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Variows fa edtre shedies have seggested that ErbB4 (HERS) is o
receplor for the marcgulins, a family of closcly related proteins
implicated as regulators of neare] amd muscle development, amd
of the differentiation and ancogenic transformation of mammary
epithelia"", Here we demonstrate that ErbBd s an cssential in
efie Fegulator of hoth cardisc muscle differentiation and sven
galdance bn the cembral nervous system (C™5), Mice lacking Erbi4
die during mid-cmbryogenisks (rom the aboried development of
myocardial rabeculae o the heart ventriebe. They alsa display
striking abierations in inmervation of the himdbrain in the O ihai
are consistont with the resiricted expression of the ErbBd gene in
risombsomeres 3 and 5. Skmdlarities in the candkac phenotype of
ErbBd and ncurcpulin gone mulants suggest that ErbB- functioas
as a newregulin recepior in the heari; however, differences in the
hindbrain phensiypes of ihise malants are conststent with the
action of o new ErbHd ligand in the U5,

B Mo emor corrsapoancd Bncutd b sdoiremaed

ErbB4 (HER4), ErbB2 (HER3) and ErbB2 (HER 2, Meu) are
a family of cell-surfvce receplors that exhibdt sirsctural amibarity
1o the receplor for epidermal growth factor (EGF* Although
ihese proteins have been infensively studied in a vanety of bio-
logical contexts in cell culture, their action and interaction dur-
img mammalian development dn wipo are largely unknown. In
cultured eells, the ligands for the ErbB2/3/4 receplors ane the
neurcguling’, a set of proteins also referred to as glial prowth
factors (GG Fs)™®, Neu differentiation factors (NDFs)'"™, bere-
guline (HRGs)' " and acetylcholine roceptor indscing activity
[ARIAY. This surfest of pames reflects the diverse biological
activities of the neureguling f ifro, as ghal cell milogens, recep-
tor binding proteins, mammary differentiation factors, and
muscle trophic factors

We songht o assess the 4 vreo sction of the most (unctionally
independent of the ncurcgulin receplors—ErbB4 (refl. 1)}—
through the gemeration of loss-of-function mulations in the
mouse ErbBS gene, We isolated genomic clones of this pene
(e a strain 1295y genomic library, prepared the pPNT-based
targeting vector (Fig. la)"”, electroporated this construct into
the R line of mouse embryenic stem (ES) cells', and identified
clonal lmes in which the mutated EdbB4 alleb: had replaced one
of the wild-type Erbf8d albeles through homologous recombina-
tion (Fig. 1), Sclected ES cell clones were microinjected inio
CSTBL/6) blastocysts, which were then transferred 1o pseudo-
pregnant females to generate chimaenic mice, Breeding of thess
chimaeras 1o CATHL /6] mbce resulied in germline transmission
of the ErbB4 mulation, Mice heterorygous for the inactivated
Erhfid allele displayed no obviows behavioural or anatomacal
defects. When these helerozygobes were crossed, however, we
ohserved no homasygous mulanls in any of the newbaom litters
examined. Closer inspection showed that all EfbBd ' homary-
goles died im wtern, between 10 and 11 days after lertihzation
(E10-11} As expected from the design of the largeting vector
{see Fig. 1}. these homozygoles expressed no detectable ErbBd



protein, as assessed by western blot wath on ErbB4 antibody
-|F:3. Iy or Evfid messenger RMA, as axsessed by whole-mount
ir st hybndization (see below),

The mad-embryonic lethalsty of S84 mice results (rom
the aboried development of heari muscle. This phenotype is
consistent with the mormal pattern of Erb B4 gene expression al
E%.5, which is largely confined 10 cardiac muscle and the nervous
system (Fig. 1), Within the heart, ErbBd mRNA s present
throughout both  the atral asd  ventricular  myocandium
(muscle), but s absent from the endocardium, which is the endo-

thelial liming of the organ (Fig. 2), { These endothelial cells are
the site of mewregudin gene expression’”. | Erb 84 mRENA is present
in both the myocardium of the developing chamber walls and
in the myocardin] oclls that make up the traboculae', which are
ithe interbinked finger-like projections of beart muscle that extend
from the ventrncular wall inta the interior of the chamber (Figs
2d and Jrj, We Tound that the EIDLS hearls of EribBd ' mie
conain intact, apparently normal, chamber walls but ane devord
of venitricular trabeculae (Fig. 3a, ). The endocardium appears
1o be normally configured in the mutants, although the endo-
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FIE. 1 Mouss ErbBd gena targeiing. 8. Strutture of the mouss ErpBd
REne Bround exon 2, of Lhe IBFReting CONSLcE for Domolo@ous reoomis.
ration, And of the recombinant allele. The EbBd gene s =100 kb in
lergih. and the . phage clone used for preparation of 1he targeting
consinecd Containg only coding sequence from Lhe Sscond exon of 1he
gere (M. Gassmane, wnpoblished data). Abbreviatiors: A dpal; H,
Hadill; Spee, Spel; Sac, Seck B, BamHl; E. Eooll: ned’, G418 resistancs
CASSETHD for postive selection of homologous ES cell recomibinants; th,
hesrpates, BirPplax winus thymiding Kinase gene fof selection Agairst non-
homolapous recombinants. The neo and EfbBd probes used for 1he
Southerm blots of B, and the polymarase chan resction [PCR) primers
(Beros. 1, 2 Ared 3 used for routine gerotyping of embryos, sre indCa:
vesdl. Merw Apal S Spel sites intraduced through Romologous recomb-
nation are indecated by astersks. b, Southesm biots of genomic DA
from wild-type ES celis (+ 4} and from F28-22 ES colis heterorygous
st thee recomibinant Erbid aligle |+ /), fybridized with efher the neo’
() or ErbB4 right) probes mdicated in 8. Arowheads in the ErbB4d
bl incicane Fybrigiring bands cormesponding to the recomibinant alisle,
The Sregevisd Madill Bamd af + = DMA in the DrbBd bBlot i a doublet.
€, Westerm biof of probping éxtracied from adult mouse brain, and from
wild-type [+ /<) and ErbB4 mutamt (- /-] EI0S mouse embryos. pro-
beed with in anti-ErbB4 mbbit antsenem (C Lal, wnpublishod resuls],
The pl80 Erbéd band and & crossreacting non-Erpfl4 band (asinrisk)
are indecated. d, Top, reverse transcription (RT}-PCR of ANA aaracied
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from whale E10.5 wild-type (+ ) + ), helerorygous |+ /=) and ErbBd mut-
Al [= /=) mouse ambryos, ErbB4  ambeyos CONtEIn & low level of
mis-splced, frameshifted ErbBd RNA that is not detectable by i sifu
hybridization. Bottom, diagram of deduced 5 splicing reactions, basesd
on clondng and DhiA seqguencing of the 468-bp snd 318-bp PCA procucts
illustrabed above, and comparaon of 1HeLe SeUences to the previouly
mapped sphice junctions fanking EcbBd exons 1-4 (M. Gassmann,
uripulbliafed neuis) Armows indicals the position of the exon 1 and
exon 4 primens wsd for BT-POR: f4, frameshify

METHODSE. Sowthem biot hybridirations were pedormed stcordeng 1o
standard protocols. Bicts wene Mytiidiced with the indicated “PaCTR
labedied probes. Westem biots were pedormed acoonding to standand
protocols, and wens reacted with an affinity-purfied mbbit artissrum
peneraied againsd o ghuint hicne-S-{ranshemnss fusion protesn contnining
carboxy-terminal-procimal amino ackds of the mowse Erb04 protein oor-
nesponding 10 ressdues 1185=1738 of the human ErtB4 ssquence (C.
Lal, wnpublished data) Biots were developed wilh an ECL chemiums
nescend detection system. AT=PCA was pedformed according o stans
dard protocols, stasting with ~5 g of total ARA solsted from whole
miouhe embaycs. PCR waes performed fior 30 cycles, using upstream and
downsiream pimers {lerows) cormesponding 1o positicns |- 12)-13 ana
A56-433, respectivedy, from the Staet cocon of the mouse EBA DA
{C. Laé, unpublshad resulis), Amplifipd DNAS were subclonod into pCA-
Seript (Shratngens) prd Saqueencod



FiG. 7 Espuession of the wild-typs Erb84 gers in E9.5 mousy
EnbayoE. A, LOw-D0wlT vilw [ANSETEN 10 [hir beft) of an entieg
ESS embryo in which ErbBE mAMNA (dark purple repcbsn
prociuct] i visualized wilh digayRonin- based whole-mouni in
gy myEmchmation EraBd mAMNA & seden @ g kaar (H)
ang rosiral TS, with Dl SInpes. of expnessasn in Sepmenls
of Th Mingbeain (Hb) B Hghor magaification view of the EDS
mingbraen, Erfid miENA B oonfirsd 1o 1he dorsal negsons of
rhombaieied 3 and 5 (73 and 5L the el of wheih =
poationsd SoRaoRnT 10 the ofic wessichks |04). . SaEial section
o @n EDLS Biarl (verdndlE) tnom 1he emibegd prividusly Ra-
Py by whadri-mienl in S iyDoouation &% 0 4. Ven Do
Erabeculation (e 1exl] beging arouwnd this tirs. Erpdd mifia
 detectable i the myocasdeum (hy), bul ol in the endocas
diurm (En) that lines the wentricle. 4. Sagittal saction of o
slightly clder (E10.5) heart ventricke in which 1he fomation
of irabeculae (Tr & well advanced. ErbBd mANA, detected
a3 white grains with ™5 in silu hybrdiztion, & now appanen
i Both 1he sl wall (My) and the developanig myotand-
il rabocila,

METHODS. Wholp-mount in 5w hybeidizatsosn with digonige-
rin:lpbelled probes and detection wih -I.P-:nﬂjugabmt ari
body {Boekiringer-Mannheim] was performed &8 desonbed
previgushy . Affer visualiafion, embayos wone embedded in
paraffin and sectons wene cul ot Bpm. For ™5 in sty Fybricieaton
embeyos wiee fued at 4% paraformaldetyde, mmersed in 20% suc-
oS/ PES for 24 h and were subsequently smbedded in OCT (Tissoe-
Tekl Hybridiraton 10 14-um crosectons wis perormed 85 descnbed

cardial cushion, from which the heart valives eventually develop,
s ofien lightly reduced in size relative to wild fvpe (Fig. 35
The failure of trabeculation in ErbB  mice keads 1o severely
reducsd embrvonic Blood flow: mote the greater numbser of red
blosd cells presemt in the matant heart {Fig. 35 relative to wikd
ivpe | Fig da). The E10.3 embryvonic kethality and lack of cardiac
trabeculation that we observe in ErbBd o wne also promn-
enl features of mice homoeygows For loss-of-function mutations
in cither the mearcgwlin or ErbB3 penes (see refs 17, 18)

In the B9 nervous svstem., ErbB4 expression is observed in
the himdbruin | Feg. 260, the midbrain and the ventral forebram

LN “Seeadiolabelied artisenss and Sense | coranol)
AMAs transcribed & sty from & 5 mouse EbBd cDOA fragmen sul-
clorsed inbo pCR-Scripk

oy,

||-'|';. 2a). Expression in the E4S ndbrain 15 precsely localme:d
tx wo sgmenis rhombomeres 3 amd 5-—and 15 lwrther
restnicted within these rhombomeres 1o the dorsal third of the
neural tube {Fig. 2b) and 1o two symmeine poals of cells imme
deately above the developmg ventral motor peurons (data nod
shewn b, The Ranking segmenis thai lack Erby¢ mBRMA—rhom-
bomeres 2, 4 and &—are assoctated wath streams of neural crest
cefls that populate cranial sensory gangha Y (irigeminalj, Y11
and VI ifacial and acoustich, amd X 1g|nmnE|h.pr_l.t1p.-:l:| of the
peripheral nervous system | RS, respoctively 50 W examinesd
the organwmation and innervation of theese gangla in wild-type

FiG, 3 Hisiciogy of wild-lype and mutant mouse hearts al embreone
day 1085, a, A sagittal sectisn theough the centra of wild-type {+ /&)
haaet, in which the ventncle (¥n) and abrium (&1 e separated by the
endocandial cushion (ECL The outer myocandial (ky) mussie and innss
endaandial ([Eny entothahal tissues are readily gesbingueshed, and etsbe
omtis myocardial trabeculsd (Trl, draped by o ke of andocandss] oells.
@k apganent i the veniricke. The atrium containg a small pool of red
hilpod cofls (RBCs). B, An aguivalent Sagital saction through the sames
regicn of an ErbB4 mutant {— —) heast. The mutant nesembbes the wild
tvpe, escept for the complate sbsence of vantricular brabaculss, the
appearance of & slightly reduced endocandial cusheon, and & notioanbis
swirlling of both the atrium and ventrcie. Many more RBCSE have ool
Wecing in the migant heart chambens relative 10 wild-type, which s &
typical fpature of the poordy functisning mutant heasts.

METHODS, E10.5 wild-type ard mutani mouse smbnyes were fiued in
A% parnfprmalsehyde ond subseguemly embedded in pamSn, Sec
tigers wearg cut At B pm, and were stained with haematoxlin-gomin
anoonding 10 standand prolooosy.



FIG. 4 MNeural phenotype in the hind-
brains of ErbB4 mutants. a, b, Whole-
mount (side view, anterior to the left) of
TuJ1-stained wild-type (+/+) (a) and mut-
ant ( ) (b) embryos, respectively, at
E10.5. The apparent fusion of the trigemi-
nal (V) and facial/acoustic (VI /VIIl) gang-
lia is marked by the brace in b. In addition,
the caudal deflection of the IXth cranial
nerve in the mutant (IX;) into the bundle
shared by the Xth and XIth nerves (X, and
Xl,) is marked by the large arrow in b. V,,
Ve, Vi are ophthalmic, maxillary and
submandibular nerve branches from the
trigeminal ganglion, respectively. ¢, A 50-
pum horizontal section through the hind-
brain of a wild-type E10.5 embryo (anter-
ior to the left), previously stained with
Tull as in a, illustrating the normal con-
nection of the trigeminal (V) ganglion to
rhombomere 2 (r2 ep), and of the facial/
acoustic (VII/VIIl) ganglia to rhombomere
4 (r4 ep), OV, otic vesicle. d, A similar sec-
tion through the hindbrain of a mutant
E10.5 embryo at the level of the r2 ep.
The trigeminal ganglion (V) is now con-
nected to the hindbrain at both rhom-
bomeres 2 and 4. e, A more ventral
section of the same embryo as shown in
d, at the level of the facial and acoustic
ganglia (VII/VI), which are also con-
nected at r2 and r4. (A more ventral posi-
tioning of the facial and acoustic ganglia,
relative to wild-type, is a consistent
feature of the ErbB4 mutants.) f, Dor-
sal view of a whole mount in situ hybrid-
ization reaction, performed in a mutant
embryo, for the HoxB1 gene, which
remains confined to a single r4 stripe, just
rostral to the otic vesicle (OV). g, Flat-
mount confocal image of a wild-type
(+/+) E10.5 mouse hindbrain dissected
from a single embryo in which Dil injec-
tions were made into the trigeminal ganglion (left) and the facial gang-
lion (right). The approximate positions of rhombomeres 1-5 (r1-r5) are
indicated. Retrogradely labelled motor neuron cell bodies lie near the
floor plate (fp), and their axons project to exit points that are just ventral
(in this flat-mount just medial) to the entry points (ep) of incoming sen-
sory axons from the injected ganglion (removed during dissection). h, A
similar flat-mount confocal image obtained from trigeminal (left side)
and facial (right side) ganglion injections in an ErbB4 mutant (—/—)
embryo. Note that two sensory axon entry points (ep) are labelled from
each of the single ganglion injections.

Tri Facial injection

geminal injection

r2+rdep M

'ilyvmix{\ o
i

— ]

METHODS. Embryos were fixed in Dent's fixative® overnight at 4 °C,
subsequently bleached in H;0;, and then incubated overnight with the
TuJ1 mouse monoclonal antibody. After washing, embryos were incuba-
ted in a horseradish peroxidase (HRP)-conjugated goat anti-mouse
secondary antibody overnight, and subsequent HRP reaction was per-
formed with diaminobenzidine and hydrogen peroxide. Anterograde and
retrograde axonal tracing was performed as described previously®. A
solution of Dil C;s (Molecular Probes D-282) was pressure injected into
either the lateral trigeminal or the facial ganglion. Dil optical images
were obtained by using a Bio-Rad MRC 600 confocal microscope.




and mutant embryvos at E10.5 by using an antibody (Tull)
directed against a neuron-specific tubulin isoform™'. These analy-
ses indicated a near-fusion of ganglia V and VIL VIII. In addi-
tion in some but not all mutants, we observed a caudal
displacement of cranial nerve IX towards nerve X (vagal) (Fig.
4a. b). Both of these alterations are also observed in mice carry-
ing mutations in the Krox-20 gene™ ", which encodes a zinc-
finger transcription factor which has expression restricted to r3
and r5 (ref. 24). (The caudal displacement of the IXth nerve.
which may be due to the physical interference of the r6 neural-
crest cell stream by a caudally displaced otic vesicle, is more
robust in Krox-20© ~ mice than in ErbB4 mutants™ )
Although these superficial similarities in the Krox-20 and ErbB4
mutant phenotypes are suggestive, ErbB4 does not appear to
regulate expression of the Krox-20 gene. because (1) Krox-20
mRNA is still detected in r3 and r3 in the ErbB4 mutants (data
not shown), (2) Krox-20 is normally expressed more broadly
along the dorsal-ventral axis of the neural tube than is ErbB4.
and (3) r3 and r5 are largely intact at E10.5 in ErbB4™ — mice,
but are almost entirely deleted by this time in Krox-20~ ~
mice™ . That Krox-20 may participate in the rostal caudal
regulation of the ErbB4 gene remains a possibility.

The near-fusion of ganglia V and VII/VIII in ErbB4 mice
is not, as in the Krox-20 mutants, due to the loss of r3 and r5,
but rather to aberrant innervation from and to the hindbrain.
Normally, motor axons destined for the trigeminal ganglion exit,
and PNS sensory axons from the trigeminal enter, the hindbrain
at r2. whereas axons to and from the facial /acoustic ganglia
enter and exit the hindbrain at r4 (Fig. 4¢)*. In the ErbB4
mutants, however, the trigeminal ganglion displays connections
to the CNS at both r2 and r4 (Fig. 4d), and the facial and
acoustic ganglia are also connected to the CNS at these same
two rthombomeres (Fig. 4¢). In both cases, the number of axons
making up the incorrect connection is approximately the same
as the number of axons in the correct connection. Because the
loss of ErbB4 in r3 and r5 leads to aberrant innervation at r2
and r4, we investigated whether in ErbB4~ — hindbrains r2 had
acquired molecular properties of rd4. or vice versa. We have
found no evidence for this: markers that distinguish r2 from
r4 remain appropriately restricted in their expression in ErbB4
mutants. For example, the rd4-specific homeobox gene HoxBl
(ref. 26) is neither lost from r4 (as predicted for an rd to r2
transformation) nor acquired by r2 (Fig. 4f). To investigate
hindbrain innervation in ErbB4 mutants in greater detail, we
performed local injections of the lipophilic tracer Dil into either
the trigeminal or facial ganglion of E10.5 wild-type and
ErbB4 embryos. As expected. injection into the wild-type trig-
eminal ganglion labelled a single sensory axon projection to r2
and motor neuron cell bodies in r3, r2 and rl, whereas injection
into the wild-type facial ganglion labelled a single sensory axon
projection to r4 and motor neuron cell bodies in r4 and r5 (Fig.
4¢). In contrast, local injection of Dil into the ErbB4 facial
ganglion labelled two sensory axon entry points in r4 and r2, as
well as motor neuron cell bodies and axons in r4 and r5 (their
normal location) and in rl, r2 and r3 (Fig. 4h). For the facial
ganglion, equal numbers of sensory axons project to the correct
(r4) and incorrect (r2) targets, and equal numbers of motor
neuron cell bodies are retrogradely labelled in the correct and
incorrect hindbrain segments. For the aberrant connection of the
trigeminal ganglion to r4 (Fig. 4#), the primary defect appears to
be in sensory innervation from the PNS.

We favour the hypothesis that the mis-targeting of axons to
and from r2- and rd-derived cranial ganglia in the ErbB4
hindbrain results from the loss of an ErbB4-dependent barrier
molecule, expressed in r3 and r3, which is inhibitory to axon
growth across these rhombomeres. It is possible that this barrier
1s ErbB4 1tself, or alternatively, that ErbB4 activation is required
for the expression of the barrier (perhaps a ligand for an Eph-
related receptor). Neither neuregulin nor ErbB2 gene mutants
exhibit the hindbrain mis-innervation phenotype of the

ErbB4  mice. The most parsimonious interpretation of this
difference is that ErbB4 recognizes a distinct ligand in this part
of the CNS. A second neuregulin-related gene has been identified
and cloned””. and it is now of interest to determine whether this
gene encodes a new ErbB4 ligand. g
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