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Abstract

Anaplastic Lymphoma Kinase (ALK), a receptor tyrosine kinase, was first described as the fusion product causing a subtype of non-Hodgkin’s

lymphoma. To date Alk has been reported to be mainly expressed in CNS and other parts of the brain. Here we describe an extensive

characterization of the mRNA and protein expression of ALK during mouse development. We show that mRNA and ALK protein show

overlapping expressing patterns in specific regions of the central and the peripheral nervous systems. Furthermore, ALK is also expressed in the

eye, nasal epithelium, olfactory nerve, tongue, skin, tissue surrounding the esophagus, stomach and midgut but not the hindgut. Expression of

ALK is also found in testis and ovary.

q 2005 Elsevier B.V. All rights reserved.
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1. Results and discussion

Herein we describe the characterization of both the mRNA

and protein expression of Anaplastic Lymphoma Kinase

(ALK), a Receptor Tyrosine Kinase (RTK) belonging to the

insulin receptor family of tyrosine kinases. We have performed

this analysis during the murine developmental stages: 10.5,

11.5, 12.5, 13.5, 14.5, 15.5 and 16.5 days post coitum (p.c.).

Ligand binding to the extracellular binding site of RTKs

induces the activation and autophosphorylation of the

intracellular tyrosine kinase domain, creating binding sites

for various substrate molecules, which are involved in

downstream intracellular signalling cascades (Blume-Jensen

and Hunter, 2001). ALK was first described in non-Hodgkin’s

lymphoma and is now known to be involved in many

oncogenic translocation events (Fujimoto et al., 1996; Morris

et al., 1994; Pulford et al., 2004). All of the ALK translocations

display specific characteristics such as: (i) an N-terminal ALK
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fusion partner, which is widely expressed and thus causes

the aberrant transcription of the ALK chimera; (ii) a fusion

partner protein, which determines the sublocalization of the

ALK fusion protein and; (iii) the presence of an oligomerisa-

tion domain(s) in the partner protein, which keeps the ALK

kinase domain in a constitutively active state, mimicking the

natural ligand–receptor binding activation (Pulford et al.,

2004). The ALK RTK is highly conserved across species

(Pulford et al., 2004) and in Drosophila melanogaster ALK is

expressed in visceral mesoderm as well as the CNS (Loren et

al., 2001). Moreover, Drosophila ALK mutants reveal that no

functional midgut is formed (Loren et al., 2003) and it is now

understood that ALK functions as a critical regulator of

visceral muscle fusion in the fruit fly (Englund et al., 2003; Lee

et al., 2003; Stute et al., 2004). To date no evidence for an

essential role for ALK has been reported for either mouse or

human ALK (Pulford et al., 2004).

The presence of ALK mRNA expression in the Central

Nervous System (CNS), and Peripheral Nervous System

(PNS) suggests a role in the normal development and

function of the nervous system (Iwahara et al., 1997; Morris

et al., 1997; Pulford et al., 1997). Transient transfection

studies in cell lines have shown that constitutively active

chimeric ALK receptor molecules expressed in PC12 induce

neuronal differentiation (Souttou et al., 2001) and promote
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mitogenesis and transforming properties in NIH3T3 cells

(Piccinini et al., 2002).

Previous studies have demonstrated the expression of Alk

mRNA in mouse embryos and in 1-week-old mice tissue sections,

by in situ hybridization and Northern blotting (Iwahara et al., 1997;

Morris et al., 1997). Alk mRNA was detected in specific regions

within the CNS and PNS, more specifically in areas such as,

thalamus, mid-brain, olfactory bulb and peripheral ganglia and was

reported to localize mostly in neuronal cells.
Table 1

ALK mRNA expression pattern. Summary of main areas of expression during 10.5

Structure
Day 10.5 Day

Diencephalon X X

Ventricular zone of the cortex

Subventricular zone of the cortex

Ventral part of fourth ventricle neuroepitheliuma X X

Midbrain

Midbrain tegmentum

Roof of midbrain

Medulla oblongata

Pons

Trigeminal (V) nerve

Rootlets

Maxillary division of trigeminal (V) nerve

Ophthalmic division of trigeminal (V) nerve

Facial component (VII) of facio-acoustic (VII–VIII)

ganglion complex

X X

Facial (VII) ganglion

Vestibulocochlear (VIII) ganglion

Inferior ganglion of vagus (X) nerve X

Ciliary ganglion

Sympathetic chain (ganglion)

The complete sympathetic chain

Lumbar sympathetic ganglion

Spinal cord

Ventral part of spinal cord X

Dorsal part of spinal cord

Dorsal root ganglion

Second branchial arch X

Lateral semicircular canal

Posterior semicircular canal

Endolymphatic sac

Eye (neural layer of retina)

Dorsal epithelium in region of optic chiasm

Olfactory epithelium (ventral part) X

Vomeronasal organ

Area in between nasal pit and lateral ventricle X

Outside the most posterior part of the nasal cavity

Tongue

Elevations associated with the formation of follicles of

vibrissae

Sublingual/submandibular salivary gland

Descending aorta

Esophagus (body wall) X

Stomach (body wall) X

Midgut (body wall)

Elongated stain in all four limbs

Premucle mesodermal condensation

Area of long muscle of the neck

Umbilical cord – –

(–) denotes structures not observed.
a The ventral stain in the fourth ventricle moves posterior from early (10.5 days
Thus far, nothing is known about the distribution of ALK

expression in early embryonic stages and the specific cellular

localization of ALK proteins have yet to be described in any

organs. In this study, we have investigated the expression patterns

of ALK in embryonic mouse (days 10.5–16.5 post coitum (p.c.))

by immunohistochemistry and in situ hybridization.

To investigate the early embryonic mRNA expression profile

of Alk, we synthesized digoxigenin-labeled sense and anti-sense

Alk probes for in situ hybridization using mouse embryo sections
–16.5 days post coitum (p.c.)

Stage

11.5 Day 12.5 Day 13.5 Day 14.5 Day 16.5

X X X X

X X X

X X X X

X X

X X X

X X X

X X X

X X X

X

X X

X

X X

X X X X

X X X

X

X X X

X

X X X

X X X

X

X X

X X

X X

X

X

X X X

X X X

X

X X

X X X

X

X

X X X

X X X

X X X

X X X

X X X

X

X X

X – – –

p.c.) to late (12.5 days p.c.) stages.
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at days 10.5–16.5 p.c. We did not observe any hybridization

signals with the control sense probe (data not shown). Using our

antisense probe, we found that ALK transcripts were observed in

a large number of developing tissues at days 10.5–16.5 p.c. with

dynamic expression pattern between these different stages. The

mRNA expression is summarized in Table 1 and the representa-

tive expression profiles in certain tissues/organs are described in

the text and shown in the figures below.
1.1. Expression pattern of mAlk in the brain, spinal cord and

ganglia

Embryos from day 10.5 to 16.5 p.c. were examined both

with sagittal and transverse sections, with the most prominent

expression of Alk being observed in the developing nervous

system, such as the diencephalon and around the fourth

ventricle from day 10.5 to 14.5 p.c. (Fig. 1)

Alk was expressed in the neuroepithelium surrounding the

infundibular recess of diencephalon at day 10.5 and 11.5 p.c.
Fig. 1. In situ localization of Alk in neuronal tissue. Transverse sections (ts) are repre

coitum (p.c.), Alk mRNA expression in wall of diencephalon (di) (arrowhead) at th

12.5 days p.c., specific cell population within the diencephalon (di) show expression

(arrow) of the lateral ventricle (lv) wall, this area presumably corresponds to part of

and subventricular zone (svz) of the lateral ventricle (lv) is stained compared to the u

(mz). d, dorsal; v, ventral. (e) 10.5 days p.c., expression of Alk mRNA in neuroepithe

(arrow) and wall (wm) of midbrain have detectable levels of Alk mRNA. an, anter
(Fig. 1a). Expression was later observed as dense cell

populations in the diencephalon, most likely in both the ventral

and dorsal thalamus at day 12.5 to 14.5 p.c. (Fig. 1b). At later

stages, for example, day 16.5 p.c. the expression of Alk was less

pronounced in the diencephalon (Supplementary Fig. 1a). A

diffuse signal appeared in a large and specific cell population in

the dorsal part of the telencephalic vesicle wall, presumably

corresponding to a part of the amygdaloid area from day 12.5 to

13.5 p.c. (Fig. 1c). This was not observed at later stages. At day

13.5 and 14.5 p.c. Alk expression is observed in the ventricular

and subventricular zone of the cortex (Fig. 1d). However, in

both day 15.5 and 16.5 embryos, no Alk expression was

observed in these zones. In addition, Alk transcripts were

present in the dorsal epithelium in region of the optic chiasm at

day 12.5 p.c. (Supplementary Fig. 1b).

In the ventral part of the neuroepithelium of the fourth

ventricle expression of Alk transcripts were observed at day

10.5 p.c. (Fig. 1e). Interestingly, at day 11.5 p.c. the expression

of Alk was found to persist in the same area (most likely the
sented in (a–c) and (e), and sagittal (s) sections in (d) and (f). (a) 11.5 days post

e level of infundibular recess of diencephalon (arrow). d, dorsal; v, ventral. (b)

of Alk. d, dorsal; v, ventral. (c) 12.5 days p.c., Alk is detected in the dorsal part

the amygdala. d, dorsal; v, ventral. (d) 14.5 days p.c., the ventricular zone (vz)

nstained, negative, intermediate zone (iz), cortical plate (cp) and marginal zone

lium of fourth ventricle (fv) wall. d, dorsal; v, ventral. (f) 12.5 days p.c., tectum

ior; po, posterior.
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mantle layer) and also to elongate into the spinal cord (data not

shown). At day 12.5 to 14.5 p.c. medulla oblongata and pons

expressed Alk (data not shown, and Table 1). Interestingly, by

day 16.5, Alk expression is no longer observed in the neural

structures surrounding the fourth ventricle.

In the midbrain, Alk is not observed at day 10.5 to 11.5 or at

16.5 p.c., although Alk is detected at day 12.5 to 14.5 in the wall

and tectum of the midbrain (Fig. 1f).

Alk is expressed in areas of the lateral and posterior

semicircular canal, where the canals point towards each other

at day 12.5–14.5 p.c. (Fig. 2a). Later when these structures

enter the saccule, expression of Alk is no longer observed.

However, as soon as the saccule is observed clear Alk

expression can be detected in the endolymphatic sac, occurring

around day 12.5–13.5 p.c. (Fig. 2b). In agreement with

previously published data, we detect expression from days

13.5 to 16.5 p.c. of Alk in the trigeminal (V) ganglion,

including the maxillary and ophthalmic division ((Iwahara et

al., 1997); Table 1 and data not shown).

In sections from day 10.5 to 11.5 p.c. embryos, Alk was

expressed in the facial component (VII) of the facio-acoustic

(VII–VIII) ganglion complex (Supplementary Figs. 1c and 2c),

and a day later restricted to the facial ganglion (days 12.5 and

13.5 p.c.) and the vestibulocochlear (VIII) ganglion (days 12.5

to 16.5 p.c.) (Fig. 2b and Supplementary Fig. 1d). Expression
Fig. 2. In situ localization of Alk in neuronal and gastrointestinal tissue. Transverse s

12.5 days post coitum (p.c.), Alk expression in the posterior (ps) and lateral (ls) semi

(s), the endolymphatic sac (es) and the Vestibulocochlear (VIII) ganglion (viii) are

component (vii) of the facio-acoustic (VII–VIII) neural crest complex. Otocyst (ot), p

neural crest complex (viii). (d) 12.5 days p.c., discrete Alk staining within in esopha

Alk mRNA could be observed in the neural layer (arrow) of the eye. The dark ring str

is stained for Alk. Tongue (t), nasal cavity (nc).
was also observed in the inferior ganglion of the vagus (X)

nerve from day 12.5 to 14.5 p.c. (Table 1 and data not shown).

Ciliary ganglia, for example, neural crest derived ganglia

acting as relays between parasympathetic neurons of the

oculomotor nucleus in the midbrain and the muscles regulating

the diameter of the pupil of the eye robustly express Alk at day

13.5 p.c. (Fig. 2f). At day 11.5 to 14.5 p.c. embryos revealed

strong Alk expression surrounding the esophagus, stomach and

midgut (duodenum) (Fig. 2d), but never further than the midgut

(Supplementary Fig. 1e). Our analysis also revealed that Alk is

expressed in the eye, more specifically the neural layers of

retina were Alk positive at day 14.5 p.c. (Fig. 2e).

In the developing spinal cord, Alk was intensely expressed

ventrally from 11.5 to 14.5 p.c. to start of the sacrum level

(Fig. 3a,b). Intriguingly, from day 12.5 to 14.5 p.c. expression

of Alk was observed in the dorsal area throughout the sacrum

level and the tail (Fig. 3c). Running parallel to the spinal cord,

the dorsal root ganglion is positive for Alk expression at day

16.5 (Table 1 and data not shown).

Furthermore, expression of Alk was seen as isolated cells in

the ventral olfactory epithelium between days 11.5–14.5 p.c.

Similar isolated cells are observed in the vomeronasal organ

from day 12.5–14.5 p.c. (Fig. 3d). Isolated Alk positive cells

can also be found ventral to the nasal cavity and posterior to the

lateral ventricle of the brain at day 11.5 and 12.5 p.c. (Fig. 3e).
ections (ts) are represented in (a–c) and (f), and sagittal (s) sections in (d–e). (a)

circular canal. Endolymphatic sac (es). (b) 13.5 days p.c., at the level of saccule

stained. (c) 11.5 days p.c., Alk expression can be detected in the facial (VII)

rimary head vein (phv), acoustic (VIII) component of facio-acoustic (VII–VIII)

gus (es) and stomach (st). an, anterior, po, posterior. (e) 14.5 days p.c., levels of

ucture seen is the pigment layer of retina. (f) 13.5 days p.c., ciliary ganglion (cg)



Fig. 3. In situ localization of ALK within the spinal cord, nasal cavity and tongue. Transverse sections (ts) are represented in (a,b) and (e,f), sagittal (s) in (c,d) and

(g). (a) 11.5 days post coitum (p.c.) shows ALK expression in marginal zone (*) of spinal cord (sc). Dorsal root ganglion (drg), notochord (arrow). (b) 12.5 days p.c.,

staining in the sympathetic chain (*), pre-muscle mesodermal condensation (pmc) and spinal cord (sc). Dorsal root ganglion (drg), notochord (arrow). (c) 13.5 days

p.c., the in situ localization of ALK mRNA in the spinal cord (sc) switches from a ventral stain rostrally to a dorsal stain caudally. Central canal of spinal cord (*). an,

anterior, po, posterior. (d) 12.5 days p.c., signal in the nasal epithelium (ne) and vomeronasal organ (vo). (e) 12.5 days p.c., positive cells (arrows) are detected ventral

to the nasal cavity (nc) and posterior to the lateral ventricle of the brain. (f) 13.5 days p.c., Alk mRNA is detected (arrow) dorsal to the nasal epithelium (ne). (g)

14.5 days p.c., clear expression of Alk is detected below the intrinsic muscle component (im) of the tongue. an, anterior; po, posterior.
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At day 12.5–13.5, Alk is expressed at the posterior tip of the

nasal capsula, juxtaposed to the nasal epithelium (Fig. 3f). The

staining of the olfactory epithelium for ALK expression reveals

a pattern of expression that is different to that of tested

developing primary olfactory neuronal markers, such as neuro

D and the protein marker OMP (data not shown).

Specific expression patterns associated with the formation

of follicles of vibrissae were observed as Alk positive at day
12.5 p.c. (Supplementary Fig. 1f). A cell population, in the

developing tongue expresses Alk from day 12.5 to 14.5 p.c.

(Table 1). This population is situated posterior to the intrinsic

muscle of the tongue (transverse components) (Fig. 3g). The

sympathetic chain and lumbar sympathetic ganglia express Alk

from day 12.5 and 14.5 p.c., respectively (Fig. 3b). Further, Alk

is also expressed in lumbar sympathetic ganglia at day 16.5 p.c.

In the area of premuscle mesodermal condensation and the long
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cervical muscle of the neck, Alk expression can be found

throughout the embryo at day 12.5 and 13.5–14.5 p.c.,

respectively (Supplementary Fig. 1g).

Alk expression was also visible surrounding the descending

aorta, the dorsal part of the branchial arch artery and as

protrusions in all four limbs during day 12.5–14.5 p.c.

(Supplementary Fig. 1h,i)

Thus, Alk is expressed during embryonic days 10.5–16.5 in

many different organs and tissues, such as CNS, PNS,

esophagus, stomach and midgut, but not the hindgut.

Expression of Alk was also observed in the ciliary ganglion,

eye, olfactory epithelium, vomeronasal organ, tongue and as

projecting stains in all four limbs.
1.2. Specificity of ALK antibodies

In order to characterize the mouse ALK protein product, a

chicken antibody was raised against His-tagged fusion protein

comprising amino acids position 32–302 of the amino-terminal

of ALK (see Section 2). The affinity purified antiserum

recognizes both a product in COS7 cells transfected with a

His-tagged containing plasmid, encoding nucleotide residues

428–3561 of the Alk gene (Fig. 4, lane 1), and a 220 kDa

protein product in cells transfected with the full length Alk

expressing plasmid (Fig. 4, lane 2), which are in agreement

with predicted sizes. Immunoblotting showed no cross-

reactivity with cell lysate proteins (control) from non-

transfected cells (Fig. 4). Further, the specificity of this

newly developed anti-ALK antibody was confirmed immuno-

histochemically, by blocking the antibody with its antigen

(Supplementary Fig. 2).
Fig. 4. Generation of specific anti-mouse-ALK antibodies. COS7 cells were

transfected with either pIG-ALK-EC (lane 1), pME(mALK) (full length) (lane

2) or control (lane 3). The protein from whole cell lysates were separated on 7%

SDS-PAGE and immunoblotted with anti-ALK antibodies as described in

Section 2. Molecular mass standard is indicated on the left.
1.3. Protein expression pattern of ALK

The expression pattern of the ALK protein was evaluated

immunohistochemically at specific developmental stages using

the antibody described above. ALK protein was already

detectable at day 10.5 p.c., the earliest stage investigated. In

both sagittal and transverse sections from embryos of days 10.5

to 16.5 p.c., the most prominent expression of ALK protein was

observed throughout the developing nervous system. The

protein expression pattern recapitulates the mRNA pattern and

is summarized in Table 2, and the representative expression

profiles in certain tissues/organs are described and shown in

text and figures below.

The cephalic mesenchyme contains numerous ALK positive

cells (isolated cells with no particular organization) in embryos

at day 10.5–11.5 p.c. At later stages, days 12.5–14.5, the

corresponding areas still have scattered ALK positive cells

although they are less numerous (see Fig. 5a). In addition, from

day 10.5 to 16.5 p.c., ALK positive cells are localised in the

skin (Fig. 5b, arrow). The expression is first observed as a

steady stain throughout at day 10.5 p.c., gradually developing

to a more structured appearance but less pronounced stain by

day 16.5 p.c. (see Supplementary Fig. 3a).

ALK protein was expressed at days 10.5 and 11.5 p.c. as

scattered ALK positive cells throughout the neuroepithelium

(Fig. 5b), and also strongly within the marginal layer (Fig. 5b;

asterisk) of the third ventricle. Later stages show a more

organized pattern of expression of ALK. At day 12.5, ALK

expression was observed in the marginal and the progenitor

zones of the diencephalon (Fig. 5c). However, the Alk

expression in the marginal layer at day 12.5 is highly localized

to the middle portion of the diencephalon. From day 13.5–15.5

p.c., expression was visualized in the entire marginal layer,

except for the lamina terminalis (Fig. 5d), as well as within the

hypothalamus region of diencephalon (Supplementary Fig. 3b).

At day 16.5 p.c., no clear pattern could be distinguished in the

diencephalon (Supplementary Fig. 3c).

The cells in the telencephalic wall were ALK positive from

day 10.5 to 16.5 p.c., starting with a few scattered cells at 10.5

p.c., although not in the postmitotic zone (Fig. 5e), to 12.5 p.c.

and becoming localised in more specified structures of the

telencephalon at later stages (13.5–16.5, see Fig. 5f,g). Further,

while ALK protein is observed in the intermediate zone as well

as the cortical plate and marginal layer of the cortex at day

13.5–16.5 p.c. at the mRNA level Alk is localised in the

subventricular and ventricular zone (Fig. 1d).

From day 10.5–11.5 p.c., scattered ALK expression was

observed in the neuroepithelium of the fourth ventricle, most

likely in the mantle layer. This becomes denser by day 11.5 p.c.

(Fig. 5 h). At days 12.5–16.5 p.c., the expression of ALK is

observed in a more structured manner within the midbrain,

medulla oblongata (Fig. 5i) and pons (data not shown and

Table 2).

ALK is expressed along almost the entire length of the

spinal cord from day 10.5 to 16.5 p.c. The protein can be

detected in the most dorsal and ventral marginal part of the

spinal cord at day 10.5 (Fig. 6a) and 11.5. At day 12.5 (Fig. 6b)



Table 2

ALK protein expression pattern. Summary of main areas of expression in embryos between 10.5 to 16.5 days post coitum (p.c.)

Structure
Stage

Day 10.5 Day 11.5 Day 12.5 Day 13.5 Day 14.5 Day 15.5 Day 16.5

Scattered cells in brain (cephalic mesenchyme in

day 10.5–11.5)

X X X X X

Skin X X X X X X X

Cartilage primordium X X X X

Primary center of ossification of all bones X X X

Diencephalon

Specific area and scattered cells in neuro-

epithelium

X – X

Stain part of outer lining X

Broad band in dorsal part of wall X X X X

Entire outer lining except lamina terminalis X X X

Partially stain inner lining of diencephalon X X

Even stain throughout diencephalon X

Telencephalon

Scattered cells in wall X X X

Intermediate zone X X X X

Cortex X X X X

Caudate-putamen X X X X

Neuroepithelium of fourth ventricle X X

Midbrain X X X X X

Medulla Oblongata

Alar plate of myelencephalon (medulla oblon-

gata)

X

Caudal part of medulla oblongata X

Marginal layer X X X X

Ependymal layer X X X X

Body of medulla oblongata X X X X

Pons X X X X X

Optic (II) nerve X X X X

Trigeminal (V) ganglion

Rootlets of X X X X

Isolated cells in the ganglion X X

Ganglion X

Facial component of facia-acoustic (VII–VIII)

ganglion complex

X X

Facial (VII) ganglion (rootlets of) X X X X

Vestibulocochlear (VIII) ganglion (rootlets of) X X X

Vagal trunk X X X X X

Sympathetic chain (ganglion) X X X X

Left and right vesicle and inferior hypogastric

plexus containing sympathetic and parasympa-

thetic fibers

X X

Spinal cord

Marginal layer X X X X X X X

Mantle layer X X X X X X X

Neural extensions X – X X X – X

Dorsal root ganglion (neural extensions

at day 10.5–11.5)a

X X X X X

Choroid plexus

In wall of lateral ventricle X X

In roof of fourth ventricle X X

First and second branchial arch X X

Semicircular canal X X – X X

Epithelium of the cochlea X

Eye

Neural layer of retina X X X X X X X

Pigment layer of retina X X X X X

Lens X X X X X X

Corneal epithelium X X

Region of optic chiasmb X – X X

Olfactory lobe X X X X

Neural projections between nasal epithelium and

the olfactory bulb

X X X X

(continued on next page)
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Table 2 (continued)

Structure
Stage

Day 10.5 Day 11.5 Day 12.5 Day 13.5 Day 14.5 Day 15.5 Day 16.5

Nasal epithelium

Isolated cells throughout X X

Isolated cells in the most caudal part X X

Specific epithelial stain (1–2 layer stain) X X

Few scattered cells throughout X X

Specific epithelial stain X

Circumvallate papilla X – X

Tongue X X X X X

Primordium of prominent tactile or sinus hair

follicles

Surrounding the structure X X X X

The core X X

Sublingual/submandibular salivary gland X

Thyroid lobe (gland at day 15.5) X X

Heart

Scattered cells in complete heart X X X

Scattered cells in atrium X

Heart sack (dorsal part) X

Surround the pericardial cavity X

Crus of the diaphragm X

Esophagus (body wall) X X X X

Stomach

Body wall X X X X

Epithelium ofc X

Intestine

Cells surrounding the edges X X X X

Body wall X X

Lung (scattered cells) X

Liver (scattered cells) X X X X X

Kidney X

Testis

Seminiferous tubule X X –

Duct of seminal vesicle – X –

Ductus deferens – X –

Ovary – – X

Elongated stain in all four limbs X X X X

Area of long muscle of the neck X X X

(–) denotes structure not seen.
a At day 12.5 and 14.5, the stain within DRG is strongly reduced compared to all other stages examined.
b At 10.5 days p.c. ALK stains the epithelium surrounding the optic stalk as it merges with the eye. In the later stages the optic recess is stained.
c At 13.5 days p.c. a small area of the stomach epithelium, where the intestine is diverging, is strongly stained.
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and 13.5 p.c. (Fig. 6c), ALK is more restricted to the ventral

region, which later switches to a complete stain in the marginal

zone of the spinal cord in day 14.5–15.5 p.c., (Fig. 6d). At day

16.5 p.c., ALK is expressed throughout the mantle layer

(Fig. 6e). At day 11.5 p.c., we have verified the neuronal

characteristics for several populations of the ALK positive

cells in the spinal cord by overlap with the neuronal markers

Isl1 (Thor et al., 1991) and Nkx6.2 (Vallstedt et al., 2001)

(Supplementary Fig. 4). From the spinal cord, extensions of

ALK are observed from stage 10.5 to day 16.5 p.c. (Fig. 6f).

Expression of ALK in the Dorsal Root Ganglion (DRG) is

observed at all stages examined (Fig. 6f), but ALK is less

expressed at day 12.5 and 14.5, with branching extensions in

days 10.5 and 11.5 p.c. (Table 2).

Similar to the mRNA expression, ALK protein is

expressed and can be visualized in areas of the lateral
and posterior semicircular canals at day 12.5 to 16.5 p.c. As

these structures later enter the saccule, no ALK expression

can be detected (data not shown). Interestingly, ALK

expression could also be observed in the trigeminal (V)

nerve during earlier stages and in isolated cells in the

ganglia from day 10.5 to 13.5 and 10.5 to 11.5 p.c.,

respectively (Fig. 7a and Table 2), and by stage 16.5 p.c.

expression is observed throughout the ganglia (data not

shown). Expression of ALK protein in the facial (VII),

vestibulocochlear and the inferior ganglia of the vagus is in

agreement with the mRNA expression, although ALK

immunoreactivity persists to day 16.5 p.c. (Fig. 7b and

data not shown)

At days 10.5 and 11.5 p.c., we observed expression of

ALK in the neural and pigment layers of the retina as well

as the lens (Fig. 7c). At all later stages ALK is detected in



Fig. 5. Immunolocalisation of ALK protein in developing neuronal tissue. Transverse sections (ts) are represented in (a–i). (a) 10.5 days post coitum (p.c.), ALK

staining within the cephalic mesenchyme (cm). Third ventricle (tv). (b) 10.5 days p.c., the neuroepithelium of the third ventricle (tv) contains dense ALK positive

cell populations (asterisk) as well as scattered cells. The lining of the body is strongly stained (arrow) for ALK expression. (c) 12.5 days p.c., expression of ALK is

seen in the diencephalon (di) and also in single cells in the mesenchyme (arrow). Third ventricle (tv). (d) 13.5 days p.c., ALK immunoreactivity is strongly seen in the

marginal hypothalamic reigion (*) of the third ventricle (tv). Dorsal to lamina terminalis (lt) a population of ALK positive cells (arrow) within the periventricular

hypothalamic region are noted. (e) 12.5 days p.c., the lateral ventricle wall contains scattered ALK positive cells (arrow) within the proliferative zone. The skin

(arrowhead) shows strong immunoreactivity for ALK. (f) 15.5 days p.c., the cortical plate (cp) and caudate putamen (cpu) exhibit a pronounced ALK stain.

Ventricular zone (vz), subventricular zone (svz). (g) 16.5 days p.c., the cortical plate (cp) and caudate-putamen (cpu) express ALK. Ventricular zone (vz),

subventricular zone (svz). (h) 10.5 days p.c., the fourth ventricle (fv) progenitor zone (*) expresses ALK strongly. d, dorsal; v, ventral. (i) 14.5 days p.c., medulla

oblongata (mo) expresses ALK along the marginal layer (arrow) and within the mantle layer (*).
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the neural layer of the retina, ciliary body, and in the lens,

while in the pigment layer of the retina ALK expression is

observed up to day 14.5 p.c. (Fig. 7d and Supplementary

Fig. 5b). Similar observation can be seen in Supplementary

Fig. 5c, which is a higher magnification of Fig. 7d. The

corneal epithelium also expresses ALK at days 14.5 and

15.5 (Supplementary Fig. 5a). Finally, the optic (II) nerve

also clearly expresses ALK from day 13.5 to 16.5 p.c.

(Supplementary Fig. 5b).
In the developing nasal organ, ALK expression was seen as

scattered cells in the olfactory epithelium between day 10.5 to

16.5 p.c. Isolated ALK positive cells can be found throughout

the olfactory epithelium, but by days 14.5 and 15.5, a more

general expression was observed (Fig. 7f). It should be noted

that no expression of ALK is observed in the sensory neurons

of the vomeronasal organ (Fig. 7f). Moreover, the antibody

stained the olfactory nerve from the olfactory epithelium to the

bulb at day 13.5 and 16.5 p.c. (Fig. 7e). Furthermore, strong



Fig. 6. Immunolocalisation of ALK protein in the developing spinal cord. Transverse sections (ts) are represented in (a-f). All sections are oriented similarly, see (a)

for clarification. (a) 10.5 days post coitum (p.c.), ALK immunoreactivity is noted in the dorsal and ventral parts of the spinal cord (sc). d, dorsal; v, ventral. (b)

12.5 days p.c. (c) 13.5 days p.c. (d) 14.5 days p.c. (e) 16.5 days p.c. (f) 16.5 days p.c., dorsal root ganglion (drg) and axonal projections have detectable ALK

expression. Spinal cord (sc).
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signals were seen in the surrounding (day 13.5–16.5) and the

core (day 15.5–16.5) of the developing vibrissae (Supplemen-

tary Fig. 5d).

Sections from day 13.5 to 16.5 p.c. embryos revealed

ALK protein expression surrounding the esophagus and

stomach. Expression of ALK is also detected around the

intestinal tube (12.5–15.5) and within the cells lining the

intestinal tube from day 15.5 to 16.5 p.c. (Figs. 7b and 8a).

However, ALK was expressed more posteriorly at day 16.5

when compared to 15.5 p.c. The protein expression pattern

is consistent with the mRNA expression (compare Table 1

with Table 2). Furthermore, to investigate if ALK is

expressed in the smooth muscle of the stomach, we co-

stained sections with both ALK and smooth muscle a-actin,

which is a marker for mature smooth muscle. Our analysis

revealed that ALK is expressed in a cell layer juxtaposed

with the smooth muscle cell layer and not in the mature

smooth muscle layer itself (Fig. 9).

We observed that the developing tongue expresses ALK

protein in 12.5 p.c. embryos, seen as scattered cells, which later

become more organized structures (days 13.5–16.5 p.c., data

not shown). Intriguingly, the circumvallate papilla express

ALK from day 14.5 to 16.5 p.c. (Fig. 8b).
The sympathetic chain expresses ALK from day 13.5 to 16.5

p.c. (Fig. 7b). At days 12.5–14.5, the long muscle of the neck

was positive for ALK, in agreement with the mRNA pattern

observed (Supplementary Fig. 1g). ALK protein expression is

seen projecting into all four limbs during day 13.5–16.5 p.c.,

probably representing the major nerve plexi innervating the

limbs (Supplementary Fig. 5e).

During analysis of the developing genitalia of males and

females, we observed that ALK protein is expressed in the

testis (day 14.5–15.5 p.c., Fig. 8c) and ovaries (day 16.5 p.c.,

Fig. 8d). However, we cannot exclude the possibility that ALK

is also expressed during other developmental stages.

In conclusion, we describe a detailed characterization of

murine ALK expression both at the mRNA and protein levels

from day 10.5 to 16.5 p.c. (Tables 1 and 2). We show that ALK

mRNA and protein show overlapping expressing patterns in

specific regions of the CNS and the PNS. Furthermore, ALK is

also expressed in the eye, nasal epithelium, olfactory nerve,

tongue, and skin, as well as tissue surrounding the esophagus,

stomach and midgut but not the hindgut. Expression is also

found in testis and ovary. Further, ALK does not co-localize

with known primary olfactory neuronal markers, such as Neuro

D and OMP. Finally, ALK does not co-localize with smooth



Fig. 7. Immunolocalisation of ALK protein. Transverse sections (ts) are represented in (b) and in (d-f), sagittal (s) in (a) and (c). (a) 11.5 days post coitum, ALK

expression in the trigeminal (V) ganglion (tg). (b) 13.5 days p.c., ALK expression in the right and left sympathetic trunk (*) as well as vagal trunk (arrow).

ALK positive cells can be seen surrounding the esophagus (es) and also localized within the cartilage primordium (cp) of the vertebrum body. (c) 11.5 days p.c., ALK

expression within the neural (nl) and pigment (arrow) layer of the retina as well as the lens (*) is detected. (d) 13.5 days p.c., expression of ALK in the neural layer of

retina (nl), pigment layer of retina (arrow) and lens. The ciliary body is indicated (*). (e) 16.5 days p.c., neuronal projections (arrow) in the olfactory nerve (on)

express ALK. Nasal cavity (nc); d, dorsal; v, ventral. (f) 14.5 days p.c., pronounced expression of ALK in the nasal non-neuronal epithelium (arrow) surrounding the

Vomeronasal organ (vo).
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muscle a-actin expression indicating that ALK is not expressed

in the mature smooth muscle cells.
2. Experimental procedures

2.1. Animals

C57Bl/6 mice were purchased from Charles River, Inc. Embryos were fixed

at 4 8C for 2 h or overnight, for immunohistochemistry or in situ hybridization,

respectively, in 4% paraformaldehyde (PFA, Sigma-Aldrich) in phosphate

buffered saline (PBS; 50 mM K2HPO4, and 150 mM NaCl, pH 7.4). Embryos

were cryoprotected using 30% sucrose (Sigma-Aldrich), PBS over night at

4 8C, mounted in tissue-tek and frozen (Sakura Finetek Inc, USA). Sections,

8 mm thickness, were made in a cryostat (Ziess, Microm/HM505E).
2.2. Synthesis of ALK RNA probe and in situ hybridization

The Alk cDNA fragment encompassing nucleotide positions 542–1356,

from the expression plasmid pHis-cDNA3(mAlk), was subcloned into

pBluescript II SK-(C) vector by cutting pHis-cDNA3(mALK), using the

NotI and EcoRI restriction enzyme sites. Digoxigenin (DIG)-labelled sense

and antisense cRNA were generated by in vitro transcription using T3 or T7

polymerase (Promega, Wisconsin, USA) using the DIG RNA labeling mix

(Roche, #1277073) according to the manufacturer instructions. Frozen

sections were fixed in PBS containing 4% PFA, for 10 min, washed, 3!

3 min, in PBS, followed by acetylation in 1.3% triethanolamine (Sigma-

Aldrich), 0.17% HCl (Scharlaw) and 0.25% acetic anhydride (Sigma-Aldrich)

for 10 min, followed by washing, 3!5 min in PBS. Prehybridization buffer

(50% formamide (Sigma-Aldrich), 5!SSC (20!SSCZ0.3 M TriNaCitrate-

dihydrate, 2.9 M NaCl, 94 mM HCl,), 5!Denhardt’s solution, 250 mg/ml



Fig. 8. Immunolocalisation of ALK protein in the gastrointestinal canal. Transverse sections (ts) are represented in (b-d), sagittal (s) in (a). (a) 14.5 days post coitum

(p.c.), clear expression of ALK in the gastrointestinal wall. Stomach (st), esophagus (es). an, anterior; po, posterior. (b) 16.5 days p.c., ALK expression in the median

circumvallate papilla (*) in the dorsal region of the tongue. (c) 14.5 days p.c., ALK expression detected in testis. (d) 16.5 days p.c., ALK expression localized to the

ovary (y). Kidneys (k) contain weak stain in scattered cells. d, dorsal; v, ventral.
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baker yeast RNA (Sigma-Aldrich), 500 mg/ml salmon sperm DNA, (Sigma-

Aldrich) plus 1 g blocking reagent (Roche, # 1096176)/50 ml hybridization

solution) was added at room temperature overnight. Hybridization solution

(20–40 ng denatured DIG-labelled RNA probe in 100 ml prehybridization

solution) was added and samples were covered with a cover slip and placed

in a humidified chamber (5!SSC, 50% formamide) at 70 8C overnight. The

following day, the samples were placed in 5!SSC, 70 8C, before washing in

0.2!SSC, 1 h, 70 8C, followed by one wash in 0.2!SSC, 5 min, at room

temperature. Sections were then washed with B1 [0.1 M Tris, pH 7.5,

150 mM NaCl], 5 min, room temperature. Samples were subsequently

blocked with 10% Fetal Calf Serum (FCS; Hyclone, SH30088-03) in B1

for 1 h, room temperature. Anti-DIG-antibody (1:5000, Roche, #1093274) in

0.5 ml of B1 supplemented with 1% FCS was added and incubated at 4 8C,

overnight in a humidified chamber with water/room temperature/dark. The

sections were washed in B1, 3!5 min followed by 5 min wash using B3

(0.1 M Tris/HCl, pH 9.5, 0.1 M NaCl, 50 mM MgCl2). Sections were

developed in 1 ml B4 (B3 plus 4.5 ml Nitroblue tetrazolium chloride (NBT,

Roche, Germany) 100 mg/ml, and 3.5 ml 5-Bromo-4-chloro-3indolyl-phos-

phate (BCIP, Roche, Germany) 50 mg/ml), prior to washing 2!10 min in

TBST (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.1% Triton X-100), and

mounted in 87% glycerol. All solutions (including SSC and PBS) were

diethyl-pyrocarbonate (1:2000 DEPC, Sigma, #D5758, 97%) treated, left

overnight and then autoclaved.
2.3. Generation of ALK antibodies

The expression plasmid pME(mALK) (Iwahara et al., 1997), a kind gift

from Dr Tadashi Yamamoto, Tokyo, Japan, was used to amplify nucleotides

bases 542–1356 of mouse Alk. The following PCR primers were used; 5 0-TTT

TAA CCA TGG CCC CAG CCT CAG GGC CTC-3 0 and 5 0-GTG CCC TCC

GAG GAG GCC TAG GCG GCC GCT- 03 (italicized are restriction enzyme

sites, NcoI and NotI, respectively). The amplified Alk fragment was cloned into
the pHIS-cDNA3 (Invitrogen) and was subsequently sequenced. His-tagged

ALK protein was purified from isopropyl-B-D-thiogalactopyranoside (IPTG)

induced BL21 bacteria using Ni-NTA agarose according to the manufacturer’s

protocol (QiaGen, #30210). Approximately 100 mg of the purified His-ALK

protein in Freund’s incomplete adjuvant was injected into chicken (Agrisera,

Sweden). Eggs were harvested and the IgY fraction was purified, and screened

by enzyme-linked immunabsorbent assay (ELISA) using the appropriate

recombinant antigen (Agrisera, Sweden). Anti-ALK antibodies were affinity

purified from the antisera using purified His-ALK proteins covalently bound to

protein G. Antibodies were tested in Western blotting and immunohistochem-

istry assays.
2.4. Immunohistochemistry

Chicken affinity purified anti-ALK-sera was used at 1:5000, monoclonal

FITC conjugated anti-a-actin smooth muscle antibody used at 1:1000

(Sigma-Aldrich, #F3777) and Goat-anti-chicken IgG Alexa 555 was used at

1:500 (Invitrogen, Austria, #A21437). Rabbit anti-Isl-1 (Thor et al., 1991)

and guinea pig anti-Nkx6.2 (Vallstedt et al., 2001) were used at 1:250 and

1:800, respectively. Sections were air-dried (10 min), washed in TBST, 2!

5 min, and blocked with 10% FCS (heat-inactivated) in TBST for 2 h.

Primary antibody, in blocking solution, was incubated overnight, prior to

washing 3!5 min in TBST. Secondary antibody, in blocking solution, was

added for 2 h, room temperature, prior to washing 3!5 min in TBST and

mounting with 25% glycerol, 0.1 M Tris/HCl, pH 8.0 and 9.6% polyvinyl-

alcohol (Sigma-Aldrich, #P8136). For specificity of the anti-ALK antibody,

antigen (600 ng) in 8 M urea, used for Alk antibody production (see above)

was added to 200 ml immunohistochemistry solution, which were tumbled for

1 h at RT together with Alk antibody (1:5000) before added to transverse

sections of day 13.5 p.c., C57Bl/6 embryos. As an extra control, the ALK

antibody was tumbled for 1 h at RT with equivalent concentration of urea.



Fig. 9. ALK is not expressed in the same compartment as a-actin positive mature smooth muscle cells. Transverse sections of a 13.5 days post coitum embryonic gut,

ALK positive cells (red) are localized next to mature smooth muscles (green). Smooth muscle-a actin (SM-a actin), (d, e and f are magnifications of a, b and c,

respectively).
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2.5. Cell culture and Western immunoblotting

COS7 cells were grown in Dulbecco’s modified Eagle’s medium

supplemented with 50 units of penicillin/ml, 50 mg of streptomycin/ml and

10% FCS in 5% CO2–95% air atmosphere at 37 8C. Cells were transfected with

Fugene 6 transfection kit (Roche, Germany) according to the manufacturer’s

protocol with either pME-mALK [Iwahara, 1997 #10] or pIRES-hrGFP-2a-

(mALK 428-3561) (pIG-ALK-EC), harboring the extracellular domain of ALK

(nucleotides 428-3561) using PCR and standard cloning techniques (data not

shown). Constructs were verified by sequencing before use.

Transfected cells were harvested after 48 h, washed three times with cold

washing buffer (20 mM Tris–HCl, pH 7.5, 137 mM NaCl), and lysed in lysis

buffer (1%v/v Triton X-100, 100 mM NaCl, 50 mM Tris–HCl, pH 7.5, 1 mM

EDTA, 1 mM EGTA, supplemented with protease inhibitors (Complete TM,

#1697498, Roche, Germany)). Lysates were subsequently cleared by

centrifugation at 21,000!g, 10 min, 4 8C, followed by boiling. Immuno-

blotting was performed according to the manufacturer’s instructions using

secondary rabbit anti-chicken antibodies conjugated to Horseradish Peroxidase

(Pierce, #31401 and ECL Plus, Amersham-Biosciences).
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