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The orphan nuclear receptor Ear2 (Nr2f6) is transiently expressed in the rostral part of the rhombic
lip in which the locus coeruleus (LC) arises. LC development, regulated by a signaling cascade
(Mash1 → Phox2b → Phox2a), is disrupted in Ear2−/− embryos as revealed by an approximately threefold
reduction in the number of Phox2a- and Phox2b-expressing LC progenitor cells. Mash1 expression in the
rhombic lip, however, is unaffected, placing Ear2 in between Mash1 and Phox2a/b. Dopamine-�-hydroxylase
and tyrosine hydroxylase staining demonstrate that >70% of LC neurons are absent in the adult with agenesis
affecting primarily the dorsal division of the LC. Normally, this division projects noradrenergic efferents to
the cortex that appear to be diminished in Ear2−/− since the cortical concentration of noradrenaline is four
times lower in these mice. The rostral region of the cortex is known to contain a circadian pacemaker
regulating adaptability to light- and restricted food-driven entrainment. In situ hybridization establishes that
the circadian expression pattern of the clock gene Period1 is abolished in the Ear2−/− forebrain. Behavioral
experiments reveal that Ear2 mutants have a delayed entrainment to shifted light–dark cycles and adapt less
efficiently to daytime feeding schedules. We propose that neurons in the dorsal division of LC contribute to
the regulation of the forebrain clock, at least in part, through targeted release of noradrenaline into the
cortical area.
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Nuclear hormone receptors are transcription factors that
regulate the expression of specific target genes, thereby
orchestrating numerous developmental and physiologi-
cal processes (Beato et al. 1995; Kastner et al. 1995; Man-
gelsdorf et al. 1995; Thummel 1995). This protein super-
family consists of receptors that bind to hormones and
“orphan” receptors some of which bind to small mol-
ecules while others may not have ligands. Several orphan
receptors control facets of central nervous system devel-
opment. Nurr1 is required for the formation of midbrain
dopaminergic neurons (Zetterstrom et al. 1997), in
ROR�/staggerer mutants the growth response of Pur-
kinje cells to thyroid hormone is impaired (Hamilton et
al. 1996; Dussault et al. 1998), and COUP-TFI mutant

mice lack layer IV of the cerebral cortex, resulting from
a compromised differentiation of subplate neurons
(Zhou et al. 1999).

The orphan receptors COUP-TFI, COUP-TFII, and
Ear2 (also known as Nr2f6) define a subfamily with Ear2
being a distant cousin. Ear2 forms homodimers and het-
erodimers with COUP-TFI and COUP-TFII (Avram et al.
1999) or thyroid hormone receptor � (Zhu et al. 2000),
and dimers bind to enhancers present in a wide range of
genes (Ladias et al. 1992; Chu and Zingg 1997; Zhang and
Dufau 2000). Ear2 is strongly expressed in human fetal
liver and in the mouse embryo (Miyajima et al. 1988;
Jonk et al. 1994), but there are no data available about its
in vivo function, which prompted us to create a loss-of-
function mouse mutant. Ear2−/− mice are born alive and
are fertile but lack ∼70% of the LC (locus coeruleus).
This pontine nucleus is located along the lateral margin
of the fourth ventricle and is the main source of the
neurotransmitter NA (noradrenaline/norepinephrine) in
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the mammalian brain. Other neurotransmitters have
also been found in the LC. Nonetheless, the importance
of NA is underscored by the finding that Dbh (dopamine-
�-hydroxylase) mutant mice, which are incapable of syn-
thesizing NA (Thomas et al. 1995), exhibit a wide spec-
trum of behavioral and physiological defects (e.g., Tho-
mas and Palmiter 1997a,b; Jasmin et al. 2002). The LC of
rats contains ∼1700 neurons (Swanson 1976), and cyto-
architectural criteria define a dorsal and a ventral divi-
sion. The dorsal division is predominantly made of
densely packed fusiform neurons, while the ventral di-
vision is characterized by less densely packed multipolar
neurons (Swanson 1976). The topographical organization
of the LC has been analyzed (Loughlin et al. 1986a,b).
The spinal cord, for example, receives projections mostly
from the ventral tip of the ventral division of the LC,
while the various neocortical areas receive projection
from the dorsal division with the exception of the frontal
cortex that is innervated from the dorsal and ventral sub-
divisions (Waterhouse et al. 1983).

The web of projections emanating from the LC ensures
that NA and other LC neurotransmitters reach nearly all
regions of the CNS. Hence this nucleus influences a
broad spectrum of physiological and behavioral pro-
cesses such as arousal, alertness, sleep/wake cycle, no-
ciception, anxiety, stress, cognition, memory, and atten-
tion (for review, see Singewald and Philippu 1998; Ber-
ridge and Waterhouse 2003). Deficits in LC function are
associated with several neurological disorders such as
Parkinson syndrome, attention deficit hyperactivity dis-
order, depression, and epilepsy (for review, see Berridge
and Waterhouse 2003). Aston-Jones et al. (2001) have re-
ported that the firing rate of LC neurons exhibits a cir-
cadian pattern, suggesting a participation of the LC in
circadian timing systems. In addition to its neuronal
connections with the central circadian clockwork of the
SCN (suprachiasmatic nucleus of the hypothalamus),
the LC sends efferents to various areas of the brain (As-
ton-Jones et al. 2001; Aston-Jones 2004), some of which
house their own circadian pacemakers. For the forebrain
region one of these pacemakers has been functionally
characterized in a mouse mutant for Npas2, a paralog of
the Clock gene expressed in this area but not in the SCN
(Reick et al. 2001; Dudley et al. 2003).

LC progenitor cells are born in the rostral rhombic lip
(e.g., Lin et al. 2001), migrate ventrally within the devel-
oping neural tube, and take residency near the fourth
ventricle. Several molecular determinants of LC devel-
opment have been discovered (for review, see Brunet and
Pattyn 2002; Goridis and Rohrer 2002). Initially, bone
morphogenetic proteins (Bmps) generated in the roof
plate induce Mash1, encoding a basic helix–loop–helix
transcription factor, in LC progenitors of the adjacent
rhombic lip (Guo et al. 1999; Vogel-Hopker and Rohrer
2002). Subsequently, Mash1 activates the homeobox
genes Phox2a and Phox2b. Hence, in the absence of Mash1
(Hirsch et al. 1998), Phox2a (Morin et al. 1997), or Phox2b
(Pattyn et al. 2000), the LC does not form. Phox2a and
Phox2b also regulate the expression of Th (tyrosine hy-
droxylase) and Dbh, two key enzymes of NA biosynthesis.

In the present study we investigate the developmental
cause of LC agenesis seen in Ear2−/− mice with a focus on
the position of Ear2 in the signaling cascade implicated
in LC specification. Moreover, we begin to characterize
the physiological and behavioral consequences of an im-
paired LC with emphasis on its postulated role in the
circadian timing system.

Results

Generation of Ear2-deficient mice

The Ear2 gene was disrupted in embryonic stem cells
using homologous recombination. The first two coding
exons (DNA-binding domain) were replaced by an
IRESLacZ/MC1neo cassette using the pKOS/EAR2-39
target vector (Fig. 1A; Lexicon Genetics). Targeted ES
clones were identified by Southern blotting, and a mouse
line with a disrupted Ear2 gene was established. Animals
were genotyped either by Southern blotting (Fig. 1B) or
by PCR (Fig. 1C). In a 129SvEvBrd × C57BL/6J albino ge-
netic background, mice were born in the expected Men-
delian ratio. Northern blot analysis of adult tissue re-
vealed a single 2.5-kb Ear2 transcript in several organs
with strongest expression in liver and kidney (Fig. 1D).
This 2.5-kb transcript was absent in mutant tissue, in-
dicating that the Ear2 mutant was a null mutation.

A dramatic reduction of neurons in the LC
in Ear2-deficient mice

In situ hybridization and LacZ staining revealed that
Ear2 was initially expressed at embryonic day 8.5 (E8.5)
in a domain encompassing the dorsal mesencephalon
and adjacent hindbrain tissue (Fig. 2A). In addition, ex-
pression was seen in the hindbrain in two stripes that
localized to prerhombomeres A and B (Fig. 2A). By E9 the
hindbrain had partitioned into distinct rhombomeres
and LacZ staining was present in the dorsalmost part of
rhombomeres 3 and 5 as well as at the midbrain–hind-
brain boundary and the most rostral domain of rhombo-
mere 1 (Fig. 2B). In this rhombomere staining was stron-
gest dorsally in the rhombic lip (Fig. 2C), a germinative
epithelium located at the boundary of the neural tube
and the roof plate. At E11.5 Ear2 expression in the CNS
rapidly decreased and in newborn and adult expression
was, with the sole exceptions of Purkinje neurons and
the choroid plexi, not detectable in the brain (data not
shown).

The metameric expression pattern of Ear2 in the de-
veloping rhombencephalon raises the possibility that
Ear2−/− embryos could be defective in hindbrain segmen-
tation. Histological analysis of the mutant hindbrain,
ISH (in situ hybridization) of segmentally expressed
genes (Krox20 [also referred to as Egr2], Hoxb1, and
Hoxa1) and immunohistochemical staining of neurofila-
ments of cranial nerves and ganglia, did not indicate any
abnormalities in the architecture of the Ear2−/− embry-
onic hindbrain (data not shown). We next investigated
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structures that derive from the rhombic lip at the level of
rhombomere 1. The precursors of the external granular
layer of the cerebellum originate in the rhombic lip (for
review, see Wingate 2001). Additionally, the rostral part
of the rhombic lip gives rise to several neuronal popula-
tions in the pons (Wingate and Hatten 1999) and to the
LC (Lin et al. 2001). If any of the corresponding precursor
cell populations were affected in Ear2−/− mice, this
should become apparent in the brain of adult mutant
mice. A comparison of Nissl-stained serial sections
through the brain of wild-type and Ear2−/− mice did not
reveal any obvious morphologic defects in the cerebel-
lum (Fig. 2D,D�) consistent with the finding that expres-
sion of Math1, a determinant of external granular layer
precursors (Ben-Arie et al. 1997), was not changed in
E10.5 embryos (data not shown). We found, however,
that cytoarchitecture and morphology of the LC were
altered, and the number of neurons was dramatically re-
duced (Fig. 2E,E�).

The LC expresses Th and Dbh, which synthesize NA,
the main neurotransmitter of the LC. Figure 3A com-
pares the number of Th-positive cell bodies in serial
coronal sections through a wild-type and an Ear2−/−

brain. At all section levels a significant reduction of the
number of LC cells was noted. To account for variability
between different brains, the number of Th-positive neu-
rons was determined in the LC of four wild-type and four
mutant brains, and results were corrected for double
counting of cells (Abercrombie 1946). This yielded
1284 ± 24 neurons for wild-type and 368 ± 18 neurons for
Ear2−/−, corresponding to a 71% reduction in neuronal
number in the mutant (Fig. 3B).

Neuronal agenesis was not uniform throughout the
LC. Figure 3C–H� shows that agenesis affects mainly the
dorsal division of the LC of Ear2−/− mice. A summary
figure in which the boundaries of the LC of wild-type and
mutant are stacked illustrates the dramatic size reduc-
tion and shape change of this nucleus in Ear2−/− mice

Figure 1. Targeted mutagenesis of Ear2 in
mice. (A) Targeting strategy for the Ear2
gene. Exons 1 and 2 encode the DNA-bind-
ing domain, and exons 3 and 4 encode the
putative ligand-binding domain. A part of
exon 1 and all of exon2 are replaced by a
LacZ/Neo cassette. (B) Southern blots:
wild-type (16 kb) and mutant (6.8 kb) al-
leles are revealed by HindIII digestion and
hybridization with a 595-bp 5� external
probe (see A). (C) PCR genotyping using
primers producing a 532-bp (wild type) or a
478-bp (mutant) fragment. (D) Northern
blot analysis of adult liver and kidney re-
veal a 2.5-kb mRNA in wild-type tissue.
EF1� serves as a loading control.

Figure 2. Expression of Ear2 in the em-
bryo and brain anatomy of the adult
Ear2−/− mouse. (A) Ear2 expression re-
vealed by LacZ staining at E8.5 in pre-
rhombomers A and B and in mesencepha-
lon and adjoining hindbrain tissue. (B) In a
9.25-d-old embryo LacZ staining is ob-
served in rhombomeres 3 and 5, at the
midbrain–hindbrain junction, and the ros-
tral part of rhombomere 1. (C) A transverse
section through rhombomere 1 of a 9-d-old
LacZ-stained embryo shows strong LacZ
staining in the rhombic lip. (D–E�) Nissl-
stained coronal sections through an adult
wild-type (D) and Ear2−/− (D�) brain. No
morphological defects are seen in the mu-
tant cerebellum, but partial agenesis of the
LC (outlined with a black line in E and E�)
is observed in Ear2−/− mice. The mesencephalic nucleus of the fifth cranial nerve is an anatomical landmark. (LC) Locus coeruleus;
(mes) mesencephalon; (MH) midbrain–hindbrain boundary; (MeV) mesencephalic nucleus of the fifth cranial nerve; (prA, prB) pre-
rhombomeres A and B; (r1, r3, r5) rhombomeres 1, 3, and 5; (rl) rhombic lip.
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(Fig. 3I). The coronal sections in Figure 3 hybridized with
either Th (Fig. 3C,C�) or Dbh (Fig. 3D,D�) probes demon-
strate that the number of LC cells located in a region
extending between the mesencephalic nucleus of the tri-
geminal nerve and the fourth ventricle was dramatically
reduced in the LC of Ear2−/− mice (Fig. 3C�,D�, black
arrowhead). Furthermore, both marker genes revealed a
significant reduction of cell numbers throughout the
ventral division of the mutant LC. Sagittal sections con-
firmed these interpretations. Both markers illustrate
that the cell population adjacent to the fourth ventricle
is diminished in mutant LC (Fig. 3E–H�, black arrow-
heads in G�,H�). Moreover, the ventral division of the LC
shows fewer cells in Ear2−/− mice (Fig. 3C–D�,G–H�,
open arrowheads). However, the characteristic multipo-
lar Th-positive neurons of the ventral LC are still present
in Ear2−/− mice (Fig. 3, cf. L and L�). Another strong dif-
ference between wild-type and mutant LC is a “gap”
located in the ventral part of the dorsal division (arrows
in Fig. 3E�,F�), which in the wild-type LC consists pre-
dominantly of densely packed fusiform Th-positive neu-
rons that are aligned parallel to the anteroposterior axis
(Fig. 3J,K). In the case of Ear2−/−, the population of fusi-
form neurons was nearly absent (Fig. 3J�,K�).

Phox2a (Morin et al. 1997), Phox2b (Pattyn et al. 2000),
and Mash1 (Hirsch et al. 1998) mutant mice lack an LC
and are also devoid of all other noradrenergic centers of
the brain (A1, 2, 5, 7). A1, 2, 5, 7 groups are not altered in
Ear2−/− brains neither during development nor in the
adult (data not shown). Taken together, the hallmark of
Ear2−/− mice is a 70% reduction in the overall cell num-
ber of the LC with this reduction occurring in specific
regions of the LC but being most conspicuous in its dor-
sal division.

Ear2 acts upstream of a developmental cascade
that specifies the noradrenergic cell fate
of LC neurons

A signaling cascade involving Bmp, Mash1, Phox2a, and
Phox2b specifies development of the LC (see above). To
place Ear2 into the context of this pathway, expression
of Mash1, Phox2a, and Phox2b was examined in wild-
type and Ear2−/− embryos. Expression of Mash1 in the
dorsal part of rhombomere 1 was not affected in Ear2−/−

embryos (arrowhead in Fig. 4A,A�). In wild-type embryos
Phox2a was expressed in ventrally migrating LC precur-
sor cells located in the most rostral portion of rhombo-

Figure 3. Anatomical changes of the LC in
adult Ear2−/− mice documented by ISH (A–
H�) and immunohistochemistry (J–L�). (A)
Tyrosine hydroxylase (Th)-positive cell bod-
ies were counted in serial coronal sections
through a wild-type (open bars) and Ear2−/−

(black bars) LC. All section levels show a sig-
nificant reduction of the number of LC neu-
rons in Ear2−/− mice. (B) Cell counts of Th-
positive LC neurons from four wild-type and
mutant brains, corrected by the Abercrombie
method. (C–H�) Comparison of the neuro-
anatomy of wild-type and Ear2−/− LC re-
vealed by Th and Dbh staining. The mesen-
cephalic nucleus and fourth ventricle serve
as anatomical landmarks. Note the reduc-
tion in neuronal numbers in the dorsal divi-
sion (black arrowheads), central core (ar-
rows), and ventral division (open arrowheads)
in Ear2 mutant brains. (I) Boundaries of the
LC of wild-type and mutant mice were
stacked to illustrate size and shape differ-
ences. (J–L�) Differences in cytoarchitecture
between wild-type and mutant LC. The
boxes in overview J and J� lie within the re-
gions characterized by fusiform (K,K�) and
multipolar (L,L�) neurons and are enlarged in
K–L�. Densely packed fusiform neurons char-
acteristic for the dorsal division (K) are ab-
sent in the LC of Ear2−/− mice (K�), while
large multipolar neurons found in the ventral
division (L) are retained in the mutant (L�). (d)
Dorsal; (m) medial; (MeV) mesencephalic
nucleus; (p) posterior; (IV) fourth ventricle.
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mere 1 (arrowhead in Fig. 4B). Although Ear2−/− embryos
still express Phox2a, the size of the Phox2a-positive cell
cluster is greatly reduced (arrowhead in Fig. 4B�). This
finding indicates that the reduction in cell number of the
LC is already seen at the progenitor stage. Expression of
Phox2b initiates shortly after Phox2a and is observed in
wild-type embryos in a subset of Phox2a-positive cells
(arrowhead in Fig. 4C; Pattyn et al. 2000). In Ear2−/− em-
bryos this group of Phox2b-expressing cells was not de-
tectable (Fig. 4C�). The small number of LC progenitors
and the transient expression of Ear2 make it difficult to
determine whether such cells are even born, and if they
are, whether they undergo cell death or acquire a new
fate.

We next analyzed the expression of Phox2a, Th, and
Dbh at E14.5 (Phox2b is not expressed after E11.5)
(Pattyn et al. 2000), a stage when all LC precursors
have migrated to their final destination lateral of
the fourth ventricle and approach a post-mitotic stage.
The sagittal sections of Figure 4D and D� illustrate
a significant reduction of Phox2a-positive cells in the
LC. Similar to the situation in adult brain, agenesis
is mainly observed in the most dorsal division of the
LC (arrow in Fig. 4D�) and in the core region (arrowhead
in Fig. 4D�). This interpretation was supported by an
analysis of Dbh and Th expression (Fig. 4E–F�). Cell
counting of Dbh-expressing cells showed that the
wild-type LC contained a total of 789 ± 34 neurons,
whereas the mutant LC contained 285 ± 33 cells, a 64%
reduction.

Taken together, an analysis of the developmental ex-
pression profile of LC determination and differentiation
genes indicates that Ear2 is required early in the devel-
opment of the LC. Because Phox2a and Phox2b but not
Mash1 expression is altered in Ear2−/− embryos, the most
likely level of Ear2 function in the LC specification cas-
cade is in between Mash1 and Phox2a. It should be
noted, however, that Ear2 is required for the formation of
not all but of ∼70% of LC neurons, predominantly but
not exclusively those present in a densely clustered
population of fusiform neurons of the dorsal part of the
adult LC. The reduction in LC cell number is apparent
already at the progenitor stage and is not a result of cell
death of post-mitotic neurons.

Functional defects in the circadian behavior

The involvement of the LC in the regulation of the sleep/
wake cycle, the circadian firing pattern of LC neurons
and the neuronal circuits linking the SCN and LC (for
review, see Aston-Jones 2004) prompted us to examine
whether Ear2−/− mice had a defective circadian timing
system. We focused on the forebrain clock (Reick et al.
2001) since the cortex is richly innervated by noradren-
ergic projections from the dorsal division of the LC
(Loughlin et al. 1986a,b), which is severely reduced in
Ear2−/− mice.

Mice kept in DD (constant darkness) were sacrificed at
6-h intervals, and the expression of the clock genes Per1,
Per2, Bmal1, and Npas2 was determined by ISH on coro-

Figure 4. Expression of LC-determination and differentiation genes in the LC anlage at E9.5 and E14.5. (A,A�) Mash1 expression in
rhombomere 1 is unchanged (arrowhead) in mutant embryos. (B,B�) Phox2a is expressed in cells of the LC anlage (enlarged in inset)
in wild type, but in mutant embryos the number of Phox2a-expressing cells is greatly diminished. (C,C�) Phox2b is expressed in cells
of the LC anlage of wild type (enlarged in inset), but Phox2b-positive cells are not detected in Ear2−/− embryos. Note that the intensity
of expression of Phox2a/b in the third and fourth cranial ganglion is similar for both genotypes, indicating that whole mounts were
stained identically. (D,D�) Sagittal sections of the LC at E14.5 hybridized with Phox2a reveal agenesis in dorsal division (arrow) and
core (arrowhead). (E–F�) Identical results are observed with LC neuronal markers Dbh and Th. (r1) Rhombomere 1; (3rd and 4th)
oculomotor and trigeminal ganglia; (IV) fourth ventricle.
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nal sections through the cortex. We found that the cir-
cadian oscillation of Per1 transcription was abolished
and that of Per2 was dampened, but expression of Bmal1
and Npas2 was not significantly affected (Fig. 5A–D). It
had previously been demonstrated that a deletion of
Npas2, a paralog of Clock controlling the circadian
oscillator in the forebrain, resulted in an altered adapt-
ability to shifted LD (12 h dark/12 h light schedule)
cycles and to daytime feeding schedules (Dudley et al.
2003). In the latter experiment, access to food is re-
stricted to a time period of 3 h during the late morning

hours, evoking anticipatory locomotor activity prior to
food access (Stephan 2002) and altered clock gene ex-
pression in cortical and hippocampal regions (Waka-
matsu et al. 2001). Ear2 mutants showed an impaired
adaptability to a forward-shifted LD cycle (Fig. 5E).
In addition, anticipatory locomotor activity of Ear2−/−

mice in an LD restricted feeding paradigm was signi-
ficantly reduced compared to wild-type animals (Fig.
5G–I).

Since Per1 gene expression and two types of behavioral
responses suggest that the forebrain clock is perturbed in

Figure 5. Impairment of the circadian forebrain oscillator in Ear2−/− mice. (A–D) Circadian expression profiles of Per1 (A), Per2 (B),
Bmal1 (C), and Npas2 (D) in the frontal cortex of wild-type and Ear2−/− mice in DD. Upper panels show representative peak and trough
autoradiographs for each genotype. Lower panels depict densitometric quantification of ISH hybridization signals on X-ray film (n = 3).
(E) Effect of an 8-h phase advance on activity onset in wild-type and Ear2−/− mice. Shown is the mean daily advance in activity onset
over 7 d. Asterisks indicate significant differences in onset time for the genotypes on a particular day (p < 0.05, Student’s t-test, n = 6).
(F) NA levels in forebrain cortical slices of wild-type and Ear2−/− mice measured in the middle of the subjective night (CT18, DD;
p = 0.0096, Student’s t-test, n = 3). (G–I) Behavioral adaptation of wild-type and Ear2−/− mice to a 3-h restricted feeding schedule in LD.
(G,H) Representative double-plotted activity profiles of a wild-type (G) and an Ear2−/− mouse (H). Black and white bars on top indicate
light schedule; food access was restricted from 10 a.m. to 2 p.m. (I) Anticipatory activity (AA) normalized to total activity during 19
d of restricted feeding (asterisks indicate significant differences between wild-type and mutant animals; p < 0.05; Student’s t-test,
n = 6).
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Ear2−/− mice, we examined whether these defects go to-
gether with altered levels of NA in this area. Animals
were sacrificed at CT18, at which time Per gene expres-
sion was most different between the two genotypes, and
NA levels were measured in frontal cortical slices. Mu-
tant mice showed a three- to fourfold lower NA con-
centration (Fig. 5F), a reduction similar to that observed
after chemical disruption of noradrenergic innervations
(Cirelli and Tononi 2004). Our findings thus raise the
possibility that the deficiencies of the forebrain clock are
at least in part the result of reduced NA level in the
cortex. Next we characterized the central oscillator of
the SCN in Ear2−/− mice. Mutant animals entrained nor-
mally to an LD cycle with a phasing of the wheel-run-
ning activity comparable to wild-type littermates (data
not shown). When released into DD both wild-type and
Ear2−/− animals showed a persistent endogenous rhythm
with period lengths of 23.6 ± 0.2 and 23.7 ± 0.4 h, respec-
tively (Fig. 6A). Consistent with this basic functionality
of the SCN, rhythmic expression of clock genes such as
Per1, Per2, and Bmal1 and of the clock output gene Pro-
kineticin 2 (Prok2) in the SCN was not significantly dif-
ferent between wild-type and mutant mice (see Supple-
mentary Fig. 1).

Although the SCN oscillator appeared normal in Ear2
mutants, closer inspection of activity recordings re-
vealed changes in the accuracy of activity onset. In the
case of wild-type mice kept in DD, the interval between
activity onsets was stable with day-to-day variations of

∼13 min, while in Ear2-deficient animals the variation
was ∼26 min (Fig. 6A,B). This reduction of accuracy of
activity onset was observed under various lighting con-
ditions (Fig. 6B).

Exposing nocturnal animals to strong constant light
puts the circadian pacemaker under stress (Aschoff
1979). We therefore monitored rhythm stability and pe-
riod length of wild-type and Ear2 mutant mice in in-
creasing intensities of constant light. Following As-
choff’s rule (Aschoff 1955), both genotypes showed an
increased period length proportional to the logarithm of
the applied light intensity (Fig. 6C,D). In Ear2 mutants,
however, the period length for a particular light condi-
tion was always shorter than in control animals (Fig.
6D). In addition, rhythm stability was severely affected
in LL (constant light) with some mutants losing rhyth-
mic activity profiles in light intensities even below 300
Lux (Fig. 6C,E), and five of six mice becoming arrhyth-
mic at 400 Lux. In contrast, only one of six wild-type
controls exhibited arrhythmic wheel-running activity
under this condition (Fig. 6C,E).

In summary, Ear2−/− mice show a spectrum of circa-
dian defects. The major ones were a reduction in antici-
patory locomotor activity in restricted feeding experi-
ments, impaired re-entrainment to a shifted LD cycle, a
loss of circadian Per1 expression, and dampening of Per2
expression in the frontal cortex (but not the SCN). These
phenotypes go along with a marked reduction of cortical
NA concentration. We also found that mutant mice dis-

Figure 6. The accuracy and stability of
circadian wheel-running behavior is af-
fected in Ear2−/− mice. (A) Representative
locomotor activity records of wild-type
and Ear2−/− mice (right panel) in DD. Ac-
tivity is represented by vertical black bars.
Red lines represent least-squares-fit re-
gressions through the onsets of activity as
calculated by the ClockLab software. (B)
Onset variability of wild-type and Ear2−/−

mice calculated as mean deviation of real
onset from a least-squares-fit regression
line over a period of 10 consecutive days in
the given lighting conditions ([*] p < 0.05;
[**] p < 0.01; [***] p < 0.001; Student’s t-
test, n = 12). (C) Representative locomotor
activity records of wild-type and Ear2−/−

mice in LD and LL of increasing intensity
as indicated on the right side of the acto-
grams. (D) Internal period lengths (�) of
wild-type and Ear2−/− mice in LL of differ-
ent intensities. All � values were signifi-
cantly smaller in Ear2−/− animals for any
tested LL condition (p < 0.05; Student’s t-
test, n = 6). (E) Percentage of rhythmic ani-
mals in LL for wild-type and Ear2−/− mice
(n = 6). Animals were kept in each condi-
tion for at least 2 wk, and rhythmicity was
determined by �2 periodogram analysis.
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play reduced rhythm accuracy and become easily ar-
rhythmic when exposed to higher levels of constant
light.

Increased nociception in Ear2−/− mice

The LC and the locus subcoeruleus (SC) belong to a de-
scending pathway that regulates nociceptive neurons
in the dorsal horn of the spinal cord (for review, see
Willis et al. 2004). NA produced in the LC suppresses the
activity of these nociceptive neurons (Mokha et al. 1985;
Howe and Zieglgansberger 1987) and electrical stimu-
lation of the LC/SC evokes antinociception that can
be blocked by noradrenergic antagonists (Jones and
Gebhart 1986, 1987). Since the majority of noradrenergic
neurons projecting to the spinal cord originate either
in the core or in the ventrocaudal part of the LC (Lough-
lin et al. 1986a,b and references therein) and both
subpopulations of neurons are markedly reduced in the
LC of Ear2−/− mice, it is possible that the pain-modula-
tory effect of the descending inhibitory system is altered.
To examine this, thermally evoked nociception of
wild-type and Ear2−/− males was measured. Animals of
8 wk of age and similar weight were placed onto a hot
plate whose temperature was set at 53.5°C, 54°C, or
54.5°C. As a measure of pain sensitivity, the response
latency from placing the animal onto the hot plate to
lifting or licking a paw was recorded. Figure 7A shows
that at all examined temperatures primary nociception
of Ear2−/− animals was significantly increased. This dif-
ference in pain perception was further investigated by
determining the secondary nociception of both geno-
types. Ear2−/− and wild-type animals were therefore
placed onto a hot plate kept at 44°C. The latency period
was reduced by a factor of 3 in the mutant animal (Fig.
7B). Mice with artificial peripheral inflammation—the
dorsal surface of both paws had been painted with allyl-
isothiocyanate—showed a further decrease of the latency
time by another factor of 2 (Fig. 7B). We next analyzed
whether the concentration of NA was reduced in the
spinal cord of mutant mice. In Ear2−/− males the concen-
tration of NA was reduced by 40% (Fig. 7C). Together,
these results demonstrate that Ear2−/− males exhibit a
robust decrease in latency time to thermally evoked pain
stimuli concomitant with a reduction of NA content of
the spinal cord.

Discussion

A role of Ear2 in the specification of the LC

The LC radiates a network of axonal fibers to multiple
regions of the CNS including cortex and spinal cord,
thereby regulating a broad spectrum of behavioral and
physiological functions (for review, see Singewald and
Philippu 1998; Berridge and Waterhouse 2003). Under-
standing the development and function of the LC is thus
of broad interest.

LC development is controlled by a signaling cascade
(see above) that specifies LC progenitors. Our studies es-
tablish that the nuclear orphan receptor Ear2 plays a
critical and early role in this process. Ear2 is transiently
expressed in LC precursors at the time when they still
reside in the rhombic lip. Mash1 is also expressed in the
rhombic lip, and its pattern of expression is not affected
in Ear2−/− embryos. In such embryos, however, the popu-
lation of ventrally migrating LC precursors—character-
ized by Phox2a/b expression—is greatly diminished in
size. The most parsimonious interpretation of these ob-
servations is that Ear2 functions in between Mash1 and
Phox2a/2b. It should be recalled that Phox2a/b mutants
lack a LC (Morin et al. 1997; Pattyn et al. 2000). This
apparently contradicts our suggestion of Ear2 being up-
stream of Phox2a/b, but this is easily resolved by the
finding that Ear2 is required for some but not all LC
precursors to be formed. Thus our data suggest that Ear2
marks a branching point in the LC specification cascade,
and make this gene an example of a LC subtype deter-
minant. Analogous regional determinants have been
identified in other systems such as the spinal cord and
play key roles in the elaboration of neuronal identity and
connectivity (Jessell 2000). As a regional determinant
Ear2 would ultimately control the topographical organi-
zation of the LC (Loughlin et al. 1986a,b) and in this way,
albeit indirectly, regulate the development of LC axonal
projections. Agenesis of certain LC regions in Ear2−/−

would abolish the formation of a subset of LC afferents
and efferents, and this could underlie the behavioral
and physiological abnormalities that are observed in
Ear2−/− mice. We have extensively examined morphol-
ogy and gene expression in tissue that derive from
Ear2-positive cells of rhombomeres 3 and 5 and found
no abnormalities in mutants. This suggests that the
phenotypes we describe here are chiefly due to the de-
fective LC.

Figure 7. Nociception is increased in
Ear2 mutant mice. (A) Response latency of
wild-type and mutant animals in a hot
plate test using three different tempera-
tures. Male littermates (n = 10) were used
for both genotypes. (B) Response latency of
wild-type and Ear2−/− mice assessed at
44°C with and without prior application of
allylisothiocyanate to the paws (n = 10).
(C) NA content in the spinal cord of wild-
type and Ear2−/− males (n = 6). ([*] p < 0.05;
[**] p < 0.01, Student’s t-test).
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Defects in circadian behavior in Ear2−/− mice
implicate the LC in the circadian timing system

The principal deficiency in a circadian timing system of
Ear2 mutant mice occurs in the pacemaker residing in
the telencephalon. Three types of experiments support
this interpretation. First, in mutant mice the circadian
expression pattern in the cortex of the clock gene Per1 is
abolished and that of Per2 is dampened. Second, kinetics
of re-entrainment to a shifted LD cycle (“jet lag”) is de-
layed, and third, the adaptability to restricted feeding is
severely impaired. The above circadian phenotype could
be linked to the partial agenesis of the LC in Ear2−/−

mice. The cortex is richly innervated by projections from
the dorsal division of this nucleus, a region that in
Ear2−/− mice shows a dramatic reduction in neuronal
number that would result in fewer LC efferents targeted
to the cortex. Because of this, one expects a lower con-
centration of NA in mutant cortex, which is, indeed, the
case as we show. Supportive evidence that NA and not
another neurotransmitter of the LC is the clock-relevant
cue comes from the finding that NA regulates Per1 ex-
pression in liver (Terazono et al. 2003) and pineal (von
Gall et al. 2001) via second messenger pathways. One
could envisage an analogous mechanism operating in the
cortex, making NA a regulator of peripheral circadian
clocks. LC cells express other transmitters in addition to
NA, including arginine-vasopressin (AVP), galanin, and
neuropeptide Y (NPY). Thus, it is possible that these
agents also contribute to the circadian phenotype. It
should be noted, however, that NPY and galanin as well
as AVP may not be transported to LC terminals in the
cortex, despite being located within LC somata that in-
nervate these areas (Aston-Jones 2004).

The firing rate of the LC exhibits a circadian profile
(Aston-Jones et al. 2001), raising the possibility that this
nucleus contains its own molecular pacemaker. We did
not, however, detect expression of any of the established
clock genes (Per1, Per2, Clock, Bmal1, Cry1, and Cry2)
(G. Eichele, unpubl.) in this area, which supports the argu-
ment that the LC itself does not harbor an endogenous
oscillator. It is likely that the SCN drives the rhythmic
firing pattern of the LC via the numerous direct and indi-
rect LC-SCN projections (Legoratti-Sanchez et al. 1989; As-
ton-Jones et al. 2001; Krout et al. 2002; Vrang et al. 2003).

Given the neuronal connection between SCN, LC, and
cortex, one can envisage the following scenario underly-
ing the regulation of the pacemaker in the cortex. Cor-
tical Per expression is regulated by NA, whose concen-
tration fluctuates in a circadian manner in the cortex
(Scheving et al. 1968). Such an oscillation could be the
result of circadian release of NA regulated by the circa-
dian firing pattern of the LC. Since the LC does not have
its own clockwork, its rhythmicity would be imposed by
the SCN making the LC a relay (Aston-Jones et al. 2001).
In Ear2 mutant mice the SCN is apparently unaffected,
but because the communication between LC and fore-
brain pacemaker is impaired, the observed behavioral de-
ficiencies would emerge. It should be pointed out, how-
ever, that NA would be only one of several factors con-

trolling the cortical clock, since rhythmic expression of
some clock genes like Per2 and Bmal1 is maintained in
the Ear2-deficient situation. Additionally, such mice
may have altered circuits between the SCN and LC, and
this may also contribute to the observed phenotype. It
thus appears that in Ear2 mutant mice the input onto the
cortical pacemaker is compromised. This distinguishes
Ear2 from Npas2 mutants in which the oscillator itself is
affected (Reick et al. 2001; Dudley et al. 2003). This line
of reasoning is consistent with the fact that Npas2 but
not Ear2 is expressed in adult cortex.

A neuroanatomical correlate for the observed reduc-
tion of accuracy and stability of the locomotor rhythm in
Ear2-deficient mice remains to be identified. Several
brain areas such as the dorsomedial nucleus of the hy-
pothalamus (Chou et al. 2003), the paraventricular
nucleus of the hypothalamus (Buijs et al. 2003), and the
pineal gland (Armstrong 1989; Cassone 1992) modulate
circadian behavior and rhythm stability. Most of those
structures are innervated by the LC (e.g., Shirokawa and
Nakamura 1987; Cunningham and Sawchenko 1988) and
may hence singly or in combination contribute to the
accuracy/stability phenotype.

Increased nociception in Ear2−/− mice

The LC has a critical role in the modulation of pain
reception with NA acting in an antinociceptive manner
(Willis et al. 2004 and references therein). We experimen-
tally assessed thermal nociception in Ear2−/− mice using
standard hot plate tests and a setup involving artificial
peripheral inflammation with mustard oil followed by a
hot plate assay. In all paradigms statistically significant
increases in nociception in mutant animals were ob-
served, demonstrating that the antinociceptive system of
the LC is impaired in Ear2−/− animals. This can readily
be understood in terms of a reduction in number of neu-
rons in the ventral LC division known to project to the
spinal cord (Loughlin et al. 1986a,b). Previous studies
have demonstrated that bilateral LC lesions reduce the
NA level of the spinal cord by 40%–70% (Nygren and
Olson 1977; Karoum et al. 1980). In Ear2−/− mice NA
content was reduced by 40%. The residual NA in mu-
tants could derive from the remaining LC neurons and
the A7 group, which also sends noradrenergic fibers to
the spinal cord (Westlund et al. 1982, 1983; for review,
see Willis 2004) and which is intact in Ear2−/− mice.
Dbh−/− mice, unable to synthesize NA (Thomas et al.
1995), and Ear2 mutants show comparable alterations in
thermal nociception (Jasmin et al. 2002).

A large number of physiological, pharmacological, and
neuroanatomical studies implicate the LC in many
physiologic and behavioral processes. The availability of
a mouse mutant in which a major part of the LC is miss-
ing provides an opportunity to study the function of this
important nucleus in a natural context. It will be inter-
esting to explore whether Ear2−/− mice display impair-
ment of other functions attributed to the LC such as
arousal, attention, alertness, anxiety, cognition, and
memory. Additionally, it will be important to determine
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how the web of projections emanating from and received
by the LC is altered in mutant mice.

Materials and methods

Screening of ES cell colonies and generation of chimeric mice

An Ear2 genomic clone from a 129SvEvBrd mouse genomic li-
brary (Lexicon Genetics) was isolated. The final targeting vector
contained a thymidine kinase (TK) and an MC1 Neomycine
resistance cassette (neo), which replaced the first two coding
exons of the gene. The targeting vector was linearized and in-
troduced into 129SvEvBrd embryonic stem (ES) cells by electro-
poration. G418-gancyclovir-resistant clones were screened for
the occurrence of homologous recombination by Southern blot-
ting. Clones with appropriately recombined Ear2 loci were in-
jected into ES C57BL/6J albino blastocysts. Injected embryos
were transferred into the uteri of pseudopregnant mothers. Chi-
meric mice were bred to C57BL/6J albino mice to generate F1
heterozygous animals. Ear2 heterozygotes were identified by
Southern or PCR analysis and intercrossed to generate homo-
zygotes. Genotypes were determined on tail or ES-cell lysates by
Southern blot analysis or PCR. For Southern blotting isolated
DNA was digested with HindIII, size separated in a 1% Trisbo-
rate EDTA buffer (90 mM Tris, 90 mM borate, and 1 mM EDTA
at pH 8.4) agarose gel, and then capillary-transferred to an un-
charged nylon membrane. The membranes were hybridized
with an Ear2 5� external probe (Fig. 1A). PCR analysis using
external and internal primers resulted in a 400-bp (Ear2−/−) or a
550-bp amplicon (wild type). For all experiments described in
this study we used mice in a 129SvEvBrd C57BL/6J hybrid back-
ground.

Whole-mount and section ISH

ISH on whole mounts was performed as described (Parr et al.
1993). Nonradioactive ISH on 20-µm cryostat sections was car-
ried out as previously described with a robotic platform and
digoxygenin-labeled antisense riboprobes (Oldekamp et al.
2004). Templates for riboprobes were generated by RT–PCR
from embryonic cDNA using specific forward and reverse prim-
ers. For template sequences see http://www.GenePaint.org
(Visel et al. 2004). To count Th-positive neurons serially sec-
tioned brains were used and results were corrected for double
counting of cells (Abercrombie 1946). Radioactive in situ hy-
bridization and quantification of expression strength on Kodak
BioMax MS film was performed as described (Albrecht et al.
1998; Oster et al. 2002). The position of the SCN on sections
was confirmed by bisbenzimide staining. Cortical expression
strength was determined at Bregma levels 0.1–0.2 mm in a
0.5 × 0.5-mm square encompassing the barrel cortex.

Immunohistochemistry

Embryos were fixed in 4% formaldehyde, embedded in paraffin,
and sectioned at 10 µm. For antigen unmasking sections were
incubated for 15 min in phosphate-buffered saline containing
0.1% Tween-20, boiled in a microwave oven for 5 min in 0.1 M
citrate buffer (pH 6.0), and then rapidly cooled on ice. This heat-
ing/cooling cycle was repeated three times, each time using
fresh citrate buffer. The primary antibody used was a mono-
clonal anti-Th antibody (AB152, Chemicon; dilution 1:250),
subsequently detected with either HRP-labeled goat anti-rabbit
antibody (Dianova, HRP 41553, dilution 1:100), or fluorescent
goat anti-rabbit IgG (Alexa Fluor, A-11008; dilution 1:100).

Measurement of NA

NA contents were determined by 125I radioimmuno assay (NA
Research RIA, LaborDiagnosticsNord). For cortical preparations
wild-type and Ear2−/− animals were kept for 1 wk in LD and
released into DD on the day prior to the experiment. After brief
anesthetization with Isoflurane, animals were decapitated,
blood was collected in heparinized tubes, and brains were dis-
sected and orientated using a rodent brain matrix (ASI Instru-
ments). Two-millimeter-thick coronal slices were cut anterior
of the optic chiasm, and cortical tissue was teased away using a
lancet scalpel. For spinal cord preparations wild-type and
Ear2−/− animals were anesthetized and decapitated and the
whole spinal cord was removed. Homogenization and the RIA
were performed according to the manufacturer’s protocol.

Locomotor activity monitoring

Mouse housing and handling were performed as described (Al-
brecht and Oster 2001). For LD–DD transitions lights were
turned off at the end of the light phase and not turned on again
the next morning. For the “jet lag” experiment the LD cycle was
shifted forward for 8 h after a prolonged dark phase (16 h). Ac-
tivity records were plotted in threshold format for 5-min bins.
For activity counting and evaluation we used the ClockLab soft-
ware package (Actimetrics). Onset stability was assessed by cal-
culating the mean deviation of real activity onsets from the
predicted onsets determined by a least-squares-fit regression
line over two consecutive weeks. For LL experiments Ear2−/−

and wild-type animals were exposed to increasing intensities of
constant illumination using dimmable 12 V halogen lights
above each cage. Light flux was measured with a Lux meter at
the bottom of each cage. Rhythmicity and period length were
determined by �2 periodogram analysis and Fourier transforma-
tion using mice running in DD or LL for at least 1 wk. For
daytime restricted feeding schedules (RF) animals were kept in
LD and ad libitum food for at least 14 d prior to the experiment.
On the first day of RF, food was removed from the cage at 13:00
(ZT6) and not returned before 10:00 (ZT3) the next morning. On
the following days animals were allowed access to food from
ZT3 to ZT6. Anticipatory activity was measured during 3 h
prior to food access (ZT0 to ZT3) and compared to the overall
activity of the same day.

Hot plate test

All experiments were carried out on a custom-made hot plate
with males of the same age and weight. Primary nociception
tests were performed as described (O’Callaghan and Holtzman
1975). Briefly, mice were placed on a hot plate kept at 53.5°C,
54°C, or 54.5 °C, and the time until animals started to lick or
raise their hind paws was measured. The cutoff time was 15 sec.
To assess second pain, mice were placed on a hot plate at 44°C.
The cutoff time was 400 sec.

In a second trial artificial peripheral inflammation was tested.
Mustard oil was applied to the dorsal surface of both paws. After
3 h the animals were placed on a 44°C hot plate and latency
time was determined. The cutoff time was 400 sec.

Statistical analysis and counting

Statistical analysis of all experiments was performed using
GraphPad Prism software (GraphPad). Significant differences
between groups were determined with Student’s paired or un-
paired t-test. Values were considered significantly different with
p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***).
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