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Fig. 4. The medaka mespb PSM enhancer is functionally equivalent to its counterpart in the mouse. (A) A comparison of the medaka
mespb and mouse Mesp2 PSME regions. Black and gray boxes represent presumptive T-box binding sites. The numbers above the boxes represent
the nucleotide positions from the first ATG. The nucleatide sequences of the putative T-box binding sequences are shown beneath. Consensus Tox6
binding sequences and their directions are indicated by arrows. The dashed arrow in Site B of the Mesp2 PSME depicts an incomplete Tbx6 binding
sequence that only binds to Tbx6 if an adjoining complete Tbx6 binding sequence is present. The T-box proteins that might bind to these sequences
are indicated. (B) EMSA analysis of the T-box binding sites in the medaka mespb PSME. Tbox binding site T1 associates with a single Tbx24
molecule and T2 and T3 with two Tbx24 molecules, which is consistent with their nucleotide sequences as shown in A. (C) The targeting strategy
used to generate the medaka mespb PSME knock-in mouse (medakaP2). A 2.8-kb fragment of mespb genomic DNA that is required for PSM-
specific mespb expression was substituted for Mesp2 PSME by homologous recombination. The neoR selection marker was removed by
recombination using the Cre-loxP system. (D) medakaP2 homozygotes are viable and have normal external features. (E) Homozygotes are
indistinguishable from heterozygotes and wild-type littermates in skeletal preparations.

by which Thx6 regulates its target genes together with various
partners remain elusive, it is possible that the number and spatial
organization of Tbx6 binding sites facilitate the response of
P2PSME to Notch signaling.

In total, there are four Thx6 binding sequences in this region: two
palindrome-like sequences in Site B and one each in Sites D and G.
Importantly, the P2PSME reporters with only one intact Tbx6
binding site were inactive in both the luciferase assay and the
transgenic analyses (Fig. 3D), suggesting that a single P2PSME-
bound Tbx6 molecule might not act as a mediator of Notch signaling

in the regulatory mechanism controlling Mesp2 expression. This is
consistent with the observation that Site G fails to activate Mesp2
expression by itself in the P2EmBID mouse.

The loss of two or more of the four Tbx6 binding sites greatly
diminishes P2PSME activity in both luciferase and transgenic assays
(Fig. 3D). Interestingly, the reporters with two intact Tbx6 binding
sites showed varied levels of activity depending upon the position
of the intact sites. Two intact Tbx6 binding sites in Site B resulted in
the highest reporter activity (Fig. 3D). These data indicate that Site
B may be of predominant importance in the function of P2PSME,
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Fig. 5. Putative mechanism for the Tbx6-mediated regulation of
Mesp genes. (A) Tbx6 activates Mesp2 expression through multiple
Tbx6 binding sites. Notch signaling (NICD, red ovals) activates Mesp2
expression via factor X (gray ovals), which recognizes two neighbaring
Thx6 binding sites in P2PSME. (Left) Schematic description of the Tox6-
dependent activation of Mesp2. (Middle column) JacZ expression in the
P2Ewt transgenic embryo. (Right) Normal skeletal formation in the
heterozygous fetus of a P2ZEmB1D mouse. (B) Mutation in Site B results
in decreased expression of Mesp2. (C) A single Tbx6 binding site is
unable to activate Mesp2 expression, presumably owing to an inability
to respond to Notch signaling.

implying that its two neighboring Tbx6 binding sites play a central
role in regulating the activation of Mesp2. The binding of Thx6 to
one of the two binding sites in Site B depends on the presence of
another Tbx6 molecule binding to this site (Yasuhiko et al., 2006).
This property might be related to the unique palindrome-like
sequence of this site. Although several T-box binding sites have been
identified in the upstream region of other Tbx6-downstream genes,
such as DIl (Hofmann et al., 2004) and Msgnl (Wittler etal., 2007),
the palindrome-like site has thus far been found only in the PSME
of Mesp2 and its medaka ortholog mespb (Fig. 4A). It is therefore
possible that two neighboring Tbx6 molecules on the palindrome-
like site are specifically recognized by as yet unidentified factor(s)
(Fig. 5, “X”) that together with Tbx6 constitutes an RBPJ-x (Rbpj)-
independent Notch signaling machinery [disruption of potential
RBPJ-x binding sites does not affect P2PSME activity in transgenic
embryos (Yasuhiko et al., 2006)]. Further analyses of Mesp2 PSME
might shed light on these novel regulatory mechanisms that operate
during development.

Mutations that removed any one of the Thx6 binding sites in
P2PSME, regardless of which, diminished luciferase reporter
activity by the same amount (Fig. 3C), suggesting that each Tbx6
binding site contributes equally to Mesp2 expression in vitro. In
vivo, by contrast, the mutation of a single Tbx6 binding site did not
seem to affect PSM-specific gene expression (Fig. 3C). Taken
together, these results indicate that the multiple Thx6 binding sites
confer a functional robustness to P2PSME that ensures proper
Mesp2 expression during embryogenesis,

An evolutionally conserved mechanism regulating
Mesp expression through multiple Thox binding
sites

We previously found that the deletion of two T-box binding sites in
the mespb PSME greatly reduced its PSM-specific enhancer activity
in transgenic medaka embryos (Terasaki et al., 2006), similar to our
findings in transgenic mouse embryos. The medaka mesph PSME
harbors three T-box binding sites (T1-T3), which is similar to the
complement of the mouse Mesp2 PSME (Fig. 4A). However, the
total length of the PSME is very different between mouse Mesp2 and
medaka mespb (356 bp versus 2.8 kb, respectively) (Terasaki et al.,
2006). The number of T-box proteins that bind to the medaka and
mouse PSMEs is also different (Fig. 4A,B), and the distance
between each element is greater in the mespb PSME than in its
mouse counterpart.

We have demonstrated, however, that the medaka mespb PSME
is functionally equivalent to the mouse Mesp2 PSME. In our
transgenic assay, a mutation in the double T-box binding site (Site B
in mouse and Site T2 in medaka) had the most profound effect upon
PSME activity. Consistent with these results, deletion of medaka
Site T1 (harboring a single T-box binding sequence) did not affect
reporter gene expression. However, deletion of one of the sites
within the double T-box binding sequence (T2) caused a 50%
decrease in reporter expression (Terasaki et al., 2006), again
demonstrating the importance of the binding to the double T-box site
for PSM enhancer function.

In the teleost fish, zebrafish, the T-box transcription factor Thx24
was identified as responsible for the fused somite (fss) mutant
phenotype. Tbx24 has a T-box domain that is homologous to that of
mouse Tbx6 (Nikaido et al., 2002). The segmentation of somites and
expression of mespb are eliminated in the f5s mutant (Sawada et al.,
2000), implying that mesph is a downstream target of Thx24, similar
to the relationship between Mesp2 and Tbx6 in mice. However, fss
mutant fish are viable and fertile (van Eeden et al., 1996), whereas
Thx6-null mouse embryos fail to form a mesoderm and die early in
development (Chapman and Papaioannou, 1998). This difference
might be due to the presence in zebrafish of a 7hx6 counterpart gene,
spadetail, which supports paraxial mesoderm formation. Despite
this difference, our data clearly demonstrate that the mechanism
regulating the PSM-specific expression of Mesp2 and mespb is
evolutionarily well conserved between fish and mice.
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Abstract Dilated cardiomyopathy often results from autoim-
munity triggered by microbial infections during myocarditis.
However, it remains unclear how immunological disorders are
implicated in pathogenesis of autoimmune myocarditis. Here,
we demonstrated that SemadA, a class IV semaphorin, plays
key roles in experimental autoimmune myocarditis (EAM). Den-
dritic cells pulsed with myosin heavy chain-a peptides induced se-
vere myocarditis in wild-type mice, but not in SemadA-deficient
mice. In adoptive transfer experiments, CD4" T-cells from wild-
type mice induced severe myocarditis, while CD4" T-cells from
SemadA-deficient mice exhibited considerably attenuated myo-
carditis. Our results indicated that SemadA is critically involved
in EAM by regulating differentiation of T-cells.

© 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Autoimmune myocarditis; Semaphorin; Dilated
cardiomyopathy; Autoimmunity

1. Introduction

Myocarditis is an inflammatory heart disease that can be ini-
tiated by infectious pathogens, which is a frequent cause of
cardiac disease among young adults. Myocarditis often results
from infections with enteroviruses such as coxsackievirus B3 or
adenoviruses [1]. In addition, cardiotropic bacteria such as

“Corresponding authors. Department of Immunopathology, Research
Institute for Microbial Diseases, Osaka University, 3-1 Yamada-oka,
Suita, Osaka 565-0871, Japan. Fax: +81 6 6879 8332.

E-mail addresses: toyofuku@ragtime.biken.osaka-u.ac.jp

(T. Toyofuku), kumanogo@ragtime.biken.osaka-u.ac.jp

(A. Kumanogoh).

Abbreviations: DCM, dilated cardiomyopathy; SCID, severe combined
immunodeficiency; EAM, experimental autoimmune myocarditis;
MyHC-a, myosin a heavy chain; DCs, dendritic cells; IFN-y,
Interferon~y; Tul, type | helper T-cells; IL, interleukin; Tim-2, T-
cell, immunoglobulin and mucin domain protein 2; EAE, experimental
autoimmune encephalomyelitis; Treg, regulatory T-cells; Foxp3, fork-
head box P3

Borrelia and Chlamydia can induce myocarditis and heart fail-
ure. Cumulative evidence suggests that myocarditis is a precur-
sor of dilated cardiomyopathy (DCM), the major cause of
heart failure and heart transplantation [1]. It has been sug-
gested that autoimmune responses to cardiac antigens that
are exposed after heart damage play a crucial role in prolonged
damage of the myocardium, which promotes the development
of DCM [2]. In fact, many affected individuals develop heart
antigen-specific autoantibody responses and immunosuppres-
sive therapy can improve heart function in DCM patients
who have no evidence of viral or bacterial genomes in heart
biopsies. In addition, peripheral blood lymphocytes from
DCM patients can adoptively transfer the disease to severe
combined immunodeficiency (SCID) mice lacking T- and B-
cells [3]. Collectively, these findings strongly suggest that
post-infectious autoimmunity is involved in DCM develop-
ment. However, it has not been fully elucidated how patho-
genic autoimmunity is triggered in myocarditis, making it
difficult to treat myocarditis by immunosuppression.
Experimental autoimmune myocarditis (EAM) is a model of
post-infectious myocarditis. EAM can be induced in suscepti-
ble mouse strains by immunizing with self-peptides derived
from the myosin o heavy chain (MyHC-a) together with a
strong adjuvant [4], or by injecting MyHC-a-loaded dendritic
cells (DCs) [5]. Collectively, these findings imply that immune
tolerance is broken by damage during infection, resulting in
the release of self-antigens, the activation of DCs, and the sub-
sequent activation of autoreactive T-cells. Consistent with this
hypothesis, it has been demonstrated that EAM is a T-cell
mediated autoimmune disease that can be transferred by
CD4" T-cells from EAM mice [5]. Traditionally, CD4* T-cells
have been divided into two subsets, Interferon-y (IFN-y)-pro-
ducing type 1 helper T-cells (Ty1) and interleukin (IL)-4-, IL-
10-, and IL-13-producing Ty2 cells. It has been assumed that
the Ty1/ T2 cytokine balance is important in the develop-
ment of myocarditis [6]. Recently, this model has been chal-
lenged by the identification of the IL-17-producing Ty17 cell
subset, which has been shown to be involved in various models
of immune-mediated tissue injury [7]. In addition, it has been
reported that immuno-regulatory cytokines such as IL-10
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[8.9] and IL-13 [10] can ameliorate EAM development. In this
context, the precise mechanism of CD4" T-cells in the develop-
ment of EAM remains unclear.

Semaphorins were originally identified as axon guidance fac-
tors during neuronal development [11]. In recent years, sem-
aphorins have emerged as important factors that have
diverse and critical functions in other physiological processes,
including heart morphogenesis, vascular growth, tumor pro-
gression, and immune cell regulation. In particular, cumulative
evidence indicates that semaphorins are crucially involved in
various phases of the immune response [12,13]. The class IV
semaphorin subfamily member, SemadA, regulates T-cell-
mediated immune responses by interacting with its receptor
Tim-2 (T-cell, immunoglobulin and mucin domain protein 2)
which is expressed on Ty2 cells as a negative regulator [14-
16]. SemadA expression is specifically induced on the cell sur-
face of Ty cells during helper T-cell differentiation. We previ-
ously reported that T-cell derived SemadA is necessary for
regulating T-cell differentiation. In fact, SemadA-deficient mice
have impaired Tyl-responses but rather enhanced Ty2-re-
sponses. Furthermore, anti-Sema4A antibody treatment atten-
uated the development of experimental autoimmune
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encephalomyelitis (EAE), which is a T-cell mediated disease.
In this context, SemadA is potentially a strong therapeutic tar-
get for T-cell mediated diseases.

In this study, we show that SemadA-deficient mice are resis-
tant to the development of EAM, and that a disregulated bal-
ance of helper T-cells is responsible for this resistance. Our
findings suggest that SemadA is a potential therapeutic target
for autoimmune myocarditis.

2. Materials and methods

2.1. Mice

BALB/c and SCID mice were purchased from Nippon Clea (Japan).
BALB/c Sema4A-deficient mice were generated as described previously
(14]). Six- to ten-week-old mice were used for all experiments. Mice
were maintained in a specific pathogen free environment. All experi-
mental procedures complied with our institutional guidelines.

2.2. Induction of autoimmune myocarditis

Immature bone marrow-derived DCs were generated as described
previously [17]. Immature DCs were pulsed overnight with 10 pg/ml
of mouse MyHC-a (amino acids 614-629) (Ac-RSLKLMATLF-
STYASADR-OH; purity >95%; Biologica, Japan). Bold letters indi-

(%)
257 .

z-l -

ijﬂl

Gr-1 CD11b

% of total harvested cells

Fig. 1. SemadA-deficient mice were resistant to EAM. (A) Autoimmune myocarditis was induced by immunizing with activated, MyHC-o loaded
DCs. Severe myocarditis was observed in wild-type mice (left), while Sema4A-deficient mice were resistant to EAM (right). (B) Sema4A-deficient
mice were resistant to EAM. Disease severity scores of individual wild-type (open circles) and SemadA-deficient (closed circles) mice immunized with
activated, MyHC-u loaded DCs. (C) The number of heart-infiltrating inflammatory cells was decreased in EAM-induced in Semad4A-deficient mice
(upper). Heart-infiltrating cells were isolated from the hearts of wild-type (left) or Sema4A-deficient (right) mice 10 days after immunization with
activated, MyHC-o loaded DCs. Cells were analyzed by flow cytometry, and a CD45/side scatter plot was used to determine the percentage of CD45"
leukocytes (lower). The cellular composition of the heart infiltrate in immunized wild-type (white bars) or Sema4A-deficient (black bars) mice. The

results are representative of five independent experiments.
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cate the arginines that were included at both ends of the MyHC-u pep-
tide to increase solubility [18]. DCs were treated with LPS (1 pg/ml,
Escherichia coli 0111:B4; Sigma) and an anti-CD40 antibody (5 pg/
ml, clone 3/23, BD PharMingen, USA) for 4 h. DCs were intraperito-
neally injected into wild-type or Semad4A-deficient mice (1 x 10° cells/
mouse) on days 0, 2 and 4.

2.3. Histopathology

On day 10, mice were killed and their hearts were removed, fixed in
10% neutral buffered formalin, and processed for hematoxylin and eo-
sin staining. Myocarditis was scored on a scale from 0 to 4 (0, no infil-
tration of inflammatory cells; 1, small foci of inflammatory cells
between myocytes; 2, larger foci of >100 inflammatory cells; 3, >10%
of a cross section has inflammation; 4, >30% of a cross section has
inflammation).

2.4. In vitro restimulation of CD4"* T-cells

CD4" T-cells were purified from spleens using an automated mag-
netic cell sorter (Auto MACS, Miltenyi Biotech, Germany) with
>95% purity in all experiments. These cells (1 x 10°) were stimulated
for 48 h with MyHC-a peptides in the presence of irradiated (3000
cGy) splenocytes (5 x logeﬁ'am wild-type littermates. Cytokine levels

3937

in the culture supernatants were measured using ELISA kits (R&D
Biosystems, USA) or the Bio-Plex suspension array system (BIO-
RAD, USA). For proliferation assays, cells were pulsed with 2 pCi
[*H] thymidine for the last 12 h of culture.

2.5. In vitro Treg assays

CD25°CD4" T-cells from wild-type or Sema4A-deficient mice were
co-cultured with syngeneic CD25"CD4 " T-cells (2 x 10*) in the pres-
ence of irradiated (2000 cGy) APCs (5 x 10%) and anti-CD3 (10 pg/
ml, clone 145-2C11, eBioscience, USA) for 3 days in 96-well round-
bottomed plates. Incorporation of ['H] thymidine by proliferating lym-
phocytes during the last 14 h of the culture was measured.

2.6. Isolation of heart-infiltrating cells

Heart-infiltrating cells were isolated as described previously [19]. The
heart was cannulated with a 22-gauge needle from the apex to the left
ventricle after binding the ascending aorta. The heart was perfused at a
constant flow of 1.1 ml/min for 3 min with a Ca?'-free bicarbonate-
based buffer as described previously [19]. Enzymatic digestion was ini-
tiated by perfusing with the above solution containing collagenase D
(0.895 mg/ml, Roche, Switzerland) and protease type XIV (0.5 mg/
ml, Sigma) for an additional 7 min. The heart was placed into a Petri
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Fig. 2. CD4" T-cells from Sema4A-deficient mice produced high amounts of IL-4 and IL-10. (A) CD4* T-cell cytokine production patterns of
immunized wild-type versus Sema4A-deficient mice. CD4" T-cells isolated from the spleens of immunized wild-type (white bars) or SemadA-deficient
mice (black bars) were restimulated with a MyHC-a peptide. The cytokine levels in the culture supernatants were measured by Bio-Plex after 48 h of
restimulation. Error bars indicate means + S.D. ****, P < 0.001; each value was analyzed by a student r-test. (B) CD4" T-cells isolated from the
spleens of immunized wild-type or Sema4A-deficient mice were analyzed by intracellular staining. (C) Normal activities of Treg in Semad4A-deficient
mice. CD25'CD4" T-cells from wild-type (open circles) or SemadA-deficient (closed circles) mice were co-cultured with syngeneic CD25~CD4" T-
cells in the presence of irradiated APCs and anti-CD3 for 3 days. Incorporation of ['H] thymidine by proliferating lymphocytes during the last 14 h of
the culture was measured. Error bars indicate means + S.D.
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dish containing chilled staining buffer (2% fetal bovine serum, 0.05%
sodium azide in phosphate-buffered saline) and manually dispersed
into a single cell suspension using razor blades. Single cell suspensions
were sequentially filtered through 100-pum and 40-pm cell strainers (BD
Falcon, USA) and finally through 20-um self-assembled strainers
(Millipore, USA).

2.7. Adoptive T-cell transfers

Spleen cells from EAM mice were cultured for 72h on MyHC-a
(10 pg/ml)-pulsed irradiated splenocytes in the presence of an anti-
CD28 monoclonal antibody (5 pg/ml clone 37.51 BD Pharmingen).
CD4" T-cells were negatively sorted by autoMACS and transferred
into recipient SCID mice (1 x 10° cells/mouse). Ten days after CD4"
T-cell transfer, myocarditis was scored as described above.

2.8. Flow cytometry

Cells were stained with the following antibodies: anti-CD45 (Ly-5),
anti-CD3 (145-2C11), anti-Gr-1 (RB6-8C5), anti-CD11b (M1/70) con-
jugated with FITC, phycoerythrin (PE) in the presence of Fc block
(anti-CD16/32, 2.4G2). Analysis of intracellular forkhead box P3
(Foxp3) was performed according to the manufacturer’s protocol
(eBioscience). All antibodies were from eBiosciences, except for the
anti-CDI 1b, which was purchased from BD Pharmingen.

3. Results and discussion

3.1. Sema4 A-deficient mice were resistant to EAM

We previously found that Sema4A is crucial for the differen-
tiation of CD4" T-cells [14]. To investigate the pathogenic rel-
evance of SemadA in the development of EAM, we injected
MyHC-a-loaded DCs into SemadA -deficient or wild-type mice
and examined their hearts for inflammation. Wild-type mice
exhibited strong cardiac inflammatory disease with a signifi-
cant infiltration of inflammatory mononuclear cells
(Fig. 1A). The hearts from wild-type mice were macroscopi-
cally enlarged (data not shown). In contrast, SemadA-deficient
mice showed a very mild phenotype (Fig. 1A and B). Consis-
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tent with the difference in the severities of EAM, the total num-
ber of infiltrating CD45" inflammatory cells was significantly
decreased in SemadA-deficient mice compared to wild-type
mice (Fig. 1C). In addition, the proportions of infiltrating mac-
rophages and granulocytes among infiltrating inflammatory
cells in SemadA-deficient mice were much lower than those
in wild-type mice (Fig. 1C). Collectively, these findings
strongly suggest that Sema4A is pathologically important for
the development of EAM.

3.2. CD4" T-cells from Semad A-deficient mice produced high
amounts of IL-4 and IL-10

SemadA plays a key role in differentiation of CD4" T-cells
[14]. To investigate the relevance of Sema4A in T-cell activa-
tion in EAM, we performed T-cell recall assays. Consistent
with previous findings on SemadA-deficient mice [14],
MyHC-a-specific T-cells showed significantly enhanced IL-4
and IL-10 production (Fig. 2A). Although it has been reported
that IL-17 is involved in the development of EAM [20-22], IL-
17 production by Semad4A-deficient T-cells was only slightly
enhanced. In addition, in vitro Ty17 polarization of naive Se-
madA-deficient CD4" T-cells was not impaired Supplementary
Fig. 1A). These findings suggested that T;y17 was not involved
in the resistance to EAM in SemadA-deficient mice. To deter-
mine the involvement of regulatory T-cells (Treg), we per-
formed intracellular Foxp3 staining of CD4" T-cells isolated
from the spleens of EAM-induced mice. The proportion of
Foxp3® Treg cells isolated from SemadA-deficient mice was
comparable to those from wild-type mice (Fig. 2B). Consistent
with this finding, the suppressive activities of CD25+CD4+ T-
cells were not affected in SemadA-deficient mice (Fig. 2C)
showing that Treg is not involved in the phenotype of Se-
madA-deficient mice.

We have previously reported that Sema4A-deficient mice
exhibited defective in vivo Ty1-responses but rather enhanced
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Fig. 3. CD4" T-cells from immunized Semad4A-deficient mice could not induce myocarditis. (A) Splenocytes from immunized wild-type or Sema4A-
deficient mice were restimulated in vitro for 72 h with MyHC-o peptides and anti-CD28 antibodies. The resulting CD4" T-cells were purified and
injected intraperitoneally into recipient SCID mice, CD4" T-cells from immunized wild-type mice (upper) but not Sema4A-deficient mice (lower)
induced autoimmune myocarditis. (B) Disease severity scores of individual SCID mice with adoptively transferred CD4" T-cells from immunized

wild-type (open circles) or Semad4A-deficient (closed circles) mice.
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in vivo Ty2-responses [14]. Also in the case of the genetic de-
fects in a SemadA-receptor, Tim-2-deficient mice show exacer-
bated lung inflammation accompanied by enhanced Ty2-
responses [23]. Consistent with this finding, we found that
CD4" T-cells from SemadA-deficient mice immunized with
MyHC-a exhibited enhanced production of Ty2 cytokines,
such as IL-4 and IL-10. In this context, the Ty2 bias in Se-
madA-deficient mice seems to contribute to EAM resistance,
although further studies would be required to determine how
Tu2 cytokines are involved in this phenotype.

3.3. Abnormal CD4™ T-cells were responsible for the resistance
to myocarditis in Semad A-deficient mice

To determine whether the abnormal differentiation of helper
T-cells was responsible for the resistance to myocarditis in Se-
ma4A-deficient mice, we isolated splenic T-cells from mice that
had been immunized with DCs, stimulated these T-cells with
MyHC-a presented by syngeneic antigen-presenting cells,
and adoptively transferred these T-cells into SCID mice. As
shown in Fig. 3A, wild-type CD4" T-cells induced severe myo-
carditis. In contrast, SemadA-deficient CD4"* T-cells did not
induce myocarditis (Fig. 3B). However, Semad4A-deficient
CD4" T-cells proliferated in response to MyHC-a-peptides
to the same extent as wild-type CD4" T-cells (Supplementary
Fig. 1B). Taken together, our results indicate that abnormal
CD4" T-cell differentiation was primarily responsible for the
resistance to EAM in Sema4A-deficient mice.

In summary, we demonstrated that Sema4A-deficient mice
were resistant to the initiation of EAM, in which increased
Tw2 cytokines production by SemadA-deficient CD4" T-cells
seems to be important for this resistance. Our findings suggest
that Semad4A is critically involved in the development of myo-
carditis and dilated cardiomyopathy.
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In vertebrates, class 3 semaphorins (SEMA3) control axon behaviour by binding to neuronal cell surface
receplors composed of a ligand binding subunit termed neuropilin (NRP) and a signal transduction subunit of
the A-type plexin family (PLXNA). We have determined the requirement for SEMA3/NRP/PLXN signalling in
the development of the facial nerve, which contains axons from two motor neuron populations, branchio-
motor and visceromotor neurons. Loss of either SEMA3A/NRP1 or SEMA3F/NRP2 caused defasciculation and
ectopic projection of facial branchiomotor axons. In contrast, facial visceromolor axons selectively required
SEMA3A/NRP1. Thus, the greater superficial petrosal nerve was defasciculated, formed eclopic projections
and failed to branch in its target area when either SEMA3A or NRP1 were lost. To examine which A-type
plexin conveyed SEMA3/neuropilin signals during facial nerve development, we combined an expression
analysis with loss of function studies. Even though all four A-type plexins were expressed in embryonic
Axon 891_‘13"(9 motor neurons, PLXNA1 and PLXNA2 were not essential for facial nerve development. In contrast, loss of
Neuropilin PLXNA4 phenocopied the defects of SEMA3A and NRP1 mutants, and loss of PLXNA3 phenocopied the defects
Plexin of SEMA3F and NRP2 mutants. The combined loss of PLXNA3 and PLXNA4 impaired facial branchiomotor

Keywords:

Facial nerve

Facial branchiomotor neuron
Facial visceromotor neuron
Greater superficial petrosal nerve

:‘ém‘;‘:‘“" axon guidance more severely than loss of either plexin alone. suggesting that SEMA3A and SEMA3F signals,
SEMA3F even though both essential, are partially redundant.

© 2008 Elsevier Inc. All rights reserved.
Introduction transcription factors to control the responsiveness of their axons to

environmental guidance cues (reviewed by Cordes, 2001 ). Thus, axon
migration within the hindbrain is governed by anteroposterior and
dorsoventral cues that guide axons to defined exit points, whilst axon
migration outside the hindbrain is controlled by repulsive cues that
surround the nerve path in combination with attractive target-derived
cues. In combination, these patterning mechanisms ensure that the
axons of hindbrain motor neurons are wired appropriately to perform
their adult functions. The identification of genes that control axonal
patterning of the cranial nerves during embryogenesis therefore
enhances our understanding of congenital abnormalities such

The brainstem of the adult vertebrate brain contains several
different types of motor neurons that control important physiological
processes, for example feeding, speech and eye movement. These
motor neurons can be classified into subtypes according to their
synaptic targets and the projection pattern of their axons as they leave
the brain. The axons of branchiomotor neurons innervate muscles
within the branchial arches, whilst the axons of visceromotor neurons
innervate parasympathetic ganglia and smooth muscles. The somatic
motor neurons, on the other hand, innervate muscles derived from

paraxial or prechordal mesoderm. As they leave the hindbrain, the
axons of visceromotor and branchiomotor neurons converge on
shared dorsal exit points, whereas the axons of most somatic motor
neurons exit ventrally. The anatomical organisation and function of
these brainstem nerves is set up during embryonic development,
when hindbrain motor neurons develop in lineage-restricted com-
partments termed rhombomeres and express selective subsets of

* Corresponding author. Fax: +44 207 608 6810.
E-mail address: c.ruhrberg@ucl.ac.uk (C. Ruhrberg).

0012-1606/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2008.08.020
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as Duane syndrome and congenital facial nerve palsy, and in the
future may also contribute to improved diagnosis of these conditions
(reviewed by Traboulsi, 2007). In addition, the brainstem motor
neurons present particularly good model systems to study the
molecular mechanisms of axon guidance, as the anatomically well-
defined arrangement of their cell bodies within the rhombomeres of
the developing brain facilitates the identification of axon guidance
receptors that are used by specific cranial motor nerves (Fig. 1B; see,
for example, Auclair et al., 1996; Jacob and Guthrie, 2000; Lumsden
and Keynes, 1989; Studer et al., 1996).
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Fig. 1. A-type plexin expression in motor neurons. (A) RT-PCR analysis of mouse hindbrain tissue (HB), primary rat embryonic motor neurons (MN) and a negative control (H;0) for
Plxnal-a4 and a Gapdh control; molecular weight marker: 200 and 400 bp (arrowheads). (B) Motor neuron populations in the mouse hindbrain at 10.5 dpc: r2-derived neurons are

shown in green, rd-derived neurons in black and r5-derived neurons in blue; abbreviations: Vop, Vmaxs Vma — ophthalmic, maxillary-and mandibular branches of the Vth cranial
(trigeminal) nerve; Vilgpn, Vi, Vllbm — greater superficial petrosal nerve, chorda tympani and branchiomotor nerve of the Viith cranial (facial) nerve. (C-1) Wholemount in situ
hybridisation of 10.5 dpc mouse hindbrains. (C) A probe specific for the motor neuron marker IslT reveals the nascent motor neuron column on each side of the midline (asterisk):
focal thickenings at the level of r2 and rd contain the trigeminal (arrow) and facial branchiomotor neurons (black arrowhead), respectively. Facial visceromotor neurons are bornin s
(clear arrowhead); r5 also contains caudally migrating facial branchiomotor neurons. (D, E) Hindbrain motor neurons express Nrpl (D) and Nrp2 (E). Plxnal is expressed near the
midline in all rhombomeres anterior to r5 (F); the expression patterns of Plxna2 (G), Plxna3 (H) and Pixna4 (1) are consistent with a role in trigeminal (arrow) and facial (arrowhead)
branchiomotor neurons; Phna3 (H) and Plxna4 (1) are also expressed in posterior hindbrain motor neurons, including those in r3 (clear arrowhead). Scale bar (C-1): 500 pm.

The facial nerve contains axons from both branchiomotor and
visceromotor neurons, which are born in two different rhombomeres
(r) of the developing hindbrain. Whilst facial branchiomotor neurons
are born in r4, facial visceromotor neurons are born in r5 (Figs. 1B, C;
Auclair et al., 1996; Jacob and Guthrie, 2000; Lumsden and Keynes,
1989: Studer et al., 1996). Having left the hindbrain through a shared
exit point in r4, their axons pass through the geniculate ganglion
complex and then segregate again to innervate specific targets in the
head and neck. The facial branchiomotor neurons (FBM) innervate
the muscles of the second branchial arch, whereas the facial visce-
romotor neurons innervate the submandibular ganglion as the chorda
tympani (CT) and the sphenopalatine ganglion as the greater super-
ficial petrosal nerve (GSPN) (Fig. 1B).

The transmembrane protein neuropilin 1 (NRP1) is essential for
the patterning of the facial nerve in the mouse, as it binds the secreted
class 3 semaphorin SEMA3A to guide facial branchiomotor axons in
the second branchial arch and the vascular endothelial growth factor
isoform VEGF164 to control the position of facial branchiomotor
neuron cell bodies within the hindbrain (Kitsukawa et al., 1997;
Schwarz et al., 2004; Taniguchi et al., 1997). Mouse embryos lacking
NRP1 or SEMA3A also show defasciculation of the trigeminal, glos-
sopharyngeal and vagus cranial nerves (Kitsukawa et al, 1997:
Taniguchi et al., 1997). Neuropilin 2 (NRP2) binds a different subset
of class 3 semaphorins, and its principal ligand during axon guidance
is SEMA3F (Chen et al., 1997). Loss of NRP2 or SEMA3F causes partial
defasciculation of the facial branchiomotor and ophthalmic trigeminal

nerves and severe defasciculation of the oculomotor nerve: in
addition, the trochlear nerve fails to project to its target in these
mutants (Chen et al., 2000; Giger et al., 2000; Sahay et al., 2003).
Neither NRP1 nor NRP2 are able to convey semaphorin signals on
their own (Feiner et al,, 1997). Rather, they recruit a member of the
plexin family to control cytoskeletal behaviour in neurons (Rohm et al.,
2000; Tamagnone et al., 1999). The neuropilins can associate with one
of four different A-type plexins (PLXNA) in vitro (Rohm et al., 2000;
Suto et al.. 2003: Takahashi et al., 1999; Takahashi and Strittmatter,
2001; Tamagnone et al., 1999). However, targeted mouse mutations
demonstrated plexin selectivity during semaphorin/neuropilin signal-
ling in vivo. Thus, knockout studies did not confirm a direct role for
PLXNAT1 in sensory nerve axon guidance (Takegaharaetal., 2006), even
though truncated PLXNA1 protein blocks SEMA3A-induced growth
cone turning in cultured sensory neurons (for example Rohm et al.,
2000; Takahashi et al., 1999). Instead, specific combinations of the
other three A-type plexins have been implicated in different axon
guidance pathways both in vitro and in vivo (Bagri et al.,, 2003; Cheng
et al., 2001: Palaisa and Granato, 2007; Suto et al., 2005; Tanaka et al,,
2007; Waimey et al., 2008; Yaron et al., 2005). For example, PLXNA4
and, to a lesser extent, PLXNA3 are involved in the patterning of
SEMA3A-responsive sensory and sympathetic axons, whilst PLXNA3,
but not PLXNA4, is essential for the guidance of SEMA3F-responsive
trochlear axons (Chenget al., 2001; Suto et al., 2005; Yaron et al., 2005).
In the mouse, PLXNA4 also cooperates with PLXNA2 to control the
projection of hippocampal mossy fibres, but this mechanism depends
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on the transmembrane semaphorin SEMAGA, rather than a secreted
semaphorin (Suto et al., 2007). SEMAGA/PLXNA2 signalling also
controls the migration of cerebellar granule cells (Renaud et al,
2008). In the chick, PLXNA1, PLXNA2 and PLXNA4 are all expressed in
spinal motor neurons (Mauti et al., 2006), but the role of the A-type
plexins in the development of hindbrain motor neurons has not yet
been investigated. We now demonstrate that axonal patterning of
facial branchiomotor and visceromotor neurons is differentially
regulated by a specific combination of class 3 semaphorins and their
neuropilin/plexin receptors. Our observations support the previously
proposed concept of selective ligand/receptor pairings in semaphorin
pathways. Moreover, they significantly advance our knowledge of
facial nerve development, which is affected in several types of
congenital human craniofacial syndromes.

Experimental procedures
Animals

To obtain mouse embryos of defined gestational ages, mice were
mated in the evening, and the morning of vaginal plug formation was
counted as 0.5 days post coitum (dpc). Mice lacking NRP1, NRP2,
SEMA3A, SEMA3F, PLXNA1, PLXNA2, PLXNA3 or PLXNA4 have
previously been described (Cheng et al., 2001; Giger et al., 2000; Gu
et al., 2003; Kitsukawa et al., 1997; Sahay et al., 2003; Suto et al., 2005
Takegahara et al., 2006; Taniguchi et al., 1997; Yaron et al., 2005).
Genotyping protocols can be supplied on request.

RT-PCR analysis of hindbrain tissue and isolated motor neurons

12.5 dpc mouse hindbrains were dissected in ice-cold PBS, Primary
motor neurons were purified from dissected embryonic rat neural
tubes (14.5 dpc, corresponding to 13.5 dpc in the mouse (Henderson et
al,, 1995). RNA was extracted with Tri Reagent (Helena BioSciences)
and subjected to RT-PCR using Superscript Il (Invitrogen) for cDNA
synthesis. For PCR amplification, the following oligonucleotide pairs
were used: Nip1 5'-gttgctgtgegecacgetegeecttg-3’ and 5'-ctgaagagga-
gcggatccggecaggag-3’ (431 bp); Gapdh 5'-gctgagtatgtegtggagte-3’ and
5'-ttggtggtgcaggatgeatt-3 (192 bp): Plxnal 5'-tctagattctggtggaccttg-
caaac-3’ and 5'-tctagaaggtgagtggcaatggatg (488 bp); Plxna2 5’'-tccac-
tctgagaatcgtgac-3' and 5’-gagctcatagtccageattg-3’ (530 bp); Plxna3 5/-
gtgaacaagctgetectcatag-3’ and 5'-gtgtctgaagggatcttgatc-3' (358 bp);
Plxna4 5'-tgtacacctcaaagettgtg-3' and 5’-gtccctgtcttctgtgaaga-3'
(467 bp).

Immunolabelling

Mouse embryos were fixed in ice-cold Dent's fixative (four parts
methanol, 1 part dimethylsulfoxide) and incubated in Dent's fixative
containing 10% hydrogen peroxide for 2 h to quench endogenous
peroxidase activity. Samples were washed several times in TBS
{10 mM Tris-HCl pH8.0 and 150 mM Nacl), incubated for 30 min in
blocking solution (normal goat serum containing 20% DMSO and 0.12%
thimerosal; Sigma) and incubated over night in blocking solution that
contained rabbit anti neurofilament antibodies (Chemicon). After
several washes in TBS, samples were incubated over night in blocking
solution containing horseradish peroxidase-conjugated goat anti
rabbit IgG (DAKO). After washing, peroxidase activity was detected
with diaminobenzidine and hydrogen peroxide (SigmaFast; Sigma).
Stained samples were fixed in formaldehyde and then dehydrated in
methanol. Samples were then cleared in a solution containing 2 parts
benzyl benzoate and 1 part benzyl alcohol. Images were recorded
using the MZ16 microscope (Leica) equipped with a ProgResC14
digital camera (Jenoptiks). In some experiments, the neurofilament
antibody was detected with Alexa488-conjugated goat anti rabbit IgG
(Molecular Probes) and images were then recorded using an Olympus
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SZX16 fluorescent stereomicroscope equipped with an ORCA-HR
digital camera (Hamamatsu Photonics). Images were processed
using Openlab 2.2 software (Improvision Ltd.) and Adobe Photoshop
7.0 (Adobe Systems, Inc.).

In situ hybridisation

For in situ hybridisation, embryos were fixed over night in 4%
formaldehyde in phosphate buffered saline (PBS), washed in PBS,
dehydrated in methanol and stored at -20 °C. In situ hybridization was
performed according to a previously published method (Riddle et al.,
1993) using digoxigenin-labelled riboprobes transcribed from plas-
mids containing the following cDNAs: Sema3a and Sema3f (gift from
M. Tessier-Lavigne), Isl1 (gifts of T. Jessell, Columbia University, New
York), Nrp1 (gift from M. Fruttiger, University College London) and
Phox2b (gift from C. Goridis, INSERM, Marseille, France). Riboprobes
for A-type plexins were transcribed from expressed sequence tag
(EST) IMAGE clones (Invitrogen), clone IDs: 791967 (Plxnal), 5364824
(Plxna2), 401253 (Plxna3) and 4316766 (Plxnad). Images were acquired
as described above.,

Dil labelling of facial visceromotor neurons

1.0 dpc wild type embryos were fixed over night in 4%
formaldehyde in PBS. Dil crystals (Invitrogen) were then placed into
small incisions of dorsal r5 hindbrain tissue. Dil-labelled embryos
were incubated in PBS with 0.02% sodium azide at 37 °C in the dark for
9 days. The lower jaw was removed for photography. Images were
recorded with the SZX16 dissecting microscope as described above.

Results
Expression pattern of A-type plexins during hindbrain development

To determine which plexins are expressed in developing motor
neurons, we initially analysed rat embryo primary motor neurons by
RT-PCR and detected expression of all 4 A-type plexins (Fig. 1A). We
then compared the expression pattern of these plexins to that of the
motor neuron marker Isi1 (Fig. 1C) and the plexin co-receptors Nrp1
(Fig. 1D) and Nrp2 (Fig. 1E) in mouse hindbrains at 10.5 dpc, when
cranial motor neurons extend axons through their hindbrain exit
points into the periphery. Plxnal was expressed near the midline in all
rhombomeres anterior to r5, but its pattern was not consistent with
specific expression in facial branchiomotor or visceromotor neurons
(compare Fig. 1C with F). In contrast, the patterns of Plxna2 (Fig. 1G),
Plxna3 (Fig. 1H) and Plxna4 (Fig. 11) were consistent with expression
by trigeminal and facial branchiomotor neurons; in addition, Plxna3
and Plxna4 were expressed in the r5 motor column, where facial
visceromotor neurons originate, and in posterior hindbrain motor
neurons (Figs. 1H, 1). In summary, the expression patterns suggested
that all four plexins play a role in hindbrain development, with
PLXNA3 and PLXNA4 being the best candidate mediators of facial
motor neuron patterning.

PLXNA3 and PLXNA4 convey semaphorin signals to guide facial
branchiomotor axons

To determine the functional requirement for the A-type plexins in
facial nerve development, we examined axonal patterning in the
corresponding loss of function mouse mutants, We found that loss of
PLXNA1 or PLXNA2 did not obviously impair axon guidance or
fasciculation of the facial or trigeminal nerves (compare Fig. 2A with
D, G: 3/3 cases). In contrast, loss of PLXNA3 or PLXNA4 caused
defasciculation of the facial branchiomotor nerve (white arrowheads
in Figs. 2H. I; 3/3 and 4/4 cases, respectively). Loss of either plexin
also caused defasciculation of the ophthalmic branch of the
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Fig. 2. PLXNA3 and PLXNA4 convey semaphorin signals during axon guidance of facial branchiomotor neurons. Whalemount neurofilament staining of 11.5 dpc wild type (A) and
mutant embryos (B-1): a lateral view of the cranial nerves V (trigeminal) and VIl (facial) is shown. The facial nerve segregates into 3 branches to form the facial branchiomotor nerve
{Vllym), the chorda tympani (VIL,) and the greater superficial petrosal nerve (Vllg,pa). The trigeminal nerve is also organised into 3 main branches: the mandibular (Vma), maxillary
(Vimx), and ophthalmic (Vop) nerves. The facial (Vilg), vestibuloacoustic (VIllg) and trigeminal (V;) ganglia are indicated. Loss of PLXNA1 (D} or PLXNA2 (G) did not impair axon

guidance of these nerves. Loss of SEMA3F (B), NRP2 (E) or PLXNA3 (H) caused defects in the Vllym (white arrowhead) and V., (white arrows ). Loss of SEMA3A (C). NRP1 (F)or PLXNA4
(1) also caused Vllpm and Vo, defects, with the Vilym defects being more severe than in mutants lacking SEMA3F, NRP2 or PLXNA3. Note that the V,, defect was mild in the particular
Plxna4-null mutant shown, but was stronger in other cases. Loss of SEMA3A, NRP1 or PLXNA4 also caused prominent defasciculation of the mandibular (black arrows ) and maxillary

(black arrowheads) nerves (C, F, 1). Scale bar: 250 pm.

trigeminal nerve (white arrows in Figs. 2H, I; see Cheng et al., 2001;
Yaron et al. 2005); however, the severity was variable between
mutants of each genotype (data not shown). Interestingly, the
maxillary and mandibular branches of the trigeminal nerve were
defasciculated in Plxna4-null mutants (black arrows and arrowheads
in 21), but were not obviously affected in Plxna3-null mutants
(compare Fig. 2A with H).

Consistent with the idea that PLXNA3 preferentially associates
with NRP2 to form the SEMA3F receptor (Yaron et al., 2005), mutants
lacking SEMA3F or NRP2 were similar to mutants lacking PLXNA3,
displaying defasciculation of the facial branchiomotor and ophthal-
mic trigeminal branch, but not maxillary or mandibular trigeminal
branches (compare Fig. 2H with B, E). On the other hand, mutants
lacking NRP1 or SEMA3A were more similar to those lacking PLXNA4,
with defasciculation of the facial branchiomotor nerve and the oph-
thalmic trigeminal branch, as well as the mandibular and maxillary
trigeminal branches (compare Fig. 21 with C, F).

Semaphorin expression during axon guidance of facial visceromotor
neurons

To examine if semaphorin-signalling through NRP/PLXN com-
plexes also guides the visceromotor component of the facial nerve, we
first characterised the axonal path of the greater superficial petrosal
nerve (GSPN). Between 10.5 and 12.5 dpc, GSPN axons extend from the
hindbrain through the facioacoustic ganglion (Fig. 2A) and then

anteriorly, towards the site where the sphenopalatine ganglion forms
(Figs. 3A-C). Anterograde Dil injection into the r5-derived hindbrain
region, which gives rise to the facial visceromotor neurons, confirmed
that these axons were indeed extended by facial visceromotor
neurons (compare Fig. 3A with B).

Using Phox2b as a marker, it was previously reported that
sphenopalatine ganglion neurons differentiate from 11.5 dpc onwards
and begin to form a ganglion at 12.0 dpc (Enomoto et al., 2001).
Consistent with this observation, we identified the anlagen of the
sphenopalatine ganglion at 12.5 dpc in wholemounts (circled in
Fig. 3F) and found that the ganglia were well established by 13.5 dpc
(see below, Fig. 5A). By 12.5 dpc, the GSPN nerve had arborated in the
area where the ganglion formed (compare Fig. 3C with F), presumably
to establish contact with neurons in the sphenopalatine ganglion.
Axon arborisation was present in most wild type embryos already at
115 dpc (Fig. 4A). In 11.0 dpc embryos, GSPN axons had reached the
target field, but had not yet arborised (Fig. 3B). Taken together, these
observations suggest that synaptic contact between presynaptic and
postsynaptic sphenopalatine neurons is initiated between 11.25 and
11.5 dpc.

Sema3a and Sema3f were both expressed in regions surrounding
the path of GSPN axons. Firstly, they were expressed bilaterally in
an area flanking the axons as they extended towards the midline of the
stomadeum (black arrows in Figs. 3D, E). This expression pattern was
consistent with their general role as repellent cues that channel
growing axons into fascicles. Secondly, both semaphorins were ex-
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Fig. 3. Semaphorin expression during facial visceromotor axon guidance. (A-C)
Wholemount visualisation of the GSPN nerve (Vllgpa ) by neurofilament immunofluor-
escence (A, C)or anterograde Dil labelling (B) at 10.5 (A), 11.0 (B) or 12.5 dpc (C): ventral
view, anterior up. The lower jaw including the trigeminal nerve branches was removed
to afford better visualisation of the Vilg,,,. At 10.5 dpc, Vilg, o axons extended from the
main nerve trunk (arrows in panel A) towards Rathke’s pouch (circled in panel A), but
these axons had retracted by 11.0 dpc (amrows in panel B) and 12.5 dpc (arrows in panel
C). (D, E) Wholemount in situ hybridisation at 10.5 dpc for Sema3a (D) and Sema3f (E)
and at 12.5 dpc for the sphenopalatine ganglion (SPg) marker Phox2b (F). The Vllgpn
encounters two areas of high semaphorin expression as it extends towards its target
site, one in the second pharyngeal arch (arrows in panels D, E) and one surrounding
Rathke's pouch (arrowheads in panels D, E}. At 12.5 dpc, Vllg,, axons arborated in the
area where the 5Pg had formed (compare circled areas in panel C with panel F). Scale
bars: (A-E) and (C, F) 500 pun

pressed around the opening of Rathke's pouch, which is located
between the paired GSPN branches in the roof of the stomadeum
(black arrowheads in Figs. 3D, E). This expression pattern was con-
sistent with a role in repelling axons from the midline region; in
agreement with this idea, short axon branches, which extended from
each nerve towards the midline at 10.5 dpc, had retracted by 12.5 dpc
(compare white arrows in Fig. 3A with C).

PLXNA4 conveys SEMA3A/NRP1 signals to guide facial visceromotor
neurons

To test the hypothesis that NRP/PLXN signalling was essential for
the guidance of facial visceromotor axons, we examined the be haviour
of GSPN axons in loss of function mutants at 11.5 dpc by wholemount
neurofilament staining (Fig. 4). Whilst axons formed normal projec-
tions in 5/5 Nrp2-null and 3/3 Sema3F-null mutants (compare Fig. 4A
with B, E), we observed striking axon guidance errors in 5/5 Nrp1-null
and 5/5 Sema3a-null mutants (Figs. 4C, F). Specifically, there was
defasciculation (arrows in Figs. 4C, F) and midline crossing of ectopic
axons (arrowheads in Figs. 4C, F) near Rathke's pouch, consistent with
the idea that Sema3a normally provides repulsive cues for GSPN axons
(see Fig. 3D). Moreover, there was no arborisation in the area where
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the sphenopalatine ganglion forms; rather, some axons appeared to
extend beyond the target area (compare Fig. 4A with Figs. 4C, F).

We next examined which plexin transduced SEMA3A/NRP1 signals
in facial visceromotor neurons. In PLXNA1 and PLXNA2 mutants, only
the GSPN branch in the faster developing left side of the embryo
had begun to arborate in the target area at 11.5 dpc, but axon path-
finding appeared intact (Figs. 4D, G); this observation is consistent
with an overall developmental delay rather than a specific defect in
axon guidance. In agreement with the idea that SEMA3F and NRP2
were not required for axon guidance of the GSPN, loss of PLXNA3 did
not impair the pathfinding of the GSPN nerve (Fig. 4H). Instead, the
defects of SEMA3A/NRP1 mutants were phenocopied by mutants
lacking PLXNA4 (compare areas indicated by arrows and arrowheads
in Figs. 4C, F with 1). Taken together, the observations described in
Figs. 3 and 4 suggest that SEMA3A signals through NRP1/PLXNA4
to guide visceromotor axons towards the site of sphenopalatine
ganglion formation, preventing midline crossing and promoting target
innervation.

Defects in visceromotor axon guidance occur in the presence of the
sphenopalatine ganglion

It has been proposed that the sphenopalatine ganglion is essential
for the pathfinding of GSPN axons from the facial ganglion to the
target area (Jacob et al., 2000). We therefore asked if these pathfinding
errors were secondary to loss of the sphenopalatine ganglion. This was
also an important question, as the sphenopalatine ganglion is formed
from r4-derived neural crest cells, and at least one subpopulation of
r4-derived neural crest cells, which contributes to sensory ganglio-
genesis, migrates abnormally in Sema3a- and Nrpl-null mutants
(Schwarz et al., 2008). We found that the paired sphenopalatine
ganglia, even though mildly misshapen, were presentin 4/4 Nrp1-null
mutant embryos at 13.5 dpc (compare Fig. 5A with B). Nevertheless,
the axonal trajectory of the GSPN was grossly abnormal in all those
cases (compare Fig. 5C with D). We conclude that the pathfinding
errors of visceromotor axons in mutants lacking SEMA3A, NRP1 or
PLXNA4 are not due to loss of the target ganglion.

PLXNA3 and PLXNA4 cooperate during facial nerve development

The observations described above suggest that PLXNA3 and
PLXNA4 independently transmit semaphorin signals to guide facial
and trigeminal axons. Consistent with this idea, the facial branchio-
motor nerve and all trigeminal nerve branches were more severely
mispatterned in double knockouts than in single mutants {compare
Fig. 6B with 4H, I; 6/6 cases). On the other hand, the facial visce-
romotor defects of double knockouts were not more severe than those
of single Plxna4 mutants (compare Fig. 6D with 41; 4/4 cases). This
observation is in agreement with the finding that PLXNA3 is not
required for the patterning of this facial nerve branch (see Fig. 4).
Therefore, PLXNA3 and PLXNA4 synergise to pattern the facial nerve,
whereby both are required in branchiomotor neurons, but only
PLXNA4 is essential in visceromotor neurons.

Discussion

Essential roles for class 3 semaphorins and their receptors in facial
branchiomotor axon guidance

We have previously shown that SEMA3A signalling through NRP1
patterns the axons of facial branchiomotor neurons in the second
branchial arch, affecting their pathfinding and fasciculation (Schwarz
et al., 2004 ). We now show that SEMA3F and NRP2 also contribute to
the patterning of facial branchiomotor neurons, because loss of either
molecule results in similar axonal defects as loss of SEMA3A or NRP1
(Fig. 2). Our observation that one type of neuron can respond to two
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Fig. 4. SEMA3A signals through NRP1 and PLXNA4 to guide the axons of facial visceromotor neurons. (A) Wholemount neurofilament staining of wild type mouse embryos at 11.5 dpc
reveals migrating facial branchiomotor neurons (Vil,), and their axons within the hindbrain, as well as the facioacoustic (V) and trigeminal ganglia (Vi) and the greater superficial
petrosal nerve (Vllgspa) in the periphery. Vllgspa axons arborate in the area where the sphenopalatine ganglion forms (circled); the white arrow denotes trigeminal axons that
innervate the sphenopalatine ganglion. The lower jaw was removed to afford better visualisation of Vllgpa axons. (B-1) Corresponding wholemount neurofilament staining of loss of
function mutants. Loss of SEMA3F (B) or NRP2 (E) did not affect Vllgspa axons. Similarly, loss of PLXNA1 (D), PLXNA2 (G) or PLXNA3 (H) did not impair their guidance. In contrast, loss
of SEMA3A (C), NRP1 (F) or PLXNA4 (1) caused defasciculation (arrows) and midline crossing (arrowheads) of Vllzpn axons: moreover, there was no arborisation in the area where the

sphenopalatine ganglion forms (compare panel A with panels C, F, 1). Scale bar: 250 pm.

different semaphorins is consistent with the previous finding that
hippocampal neurons respond two both SEMA3A and SEMA3F under
physiological circumstances (Chedotal et al., 1998). Two different
plexins were essential to transduce SEMA3A/NRP1 and SEMA3F/
NRP2 signals, PLXNA3 and PLXNA4 (Fig. 2). These findings are
consistent with previous observations in other model systems of
axon guidance, which showed that PLXNA3 and PLXNA4 preferen-
tially mediate SEMA3F and SEMA3A signals, respectively (Yaron etal,,
2005).

PLXNA1 and PLXNA2 were also expressed in the hindbrain at the
time of motor neuron differentiation, but their loss did not impair
fasciculation or path finding of facial branchiomotor axons. We did,
however, observe a delay in GSPN and trigeminal nerve branching in
the area where the sphenopalatine ganglion forms (Fig. 4). Because
this delay was not seen in Nrp1- or Nrp2-null mutants, it did not
reflect a cell-autonomous defect in the neuropilin-mediated guidance
of motor axons. Instead, it is likely an indirect consequence of an
overall developmental delay or a defect in the nerve environment.
Consistent with the latter possibility, PLXNA1 has been implicated as a
SEMAGA-receptor in boundary cap patterning at the interface
between the central and peripheral nervous systems to assist the
ordered exit of axons form the neural tube (Mauti et al., 2007). It
would also be interesting to examine if PLXNA1 and PLXNA2 play a
role in SEMA3F-guided patterning events, for which PLXNA3 and
PLXNA4 are dispensable, for example the guidance of trunk neural
crest cells (Waimey et al., 2008).

In many model systems, SEMA3A acts as an environmental re-
pellent for growing axons (for example, Luo et al., 1993; Messersmith
et al, 1995). In addition, SEMA3A expression by motor neurons in the
chick was previously shown to desensitise axons as they approach
their target field (Moret et al., 2007). SEMA3A and SEMA3F are both
expressed in the second pharyngeal arch from 8.5 dpc onwards, prior
to the extension of motor axons out of the hindbrain (Schwarz et al.,
2008). This observation is consistent with a model in which axon
patterning is achieved by repulsive guidance cues in the environment.
At subsequent developmental stages, SEMA3A is also expressed by the
facial branchiomotor neurons themselves (Schwarz et al., 2004).
Therefore, both paracrine and autocrine SEMA signalling through
NRP/PLXN complexes may contribute to axon patterning of facial
branchiomotor neurons, but these possibilities cannot be addressed
with existing mouse models.

Target-independent guidance of facial visceromotor axons by SEMA3A
signalling through NRP1/PLXNA4 receptors

In the vertebrate trunk, preganglionic and postganglionic sympa-
thetic axons pathfind in the absence of their target, suggesting that
guidance cues for sympathetic axons are derived from sources other
than their target ganglia (for example, Guidry and Landis, 1995; Yip,
1987). Whilst parasympathetic neurons share transcription factors
with sympathetic neurons to control their differentiation and have
similar trophic requirements (reviewed in Jacob et al., 2000), it is not
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Fig. 5. Facial visceromotor axon guidance defects in the absence of SEMA3A/NRP1
signalling are not due to loss of the target ganglion. (A, B) Wholemount in situ
hybridisation with a probe specific for Phox2b identifies the sphenopalatine ganglion
(SPg) in wild type (A) and NrpI-null mutant (B) littermates at 13.5 dpc (ventral view).
(C. D) Wholemount neurofilament staining of the developing palate of the same
samples after in situ hybridisation shows an abnormal trajectory of the Vil in the
Nrp1-null mutant embryo (aberrant axons indicated with arrows in panel D). Note that
the alkaline phosphatase reaction product, which was deposited during in situ hybri-
disation, partially obscured the Vligps. Scale bar (A-D): 500 pum.

clear if parasympathetic axons use guidance mechanisms that are
similar to those of sympathetic axons.

A previous study using a loss of function mutant for the
transcription factor Phox2a raised the possibility that facial viscer-
omotor, unlike sympathetic axons, use a target-dependent mechan-
ism of axon guidance, in which the sphenopalatine ganglion plays an
essential role (Jacob et al., 2000). Specifically, the sphenopalatine
ganglion was absent in these mutants, and this was accompanied by
loss of the GSPN. However, these studies were complicated by the fact
that Phox2a is not only essential for the formation of the sphenopa-
latine ganglion, but also for the formation of the geniculate ganglion
(Jacob and Guthrie, 2000; Morin et al., 1997), which provides an
intermediate target for facial visceromotor neurons en route from the
hindbrain to the sphenopalatine ganglion. Moreover, Phox2a is ex-
pressed by all hindbrain motor neurons (Tiveron et al., 1996),
including facial visceromotor neurons (Jacob et al., 2000). This
observation raises the possibility that Phox2a contributes to viscer-
omotor patterning in additional mechanisms that do not involve
signals from the sphenopalatine ganglion. For example, the geniculate
ganglion may be critical for pathfinding of facial visceromotor axons.
Alternatively, Phox2a might control the expression of receptors in
facial visceromotor neurons that are critical for nerve survival after
axons have reached their target ganglion. This possibility was not
addressed in the previous study, as the analysis of the GSPN was
performed at 13.5 dpc, well after the axons of this nerve had reached
the sphenopalatine ganglion in wild type mice and were likely to have
made synaptic contact (see Figs. 3, 4).

We now demonstrate that facial visceromotor axons home in on
their target area between 10.5 and 11.5 dpc, before the sphenopalatine
ganglion is formed at 12.5 dpc (Figs. 3, 4). Moreover, we show that loss
of SEMA3A signalling through NRP1/PLXNA4 impairs axon pathfind-
ing at 11.5 dpc, i. e. before the sphenopalatine ganglion has formed
(Figs. 4, 5). Finally, pathfinding errors in Nrp1-null mutants cannot be
explained by loss of the geniculate ganglion, as it forms in embryos

wild type
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Fig. 6. PLXNA3 and PLXNA4 cooperation during facial branchiomotor, but not visceromotor axon guidance. (A-D) Wholemount neurofilament staining of wild type (A, C) and
Plxna3/Pixna4 double null mutants (B, D) at 11.5 dpc reveals the vestibuloacoustic (Vlllg), facial (Vlg) and trigeminal ganglia (Vg) as well as the three main facial and trigeminal
nerve branches. (A, B) A lateral view of the head in a wild type shows the three facial branches, the branchiomotor nerve (Vllym), the chorda tympani (VIL,) and the greater
superficial petrosal nerve (Vllgspa ), as well the mandibular (Ving), maxillary (Vmx), and ophthalmic (Vop) branches of the trigeminal nerve. (B) The combined loss of PLXNA3 and
PLXNA4 disrupted the patterning of the facial branchiomotor nerve (white arrowhead) as well as the mandibular (black arrowhead), maxillary (black arrow) and ophthalmic
(white arrow) trigeminal nerve branches more severely than loss of either plexin alone (compare panel B with Figs. 2H, 1). (C) A ventral view shows that Vllgspn axons normally
arborate in the area where the sphenopalatine ganglion forms (circled). (D) The combined loss of PLXNA3 and PLXNA4 caused defasciculation (arrows) and midline crossing
(arrowheads) of Vllgspn axons, and there was no arborisation in the area where the sphenopalatine ganglion forms: however, defects were not worse than those caused by loss
of PLXNA4 alone (compare panel D with Fig. 41). Scale bar (A-D) 250 pm. (E) Working model for facial nerve patterning: SEMA3A and SEMA3F cooperate to pattern facial
branchiomotor neuron (FBM) axons by binding to NRP1/PLXNA4 and NRP2/PLXNA3, respectively: SEMA3A also patterns facial visceromotor neuron (FVM) axons by binding to

NRP1/PLXNA4 complexes.
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lacking NRP1 (Schwarz et al., 2008). Taken together, our observations
suggest that preganglionic parasympathetic axons use target-inde-
pendent mechanisms of axon guidance to approach their target field,
and that the parasympathetic ganglia are more likely to play a role
during subsequent stages of visceromotor axon patterning, perhaps by
inducing axon arborisation or stimulating survival pathways.

Differential use of plexins during axon guidance of facial nerve
subdivisions

All A-type plexins have been implicated as signal transducers
for neuropilin-bound semaphorin signals during axon guidance
in vitro. Initially, truncated PLXNA1 protein was shown to block
SEMA3A-induced growth cone turning in cultured sensory neurons
(for example (Rohm et al., 2000; Takahashi et al., 1999). However,
subsequent knockout studies in mice did not confirm a direct role for
PLXNAT1 in sensory nerve axon guidance (Takegahara et al., 2006).
Rather, PLXNA4 was found to be the main physiological co-receptor
for NRP1 in several different SEMA3A-mediated axon patterning
events, such as sensory nerve fasciculation and sympathetic axon
guidance (Cheng et al., 2001; Suto et al., 2005; Yaron et al., 2005). We
found that all four A-type plexins were expressed in primary
embryonic motor neurons, and that facial motor neurons in situ
expressed PLXNA2, PLXNA3 and PLXNA4 (Fig. 1). However, despite its
expression in the motor column at r5-level, PLXNA2 was not essential
for facial branchiomotor or visceromotor guidance. This observation
may indicate that PLXNA2 expression in this domain has no functional
significance, or that it plays a role in another type of r5-derived motor
neuron, which forms the abducens nerve. On the other hand, PLXNA3
and PLXNA4 were essential for facial nerve development, as both
contributed to the patterning of facial branchiomotor axons (Fig. 2);
moreover, PLXNA4, but not PLXNA3, controlled facial visceromotor
axon guidance (Fig. 4). Accordingly, compound mutants lacking both
PLXNA3 and PLXNA4 showed more severe defects in facial branchio-
motor neuron patterning, whilst facial visceromotor axon guidance
was not affected any worse in these mutants relative to single Plxna4-
null mutants (compare with 2H, I and 4 H, | with Figs. 68, D).

It has previously been proposed that PLXNA4 preferentially interacts
with NRP1 to form the main SEMA3A receptor, whilst PLXNA3 associates
with NRP2 to form the main SEMA3F receptor (Yaron et al,, 2005). We
have made several observations that support this concept. Firstly, cranial
nerve defects in mice lacking SEMA3A or NRP1 are more similar to those
of mice lacking PLXNA4, whereas defects in mice lacking SEMA3F or
NRP2 are more similar to those of mice lacking PLXNA3 (Fig. 2). Secondly,
facial visceromotor neurons respond to SEMA3A and require NRP1 and
PLXNA4, but not NRP2 or PLXNA3 for their guidance (Fig. 5). Finally,
mutants lacking both PLXNA3 and PLXNA4 show a worse phenotype
than single mutants with respect to facial branchiomotor axon guidance,
which depends on both SEMA3A and SEMA3F, whereas they do not
show a worse phenotype with respect to facial visceromotor neuron
patterning, which relies on SEMA3A, but not SEMA3F (Figs. 2, 4, 6). We
therefore conclude that SEMA3A/NRP1/PLXNA4 and SEMA3F/NRP2/
PLXNA3 pathways co-operate in a non-redundant fashion during facial
nerve development (see model in Fig. 6E).

Whilst the Plxna4-null facial nerve phenotype was phenocopied in
Sema3a- or Nrp1-null mutants (Figs. 2, 4), SEMA3A/NRP1 may signal
through PLXNA3 in other axon types in the mouse (Cheng et al., 2001).
Moreover, in zebrafish, SEMA3A1 signals through PLXNA3 to control
fasciculation and target selection of Vlith nerve motor axons (Tanaka et
al., 2007). Given the essential role of PLXNA3 in mediating semaphorin
signals in zebrafish and mouse, it is surprising that the chick genome
lacks a PLXNA3 homolog (Mauti et al., 2006). It therefore appears that
PLXNA3 and PLXNA4 have undergone species-dependent specialisa-
tion to mediate selective axon guidance events, which is exemplified
by the requirement for both plexins during distinct aspects of facial
nerve development in the mouse (see model in Fig. 6E).
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The cardiac neural crest, a subpopulation of the neural crest, contributes to the cardiac outflow tract
formation during development. However. how it follows the defined long-range migratory pathway remains
unclear. We show here thal the migrating cardiac neural crest cells (NCCs) express Plexin-A2, Plexin-D1 and
Neuropilin. The membrane-bound ligands for Plexin-A2. Semaphorin (Sema)}6A and Semab6B. are expressed
in the dorsal neural tube and the lateral pharyngeal arch mesenchyme (the NCC “routes”). Sema3cC, a ligand
for Plexin-D1/neuropilin-1, is expressed in the cardiac outflow tract (the NCC “target”). Sema6A and Sema6B
repel neural crest cells, while Sema3C attracts neural crest cells. Sema6A and Sema6B repulsion and Sema3C
attraction are diminished either when Plexin-A2 and Neuropilin-1, or when Plexin-D1. respectively, are
knocked down in NCCs. When RNAi knockdown diminishes each receptor in NCCs, the NCCs fail to migrate
into the cardiac outflow tract in the developing chick embryo. Furthermore, Plexin-A2-deficient mice exhibit
defects of cardiac outflow tract formation. We therefore conclude that the coordination of repulsive cues
provided by Sema6A/Sema6B through Plexin-A2 paired with the attractive cue by Sema3C through Plexin-D1
is required for the precise navigation of migrating cardiac NCCs.

Introduction

The neural crest is a cellular population contained within the
leading edge of the neural folds. These neural crest cells (NCCs)
migrate to various tissues in a segmented manner in the developing
vertebrate embryo when neural tube closes. Depending on their
precise destination within the embryo, NCCs generate neurons, glia,
pigment cells, chondrocytes and smooth muscle cells (Gammill and
Bronner-Fraser, 2003; Le Douarin et al., 2004). After delaminating
from the neural tube, NCCs at the level of rhombomeres (r)6 to r8
migrate ventrally and form third, fourth, and sixth pharyngeal arch
arteries to the cardiac outflow tract. There, they then fuse to form the
septum dividing the single great vessel emerging from the heart (the
truncus arteriosus) into the mature aortic and pulmonary arteries,
leading to their destination as the cardiac NCCs (Creazzo et al., 1998;
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Etchevers et al., 2001; Stoller and Epstein, 2005). These columns of
cells contribute to the significant cell mass of the endocardial
cushions in the outflow tract (Epstein et al, 2000). When cardiac
NCCs are ablated in the chick embryo, various malformations
including persistent truncus arteriosus and the absence of various
combinations of the third, fourth, and sixth pharyngeal arch arteries
occur (Kirby et al., 1983; Waldo et al., 1998). Thus, alterations in this
complex developmental program lead to a spectrum of pathologies
involving the cardiac outflow and the great arteries that are
associated with common forms of congenital heart diseases observed
in humans (Gruber and Epstein, 2004).

An unresolved issue in neural crest development is how the NCCs
establish their precise pathfinding to distinct target organs, Several
lines of evidence have shown a role for axon guidance molecules,
including ephrin and semaphorin, in NCC migration along the trunk
region (Krull et al., 1997; Wang and Anderson, 1997; Eickholt et al,,
1999; Santiago and Erickson, 2002). The trunk NCC ventral route is
defined by the inhibitory ephrin expression from the dorsal region
(Santiago and Erickson, 2002), while NCC segmental organization is
defined by the expression of inhibitory class 3 semaphorins, Sema3A
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and Sema3F, located in the odd-numbered rhombomeres (rl, r3,
and r5) (Osborne et al, 2005; Gammill et al., 2006). In contrast,
relatively little is known about the molecular mechanisms that are
responsible for the cardiac NCC migration to the cardiac outflow tract.
Awide variety of extrinsic and intrinsic programs have been implicated
in the cardiac NCC fate decision (Stoller and Epstein, 2005). Mice
lacking these factors typically exhibit the interruption of the aortic arch
and persistent truncus arteriosus. A similar phenotype has been
observed in mice lacking Sema3C (Feiner et al., 2001), Neuropilin-1
(a receptor for class 3 semaphorins) (Kawasaki et al., 1999), or Plexin-
D1 (a receptor or co-receptor for class 3 semaphorins) (Gitler et al.,
2004; Guetal., 2005). Zebrafish lacking Sema3D in NCC or Plexin-D1 in
vascular endothelial cells also exhibit the impaired cardiac develop-
ment (Sato et al., 2006; Torres-Vazquez et al., 2004). These results
suggested that the class 3 semaphorin-mediated signal is involved in
cardiac outflow tract formation. However, it remains unclear whether
these defects are caused by abnormalities in migration of NCCs.
Furthermore, neither ligands for plexin-A2 nor receptors for Sema3Cin
the cardiac outflow tract formation have not been determined.

In order to determine the molecular mechanisms underlying how
semaphorins regulate the pathfinding of migraring cardiac NCCs, we
investigated the semaphorin receptors and their ligands during NCC
development. In NCCs, we identified an initial and a continuous
expression of Plexin-A2 and the subsequent expression of Neuropilin-
1 and Plexin-D1. Concomitant with the spatiotemporal expression of
these receptors, the Plexin-A2 ligands Sema6A and Sema6B were
expressed as contact repellents along the migratory routes. Sema3cC,
the ligand for the Neuropilin-1/Plexin-D1 complex, was expressed as a
diffusible attractant at the cardiac outflow tract. Perturbation of ligand
or receptor expression blocked the proper NCC migration into the
cardiac outflow tract. Thus, these results indicate that the cooperation
of an attractant at the front and arepellent in the back of the migrating
NCCs generates a polarized guidance output along the long-range
migratory pathway.

Materials and methods
Plexin-A2 and Plexin-A4 knockout mice

Generation and genotyping of the Plexin-A4™" alleles or the
Plexin-A2"" alleles have been previously described (Suto et al., 2005,
2007). Mice were backcrossed for eight generations into the C57B6
background. All animal procedures were carried out in accordance
with institutional guidelines.

Construction of cDNAs and transfections

Mouse Neuropilin-1 and Plexin-D1 cDNAs have been described
previously (Toyofuku et al., 2004b, 2007). Mouse Sema3C and Plexin-
A2 cDNAs lacking stop codons were synthesized by PCR, and then
were ligated into the pcDNA3.1/V5-HisA (Invitrogen) and pFLAG-
CMV-3 (Sigma) expression vectors, resulting in the production of V5-
tagged Sema3C and Flag-tagged Plexin-A2, respectively. Sema6A and
6B cDNAs lacking N-terminal signal sequences were synthesized by
PCR, and then ligated into pcDNA4/His/Max-A, resulting in the
production of Xpress-tagged Semab6A and Sema6B. Resulting plasmids
were transfected into HEK293 cells by Fugene-6-mediated transfec-
tion (Roche Molecular Biochemicals). Stable cell lines that overexpress
the plasmid encoded proteins were established by selection with
800 pg/ml G418 (Sigma).

Production of soluble recombinant proteins
To produce soluble Fc-fused proteins, the extracellular domains of

Sema6A and Sema6B, and the full-length Sema3C, cDNAs were ligated
into the pEFBos human IgG1 Fc cassette (Suda and Nagata, 1994).

These constructs were then transfected into P3U1 plasmacytoma cells
by electroporation. Fc-fused proteins were purified from culture
supernatants using protein-G sepharose (Pharmacia).

Generation of RNA interference-based knockdown vector and adenovirus

To suppress selected target proteins for loss-of-function analyses,
RNA interference (RNAi) was used. For RNAi plasmid construction to
direct the synthesis of short hairpin (sh)RNA, DNA templates for the
synthesis of shRNAs in which the sense and anti-sense sequences
targeting cPlexin-A2, cNeuropilin-1, or cPlexin-D1 were linked with a
9-nucleotide loop (Table S1) were synthesized, and then paired
oligonucleotides were annealed and ligated into the pRNAT-H 1.1 /shuttle
(GenScript Co. NJ). For the construction of adenoviral vectors that direct
the synthesis of shRNA (RNAi adenovirus), the expression cassette of the
PRNAT-H1.1/shuttle encoding respective shRNA (RNAi plasmid) was
excised and ligated into BD Adeno-X viral DNA (BD Biosciences
Clontech). After transfection of adenoviral vector into HEK293 cells,
adenovirus-containing medium was collected and concentrated.

Semaphorin-alkaline phosphatase binding assay

Semaphorin-alkaline phosphatase binding assays were performed
as described previously (Tamagnone et al., 1999). The extracellular
domains of Sema3C, SemabA. or Sema6B were expressed as fusion
proteins with placental secreted alkaline phosphatase atr the N-
terminus (AP-Sema3C, AP-Sema6A, AP-Sema6B). To assess binding,
HEK293 cells were transiently transfected with expression vectors
encoding Plexins and NP1. After incubation with AP-Sema proteins,
cells were fixed and incubated at 65 °C for 100 min to inactivate
endogenous AP activity. Cells expressing Plexin, which bound to AP-
Sema, were detected histologically.

Surface biotinylation-chase experiment

HEK293 cells expressing SemabA or SemabB were biotinylated
using a Cellular Labeling and Immunoprecipitation kit (Boehringer
Mannheim). After biotinylation, the culture supernatants and the cells
were harvested at the indicated times, washed and solubilized in 1%
NP-40, after which they were centrifuged at 100,000 xg for 1 h to
remove membrane debris. The contents of the remaining super-
natants and cell lysates were immunoprecipitated with streptavidin
and subjected to SDS-PAGE. The immunoblots were probed with anti-
Xpress-HRP conjugates (Invitrogen) and developed using ECL reagent
{Amersham Pharmacia Biotech. Uppsala, Sweden).

Neural crest explant culture and stripe assay

Neural crest explant cultures were performed as described
previously (Eickholt et al., 1999). Briefly, neural tube extending from
the mid-optic placode to the 3rd somite, from which the robust
migration of cardiac NCCs occur, were dissected from chick embryos at
stage 9 and incubated for 5 min in Dispase (1 mg/mlin L-15) to remove
the mesenchyme and the notochord. For the stripe assay (Eickholtet al.,
1999: Vielmetter et al., 1990), neural tube explants were placed on
coverslips which had been coated with alternating substratum stripes.
Briefly, poly-L-lysine-coated coverslips were placed on silicone
matrices. A mix of the purified Sema3C-Fc, Sema6A-Fc, Sema6B-Fc, or
control 1gG (80 pg/ml) plus fibronectin (1 pg/ml) in PBS was injected
into canal and incubated for 3 h at 37 °C. After removing unbound
proteins by PBS injection, BSA-FITC was injected into the canal and
incubated for 1 h at 37 °C. Coverslips were then removed from matrix,
washed with PBS, and then incubated with fibronectin (10 pg/ml) for
3 hat 37 °C. Neural tube explants were cultured on striped substrata for
20 h and examined with anti-HNK-1 antibody (Zymed, 1:100) followed
by Rhodamine-conjugated anti-mouse IgG. For adenovirus-mediated
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