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SUMMARY

The semaphorin/collapsirgene family encodes secreted and the pathways followed by lateral line growth cones in
transmembrane proteins several of which can repulse mutants in which the expression osema Zlas altered in
growth cones. Although the in vitro activity of Semaphorin  an interesting way, (2) response of lateral line growth cones
[lI/D/Collapsin 1 is clear, recent analyses of two different to exogenous Sema Zla in living embryos, and (3) the
strains of semaphorin Ill/D/collapsin 1knockout mice have  pathway followed by lateral line growth cones when Sema
generated conflicting findings. In order to clarify the invivo ~ Z1a is misexpressed by cells along their normal route. The
action of this molecule, we analyzedema Zlaa zebrafish  results suggest that a repulsive action of Sema Zla helps
homolog of semaphorin lll/D/collapsin 1 The expression guide the growth cones of the lateral line along their normal
pattern of sema Zlasuggested that it delimited the pathway pathway.

of the growth cones of a specific set of sensory neurons, the

posterior ganglion of the lateral line, in zebrafish. To  Key words: Semaphorin, Zebrafish, Growth cone guidance, Lateral
examine the in vivo action of this molecule, we analyzed (1) line, Cell signalling

INTRODUCTION dorsal cord. Recent generation and examinaticsenfa I1I/D
knockout mice suggest that the requiremergesha IlI/Dfor
During development, neuronal growth cones extend alonthis restriction depends upon the genetic background of the
specific pathways to their targets by utilizing both repulsivanice. In one strain some cutaneous DRG axons appear to
and attractive cues (Tessier-Lavigne and Goodman, 1996). Teke&tend aberrantly into the ventral cord (Behar et al., 1996),
repulsive activity, upon growth cones, of a variety of factorsvhile in another strain cutaneous DRG axons remained within
has been extensively analyzed with in vitro assays (Walter éte dorsal cord (Taniguchi et al., 1997). In the latter strain, a
al.,, 1987; Raper and Kapfthammer, 1990; Fitzgerald et alsubset of peripheral nerves were abnormally defasciculated but
1993; Drescher et al.,, 1995; Fan and Raper, 1995). Thapparently extended to their correct target regions. The reason
semaphorin/collapsifamily of molecules has recently been of for the difference in phenotype between the two different
interest in this regard, because several of the members doeockout mice is presently unclear.
thought to be repulsive for specific growth cones (Kolodkin, To better understand the in vivo rolesaima Ill/D/collapsin
1996). These proteins are either secreted or transmembradewe focused on the role of a zebrafish Semaphorin, Sema Z1a,
may have an Ig domain or thrombospondin type 1 domainshat is homologous to Semaphorin 1lI/D/Collapsin 1, for
and all share a large, conserved sema domain. The first memipathfinding by a specific set of sensory growth cones, those of
of this family that was identified to be repulsive for growththe posterior lateral line ganglion. Zebrafish embryos are useful
cones was chick Collapsin 1, a secreted protein that causes tbe examining the behavior of growth cones because the
collapse of specific subsets of growth cones in vitro includingmbryos are transparent and features are accessible at all stages
those of the dorsal root ganglion (DRG) cells (Luo et al., 1993)pf development (Kimmel et al., 1995). Furthermore, the
Explant experiments showed that Sema IlI/D, which is theebrafish nervous system is relatively simple and contains
mammalian homolog to chick Collapsin 1, selectively repellechumerous, well characterized neurons, including the neurons
the axons of the cutaneous DRG cells but not the musclef the posterior lateral line (Metcalfe, 1985; Metcalfe et al.,
afferent DRG cells (Messersmith et al., 1995; Puschel et all985; Collazo et al., 1994; O'Malley et al., 1996).
1995). This made sense since Sema IlI/D is normally expressedThe lateral line is a sensory structure that detects water-born
by the ventral spinal cord, and cutaneous but not muschabrations, found in fishes and amphibians. It consists of 10-
afferent DRG axons are restricted to the dorsal cord. This1l sensory organs that are located periodically along the
suggested that Sema IlI/D secreted by the ventral spinal coeshterior/posterior axis midway between the dorsal and ventral
cells normally acts to restrict the cutaneous DRG axons to thmargins of the trunk and tail in larval zebrafish. The posterior
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lateral line ganglion contains the 15-20 sensory neurons thahti-myc then anti-HNK1 antibodies. Briefly, embryos were fixed in
innervate the sensory organs. This is located posterior to tH&b paraformaldehyde in PBS, incubated with a 1:10 dilution of anti-
otocyst and anterior to the axial muscles. The sensory orgaf¥¢ mAb (Evan et al., 1985), incubated with a 1:100 dilution of anti-
develop from cells derived from a mass of cells called th&0use IgG-HRP, and treated with 0.3 mg/ml diaminobenzidine
migrating primordium of the lateral line (Metcalfe, 1985; (PAB). 0.08% NiCh, and 0.08% CoGlwhich gives a black

. . . . eroxidase reaction product . Embryos were then re-fixed, incubated
Metcalfe et al., 1985). The primordium migrates posterlorly‘?vith 1:4000 dilution pof mAb zn12 )Eanti-HNK-l) (Metcalfe et al.,

starting_ from the posterior Ia_teral line ganglion at1990; Trevarrow et al., 1990), incubated with anti-mouse IgG-HRP,
approximately 20 hours and reaching the posterior end of thg,j then with 0.5 mg/ml DAB, which results in a brown peroxidase
tail by 42 hours. As the primordium migrates it periodicallyreaction product.

deposits small clusters of cells that differentiate into the

sensory organs. Interestingly the growth cones of the neurokgbeling of growth cones and axons by photo-oxidation of

of the posterior lateral line ganglion that innervate the sensofyi! fluorescence

organs extend together with the migrating primordium. Thego mark Dil-labeled growth cones with a brown DAB reaction
primordium and growth cones migrate posteriorly to the firsProduct, embryos were fixed in 4% paraformaldehyde in 0.1 M
myotome. Once they reach the axial muscles they migra osphate buffer, embedded in 0.7% agar in 0.1 M phosphate buffer

. . . n glass slides, and under visual control through DIC optics of a
between the .Skm and the axial muscles of the horizont ompound microscope 2 mg/ml Dil in n,n-dimethylformamide was
myoseptal region.

2 . assed from a micropipette into the posterior lateral line ganglion
Our analysis demonstrates that Sema Zla is expressed iBjtophoretically. Embryos were then held overnight at 4°C in a

the axial muscles in a pattern that suggests it may guide th@rk humid chamber to allow for spread of the Dil into axons and
growth cones of the posterior lateral line by delimiting thegrowth cones and the fluorescently labeled cells were marked with
pathway these growth cones can follow on the muscles. We brown reaction product by following the photo-oxidation
further show that application of Sema Zla
can induce collapse of lateral line gro
cones in vivo, and that the growth co
will deviate from their normal pathw
when confronted with cells that ¢
misexpressing Sema Zla. These re
strongly suggest that Sema Zla norrr
guides posterior lateral line growth co
via a repulsive mechanism.

MATERIALS AND METHODS

Zebrafish embryos

Zebrafish Danio rerio) embryos were collectt
and allowed to develop at 28.5°C, and stage
described by Westerfield (1995). In some ¢
pigmentation was inhibited by exposure to
mM phenylthiourea (Sigma) at about 20

(hours postfertilization; Burrill and Easter !
1994). floating head (flh) carrier fish wer
obtained from M. Halpern.you-too (yot
embryos were supplied by P. Haffter.

In situ hybridization and cryostat

sectioning Fig. 1.sema Z1axpression by the myotomes suggests it may delimit the pathway of the
Antisensesema Zlaligoxigenin (DIG)-labele growth cones of the posterior lateral line ganglion. All panels are sideviews showing
riboprobes were synthesized and then adjt wholemounted 24 hpf embryos with anterior to the left and dorsal up. (A) The trunk of
to approximately 300 bps fragment length an embryo hybridized to an antisessena Zlaiboprobe showing thatema Z1as
limited alkaline hydrolysis (Cox et al., 198 expressed by the axial muscles in the dorsal and ventral portions but not the horizontal
Hybridization on wholemounted embryos \ myoseptal region (arrowheads) of the myotomes. (B) A higher magnification view of
performed as described by Westerfield (1€ another embryo hybridized to an antisessma Zlaiboprobe showing thatema Z1as
For sectioning, fixed embryos were immerse also expressed by the cells at the leading edge of the migrating primordium (leading edge
30% sucrose, embedded in OCT compc is outlined by square dots here and in D). Here the alkaline phosphatase reaction was
(Miles, Elkhart, IN), and cut using a Reichi over-reacted to better show expression by the leading edge cells. Arrowhead denotes the
Jung 2800 cryostat. Sections were air dried midway point along the dorsal-ventral axis of the horizontal myoseptal region in this
mounted in 70% glycerol under a coverslip. panel and in D. (C) The posterior lateral line axons extend caudally along the horizontal

) ] myoseptal region of the myotomes. Axons (arrows) of the posterior lateral line ganglion
Immunohistochemistry (pLLG) were labeled by injection of Dil into the ganglion and then marking the Dil-
To label cells expressing Sema Z¥& and labeled neurons with a brown reaction product via photo-oxidation. (D) Higher
growth cones expressing the HNK1 anti magnification view of several labeled pLLG growth cones in another embryo. The

differentially, embryos were first stained us ~ migrating primordium can be seen with DIC optics. Scale bays20
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Fig. 2.sema Z1axpression and the pathway followe:
by the lateral line axons are coordinately altered in
floating headflh) homozygous embryos afit
embryos overexpressirggnic hedgehofshh.
Expression ofema Zlavas assayed by in situ
hybridization (A-D), and the lateral line axons and
growth cones by labeling them with Dil followed by
photo-oxidation (E-H). (A) Transverse section of the
trunk of a 24 hpf wild-type embryo showing that the
dorsal and ventral portions of the myotome express
sema Z1d&ut not the horizontal myoseptal region. Tt
spinal cord can be seen dorsal to the notochord (n).
this panel and in B, dorsal is up. (B) Transverse sec
of the trunk of a 24 hgth embryo showing thatema
Zlais expressed by the entire myotome withsema
Zlafree zone. Note that the notochord is missinfiin
embryos as previously reported (Halpern et al., 199!
(C) Sideview of the trunk of a 24 hfth embryo
showing that the longitudinakma Z1dree stripe is
missing. The yolk tube can be seen ventral to the
myotomes. Dorsal is up and anterior left.

(D) Overexpression adhhdownregulatesema Z1and
can restore a relatively normsgma Z1axpression
pattern in the myotomes @h embryos. Sideview of th
trunk of a 26 hpf embryo showing tregma Z1a
expression is reduced in the middle portion of the
myotomes. Note that cells at the leading edge of the
migrating primordium (p) expresema Z1and appeat
to be migrating along an appropriate pathway.

(E) Dorsal view of the trunk of a 22 hpf wild-type
embryo showing that the lateral line growth cones
extend between the lateral surface of the myotomes
segment 1 (s1) and segment 2 (s2) in the horizontal
myoseptal region and the medial portion of the
migrating primordium (lateral border outlined by
arrowheads). Note that the growth cones appear to
contact with the surface of the horizontal myoseptal
cells, and that the axons are fasciculated. (F) Same
as in E but of a 22 hiflh embryo showing that the
growth cones are not fasciculated and appear to be
extending within the body of the migrating primordiu
rather than in contact with the horizontal myoseptal
as in E. (G) Sideview of the trunk of a 27 fipfmutant,
showing that the lateral line axons (arrow) and grow
cones extend aberrantly ventral to the myotomes an
upon the yolk tube. The border between trunk and yuin
tube is indicated by dots. (H) Sideview of the trunk of a 3&lhgimbryo overexpressirghhshowing that now the lateral line axons follow a
relatively normal pathway within the middle region of the myotomes. Scale bars (A,B) (C,D) (E, F) (Guid) 20

procedure with 0.5 mg/ml DAB and epifluorescence illuminationusing Image-1 software (Universal Imaging Corp.) and transferred

(Lubke, 1993). onto optical disks. Sixteen frames were averaged per image
) ) (exposure=1.03 second), and images were captured every 2 minutes
Time lapse analysis for up to 2 hours 18 minutes. Time lapse records started approximately

Growth cones were labeled within 30 minutes by ejecting Dill5 minutes after the ejection of the conditioned medium due to the
iontophoretically from a micropipette inserted into the posteriotime required for transferring embryos from the injection microscope
ganglion of the lateral line in living embryos that were anesthetizetb the modified recording chamber on the microscope dedicated to
with 0.01% tricane (3-aminobenzonic acid ethylester). The embryosme lapse recordings.

were then embedded in 0.7% agar. Following labeling, the growth ) o B )

cones were exposed to Sema Z1a-containing medium, Serff#z1a Preparation and application of conditioned medium onto

containing medium, or control conditioned medium as describeg@rowth cones

below. The embryos were mounted onto a modified plastic dish witulture medium containing recombinant Sema Z1la was generated by
a coverslip bottom (Kapfhammer and Raper, 1987), and growth corteansfecting COS-1 cells grown at 37°C, 5% 2Ci® Dulbecco’s
behavior was monitored on a epifluorescence microscope (Zeisk)odified Eagle’s Medium supplemented with 10% fetal calf serum,
equipped with a SIT camera (DAGE-MTI) and a temperatures0 U/ml penicillin, and 50 mg/ml streptomycin. COS-1 cells were
controlled stage (Medical Systems Corp.). Images were processédnsfected with DNA expression constructs pBK-CMV-sema Z1la,
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pBK-CMV-sema Z18Y¢ or as a control pBK-CMV (Stratagene) migrating primordium moves caudally together with the lateral
using the calcium phosphate method (Ausubel et al., 1991). After 4the growth cones. Although the nature of the relationship
hours the conditioned media were collected and centrifuged at 50§btween the primordium and growth cones is presently unclear,

g fOI’ 10 minutes to remove debns TO app|y the Conditioned medlﬂf]e growth cones are never Observed |n advance of the |ead|ng
onto the growth cones, embryos were anesthetized, embedded in 0. %’ge of the migrating primordium (Metcalfe, 1985). Thus
agar on a slide, and mounted onto a compound microscope with DI ' '

optics. A sharp micropipette filled with the conditioned medium was presstlotn oi;emlatZItz;)y thetllt;,:?dlnfg edg(-:hof the p“motrﬁ"ilr?h

inserted, under visual control, into the leading edge of the migratin ay act lo regulate the motility of growth cones so that he

primordium, and the medium was ejected with 10 pressure pulses (#0Wth cones do not overtake the primordium and, therefore,

mseconds, 5-20 psi) over a period of 10 minutes. act to keep the two components of the lateral line system in
register.

RNA and DNA injection into eggs

Approximately 1 nl of 200 ngi of capped RNA or 50 ngl of DNA ~ Sema Z1a expression by the axial myotomes and the

that was suspended in water containing 0.1% phenol red was pressupathway of the posterior lateral line axons are

injected from a sharp micropipette into a single blastomere ofoordinately altered in several mutant embryos

zebrafish embryos at the 1-8 cell stage as described previously (EKKgE 4 first step in examining the function of Sema Z1a, several
et al, 1995). In all cases, more than 80% of injected embryo§ierent mutant embryos that were likely to exhibit alterations

developed normally. To induce expressionseima Zlaor sema . th t ion o6 71 Di .
Zldmwe driven by the zebrafishsp70promoter, embryos in a Petri in the myotome expression éma Z14see Discussion) were

dish were transferred into a water bath at 40°C and incubated foranalyzedsema Z1axpression was examined in the myotomes

hour. Following induction, embryos were allowed to develop for 2-40f floating head(flh) (Halpern et al., 1995), angu-too(yot)
hours at 28.5°C and fixed for analysis. (van Eeden et al., 1996) mutant embryos. Both mutant embryos

are characterized by a reduction or lack of the horizontal
myoseptum and specialized muscle cells called muscle pioneer

RESULTS cells normally found in the horizontal myoseptal region. In
_ _ o both embryossema Z1as uniformly expressed by the entire

sema Z1a expression by axial muscles delimit the myotome, and, therefore, there is no longitudinal Sema Z1la

pathway of lateral line growth cones free zone in the myotomes (Fig. 2B,C ftir, data not shown

To clarify the in vivo role of semaphorins in zebrafishfor yot).

embryos, we clonedema Zlaa homolog ofsemaphorin Sinceflh andyot embryos lacked the longitudins¢ma Z1a

D/lll/collapsin 1, and analyzed its expression pattern (Yedree zone that the posterior lateral line growth cones normally
and Kuwada, unpublished data). The zebrafish possessedodow, the pathways followed by these growth cones were
second gene referred to aema Zlbthat is also highly assayed in these mutant embryos by labeling them with the
homologous to semaphorin lll/D/collapsin 1 (Roos, HNK-1 antibody, which labels the lateral line axons and
Bernhardt and Schachner, personal communication; segowth cones, or with Dil. In 22 hpf wild-type embryos, the
Discussion). Interestinglgema Z1as expressed in a striped growth cones form tight bundles and appear to be extending
pattern by the metamerically arranged axial muscles in theandwiched between and in contact with the lateral border of
trunk and tail (Figs 1A,B, 2A). Each myotome consists of anyotomes and the medial border of the migrating primordium
dorsal and ventral region separated by the horizontalhen viewed from a dorsal perspective (Fig. 2E). In contrast,
myoseptal region (Eisen et al., 1986¢ma Z1as expressed in flh embryos most of the growth cones are defasciculated and
by the dorsal and ventral regions but not by the horizontappear not to be in contact with the myotome border, having
myoseptal region at times when axons are extending withishifted laterally into the migrating primordium (Fig. 2F). Later
and upon these myotomes. Thama Z1anRNA free region the lateral line growth cones extended both ventrally and
is 5-6 muscle cells wide (20-35m) and centered upon the posteriorly onto the yolk sack and tube, and then extended
horizontal myoseptum that separates the myotome into dorspdsteriorly ventral to the myotomes (Fig. 2G) rather than upon
and ventral halves. Furthermosema Z1lds not expressed the myotomes as in wild-type embryos. In each case the
by the epidermis overlying the horizontal myoseptal regioraberrantly extending growth cones remained associated with
(Fig. 2A). Thus, sema Zla expression delineates a the migrating primordium. The lateral line growth cones
longitudinal stripe in the trunk and tail that is freesefna followed similar aberrant pathwaysyotmutant embryos (not
ZlamRNA. shown). Thus, irflh and yot mutants a change isema Zla
Interestingly, the growth cones of the posterior lateral lineexpression within the myotomes is correlated with alteration
ganglion extend posteriorly upon the muscles of the horizontalf the pathway that lateral line growth cones follow.
myoseptal region that do not expressna ZlaThe growth Since both mutations likely affect signalling from the axial
cones are first projected at about 20 hpf, and after reaching theesoderm required for the differentiation of the horizontal
axial muscles extend caudally between the epidermis and axialyoseptal region (Halpern et al., 1995; van Eeden et al., 1996),
muscles of the horizontal myoseptal region (Metcalfe, 1985)ve next tried to rescue the nornsaima Z1axpression pattern
(Figs 1C,D, 2E). The coincidence between the pathway of thea mutant embryos. The myotome phenotypétoémbryos is
posterior lateral line growth cones and the Sema Z1a free stripétributed to the lack of an inductive signal from the notochord
suggests that Sema Z1a guides these growth cones along trs#irce the embryos are missing the notochord (Halpern et al.,
pathway via a repulsive action. 1995). One candidate signal is sonic hedgehog (shh) which is
sema Zlas also expressed by cells at the leading edge df factor secreted by the notochord that is normally involved in
the migrating primordium of the posterior lateral line in frontpatterning of nearby tissues such as the spinal cord (Tanabe
of the growth cones (Fig. 1B). As previously mentioned, thend Jessell, 1996). Therefore, overexpression sohic
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hedgehogshh in flh mutants might induce axial muscles to
adopt a horizontal myoseptal fate. This in turn may lead to a
inhibition of sema Zlaexpression by axial muscles and,
therefore, change the pathways followed by lateral line growt
cones. To test thishhRNA was injected into 1- to 8-cell stage
flh embryos and they were assayeddema Zla&xpression at
27 hpf or the pathways followed by the lateral line axons at 3
hpf. 68% of injected embryos assayeddema Z1axpression
(n=31) exhibited various degrees of reductionsefna Zla
expression by the myotomes, predominantly by the muscl
cells midway between the dorsal and ventral borders of th
myotomedlh embryos (Fig. 2D). The putative effect of shh on
sema Zla expression indicated some specificity since
expression in many other regions of the embryos was ni
changed (not shown). In 66% of injecfddembryos in which
the lateral line axons were assayed3?2), the axons extended
upon the myotomes along a longitudinal pathway
approximately midway between the dorsal and ventral borde!
of the myotomes (Fig. 2H). So the lateral line axons extende
posteriorly in the same region of the myotome in wliema
Zlawas inhibited. In contrast, neither thema Z1a&xpression
pattern (=28) nor the pathways of the lateral line axamws3Q)
were affected irflh embryos injected witlgreen fluorescent
protein (gfp) RNA. The examination oflh, yot, and shh
overexpressedlh embryos demonstrates that the expressiol
pattern ofsema Z1an the myotomes is tightly correlated with
the pathways followed by the lateral line growth cones.

Sema Z1a can induce transient collapse of growth
cones of the posterior lateral line in vivo

To directly examine the effect of Sema Z1a on the lateral lin
growth cones, recombinant Sema Z1a was applied directly on
the growth cones in vivo. Since the lateral line growth cone
co-migrate with the migrating primordium of the lateral line,
conditioned medium containing recombinant Sema Z1a protei

or control medium was pressure ejected from a micropipetig,y 3 | ateral line growth cones collapse in response to application
inserted into the leading edge of the migrating primordiumyf recombinant Sema Z1a containing medium. Several lateral line
under visual guidance in 26-27 hpf embryos. Embryos wergrowth cones were labeled with Dil and marked with a brown
fixed 30 minutes after application of the medium and theeaction product from photo-oxidation following injection of media
morphology of the lateral line growth cones were assayed byto migrating primordia located at s7-10 in 26-27 hpf embryos.
labeling them with Dil. Previously we had shown that the(A) Sideview of the trunk showing that the morphology of lateral line
medium conditioned for 48 hours by COS cells transienthgrowth cones is complex with numerous filopodia and lamellipodia
transfected witemv-sema Z1lar cmv-sema ZT&°collapses following appllcatlon of control medium. (B,C) Sideviews of the .
chick DRG growth cones just as chick Collapsin 1, andrunk showing that lateral line growth cones are collapsed following
) . - - _application of Sema Z1a- (B) or Sema 21% (C) containing media.
confirmed by western blotting that the conditioned mediung <" \\s and anterior left. Scale barsugt
. . p and anterior left. scale barsp
contained the Sema Z1¢ protein (Yee and Kuwada,
unpublished data).
The Sema Z1a- or Sema Z%&conditioned medium but not
medium conditioned by COS cells transfected with theThus, direct application of recombinant Sema Z1a induces the
expression vector alone had dramatic effects on the lateral limellapse of a subset of growth cones.
growth cones. Following application of control medium, lateral The above static analysis of the effect of recombinant Sema
line growth cones were complex with numerous lamellopodi@la upon the morphology of the lateral line growth cones was
and filopodia (26-27 hpf embryoss11; Fig. 3A). However, corroborated and extended by a dynamic analysis of the
after application of Sema Zla (26-27 hpf embryws8) or  response of the growth cones to applied Sema Z1a. For these
Sema Z18Y¢(26-27 hpf embryo$)=7) conditioned media, the experiments a single lateral line growth cone was labeled with
growth cones exhibited simple, stick-like morphology (Fig.Dil, Sema Z1la=3) or control mediumrE3) was injected
3B,C). When recombinant Sema Zla was injected into thento the growth cone, and the behavior of the growth cone was
tectum at stages when many retinal growth cones have reacthredorded with time-lapse video microscopy in 26-27 hpf
the tectum (50 hpf embryoss7), these growth cones appearedembryos. By 15 minutes following the ejection of recombinant
unperturbed and similar in morphology to retinal growth cone§ema Z1a, growth cones were already collapsed and for the
following injection of control mediumnE6; data not shown). next 15 minutes the main body of the collapsed growth cone
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was immotile (Fig. 4). The collapsed growth cones had shogossibility, labeling of Sema ZT¥° with the mAb against the

filopodia extending from their tips. During this 15 minutesc-myc eptope was not detected beyond the expressing cells.
period these filopodia retracted. Thirty minutes followingGrowth cones never took such aberrant routes when there was

Sema Zla exposure, the growth cones resumed their extensiom exogenous Sema Z1& expression by cells in the
at a rate comparable to that of control growth cones (Fig. 4Chorizontal myoseptal regiom$¥35) or when they encountered

but the complex morphology of the growth cones recoveretlorizontal myoseptal cells that expressed the myc epitope
much more slowly. This demonstrates that the

inhibitory effects of Sema Z1a are transi
and suggests that Sema Zla may affec
mechanisms that control growth c(
morphology and the mechanisms that col
axon extension differentially.

Lateral line growth cones appear to
avoid cells that ectopically express
sema Zla in vivo

The collapse activity of recombinant Se
Zla upon the lateral line growth col
suggests that these growth cones will chi
their pathway to avoid cells in the horizot
myoseptal region that misexpressma Z1¢
To test this hypothesis an inducible D
expression construct controlled by a zebr:
hsp70 promoter (Warren and Kuwac
unpublished data) was used to heat act
the expression afema Z1&Y< This construc
is useful for examination of axon pathfind
since exposure to elevated temperatures
to induce expression does not by itself inc
errors in axonal outgrowth (Warren ¢
Kuwada, unpublished data). Thep70-sem
Z1d™CDNA construct was injected into 1-
8-cell stage embryos, embryos w
transiently placed at elevated temperatur
21-23 hpf, and the pattern gema Z1&Y°¢
expression assayed with a mAb against tl
myc epitope, and the lateral line axons \
the HNK-1 antibody, 3 hours later. Coni
embryos were injected with &sp70-my
epitope DNA expression construct.
When lateral line growth con
encountered ectopic Sema ZY&expressini
muscle cells in the horizontal myosej
region =27 embryos), they appeared
change their normal pathway to avoid tF
cells in all cases. Usually (19/27 cases)
growth cones avoided the misexpressing
but remained within the horizontal myose|
region (Fig. 5A,B). Occasionally (8/27 cas
the growth cones avoided the misexpres
cells but traversed more dorsal or ver
regions of the myotomes that expresgsn:
Zla (Fig. 5C) Often the axons made sh
turns away from a cell expressing Se
Z1d"y¢ suggesting that the growth cones w
repulsed by the Sema Z1&: Interestingly
the axons often appeared to have exte
quite close to the misexpressing cells be
turning away. This might signify that effect
amounts of Sema Zla do not diffuse m
from the secreting cell. Consistent with 1
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Fig. 4.Recombinant
Sema Z1la transiently
inhibits the motility of
the posterior lateral line
growth cones.

(A) Dynamic behavior
of a growth cone after
application of
recombinant Sema Zla
containing media. Time
indicated in each frame
is the time since the end
of the Sema Zla
ejection. The relatively
simple morphology of
the growth cone
indicates that it was
already collapsed by 15
minutes 20 seconds. Note the short
leading filopodum (arrow denotes
the distal tip) retracts between 15
and 30 minutes. After 30 minutes
the growth cone begins to extend
posteriorly again even though it is
still collapsed. The growth cone
slowly recovers its normal
complex morphology over the next
several hours. (B) Dynamic
behavior of a growth cone after
application of control medium.
The growth cone is complex and
highly motile. Arrow indicates the
leading tip of the growth cone.
Scale bars, 20m.

(C) Quantification of the rate of extension by lateral line growth cones following
application of Sema Z1a, Sema ¥ or control medium. Shown are the mean and

standard error of the distance extended by 3 growth cones sampled at 15, 30, 45, and

60 minutes after medium application in each condition. Note that after 30 minutes

growth cones extended at their normal rates.



Growth cone guidance by Sema Zla 1281

Fig. 5.Lateral line growth cones appear to avoid
cells along their normal pathway that were induced
to misexpressema Z1®Y< Sideviews of the trunk

of 24-27 hpf embryos that were heat induced to
expressema Z18Y¢3 hours earlier. Sema Z1¥-
expressing cells were labeled with anti-myc (black)
and lateral line axons labeled with anti-HNK1
(brown). (A) A lateral line nerve branch with one

arm extending dorsal and the other branch ventral to i
a horizontal myoseptal cell expressing Semd”%.a el o " > o
in the first somite. (B) Lateral line growth cones “'Sema Z1a™® - : Sema Z1a™*
extending ventral to Sema Z1%&-expressing — =
horizontal myoseptal cells. (C) Lateral line axons
appeared to have made several turns (arrows) to
dodge epidermal cells (asterisks) and horizontal
myoseptal cells expressing Sema PFaAnti-

HNK1 labeled peripheral axons of Rohon-Beard
cells can also be seen in this panel as well as in D.
(D) Lateral line axons are not perturbed by myc-
epitope-expressing horizontal myoseptal cell (arrow)
and follow their normal pathway along the midpoint
of the horizontal myoseptum (white arrowhead in -
this and all other panels). Scale is|28 for all Sema Z1a™"
panels.

alone (=15; Fig. 5D). These results strongly suggest that whesuggests the possibility that Sema Z1a may in some cases act
posterior lateral line growth cones encounter cells ectopicallgrimarily to control the morphology of the growth cones rather
making Sema Z1a, they will change their pathway to avoid ththan regulate the rate of axon extension. Third, the growth
cells. cones appeared to avoid muscle cells within their normal
pathway when these cells are induced to misexgess Z1la
In most cases the growth cones veered around the

DISCUSSION misexpressing cell but stayed within the otherveisena Z1a
free zone. However, in some cases growth cones actually

Role of Sema Z1a in guidance of the posterior lateral extended beyond their normal pathway onto muscles that

line growth cones normally expressema Zlaln these cases it is possible that

In the past several years the role of molecules that act to inhiltie misexpressing horizontal myoseptal cells generated high
the complexity and motility of growth cones have beerenough levels of Sema Zla to cause the growth cones to
intensively studied (Tessier-Lavigne and Goodman, 1996). Factually extend upon muscles that normally expsessa Z1a

the most part these molecules have been reported to Béis suggests that growth cones can detect local differences in
involved in the formation of specific neuronal projectionSema Zla concentration. Supporting this idea, it has been
patterns and maps (Drescher et al., 1995; Matthes et al., 1996ported that temporal retinal growth cones can habituate to a
Messersmith et al., 1995; Puschel et al., 1995; Behar et atgpulsive signal upon continuous exposure and can respond to
1996; Nakamoto et al., 1996). This study presents in vivemall gradients of the signal (Walter et al., 1990a,b).

evidence that an inhibitory growth cone signal may also pla ]

an important role in navigating growth cones over longRole of sema Zla expressed by the leading edge of
distances in embryos. First, the pathway followed by théhe migrating primordium

growth cones of the posterior lateral line ganglion correlateB addition to the myotomeema Z1ds expressed at relatively
with the expression pattern séma Z1ay the axial muscles low levels by cells at the leading edge of the migrating
and is consistent with a repulsive action of Sema Z1a. In wildsrimordium. The migrating primordium and the lateral line
type embryos the growth cones extend upon a pathway thatgsowth cones comigrate with the growth cones always found
delimited by cells expressingema Zla In flh and yot in the proximal portion of the primordium (Metcalfe, 1985).
homozygous embryosema Zlaxpression in the muscles is Since Sema Z1la is repulsive for these growth cones, it seemed
altered and the pathway followed by the growth cones isdd that the leading edge of the primordium would secrete
concomitantly altered. Furthermore, when a relatively normabema Zla in advance of the growth cones. However, the
expression pattern afema Z14ds restored in the muscles of presumed relatively low amounts of Sema Z1a protein that is
fln embryos by overexpressionsiih the growth cones follow secreted may act to primarily regulate the motility of the
a relatively normal pathway. Second, direct application ofjrowth cones so that the growth cones do not overtake the
recombinant Sema Zla onto the growth cones in livingprimordium. This would ensure that the primordium and the
zebrafish embryos demonstrates that Sema Zla can collaggewth cones retain their spatial relationship as they advance.
these growth cones in vivo. Interestingly, following collapse Although little is really known about the mechanisms that
axons began to extend at relatively normal rates prior to theontrol the formation of the posterior lateral line sensory
recovery of a complex morphology by the growth cones. Thisystem, it may rely upon the close association between growth
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cones and the primordium cells that will give rise to sensorguggests that some strains are better able to compensate for the

organs. loss of Sema IlI/D (Behar et al., 1996; Taniguchi et al., 1997).
o One intriguing possibility is that a different semaphorin may

sema Z1a expression is regulated by a notochord be the basis for this compensation. Interestingly, the zebrafish

derived factor appears to have two cDNAsema Zlaand sema Z1pthat

Our experiments took advantage of the finding siesa Zla share high sequence homology withsemaphorin
is aberrantly expressed by the entire myotomé&hirandyot  D/lll/collapsin 1 (Yee and Kuwada, unpublished data; Roos,
homozygous embryos, in order to correlate changes iBernhardt and Schachner, personal communicaema Z1b
expression oksema Zlawith pathfinding by the lateral line is expressed by newly generated myotomes but is then down-
growth cones. These mutants possess abnormal myotomes tregjulated so that the anterior myotomes no longer expeess
are missing the muscle pioneers and horizontal myoseptudilb by 20 hpf (Roos, Bernhardt, and Schachner, personal
(Halpern et al., 1995; van Eeden et al., 1996). Both the musct®mmunication) when the growth cones are first being
pioneers and the horizontal myoseptum can be rescued bytended from the posterior lateral line ganglion. Although the
transplanting wild-type notochord cells intith embryos  distribution of the Sema Z1b protein is not known, the down-
signifying that notochord-derived signals normally induceregulation ofsema Z1kby the anterior myotomes, determined
these structures (Halpern et al., 1995; Odenthal et al., 199@)y in situ hybridization, prior to extension of lateral line growth
Thus, the myotome defect including the aberrant expression obnes upon the myotomes suggestssbata Z1lhnlike sema
sema Z1las likely a consequence of the missing notochordZlamay not play a significant role in guiding posterior lateral
function in these mutants. This suggests that downregulatidime growth cones.
of sema Z1#&y the horizontal myoseptal region cells is induced
by notochord derived signals. We thank members and former members of the Kuwada lab, Drs
The hedgehog family of secreted molecules are attractidary Halloran, Ar_wand_Chandrasekhar, James Lauqlerdalt_a, and J{:\mes
candidates for regulation sema Z1laThese molecules have Warren, and Dr Hitoshi O.kamoto for many helpful discussions during
been demonstrated to be essential for normal patterning of tgég course of our experiments. Thanks to Drs Marc Roos, Robert

. g rnhardt, and Melitta Schachner for sharing unpublished data.
ventral neural tube (Chiang et al., 1996; Ericson et al., 199 ‘hanks to Dr Marnie Halpern for providing us with carriers, and

Tanabe and Jessell, 1996). In zebrafith and echidna by christiane Niisslein-Volhard and Pascal Haffter for provigiog

hedgehogehh) are expressed by the notochord (Kraus et alembryos. Special thanks to Dr Fengyun Su for supervision of our
1993; Ekker et al., 1995; Currie and Ingham, 1996)zebrafish breeding colony. Molecular analysis was in part supported
Furthermore, injection afhhRNA can induce muscle pioneers by a NIH grant (MO1RR00042) to the General Clinical Research
(Currie and Ingham, 1996). Consistent with the purported rol€enter at the University of Michigan. The research was supported by
of hedgehogs for regulation afema Zlawe found that a long term postdoctoral fellowship to W. S. from the Human Frontier

the myotomes ofih mutants. (NS24848) and APA (KAI-9603 and KAR1-9704) to J. Y. K.
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