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INTRODUCTION
Semaphorins, along with other families of guidance cues, play key
roles in neural development (Dickson, 2002). Through both
repulsion and attraction, semaphorins guide neuronal growth cones
and thereby promote the establishment of neuronal connectivity and
circuit formation. By relaying guidance information to the growth
cone cytoskeleton of responding neurons, plexin proteins serve as
central signaling components of many semaphorin receptor
complexes (Kruger et al., 2005). Understanding how neurons
integrate a complex palette of guidance cue information through the
action of related guidance cue receptors is necessary to reveal the
molecular mechanisms underlying the steering of neuronal
processes during development and also following nerve injury.

In vertebrates, nine different plexin proteins are known and they
are organized into four distinct classes based upon their degree of
evolutionary conservation (Plexin A-D); seven of these plexins
belong to classes A and B (Tamagnone et al., 1999). In the fruit fly
this complexity is not as great as the Drosophila melanogaster
genome includes only two plexins, one belonging to class A and one
to class B (PlexA and PlexB). PlexA functions as a receptor for the
transmembrane semaphorins Sema-1a and Sema-1b (Winberg et al.,
1998b). In vivo analyses demonstrate that, through the action of
PlexA, Sema-1a regulates the defasciculation of motor axon bundles
during embryogenesis (Winberg et al., 1998b; Yu et al., 1998).
Although gain-of-function (GOF) studies strongly suggest that
Drosophila PlexB mediates repulsive guidance events in vivo (Hu et
al., 2001), and in vitro studies demonstrate that vertebrate plexin-B

proteins mediate growth cone and COS cell collapse (Oinuma et al.,
2003; Swiercz et al., 2002), the consequences of removing PlexB
function in Drosophila, or in vertebrates, have not been determined.
It is unclear, therefore, how Plexin B proteins function during neural
development.

It is also unclear whether the different classes of plexins play
distinct or redundant roles in the establishment of neuronal
connectivity. In Drosophila, plexA and plexB are both expressed
throughout the nervous system during development, indicating that
they are likely to function within the same neuronal classes
(Winberg et al., 1998b). When overexpressed in all neurons, both
plexA and plexB can produce similar phenotypes, suggesting that
these receptors participate in related signaling events (Hu et al.,
2001; Winberg et al., 1998b). Interestingly, vertebrate plexin A1 and
plexin B1 both modulate R-Ras activation through their intrinsic
GTPase activating protein (GAP) domains, and this is essential for
semaphorin-mediated repulsion in vitro (Oinuma et al., 2004;
Toyofuku et al., 2005). These data point towards common, or
perhaps redundant, signaling mechanisms that may underlie the in
vivo functions of A and B class plexin receptors.

By contrast, although A and B class plexins are highly conserved,
many differences exist among proteins belonging to these two plexin
classes. Plexin A proteins are functional receptors for
transmembrane class 1 semaphorins in Drosophila and class 6
transmembrane semaphorins in vertebrates. Secreted class 3
semaphorins also signal through class A plexins; however, this
requires the assembly of a distinct holo-receptor complex that
includes either neuropilin 1 or neuropilin 2, obligate co-receptors
that serve to facilitate class 3 semaphorin binding and plexin A
activation (Kruger et al., 2005). Plexin B proteins in vertebrates bind
to different transmembrane semaphorin ligands, including those
from classes 4 and 5; however, no ligand has been identified for
Drosophila PlexB (Kruger et al., 2005). Differences also exist
between the downstream signaling events mediated by A and B class
plexins (Negishi et al., 2005). The cytoplasmic domains of
Drosophila PlexA and PlexB share a high degree of amino acid
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sequence identity (Winberg et al., 1998b), yet they appear to differ
with respect to the signaling molecules with which they directly
associate. For example, although PlexB directly interacts with the
small GTPase Rac, PlexA does not (Driessens et al., 2001; Hu et al.,
2001). Likewise MICAL, a large cytosolic oxidoreductase that is
crucial for semaphorin-mediated repulsion, associates with PlexA
but not PlexB (Terman et al., 2002). Therefore, PlexA and PlexB
may also serve non-overlapping roles during neural development.

We examine here the consequences of disrupting PlexB function
for Drosophila neural development, allowing for a direct
comparison between PlexB and PlexA axon guidance functions. We
show, by using genetic and biochemical analyses, that PlexB and
PlexA serve distinct and overlapping roles in motor and CNS axon
guidance. The similarities we observe in PlexA and PlexB functions
may be explained by our findings that these receptors can assemble
into a heteromultimeric complex, and also that they employ common
downstream signaling components to guide axons during
development. Finally, we observe that plexin interactions with
different semaphorin ligands are likely to contribute the distinct roles
PlexA and PlexB serve in establishing neuronal connectivity.

MATERIALS AND METHODS
In situ hybridization
Non-radioactive RNA in situ analysis of whole-mount Drosophila embryos
was performed as described previously (Terman et al., 2002). Digoxigenin-
labeled riboprobes corresponding to the cytoplasmic portions and 3� UTR
of plexA and plexB were used for the hybridization. No specific hybridization
signal was visualized with sense probes.

Drosophila genetics
Culturing of Drosophila was performed as described (Terman et al., 2002).
All crosses and embryo collections were performed in a humidified
incubator maintained at 25°C. The KG00878 line was a generous gift from
the P-element Screen/Gene Disruption Project (Bellen et al., 2004).
Mutations on the fourth chromosome were identified in embryos by first
crossing the lines to either of the following lacZ-containing genetic
elements: l(4)P{lacW}IA5/eyD (Kronhamn and Rasmuson-Lestander, 1999),
P{LacW}ciDplac (Eaton and Kornberg, 1990), or P{lacZ}Pax2�122 (Hirth et
al., 2003). The desired embryos were selected after an X-gal reaction was
performed to detect �-galactosidase activity as described (Yu et al., 1998).
All other stocks have been previously described: plexADf(4)C3 (Winberg et al.,
1998b), Df(3R)swp2MICAL, UAS:HA-plexA (Terman et al., 2002), UAS:plexB
(Hu et al., 2001), elav-GAL4 (Yao and White, 1994), Df(4)M101-62f (Sousa-
Neves et al., 2005), UAS:Sema-2a (Winberg et al., 1998b), 24B-GAL4 (Luo
et al., 1994).

Alkaline phosphatase-binding assays
The binding of alkaline phosphatase (AP)-tagged ligands to transfected
S2R+ cells (Yanagawa et al., 1998) was performed as described (Flanagan
and Cheng, 2000). Briefly, S2R+ cells were transfected with cDNAs
downstream of UAS sequences, and an Act5C-GAL4 promoter construct
using the Effectene transfection reagent (Qiagen, Valencia, CA). AP-ligands
were collected from supernatants of transfected HEK 293e cells and
concentrated using a Centriprep centrifugal filtering device (Millipore,
Billerica, MA). Transfected cells were incubated with AP-tagged ligands for
1 hour at room temperature with mild agitation, washed thoroughly, and then
assayed visually by detecting AP activity, or in liquid form by assaying for
absorbance at 405 nm and subtracting background levels.

Yeast interactions
Yeast protocols were performed as described previously (Golemis et al.,
1994; Terman et al., 2002). Portions of the intracellular domains of
Drosophila PlexA (PlexA C1 domain, amino acids 1308-1701; PlexA C2
domain, amino acids 1702-1945), and Drosophila PlexB (PlexB C1 domain,
amino acids 1402-1784; PlexB C2 domain, amino acids 1785-2051) were
inserted into the appropriate yeast vectors and the expression of all four
constructs was confirmed at the expected size from yeast lysates on western

blots. Activation assays showed that none of the baits could activate
transcription independently. Interactions were experimentally examined
based on growth and color analyses (Golemis et al., 1994; Terman et al.,
2002).

In vivo co-immunoprecipitation
To generate an amino-terminally tagged myc-plexB transgene, the amino-
terminal fragment of plexB was engineered by PCR to remove the plexB
signal sequence and to include three Myc epitopes (EQLISEEDL) in frame
with an upstream ATG start codon and an Ig �-chain leader sequence from
the pSecTagB vector (Invitrogen, Carlsbad, CA). An NheI/XbaI fragment
including the start codon, signal sequence and myc-plexB sequence, was then
subcloned into the XbaI site in the pUASt vector. Proper orientation of the
insert was confirmed using restriction analysis. Transformation of this
construct into embryos was performed as described (Terman et al., 2002).
Flies containing the UAS:myc-plexB transgene were crossed to either
UAS:HA-plexA, elav-GAL4/CyO or elav-GAL4/CyO flies. Embryo lysates
were isolated and immunoprecipitated with the 12CA5 anti-HA monoclonal
antibody (Roche, Nutley, NJ) as described (Terman et al., 2002).
Immunoprecipitates were probed using an HRP-conjugated anti-HA
antibody at 1:4000 (3F10; Roche) and an anti-Myc monoclonal antibody at
1:3000 (9E10 mouse ascites; Developmental Studies Hybridoma Bank).

Microscopy and imaging
Images were captured using IPLab software (BD Biosciences, Rockville,
MD) with a Qimaging Retiga 2000R CCD camera (Qimaging, Burnaby,
BC) on a Zeiss Axioskop 2 upright microscope (Zeiss, Thornwood, NY)
with a 63� oil-immersion objective, or using Adobe Photoshop (Adobe, San
Jose, CA) with a Qimaging Micropublisher 5.0 RTV digital camera on a
Zeiss Stemi SV 11 dissecting microscope. Brightness, contrast and color
balance of images were adjusted using Adobe Photoshop.

RESULTS
PlexB is required for motor axon guidance
To determine how PlexB functions in Drosophila neural
development, we examined a plexB loss-of-function (LOF)
mutation. Drosophila plexB is located on the fourth chromosome at
cytolocation 102A1 and comprises 5 exons (Fig. 1A). PlexB shares
a similar overall domain structure, and a high degree of amino acid
sequence identity over these domains, with PlexA (Winberg et al.,
1998b). plexB, like plexA, is also highly expressed in the embryonic
nervous system (Fig. 1B-E) (Winberg et al., 1998b). Gain-of-
function (GOF) analyses suggest that these two plexins may function
in a similar manner (Hu et al., 2001; Winberg et al., 1998b). To better
define the role played by PlexB in establishing neural connectivity,
we identified a SUPor-P insertion on the fourth chromosome
(KG00878), generated by the P-element Screen/Gene Disruption
Project (Bellen et al., 2004), that resides within the first exon, 25
amino acids downstream of the plexB open reading frame start
codon (Fig. 1A). This insertion line, plexBKG00878, is semi-lethal and
yields a small percentage (5.7%) of homozygous adult flies that are
unable to mate successfully (Table 1). plexBKG00878 fails to
complement Df(4)M101-62f, a deficiency that includes the plexB
gene (Sousa-Neves et al., 2005), with respect to this lethality
phenotype (Table 1).

We examined how this plexB LOF allele affects several well-
studied motor and CNS axonal projections in the developing
Drosophila embryo (Araujo and Tear, 2003; Ayoob et al., 2004;
Landgraf et al., 1997; Van Vactor et al., 1993). The anti-fasciclin II
(FasII) monoclonal antibody (mAb) 1D4 labels motor and several
CNS axon bundles in the Drosophila embryonic nervous system
(Van Vactor et al., 1993). Drosophila motor axon pathways provide
a powerful model for identifying and studying genes involved in
motor axon pathfinding and fasciculation (Araujo and Tear, 2003).
In Sema-1a and plexA mutants, motor axons that contribute to the
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intersegmental nerve (ISN), the segmental nerve (SN), and a subset
of longitudinally projecting CNS axons, fail to defasciculate from
one another, revealing a role for these molecules in axon-axon
repulsion (Winberg et al., 1998b; Yu et al., 1998). In plexBKG00878

homozygous embryos, we observe highly penetrant axon guidance
defects affecting these same motor axon bundles, and we do not
detect defects in overall muscle morphology (data not shown).
Furthermore, plexBKG00878/Df(4)M101-62f double heterozygous
embryos reveal phenotypes that are virtually identical to those
observed in homozygous plexBKG00878 embryos, indicating that the
plexBKG00878 allele is a null, or strong hypomorphic, plexB allele
(Table 2).

Axons in the ISNb nerve bundle normally separate from the main
ISN bundle and further defasciculate from one another when they
enter the ventral longitudinal muscle field to innervate muscles 12,

13, 6 and 7 (Fig. 2A,G). In plexADf(4)C3 homozygous embryos, these
ventral muscles lack innervation in most of the segments examined
(Fig. 2B,G) (Winberg et al., 1998b). Interestingly, plexBKG00878

homozygous embryos display a similar, highly penetrant, defect in
the innervation of these muscles (Fig. 2C,G; Table 2). To confirm
that the defects we observe are due to the loss of PlexB function in
plexBKG00878 embryos, we performed a rescue experiment by
providing exogenous plexB to homozygous plexBKG00878 mutants
using the UAS/GAL4 system (Brand and Perrimon, 1993).
Expression of a UAS-plexB transgene in all neurons in a plexBKG00878

homozygous background, using the elav-GAL4 transactivator,
significantly rescues these ISNb motor axon defects, indicating that
plexB is required for establishing this motor axon pathway (Fig. 2D;
Table 2). Restoring plexB to all neurons also rescues the lethality
associated with the plexBKG00878 mutants, demonstrating an essential
requirement for neuronal PlexB during development (Table 1).
These results define a crucial role for PlexB in establishing the ISNb
pathway. Furthermore, ISNb defects in plexBKG00878 mutants
resemble those observed in plexADf(4)C3 mutants, suggesting that
these plexin receptors have overlapping functions and may share
downstream signaling components.

Motor axons in the SNa pathway are also affected in plexBKG00878

mutant embryos. In wild-type embryos, SNa motor axons navigate
dorsally, pass the ventral muscle field innervated by the ISNb motor
axons, and then defasciculate from one another to send one bundle
of axons posteriorly to innervate muscles 5 and 8 and another
dorsally between muscles 22 and 23. One motoneuron, derived from
neuroblast clone 3-2 (Landgraf et al., 1997; Schmid et al., 1999),
extends an axon that defasciculates from the dorsal-most SNa bundle
and makes a characteristic turn en route to forming synaptic
arborizations on muscle 24 (Fig. 3A,G). This most distal SNa axon
is often unable to separate from the dorsal SNa bundle in plexADf(4)C3

homozygous embryos and so fails to innervate muscle 24, resulting
in a ‘stall’ phenotype (Fig. 3B,G) (Winberg et al., 1998b). We
observe this SNa stall phenotype in one quarter of all hemisegments
in plexBKG00878 mutants (Fig. 3C�; Table 2). However, the
predominant SNa pathfinding phenotype (Fig. 3B,G) we observe in
plexBKG00878 mutants, seen in almost one half of all hemisegments
but not observed in plexA mutants, is the incorrect anterior projection
of the SNa dorsal branch between muscles 21 and 22 instead of more
posteriorly between muscles 22 and 23 (Fig. 3C�). We further
classified these anteriorly misprojecting SNa motor axons into those
that take the wrong path but subsequently make two turns to reach
muscle 24 (‘double turn’; Fig. 3C�,G; 33.1% of all hemisegments),
and those that take the wrong path and are unable to reach their
proper target (‘lost’; not shown; 14.7% of all hemisegments; see
Table 2). When we restore plexB to the nervous system of
plexBKG00878 mutants, the overall penetrance of total SNa defects is
reduced by over 50% (Fig. 3D; Table 2). Therefore, PlexB is
essential for normal SNa motor axon bundle formation and
pathfinding. Furthermore, these data demonstrate unique and shared
roles for PlexB and PlexA in motor axon guidance.

In addition to serving crucial functions in establishing
motoneuron connectivity, both PlexB and PlexA play important
roles in CNS axon guidance events. Three longitudinal axon bundles
that reside on each side of the midline within the CNS are revealed
by the 1D4 anti-FasII mAb (Fig. 4A,G) (Grenningloh et al., 1991).
Previous observations show that in plexADf(4)C3 and Sema-1aP1

homozygous embryos, the outermost FasII-positive axon bundle is
reduced in thickness and is discontinuous along its entire length (Fig.
4B,G) (Winberg et al., 1998b; Yu et al., 1998). However, in contrast
to plexADf(4)C3 mutants, we observe in plexBKG00878 mutants that the
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Fig. 1. Drosophila Plexin A and Plexin B share similar embryonic
expression patterns. (A) A scale representation of the PlexB gene.
ATG and the green arrow indicate the position of the open reading
frame start codon. The SUPor-P element used for LOF analyses
(KG00878) is inserted 25 animo acids downstream of the PlexB start
codon and is denoted by the red line and triangle. (B-E) Whole-mount
wild-type stage 15-16 embryos hybridized with digoxigenin-labeled
cRNA probes specific for the intracellular regions of plexB (B,C) and
plexA (D,E). Both plexin transcripts show robust expression within the
ventral nerve cord (VNC). Scale bar in B: ~60 �m for B-E.

Table 1. Lethality rescue of PlexBKG00878 mutants
*Homozygous 

Sibling cross or mating viable progeny (n)

PlexBKG00878/ciD 5.7% (3272)
PlexBKG00878/ciD�Df(4)M101-62f/eyD 0† (150)
UAS:PlexB, elav-GAL4/TM3, Sb; PlexBKG00878/ciD 16.8% (2391)
UAS:HA-PlexA, elav-GAL4/CyO;; PlexBKG00878/ciD 7.2%‡ (2709)

*Homozygous viable progeny scored as progeny not displaying either the wing vein
phenotype from the dominant marker cubitous interruptus (ciD) or the reduced eye
phenotype from the eyeless dominant marker (eyD). Because the ciD mutation is
homozygous lethal, the expected non-ciD progeny from a sibling cross would be
33% if the ‘balanced’ mutation is viable. n represents the total number of offspring
scored. 
†If PlexBKG00878/Df(4)M101-62f progeny are viable, they would comprise 25% of
total progeny, as ciD/eyD animals are viable.
‡Statistically different from values for PlexBKG00878 homozygous mutants. Fisher’s
exact test using a 2�2 contingency table; P<0.03.
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Table 2. ISNb and SNa phenotypes of plexin B LOF mutants

*Abnormal ISNb †Abnormal SNa Distinct SNa defect‡

Genotype pathways (n) [bypass] pathways (n) dt stall lost

Wild type 12.6% (294) [0] 5.5% (293) 1.0% 4.4% 0.0%
PlexBKG00878/+ 15.3% (157) [2.0%] 25.9% (155) 2.6% 22.6% 0.6%
PlexBKG00878/PlexBKG00878 55.3% (349) [16.0%] 73.6% (341) 33.1% 25.8% 14.7%
PlexBKG00878/Df(4)M101-62f 57.4% (129) [10.9%] 76.9% (127) 24.4% 28.3% 22.0%
UAS:PlexB, elav-GAL4/+; PlexBKG00878/PlexBKG00878 20.0% (115) [0.9%] 36.3% (124) 10.5% 20.2% 4.8%
UAS:HA-PlexA, elav-GAL4/+;; PlexBKG00878/PlexBKG00878 40.9%§ (215) [8.4%]¶ 74.2% (213) 36.2% 20.2% 18.3%
PlexADf(4)C3/PlexADf(4)C3 65.7% (140) [10.7%] 60.3% (136) 3.7% 50.0% 4.4%
UAS:PlexB, elav-GAL4/+; PlexADf(4)C3/PlexADf(4)C3 81.2% (144) [23.6%] 81.0% (137) 2.2% 71.5% 7.3%

*Abnormal ISNb phenotype defined as the failure of ISNb axons from the RP5, V or RP3 neurons to properly innervate ventral longitudinal muscles 12/13 or 6/7. Phenotypes
include weak or absent innervations, target bypasses and axon bundle stalling. The number of hemisegments scored for each genotype is listed as n. Bypass indicates the
percentage of all segments in which the ISNb fails to fully or partially separate away from the ISN. 
†Abnormal SNa phenotype defined as the failure of SNa axons to defasciculate, to reach muscle 24 and/or to project along the appropriate route. The number of
hemisegments scored for each genotype is listed as n.
‡‘dt’, ‘stall’ and ‘lost’ are distinct phenotypes that comprise the total SNa defects. dt (double turn) indicates the percentage of all hemisegments in which the dorsal SNa
projects inappropriately between muscles 21 and 22 and ultimately reaches muscle 24. stall defines the population of SNa axons that are unable to reach muscle 24. lost
represents the percentage of dorsal SNa projections that fail to reach muscle 24 after inappropriately projecting between muscles 21 and 22. 
§Statistically different from values for PlexBKG00878 homozygous mutants. Fisher’s exact test using a 2�2 contingency table; P<0.0005. 
¶Statistically different from values for PlexBKG00878 homozygous mutants; P<0.01.

Fig. 2. ISNb motor axon pathfinding defects in plexB mutants resemble plexA mutants. (A-F) Filleted preparations of late stage 16 embryos
stained with the anti-Fasciclin II monoclonal antibody to reveal motor axons of the ISNb. Arrows and open arrows indicate proper and absent
innervation, respectively, by axons of the ISNb. Anterior, left; dorsal, up. (A) In a wild-type embryo, axons within the ISNb innervate the ventral
longitudinal muscles 12, 13, 6 and 7 (arrows). (B) ISNb motor axons fail to defasciculate in plexADf(4)C3 mutants and often do not innervate their
proper muscle targets (open arrows). (C) plexBKG00878 mutant ISNb motor axon pathways, like plexADf(4)C3 mutants, also fail to reach their proper
muscle targets (open arrows). (D) Neuronal expression of plexB in a plexBKG00878 mutant background restores proper neuromuscular connectivity
(arrows). (E) Neuronal plexB expression in a plexADf(4)C3 mutant background completely fails to rescue the plexADf(4)C3 mutant phenotype (open
arrows). (F) Neuronal plexA expression in a plexBKG00878 mutant background partially rescues the plexBKG00878 mutant phenotype (absent, left, and
normal, right, innervation are shown). (G) Schematics of two adjacent hemisegments illustrating ISNb phenotypes observed in wild type (left), plexA
mutants (middle) and plexB mutants (right). Scale bar in A: 10 �m for A-F.
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outermost FasII-positive axon bundle remains intact but the medial
FasII-positive axon tract is severely defasciculated along its length
in all embryos examined (Fig. 4C,G). This fully penetrant
plexBKG00878 CNS phenotype is rescued by neuronal expression of a
plexB transgene (Fig. 4D). Therefore, PlexA and PlexB are
independently responsible for the formation of two distinct axon
bundles within the embryonic CNS. Taken together, these results
show that PlexA and PlexB not only function collaboratively to
establish axon trajectories, but also serve unique roles in peripheral
and central nervous system axon guidance.

plexA partially rescues plexB, but plexB fails to
rescue plexA
Our analysis of plexBKG00878 mutants reveals overlapping and non-
overlapping PlexA and PlexB functions. ISNb phenotypes in both
mutants are quite similar, whereas CNS defects are distinct. SNa
pathway defects in plexBKG00878 mutants display both unique and

shared phenotypes compared with those observed in plexADf(4)C3

mutants. These similarities and differences provide an in vivo
experimental system with which to address whether members of
different classes of plexins serve redundant or unique functions in
embryonic axon guidance events. To directly address this issue, we
expressed a plexA cDNA in all neurons in the plexBKG00878

homozygous mutant background, and a plexB cDNA in all neurons
in the plexADf(4)C3 homozygous mutant background. In the latter
case, the plexB transgene was unable to rescue any of the ISNb, SNa
or CNS defects we observe in plexADf(4)C3 mutants (Fig. 2E, Fig. 3E,
Fig. 4E; Table 2). Moreover, the plexADf(4)C3 defects affecting the
ISNb and SNa are enhanced by 19% and 25%, respectively, when
plexB is expressed in this genetic background (Table 2).

The plexA transgene is, however, partially able to compensate for
plexB in certain contexts. Neuronal expression of plexA significantly
rescues the total number of plexBKG00878 ISNb defasciculation
defects by 25%, and the more severe ISNb bypass phenotypes by

2129RESEARCH ARTICLEPlexB in Drosophila axon guidance

Fig. 3. SNa motor axon pathfinding defects in plexB mutants resemble plexA mutants and display novel guidance errors. (A-F) Filleted
preparations of late stage 16 embryos stained with the anti-Fasciclin II monoclonal antibody to reveal motor axons of the SNa. Anterior, left; dorsal,
up. (A) In wild-type embryos, the dorsal branch of the SNa projects correctly between muscles 22 and 23 before defasciculating and innervating
muscle 24 (arrowhead). (B) In plexADf(4)C3 mutants, the dorsal-most projecting axon of the SNa fails to reach its proper target, muscle 24 (open
arrowhead). (C��) plexBKG00878 mutant SNa pathways show defects in pathfinding choice. This mutant SNa axon bundle projects incorrectly between
muscles 21 and 22 (open arrow), and then extends toward its proper target, muscle 24. The dashed line indicates the path that this bundle of SNa
axons normally follows. (C��) plexBKG00878 mutants, like plexADf(4)C3 mutants, also show a lack of muscle 24 innervation (open arrowhead).
(D) Neuronal expression of plexB in a plexBKG00878 mutant background restores proper neuromuscular connectivity (arrowheads). (E) Neuronal plexB
expression in a plexADf(4)C3 mutant background fails to rescue the plexADf(4)C3 mutant phenotype (open arrowheads). (F) Neuronal expression of
plexA in a plexBKG00878 mutant background fails to rescue the plexBKG00878 mutant pathfinding and innervation defects (open arrow and open
arrowhead, respectively). (G) Schematics of two adjacent hemisegments illustrating SNa phenotypes observed in wild type (left), plexA mutants
(middle) and plexB mutants (right). Scale bar in A: 10 �m for A-F.
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almost 50% (Fig. 2F; Table 2). An interesting trend is also seen in
the SNa pathway. plexA does not rescue the ‘double turn’ or ‘lost’
phenotypes of plexBKG00878 mutants, phenotypes observed only in
plexBKG00878 and not plexADf(4)C3 mutants. plexA does, however,
reduce the incidence of plexBKG00878 SNa ‘stall’ phenotypes in
plexBKG00878 mutants to the same degree as does plexB (a 20%
reduction; Table 2). plexA also provides a modest reduction in the
lethality observed in plexBKG00878 mutants (Table 1). plexA
expression does not reduce the total fraction of defective SNa
pathways and is incapable of rescuing plexBKG00878 CNS phenotypes
(Fig. 3F, Fig. 4F; Table 2). Although PlexA is able to partially
substitute for PlexB in the ISNb pathway, plexB does not resuce any
plexADf(4)C3 phenotypes. These results show that PlexA and PlexB
are unable to substitute for each other in rescuing phenotypes not
common to both mutants, indicating there are differences, perhaps
at the level of activating ligands, which distinguish PlexA from
PlexB signaling.

PlexB, like PlexA, signals through MICAL
In our LOF analyses and reciprocal rescue experiments, we observe
similar ISNb pathway defects in plexADf(4)C3 and plexBKG00878

mutants, suggesting a functional redundancy for PlexA and PlexB in
ISNb pathfinding. Therefore, we sought to identify other common
links between these two receptors to better understand the
mechanisms underlying their related functions in motor axon

pathfinding. Previously, genetic interactions between both
Drosophila plexins and the small GTPase Rac were observed in a
GOF paradigm; increasing the levels of plexA or plexB enhances the
phenotype produced by the expression of a dominant-negative Rac
mutant in all neurons (Hu et al., 2001). Although genetic interactions
are observed between each plexin and Rac, a physical association was
observed only between PlexB and Rac (Hu et al., 2001). Conversely
MICAL, which is required for PlexA signaling, binds to PlexA but
not to PlexB (Terman et al., 2002). We investigated whether PlexB
signaling also uses MICAL, even though these two proteins do not
directly associate with one another. In a genetic interaction assay
employing embryos doubly heterozygous for both MICAL and plexB,
we observe a robust genetic interaction, whereas no appreciable
phenotypes are observed separately in either heterozygous
background (Fig. 5A,B). Of the 212 hemisegments scored in
Df(3R)swp2MICAL/+; plexBKG00878/+ transheterozygous embryos,
58.5% showed ISNb defects. This penetrance is equivalent to that
seen for these same ISNb defects in plexBKG00878 homozygous
mutants (Table 2). These results support the idea that both PlexA and
PlexB share similar downstream signaling mechanisms, as both
receptors show genetic interactions with MICAL in addition to those
observed with Rac. Interestingly, each plexin does not physically
associate with both MICAL and Rac directly. Therefore, a
macromolecular complex including both plexins may provide PlexB
and PlexA access to both MICAL and Rac.
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Fig. 4. plexB mutants display a novel CNS axon bundling defect. (A-F) Filleted preparations of late stage 16 embryos stained with the anti-
Fasciclin II monoclonal antibody to reveal three fascicles of longitudinally projecting axon bundles on both sides of the midline (dashed line in A)
within the ventral nerve cord. Anterior, left. (A) In a wild-type embryo the three bundles of axons on either side of the midline are tightly
fasciculated (arrowheads). (B) The outermost bundle of axons in plexADf(4)C3 mutants is disrupted at several places along the embryo (open arrows).
(C) The medial bundle of Fasciclin II-positive axons in plexBKG00878 mutants is split apart and appears as two separate fascicles (open arrowheads).
(D) Neuronal expression of plexB in a plexBKG00878 mutant background restores proper bundling of the medial fascicle (arrowheads). (E) Neuronal
plexB expression in a plexADf(4)C3 mutant background fails to rescue the plexADf(4)C3 mutant phenotype (open arrows). (F) Neuronal plexA expression
in a plexBKG00878 mutant background fails to rescue the plexBKG00878 mutant phenotype (open arrowheads). (G) Schematics illustrating CNS
phenotypes observed in wild type (left), plexA mutants (middle) and plexB mutants (right). Scale bar in A: 10 �m for A-F.
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Neuronal PlexA and PlexB associate in vivo
The ability of PlexA to rescue the PlexB ISNb phenotypes common
to both plexA and plexB mutants, and select transheterozygous
interactions between plexB and MICAL, together indicate that PlexA
and PlexB are likely to function in a concerted fashion to establish
the ISNb pathway. We investigated, therefore, whether these two
plexin receptors physically associate with one another. Using a yeast
interaction assay, we assessed interactions between the cytoplasmic
domains of PlexA and PlexB. Similar to vertebrate plexin A1 and
plexin B1 (Usui et al., 2003), we observed an interaction between the
C2 domain of PlexA and the C1 domain of PlexB (Fig. 5C). Next, we
investigated whether PlexA and PlexB associate in vivo in neurons.
We expressed a hemagglutinin (HA)-tagged version of PlexA (HA-
PlexA) and a Myc-tagged version of PlexB (Myc-PlexB) selectively
in the nervous system of Drosophila embryos using the UAS-GAL4
system. Immunoprecipitation of HA-PlexA using an anti-HA
antibody co-immunoprecipitates Myc-PlexB (Fig. 5D). Importantly,
we do not detect Myc-PlexB in HA precipitates from flies expressing
only Myc-PlexB and not HA-PlexA (Fig. 5D), demonstrating the
absence of non-specific anti-HA association with PlexB. These

experiments show that PlexA and PlexB can indeed form
heteromultimeric complexes in vivo, suggesting that this association
enables access of PlexA and PlexB to both Rac and MICAL.

Plexin B binds to Sema-2a
Although we find similarities in PlexB and PlexA requirements for
certain motor axon guidance events, our results also show that each
plexin serves non-redundant PNS and CNS guidance functions.
PlexA binds to the extracellular (EC) domains of the transmembrane
semaphorins Sema-1a and Sema-1b, and genetic experiments
provide support for the functional significance of this interaction in
the establishment of neuromuscular connectivity (Winberg et al.,
1998b). Does PlexB bind to these transmembrane semaphorins, or
might PlexB be a receptor for the previously characterized class 2
secreted semaphorin Sema-2a, for which a receptor has yet to be
identified (Kolodkin et al., 1993; Matthes et al., 1995; Winberg et
al., 1998a)? Most vertebrate secreted semaphorins do not bind to
plexins directly but, rather, use neuropilin proteins as ligand-binding
components of a semaphorin receptor complex (Kruger et al., 2005).
Interestingly, in the developing vasculature the secreted semaphorin
Sema3E signals repulsion in a neuropilin-independent manner
through a divergent plexin, plexin-D1, demonstrating that secreted
semaphorins are indeed able to bind directly to plexin receptors (Gu
et al., 2005). As there are no neuropilin orthologs in Drosophila, we
sought to determine whether the secreted semaphorin Sema-2a binds
to PlexB. We performed ligand-binding assays using alkaline
phosphatase (AP)-tagged semaphorins and S2R+ cells, a
Drosophila-derived adherent cell line (Yanagawa et al., 1998),
transfected with cDNAs encoding either PlexB or green fluorescent
protein (GFP). Sema-2a-AP robustly binds to cells expressing PlexB
but not to cells expressing GFP (Fig. 6A). Scatchard analysis reveals
a dissociation constant of ~2nM for this association (Fig. 6D). This
affinity is similar to that for Sema-1a or Sema-1b binding to PlexA
(Winberg et al., 1998b). We observed no significant binding of
Sema-1aEC-AP, AP-Sema-1bEC, or AP alone to PlexB- or GFP-
expressing cells (Fig. 6B; data not shown). The interactions between
Sema-1a or Sema-1b with PlexA in vitro are dependent on divalent
metal ions (Winberg et al., 1998b). However, this is not the case for
Sema-2a binding to PlexB. Alhough EDTA reduces S2R+ cell
substrate adhesion, it does not block Sema-2a-AP binding to PlexB-
expressing cells (Fig. 6C). These results, showing that PlexB binds
to Sema-2a but not to class 1 transmembrane semaphorin ligands,
reveal a major distinction between PlexA and PlexB. Therefore, the
activation of each receptor by different ligands is a likely mechanism
underlying the differences we observe between plexA and plexB SNa
and CNS mutant phenotypes.

PlexB is a functional Sema-2a receptor in vivo
To determine whether Sema-2a binding to PlexB is functionally
significant, we examined this interaction in vivo using a genetic
assay. When Sema-2a is expressed in all muscles using the 24B-
GAL4 transactivator, it leads to aberrant formation of the transverse
nerve (TN), and inhibits the innervation of muscles 6 and 7 by the
RP3 motoneuron (Winberg et al., 1998a). Our analysis confirms that
the TN phenotype observed in this GOF paradigm is particularly
robust. The TN normally forms by the fasciculation of the TN
motoneuron axon emanating from the nerve cord with a ventrally
projecting axon from the peripherally located lateral bipolar
dendritic (LBD) neuron (Bodmer and Jan, 1987; Gorczyca et al.,
1994; Schmid et al., 1999; Thor and Thomas, 1997; Winberg et al.,
1998a). These two axonal processes extend towards each other over
the body wall muscles near the segment boundary and then
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Fig. 5. PlexB genetically interacts with MICAL and forms a
complex with PlexA. (A,B) Filleted preparations of late stage 16
embryos stained with the anti-Fasciclin II monoclonal antibody to reveal
motor axons of the ISNb. (A) ISNb axons of plexBKG00878 heterozygous
embryos defasciculate properly and resemble wild-type embryos.
(B) ISNb axons in embryos double heterozygous for both plexB and
MICAL (Df(3R)swp2MICAL/+; plexBKG00878/+) often fail to defasciculate
properly and do not innervate their proper muscle targets (open arrows).
(C) A chart outlining the results from yeast two-hybrid interaction assays
with cytoplasmic regions of PlexA and PlexB. Numbers indicate the
amino acids of PlexA or PlexB that comprise each fragment. A positive
interaction is indicated by a plus sign (+). The C2 region of the PlexA
cytoplasmic domain (animo acids 1702-1945) and the C1 region of the
PlexB cytoplasmic domain (amino acids 1402-1784) support growth and
reporter gene transcription when grown on selective plates, whereas all
other combinations between PlexA and PlexB do not. (D) Lysates from
embryos expressing Myc-PlexB, with or without HA-PlexA, were
immunoprecipitated using anti-HA antibodies and blotted with anti-HA
or anti-Myc antibodies to detect the presence of HA-PlexA or Myc-PlexB,
respectively. HA-PlexA immunoprecipitates from embryo lysates also
contain Myc-PlexB. Scale bar in A: 10 �m for A-B.
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fasciculate in the vicinity of muscles 6 and 7 (Fig. 6E,H). When
Sema-2a is overexpressed in all muscles, we see an appreciable
failure of TN formation (27.9% of 233 hemisegments). This shows
that ectopically expressing Sema-2a in muscles, including in
muscles 6 and 7 over which the TN motor and LBD axons meet,
repels these axons and keeps them from entering this region, causing
them to stall or enter inappropriate areas, and thus preventing TN
formation (Fig. 6F). When we remove one copy of plexB in this
same genetic background, the TN phenotype is greatly reduced in
severity (12.2% of 230 hemisegments; P<0.00005; Fig. 6G). The
requirement for PlexB in order to observe the full penetrance of this
Sema-2a-dependent GOF phenotype, together with our observation
that AP-Sema-2a binds to PlexB expressed on insect cells in vitro,
demonstrate that PlexB functions as a Sema-2a receptor.

DISCUSSION
Plexin receptors expressed at the leading edge of navigating axonal
growth cones receive and transduce instructive signals encoded by
semaphorins. Deciphering how plexins translate external stimuli into

intracellular responses is paramount for understanding how the
nervous system is wired. Analysis of neural development in
Drosophila allows for direct functional comparisons between plexins
from distinct classes, as Drosophila contains only two plexin
proteins. In this study, we have analyzed plexB mutants and compared
the phenotypes we observe to those found in plexA mutants, detecting
both similarities and differences in the LOF phenotypes of these two
genes. We identify a direct physical interaction between PlexA and
PlexB, and demonstrate a convergence of these signaling pathways
upon the effector molecule MICAL. We also show that these two
receptors bind to semaphorin ligands from different classes. These
results demonstrate that plexins from different classes can respond in
vivo to distinct semaphorin ligands, but have the capacity to work
cooperatively using common downstream signaling molecules.

Drosophila Plexins in axon guidance
In Drosophila, PlexA is required for the proper defasciculation of
motor and CNS axon bundles (Winberg et al., 1998b). This axon-
axon repulsion enables individual axons to overcome the adhesive
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Fig. 6. PlexB is a Sema-2a receptor. (A-C) Cultured S2R+ cells transfected with cDNAs for either PlexB or GFP to which Sema-2a-AP, Sema-1aEC-
AP, or AP-Sema-1bEC was added. (A) AP-tagged Sema-2a binds to the surface of S2R+ cells transfected with PlexB. Sema-2a-AP does not bind to
S2R+ cells transfected with GFP (inset). (B) Sema-1aEC-AP and AP-Sema-1bEC (inset) do not bind to S2R+ cells transfected with PlexB. (C) Sema-2a-
AP binds to PlexB in the presence of 1 mM and 10 mM (inset) EDTA. (D) Scatchard analysis of Sema-2a-AP binding to PlexB-expressing S2R+ cells.
Data points were normalized to Sema-2a-AP binding to GFP-expressing cS2R+ cells. (E-G) Filleted preparations of late stage 16 embryos stained
with the anti-Fasciclin II monoclonal antibody to reveal the transverse nerve (TN). (E) In a wild-type embryo, in the vicinity of the ventral longitudinal
muscle field two axonal projections come together to form the TN (arrowheads). (F) Expression of Sema-2a in all muscles inhibits the TN from
forming properly. Axons from the TN motoneuron and LBD neuron, which normally fasciculate and form the TN, stall and are unable to complete
the nerve (open arrowheads). (G) Using the plexBKG00878 mutant allele to remove one copy of plexB from this Sema-2a GOF background restores
the formation of the TN (arrowheads). (H) Schematics of two adjacent hemisegments illustrating the TN phenotypes observed in wild type (left),
Sema-2a overexpressing embryos (middle), and Sema-2a overexpressing embryos with one copy of plexB removed (right). Scale bars: in A, 50 �m
for A-C; in E, 10 �m for E-G.
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forces holding them together, to separate from each other, and to
innervate their appropriate targets (Winberg et al., 1998b; Yu et al.,
1998; Yu et al., 2000). Here, we examined the role played by PlexB
in motor and CNS axon pathfinding during Drosophila
embryogenesis and found that plexB mutants display defects in
axon fasciculation that dramatically affect pathfinding. Similar to
what has been observed in plexA mutants, plexB mutants display a
failure of ISNb motor axons to initially separate from the main ISN
bundle or, at later stages of ISNb pathway formation, to separate
from other ISNb axons. Defasciculation errors similar to those
observed in plexA mutants are also observed for the dorsal branch
of the SNa in plexB mutants. However, other plexB mutant SNa
axon bundles display navigation phenotypes not seen in plexA
mutants. These dorsal SNa axons follow an aberrant trajectory to
their target, muscle 24, and as a consequence are often unable to
reach this post-synaptic partner. In the CNS, however, PlexB and
PlexA play distinct roles. Loss of plexA disrupts the contiguity of
the outermost bundle of axons, whereas losing plexB causes
excessive defasciculation of the medial tract. This differential
requirement for plexins in medial and lateral FasII-postive CNS
axon bundles is strikingly reminiscent of the specific requirements
for differential expression of roundabout (Robo) proteins to
regulate the formation of the inner, medial and lateral FasII-positive
axon tracts (Rajagopalan et al., 2000; Simpson et al., 2000).
Determining whether the positioning and consolidation of CNS
longitudinal tracts by Robos and plexins are separate or integrated
processes will lend insight into how axons respond simultaneously
to distinct guidance influences that serve to regulate neuropil
organization.

Plexins belonging to different classes can act
cooperatively to guide the same neuronal
trajectories
Although unique axonal fasciculation and pathfinding defects are
observed in plexA and plexB mutants, ISNb motor axon phenotypes
in these mutants are remarkably similar. This suggests that plexins
from different classes may function collaboratively to pattern certain
neuronal trajectories. Drosophila provides a robust experimental
model with which to examine this issue. As there are only two
Drosophila plexins, we performed cross-rescue experiments with
plexA and plexB. Expression of plexA in a plexB mutant background
significantly reduces the severity of plexA ISNb defects, although it
does not fully rescue these defects. plexA expression is, however,
unable to rescue the SNa and CNS phenotypes that we observe in
plexB, but not plexA, mutants. In the reciprocal experiment, PlexB
cannot replace any PlexA function, either in motor axon pathways
or in the CNS. Our immunoprecipitation and genetic interaction
experiments provide an explanation for why PlexB cannot substitute
for PlexA. When we express epitope-tagged versions of PlexA and
PlexB in vivo, immunoprecipitating PlexA brings down PlexB,
indicating that these two receptors can associate in a complex in
vivo. Furthermore, for ISNb pathway phenotypes, we observe
genetic interactions between plexB and MICAL heterozygotes,
strongly supporting a requirement for MICAL in PlexB signaling,
although these two proteins do not interact directly. We propose that
PlexB gains access to MICAL through its association with PlexA.
Because MICAL is a crucial downstream signaling component for
plexin-mediated axonal repulsion, PlexA may be able to substitute
in a limited fashion for PlexB through its ability to recruit MICAL
and mediate repulsion of ISNb axons. However, the inability of
PlexB to substitute at all for PlexA may stem from its inability to
directly recruit MICAL.

Two other transmembrane proteins play important roles in PlexA-
mediated axon guidance events and may facilitate the formation of
complexes that contain PlexB and PlexA. The catalytically inactive
receptor tyrosine kinase Off-track (Otk), which binds to and
functions with PlexA in Sema-1a signaling, is also able to associate
with two vertebrate plexins from classes A and B (Winberg et al.,
2001). It is unknown whether Otk binds to Drosophila PlexB.
However, in the Drosophila CNS, Otk may function separately with
PlexA and PlexB. Otk mutants display a disrupted outer Fas-II-
positive fascicle, a phenotype specific to plexA, and also a
defasciculated middle Fas-II-positive axon bundle, a phenotype
specific to plexB (Winberg et al., 2001). Overexpression of another
PlexA signaling component produces phenotypes also seen in plexB
mutants. Increasing in all neurons the levels of Gyc76C, a receptor
guanylyl cyclase involved in PlexA signaling, produces an SNa
pathfinding defect very similar to the ‘double turn’ SNa phenotype
seen in plexB mutants (Ayoob et al., 2004). Future work will reveal
whether either of these transmembrane proteins involved in PlexA
signaling serve as co-receptors for PlexB ligands and participate in
the PlexB signaling cascade.

PlexA and PlexB are receptors for different classes
of semaphorin ligands
There are five semaphorins in Drosophila. Sema-1a and Sema-1b,
two class 1 transmembrane semaphorins, bind to PlexA (Winberg et
al., 1998b). We find here that AP-tagged versions of the extracellular
domains of these transmembrane semaphorins do not bind to PlexB
in vitro. However, we do observe robust binding of AP-tagged
Sema-2a, a secreted semaphorin, to insect cells expressing PlexB.
Our genetic analysis shows that this interaction is indeed functional,
as plexB LOF suppresses a Sema-2a GOF phenotype. Our data also
suggest that there are additional PlexB ligands. plexB mutants show
more severe and complex phenotypes than do the low-penetrance
phenotypes reported for Sema-2a mutants (Winberg et al., 1998a).
Sema-2b, the other Drosophila secreted semaphorin, is a likely
candidate PlexB ligand. Sema-2b resides at cytolocation 53C4 on
chromosome 2 and is only separated from Sema-2a by a few genes.
Sema-2a and Sema-2b share 70% amino acid identity (84%
similarity), and it seems likely this semaphorin duo is a product of a
genetic duplication and that these two secreted semaphorins share
certain neuronal signaling functions. Sema-2b is expressed in a small
subset of neurons within the CNS suggesting that, alone, or in
combination with Sema-2a, it is responsible for maintaining the
medial bundle of longitudinally projecting CNS axons as a tight
fascicle (J.C.A., J.R.T. and A.L.K., unpublished) (Kolodkin et al.,
1993; Rajagopalan et al., 2000). Consistent with findings for class
A and B plexins in vertebrates, we find that PlexA and PlexB in
Drosophila serve as receptors for different classes of semaphorins.
This specificity provides a basis for postulating distinct functions for
the two Drosophila plexins in motor and CNS axon guidance.
Because secreted semaphorins are not tethered to their substrate, as
are transmembrane semaphorins, the range over which these cues
might act is greater, enabling PlexB to mediate not only axonal
defasciculation, but also growth cone steering and surround
repulsion.

In addition to being repulsive axon guidance receptors, plexins
also interact homophilically (Hartwig et al., 2005; Ohta et al.,
1995). Therefore, it is possible that in some instances PlexB might
function in a semaphorin ligand-independent manner, perhaps even
as an adhesive molecule. Proteolytic processing may also regulate
PlexB function. The extracellular domains of B-class plexins
contain a protease site, located close to the plasma membrane, that

2133RESEARCH ARTICLEPlexB in Drosophila axon guidance



D
E
V
E
LO

P
M
E
N
T

2134

is cleaved by a subtilisin-like proprotein convertase (Artigiani et al.,
2003). In our western blots of Myc-PlexB extracts, we detect, in
addition to full-length PlexB at 250 kDa, a smaller protein at 150
kDa (Fig. 5D). The size of this protein is equal to that of the PlexB
ectodomain and correlates well with a predicted PlexB protease
cleavage product. We also observe these bands in the lysates of
S2R+ cells transfected with Myc-PlexB. Conditioned media from
these transfected cells contains only the smaller (150 kDa) form of
PlexB, presumably the ectodomain released from the membrane
and into the media (J.C.A., J.R.T. and A.L.K., unpublished). This
proteolytic processing of the PlexB receptor may play a role in the
modulation of its activity.

In conclusion, we present evidence that plexin B receptors, like
plexin A receptors, are crucial for the generation of neuronal
connectivity in vivo. Our results show that A and B class plexins can
regulate similar axon guidance events collaboratively, whereas
interactions with distinct classes of semaphorin ligands are likely to
mediate receptor-specific functions. Further analysis of how these
guidance receptors function in Drosophila will allow for a better
understanding of the complex roles played by plexins during neural
development, and will define plexin-mediated convergent and
divergent signaling events.
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