas the mutated nurrl allele
“is represented by a shorter hybridizing band at 3.5-kb due to
the presence of an additional BarmHI site within the neo” gene
(Fig. 1B). Targeted ES cell clones were microinjected into
blastocysts to generate chimeric mice and germ-line transmis-
sion of the mutant allele was detected by PCR analysis of tail
DNA from agouti offspring of chimeras derived from one ES
cell clone. In these analyscs (sce Materials and Methods), the
wild-type nurrl gene is represented by a 300-bp PCR product
while the mutated allcle is represented by a 200-bp PCR
product (Fig. 1C), Genotype analysis indicated that homozy-
gote Nurrl null mutant (Nurrl~/~) mice were born at the
expected frequency but consistent with previous findings these
mice died within 12 hours after birth (19).

Ventral Midbrain Dopaminergic Neurons Specifically Re-
quire Nurrl for Final Differentiation. To examine the role of
nurrl in development of the dopaminergic system, we analyzed
the expression of two dopaminergic cell markers, TH and
AADC, in the substantia nigra and ventral tegmental area of
wild-type and nurrl =/~ neonatal mice by immunohistochem-
istry (Fig. 2.4-D). Consistent with previous findings. ablation
of nurrl resulted in a complete absence of both markers,
confirming that nurrl is essential for expression of a mesen-
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Fi1G. 2. Analysis of monoamines and Chat levels in newborn mice.
Coronal sections (A and C) show the TH and AADC immunostaining,
respectively, in the substantia nigra (A9) and ventral tegmental (A10)
arca of wild-type brain. (B and D) Loss of both markers at the same
level in coronal sections of nurrl =/~ mice. (£) Monoamine levels were
measured in the striatum of newborn wild-type, heterozygous, and
homozygous mice by HPLC. A completc loss of dopamine levels in the
homozygous mice and a significant decrease in the heterozygous mice
was detected. The TH activity in the striatum (F) was significantly
decreased in the homozygous and heterozygous mice, while choline
acetyltransferase activity (G), norepinephrine, and serotonin (E) were
uneffected. (Bars = 100 pum.)

cephalic dopaminergic cell phenotype. Analysis of striatal
neurotransmission confirmed that this defect is associated with
a significant decrease in TH activity at the striatal axon
terminals (Fig. 2F), a complete loss of dopamine from the
striatum of Nurrl /- mice and a significant decrease in
dopamine levels in heterozygote mice (Fig. 2E). Furthermore,
analysis of the levels of catecholamines, serotonin, and cho-
linergic activity demonstrated that the defect in striatal neu-
rotransmission was specific to dopamine because levels of
norcpinephrine, serotonin, and Chat were uneffected (Fig. 2E
and G). Finally, to determine whether the defect was specific
to the mesencephalic dopamine neurons, we examined TH
expression and dopamine levels in ncural crest-derived cells of
the adrenal medulla that also express Nurrl (Fig. 34). Com-
parison of TH immunoreactivity (Fig. 3 C and D) and dopa-
minc transmitter levels (Fig. 3B) in wild-type and Nurrl =/~
mice revealed no abnormalities associated with Nurrl abla-
tion, indicating that Nurrl is not required for development of
these cells. Similarly, no changes in TH expression were
obscrved in dopaminergic neurons of the periglomerular
region of the olfactory bulb in nurrl null mutant mice (Fig. 3
E and F) even though these neurons normally express nurrl
(21).

Nurrl Is Essential for Terminal Differentiation of Late
Mesencephalic Precursor Neurons into a Full Dopaminergic
Phenotype. To examine the stage in mesencephalic dopami-
nergic cell development at which Nurrl functions, we exam-
incd the phenotype of cells in the ventral midbrain of wild-type
and Nurrl null mutant embryos at embryonic day 11.5 using
specific markers of the dopaminergic developmental cascade.
First, we determined whether the cells have responded to the
SSH inductive signal by adopting a general neuronal pheno-
type. Comparison of the expression of the ventral marker,
HNF3p, and the general neuronal marker, 3A10 (32), in
wild-type and Nurrl =/~ mice showed similar expression of
both markers in wild-type and Nurr1~/~ mice demonstrating
that ventralization and general neuronal induction of neuro-
cpithelial cells in the ventrolateral neural plate are uneffected
by Nurrl ablation (Fig. 4 4 and B). Next, we examined the
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Fig. 3. TH expression and dopamine levels in neural crest-derived
cells of the newborn adrenal medulla. (A ) In sire hybridization analysis
of Nurrl mRNA expression in the adrenal gland of a wild-type mouse.
Nurrl mRNA was detected in the medulla of the adrenal gland. (B)
Dopamine levels in adrenal medulla of wild-type, heterozygous, and
homozygous mice. No significant differences in dopamine levels were
delected. TH immunoreactivity of wild-type (C) and mutant adrenal
gland from newborn mice (D). (E and F) No detectable differences in
TH immunoreactivity in the periglomerular dopaminergic cells of the

olfactory bulb in wild-type and nurrl null mutant mice, respectively.
(Bar = 50 pm.)

expression of the recently identified homeodomain protein,
Ptx-3, as a marker for mesencephalic dopaminergic progenitor
cells whose onset of expression at embryonic day 11 is subse-
quent to that of Nurrl (22). Surprisingly. both wild-type and
Nurrl /= mice showed similar expression patterns of Pix-3
that appeared to be in all cells of the ventral midbrain,

Fi. 4. Analysis of the phenotype of cells in the ventral midbrain
of wild-type and Nurrl mutant embryos. (A) Autoradiographic local-
ization of hybridization to the ventral marker, HNF38. The arrow
shows the strong staining in the veniral part of the midbrain of both
12.5 days wild-type (Left) and mutant (Right) mice embryo. The square
on the top shows a higher magnification of this expression. (B)
Immunostaining for the general neuronal marker, 3A10, in 11.5 day
wild-type and mutant mouse embryos, (C) Jn situ hybridization
analysis of Pix-3 mRNA expression in 11.5 day mouse embryo. The
arrow indicates the positive staining in the ventral midbrain, Wild-type
and mutant mice showed similar staining. (17) Immunohistochemical
localization of TH expression in the ventral midbrain of 12.5 day

wild-type embryo and lack of expression in the nurrl

midbrain,
fMRarse = MY sz )
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indicating that Ptx-3 cxpression is independent of Nurrl (Fig.
4C). Finally, analysis of the expression of TH shows that
differentiation to the dopaminergic phenotype fails to oceur at
E11.5 in Nurrl /= mice (Fig. 4D). Taken together, these data
indicate that Nurrl functions at the later stages of dopamine
cell development to drive differentiation of Ptx-3 positive
ventral mesencephalic neurons to the final dopaminergic phe-
notype.

Nurrl Is Essential for Survival of Late Dopaminergic
Precursor Neurons. To determine whether mesencephalic
dopaminergic precursors survive in the absence of Nurrl, we
examined the persistence of Ptx-3 positive neurons to the
neonatal stage (Fig. 54). Analysis of the expression of this
marker in nconatal mice demonstrated continued strong ex-
pression of Ptx-3 in mature dopaminergic neurons of wild-type
mice. In contrast, however, Nurr]l =/~ mice showed few scat-
tered cells expressing Ptx-3 in the ventral mid-brain, indicating
significant loss of Ptx-3 positive cells in the neonate (Fig. 5 C
and D). Furthermore, the loss of Ptx-3 expression was specific
Lo the mid-brain region and was not observed in other Pix-3
expressing areas (data not shown). Thus, while Nurr] is not
involved in induction of Ptx-3 expression, it is critically involved
in maintenance of Ptx-3 expressing cells. To determine
whether the loss in PTX-3 expression was associated with a loss
of ventral midbrain cells, we compared the levels of apoptosis
in wild-type and Nurrl™/~ mutant neonates using a TUNEL
assay. The results of these analyses demonstrated that the loss
in Ptx-3-expressing cells was associated with an increase in the
number of apoptotic and dying cells that was specific to the
ventral midbrain of the Nurrl null mutant mice (Fig. 5 E and
F). Quantitation of apoptotic cells in the substantia nigra and
VTA regions in three independent wild-type and Nurrl null
mutant nconates confirmed an increase in apoptotic cells from
0.5% in wild-type mice to 7% in Nurrl null mutant mice.
Finally, the increase in cell death was consistent with an
obvious decrcase in the number of cells observed in the
neonatal ventral midbrain (see Fig. 5 C and E versus D and F).
These data indicate that Nurrl is required for survival of

FiG. 5. Loss of Pix-3 expression and increased cell death specifi-
cally in the ventral midbrain region of newborn Nurr] -/~ mice. (4 and
() Localization of Ptx-3 expression in the ventral midbrain (arrow) of
wild-type nconate. (B and D) Pix-3 staining is almost depleted in the
Nurrl ~/~ midbrain. TUNEL staining in the ventral midbrain region
of wild-type (E) and Nurrl /= mice (F). Notice the increase in

TUNEL positive nuclei (arrowheads) and dying cells (asterisk) in the
Whairel == eaton Bave = W iine
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mesencephalic dopaminergic precursor cells as well as their
tceminat diflercntiation imto dopamune preducing cclls.

DISCUSSION

In this study, we have demonstrated that the role of Nurrl in
dopaminergic vell development is specific to the ventral nud-
braip where it is essential to induce final differentiation ot
ventral mesencephalic dopaminergic precursor newions into a
dopaminergic phenatype 85 well as for sarvival of these late
dopaminer gic precarsars.

‘The expression of Ptx-3 in developing dopaminerpgic cells
coincident with the onset of expression of a {ully diffcrentiated
dopaminergic phenotype provides an excellent marker for late
dopamine progenttor cells in the mid-brain (22). Ptx3 is a
novel bicaid-related homevhax gene product that is strongly
expressed in dopaminergic cells ol the ventral midbrain at the
tlime of their dilTferentiation, snggesting that the protein may be
involved in determination of the mesencephalic dopaminergic
lineage (22). Expression of Pix-3 and nurr | persists in midbrain
dapamincrgic ncurons of the adult, indicating that bots pro-
teins may be invalverd in maintenance of dopamine cell func-
hon m the adult brain. The strong expression of Pix 3 in the
venteal mid-brain of Nuril 4 embryos indicates that rduc-
tion ot expression of this protein and the development of late
dopanune precursur neurpns are independent of Nurrel. 1o
contrast, Nurrl is essential for induction of a dopaminergic
phenotype in Pta-3 posiiive precursur neuroms. In this regard,
it is possible that Ptx-3 and Murrl, although regulated inde-
pendently, may function in a cooperative manncr to regulate
factors required for terminal differentiation of dopaminerpic
ncurons. Consistent with this hypothesis, cooperative interac-
tions between a nuclear orphan receptor (FTZ-F1) and a
homeadomain protein (FT7) have been demonstrated re-
cently (33, 34). In the case of Nurrl, such cooperative inter-
actioms may explain the specificity of the neuronal defects in
midbrain dopaminergic nearons because Ptx-3is not expressed
in other Nurrlcontaining neurans, including the [imbic system
anud dopaminergic neurons of the alfactury bulb and hypothal-
amus (20, 21).

The obiservation that Nurrl is essential for maintenance of
Ptx 3 positive prugemitors taises speculation as to the role of
Nurel it dopaminergic cel) survival. Increascd cell death in
Nurrl / neonates may simply be duc an nability of undit-
ferentiated dopamine progeniiors to make synaptic cantacts
with their targets. Previpus studies usiny mutant riice in which
TH was ablated in doparmnergic neurons have indicated that
dupamine-ruediated signa'ing does not appear to be required
for functional synaptogenesis of ncuronal projections from the
substantia higra lo Lhe striatum {35), However, it cannot be
ruled vut that lass of all marken of the dopaminergic pheno-
type as is phserved in the Nurrl null mutant mice has an impact
on the establishment of such connections. A second possibility
is thrat Nurrl may be required for the expression of factars that
promote survival as well as differentialion of dopamine pro-
genitors. Dopaminergic cell survival is known to be regulated
by the neurotrophins, brain-derived ncurotrophic factor
(BIINF) and neurotrophin 4 /5 (36-38) and by members of the
TGEFB family of trophic factars, most notably glial-derived
neuratrophic facior (GINF) (39, 40). The irophic effects of
these factors on dopamine cell survival are apparently redun-
dant becanse ablation of individual members of these {amilies
or their receptors does not resalt in dopamine celi loss (41-43).
However, the role of these factors in promoting survival and
differentiation of late dopamine precurser ncurons is un-
known. A rale for nurrl in regniation of survival of both
dopamine precursors and differentiated dopaminergic eclls at
" least in part Lthrough repulation of these factors and/ar their
receptors is supported by the observation that ablation of
Nurr! results in loss nl expression of the tyrosine kinase sipnal

Proc. Natl Acad. Sci. USA 95 (1998) 4017

transducing recepter for GIINF, c-ret (19) and by the identi-
fication of binding sites for Nurrl in the prumoter region of the
BDNE pene (44). Thus, it is possible that Nurrl may be a
transctiptional regulator of several of these penes. Further
studies to examine the role of Nurr] in the regulation of
neurotiophic facioms and then receptors should piovide im-
portant insights into the role of Nurrl in dopaminergic celi
commitment and survival.
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