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Four receptor-linked protein tyrosine phosphatases are
selectively expressed on central nervous system axons in
the Drosophila embryo. Published data show that three of
hese (DLAR, DPTP69D, DPTP99A) regulate motor axon
uidance decisions during embryonic development. Here
e examine the role of the fourth neural phosphatase,
PTP10D, by analyzing double-, triple-, and quadruple-
utant embryos lacking all possible combinations of the

hosphatases. This analysis shows that all four phospha-
ases participate in guidance of interneuronal axons
ithin the longitudinal tracts of the central nervous sys-

em. In the neuromuscular system, DPTP10D works to-
ether with the other three phosphatases to facilitate
utgrowth and bifurcation of the SNa nerve, but acts in
pposition to the others in regulating extension of ISN
otor axons past intermediate targets. Our results pro-

ide evidence for three kinds of genetic interactions
mong the neural tyrosine phosphatases: partial redun-
ancy, competition, and collaboration.

INTRODUCTION

Receptor-linked protein tyrosine phosphatases
(RPTPs) are important regulators of axon guidance de-
cisions in Drosophila embryos and larvae. In the embryo,
the functions of the RPTPs have been primarily studied
in the neuromuscular system, which contains a small
number of motor neurons whose axons can be easily
visualized by antibody staining. In each abdominal seg-
ment (A2–A7) of the embryo, 32 motor axons exit the
central nervous system (CNS) within the ISN (interseg-

1 Present address: Proteome, Inc., 100 Cummings Center, Suite
20B, Beverly, MA 01915.
2 Present address: FB Biology, Chemistry, Pharmacy, Freie Univer-
sitat Berlin, Takustrasse 3, 14195 Berlin, Germany.
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mental nerve) and SN (segmental nerve) roots and then
split into five pathways that innervate 30 muscle fibers.
The SNa and SNc pathways emerge from the SN root,
and the ISN, ISNb, and ISNd pathways arise from the
ISN root (ISNb and ISNd are also known as SNb and
SNd). The stereotyped and relatively simple nature of
the neuromuscular system makes it possible to analyze
how specific genes regulate the formation of individual
synapses (for review see Keshishian et al., 1996).

Five Drosophila RPTP genes have been described thus
far; these encode DPTP4E, DPTP10D, DLAR, DPTP69D,
and DPTP99A (Hariharan et al., 1991; Oon et al., 1993;
Streuli et al., 1989; Tian et al., 1991; Yang et al., 1991). Our
analysis of the complete Drosophila sequence (Adams et
al., 2000) suggests that there is only one additional
RPTP encoded in the genome (B.S. and K.Z., unpub-
lished). Remarkably, four of the five known RPTPs are
selectively expressed on CNS axons (Desai et al., 1994;
Hariharan et al., 1991; Tian et al., 1991; Yang et al., 1991).
DPTP4E mRNA is expressed in the CNS and in several
other tissues; this RPTP has not been genetically char-
acterized, however, and its protein distribution pattern
has not been determined (Oon et al., 1993). The four
“neural” RPTPs DPTP10D, DLAR, DPTP69D, and
DPTP99A have been studied using genetics. All four
phosphatases regulate axon guidance decisions in the
embryo (Desai et al., 1996, 1997; Krueger et al., 1996; Sun
t al., 2000).

Single mutants lacking DLAR or DPTP69D display
ltered guidance of ISNb axons in the neuromuscular
ystem (Desai et al., 1996; Krueger et al., 1996). Many

motor axon pathway decisions, however, are altered
only when specific combinations of two or more RPTPs

are eliminated. For example, when DLAR, DPTP69D,
and DPTP99A are all absent, the ISN is unable to extend
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275RPTPs and Axon Guidance
beyond its first intermediate target. When only DLAR
and DPTP69D are missing, the ISN stalls at its second
intermediate target (Desai et al., 1997). No visible alter-
tions in the embryonic CNS or neuromuscular system
re detected in single mutants lacking DPTP10D or
PTP99A (Desai et al., 1996; Sun et al., 2000). These

results correlate with the observation that Dlar and
Ptp69D mutations confer lethality, while Ptp10D and
Ptp99A null mutants are viable and fertile.

Genetic studies also indicate that RPTPs can have
opposing activities (in a formal genetic sense). DLAR
and DPTP99A function in opposition to each other in
regulating entry of the ISNb into its target ventrolateral
muscle (VLM) field (Desai et al., 1997). The Abl tyrosine
kinase also opposes the activity of DLAR at this choice
point (Wills et al., 1999).

In third-instar larvae, DPTP69D is required for inner-
vation of the lamina of the optic lobe by photoreceptor
neurons. When DPTP69D is not expressed on photore-
ceptor (R) axons, the growth cones of R1–6 photorecep-
tors fail to stop at their lamina targets and continue into
the medulla. R7 axons also make targeting errors. Phos-
phatase activity and extracellular domain sequences are
both required for DPTP69D function in the optic lobes
(Garrity et al., 1999) (Newsome et al., 2000).

We recently described the isolation of mutations in the
gene encoding the fourth neural RPTP, DPTP10D. Anal-
ysis of these mutations shows that RPTPs are also essen-
tial for interneuronal axon guidance within the CNS (Sun
et al., 2000). This had not been apparent before now be-
cause loss of all three of the other neural RPTPs (DLAR,
DPTP69D, and DPTP99A) does not have a strong effect on
the CNS axonal array (Desai et al., 1997; see below). Re-
moval of DPTP10D and DPTP69D, however, generates a
unique CNS phenotype in which many extra axons cross
the midline. The Ptp10D Ptp69D double mutation interacts
with roundabout (robo), commissureless (comm), and slit, a set
of mutations defining a repulsive pathway that prevents
longitudinal axons from crossing the midline (reviewed
by Zinn and Sun, 1999). In this paper, we define the roles
of the four neural RPTPs in controlling motor and CNS
axon guidance by analyzing the phenotypes of all double,
triple, and quadruple mutants.

RESULTS

Sequence Requirements for DPTP69D Function in
the CNS
Ptp10D Ptp69D mutant embryos have a unique CNS
phenotype in which longitudinal axons abnormally

o
l

cross the midline (Sun et al., 2000) (Fig. 1E). This phe-
notype can be observed using mAb 1D4, which recog-
nizes three longitudinal bundles on each side of the
CNS in late stage 16 and early stage 17 embryos (Van
Vactor et al., 1993). There is little staining in the com-
missures at these stages in wild-type embryos (Figs. 1A
and 1B). Thus, abnormal midline crossing by 1D4-pos-
itive axons in Ptp10D; Ptp69D mutants can be easily
visualized as commissural 1D4 staining (Fig. 1E, ar-
row). Greater than 95% of segments have 1D4-positive
commissural bundles in these mutants (Sun et al., 2000).

The existence of this highly penetrant double-mutant
phenotype made it possible to address sequence re-
quirements for RPTP function in the embryonic CNS.
Garrity et al. (1999) used GAL4-driven Ptp69D trans-

enes (Brand and Perrimon, 1993) to rescue the Ptp69D
ptic lobe phenotype. We crossed the same transgenes

nto the Ptp10D; Ptp69D mutant background, together
ith panneuronal GAL4 sources (Elav-GAL4), and eval-
ated the fraction of embryos that displayed the char-
cteristic double mutant CNS phenotype. These data
how that the requirements for DPTP69D sequences in
escuing the embryonic CNS phenotype are the same as
or phenotypic rescue in the optic lobe (Garrity et al.,
999). Within the extracellular domain, the fibronectin
ype III (FN3) repeats are required, but the immuno-
lobulin-like (Ig) domains are not. Mutants in which
ither the first or the second cytoplasmic PTP domain is
nactivated or deleted are still able to rescue. If inacti-
ating point mutations are introduced into the active
ites of both PTP domains, however, the resulting
PTP69D construct does not rescue the double-mutant
henotype (Table 1).

emoval of DPTP10D Reveals Distinct Roles for All
our Neural RPTPs in Control of CNS Axon
uidance

To study the roles of the four RPTPs in regulating
xon guidance in the embryo, we generated and ana-
yzed double-, triple-, and quadruple-mutant embryos
acking DPTP10D and one or more of the other three
eural RPTPs. These embryos were recognized by the

ack of staining with monoclonal antibodies (mAbs)
gainst each of the RPTPs (see Experimental Methods).
o simplify the analysis, we used a single combination
f null mutations for each of the RPTPs. For Ptp69D,
tp99A, and Dlar (denoted in Flybase as Lar), we em-
loyed null transheterozygous mutant combinations
reviously used by Desai et al. (1997) to define the roles

f these three RPTPs in motor axon guidance; this al-

owed direct comparison of our results with theirs (see
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276 Sun et al.
Experimental Methods for details). Ptp10D is on the X
chromosome, so it is most straightforward to examine
hemizygous males when examining Ptp10D mutant
phenotypes. We were able to do this using the null
allele Ptp10D1, because it is hemizygous/homozygous

iable and fertile and has a small molecularly charac-
erized deletion that affects only the Ptp10D gene (Sun
t al., 2000; also analyzed further using the complete
rosophila genome sequence). We had previously

hown that two other independently generated Ptp10D

FIG. 1. CNS phenotypes in Rptp mutant embryos. (A–I) The CNS of d
the three continuous longitudinal bundles on each side of the CNS and
An embryo injected with buffer at the blastoderm stage and allowed
normal, but the outer bundle is discontinuous (bracket). (D) Dlar; Ptp

ap in the outer bundle is indicated (bracket). (E) Ptp10D; Ptp69D. Th
tained axons cross the midline (arrow). (F) Ptp10D; Ptp69D; Ptp99A. S
nd more axons cross the midline (arrow). (G) Ptp10D; Dlar; Ptp69D. T
cross the midline (arrow) or may cross the midline and circle back
reak (double arrow). (H) Ptp10D; Dlar; Ptp69D; Ptp99A (genetic). The
idline to form a fused 1D4-positive commissural tract in each s

lastoderm embryos were injected with a mixture of dsRNAs for eac
hat of the quadruple genetic mutant is observed, with fused 1D4-po
lleles produce the same phenotypes as Ptp10D1 when
combined with Ptp69D (Sun et al., 2000).
None of the Rptp combinations, including the qua-
druple mutation, produce muscle or peripheral nervous
system abnormalities (data not shown). This is consis-
tent with the observation that no expression of any of
the four RPTPs can be detected on muscles or sensory
neurons (Tian et al., 1991; Yang et al., 1991; Hariharan et
l., 1991; Desai et al., 1994, 1996; Krueger et al., 1996).

To investigate how RPTPs regulate guidance of 1D4-
positive axons within the CNS, we analyzed the phe-
notypes of all triple mutants. We found that late stage

ted late stage 16 embryos stained with mAb 1D4. (A) Wild type. Note
ack of 1D4-staining axons in the commissural tracts. (B) RNAi control.
evelop to stage 16. (C) Ptp10D; Dlar; Ptp99A. The inner bundles are
Ptp99A. The phenotype is similar to that of Ptp10D; Dlar; Ptp99A. A

ter bundles are fused, so that only one or two are present, and many
r to Ptp10D; Ptp69D, but more longitudinal bundle fusion is observed,
ngitudinal tracts are fused. A whole tract may be rerouted diagonally
he contralateral longitudinal tract, producing a complete connective
itudinal connectives are disrupted, and many thick bundles cross the
nt (bracket). (I) Ptp10D; Dlar; Ptp69D; Ptp99A (RNAi). Wild-type

he four RPTPs and allowed to develop to stage 16. A phenotype like
commissures (bracket) and frequent connective breaks (arrows).
issec
the l
to d

69D;
e ou

imila
he lo
into t
long
egme
16 triple mutants lacking DLAR, DPTP69D, and
DPTP99A, although they have very severe motor axon
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277RPTPs and Axon Guidance
defects (Desai et al., 1997), do not display strong CNS
phenotypes that are detectable with this marker. Like
wild-type embryos, they have distinct longitudinal
1D4-positive bundles and little commissural staining.
The morphologies of the two inner bundles are very
similar to that of wild type, but the outer bundle, which
develops later, is often discontinuous (Fig. 1D, bracket).
When DPTP10D, DLAR, and DPTP99A are all absent, a
similar CNS phenotype is observed. Again, the two
inner bundles are intact, while the outer bundle is dis-
continuous (Fig. 1C, bracket). In rare segments of these
embryos, the inner bundle contacts the midline. These
results show that CNS longitudinal 1D4-positive bun-
dles avoid the midline in a normal manner when either
DPTP10D or DPTP69D is expressed and all three of the

ther RPTPs are absent.

FIG. 2. Removal of all four RPTPs affects pioneer axon pathways. (A
NS preparations stained with mAb 22C10. (A) and (C) are wild-type
PTPs. (E–G) Stage 13 embryonic CNS preparations stained with mAb
NAi embryo injected with dsRNAs for all four RPTPs, and (G) i

pathways. Green arrows: pCC/vMP2 pathways. Double red arrows:
22C10 pathway in (D)). White dotted outlines: aCC cell bodies. Black d
lines in (C) define the late longitudinal 22C10 pathway. Bracket in
contralateral side is thicker than normal. Note the similar curvatures
Removal of DPTP10D, DPTP69D, and DPTP99A pro-
uces a phenotype similar to, but more severe than, that

b

f Ptp10D; Ptp69D (Sun et al., 2000), in which the three
ongitudinal bundles are partially fused and many 1D4-
ositive axons cross the midline (Figs. 1E and 1F, ar-
ows). Thus, removal of DPTP99A strengthens the basic
henotype produced by the absence of DPTP10D and
PTP69D.
The Ptp10D; Dlar; Ptp69D triple mutant also has a

trong phenotype involving ectopic midline crossing
nd longitudinal bundle fusion (Fig. 1G). It differs from
he Ptp10D; Ptp69D; Ptp99A phenotype, however, in
hat the axons that abnormally cross the midline in
hese embryos often grow diagonally to the other side

ithout respecting the normal borders of the anterior
nd posterior commissures. In many cases, all of the
D4-positive connective axons appear to be rerouted
cross the midline, producing complete connective

Late stage 13 (A, B) and late stage 15/early stage 16 (C, D) embryonic
ryos, and (B) and (D) are embryos injected with dsRNAs for all four
(E) is an RNAi control embryo injected with buffer, (F) is a quadruple
bo embryo. Black arrows: SP1 pathways. Red arrows: MP1/dMP2

ng pathways (MP1/dMP2 in (B), pCC/vMP2 in (F), late longitudinal
outlines: VUM cell bodies. Asterisks: RP cell bodies. Dotted straight

indicates missing RP axons on one side. The RP pathway on the
e MP1/dMP2 pathway to the midline in (F) and (G).
–D)
emb

1D4.
s a ro
missi

otted
reaks (Fig. 1G, double arrow).
Finally, when all four RPTPs are absent, a phenotype



b
a
p
t
l
m
i
P
e
(
p
e
c
b
g
2

o
type

i s disp

278 Sun et al.
is observed in which most of the 1D4 axons cross the
midline and the longitudinal 1D4 bundles are almost
absent (Figs. 1H and 1I). Staining of these quadruple-
mutant embryos with mAb BP102, which recognizes all
CNS axons, shows that the longitudinal tracts are de-
pleted of axons and that the commissures are com-
pletely fused (bracket) and much thicker than normal
(Sun et al., 2000). Taken together, these results suggest
that in the absence of all four neural phosphatases, most
of the pathways in the longitudinal tracts are converted
into commissural pathways that cross the midline
(compare Figs. 1A and 1H). In summary, the RPTPs
display a remarkable specificity in regulating CNS axon
guidance; loss of any two or three of the four does not
strongly affect the two inner 1D4-positive bundles un-
less both DPTP10D and DPTP69D are missing.

Longitudinal Pioneer Axons Cross the Midline in
Embryos Lacking All Four RPTPs

TABLE 1

Functional Analysis of Ptp69D Mutants

Transgen

Extracellular domain mutants

69DD (Ig)

69DD (FNIII)

69D/EC (RPTPm)

Intracellular domain mutants

69D (wedge)

69D (DA1)

69DD (PTP2)

69D (DA1DA2)

a Transgenes were driven in all postmitotic neurons using Elav-GA
b Number of embryos showing midline crossing phenotype compar

n X chromosome, 25%; transgene on second or third chromosome,
c “1” denotes that the transgene rescued the Ptp10D; Ptp69D pheno

ndicates failure to rescue (.75% of the expected number of embryo
Staining with mAb 1D4 at late stages does not permit
visualization of the trajectories of individual axons. By

R
p

examining earlier (stage 13) embryos, we have previ-
ously shown that longitudinal pioneer axons are not
strongly affected in Ptp10D; Ptp69D double-mutant em-

ryos (Sun et al., 2000). The longitudinal 1D4-positive
xons that cross the midline or follow other abnormal
athways in these embryos appear later (stage 15), and

hey cannot be individually visualized because of the
arge number of pathways that are stained with the

Ab by this time. We were, however, able to observe
ndividual axons abnormally crossing the midline in
tp10D; Ptp69D mutants by examining neuronal lin-
ages deriving from single DiI-labeled neuroblasts
NBs; see Schmid et al., 1999). For example, the NB 2–5
rogeny axons normally cross the midline once and
xtend anteriorly along the contralateral longitudinal
onnective. In Ptp10D; Ptp69D mutants, they double
ack across the midline after crossing once and then
row posteriorly in the ipsilateral connective (Sun et al.,
000).
Since quadruple mutants lacking all four neural

Percentage of expected
phenotype (n) b Rescuec

7.2 (469) 1

85.6 (450) 2

100.0 (288) 2

21.6 (623) 1

6.7 (301) 1

15.2 (312) 1

98.4 (447) 2

the number of embryos expected to show the phenotype (transgene
). n, number of embryos examined.

(,25% of the expected number embryos display the phenotype). “2”
lay the phenotype).
ea

L4.
ed to
12.5%
PTPs have a very strong phenotype in which all 1D4-
ositive axons appear to cross the midline, we antici-
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pated that longitudinal pioneer axons should be af-
fected in this genotype. Unfortunately, it is not possible
to identify quadruple mutant embryos (1/128 of the
total) at stage 13 by the absence of staining with mAbs
against the four RPTPs, because staining is too weak at
this stage. One also cannot use marked balancers to
identify these embryos, because the Rptp genes are on
all three chromosomes and triply balanced stocks can-
not be maintained. Accordingly, we had to develop a
new technique to generate and study early quadruple-
mutant embryos. To do this, we used RNAi methods,
which have been shown to be effective in inhibiting
gene expression in Drosophila embryos (Kennerdell and
Carthew, 1998; Misquitta and Paterson, 1999). We have
been able to obtain effective inhibition of the expression
of two, three, or four RPTPs simultaneously by injecting
the appropriate concentrations of double-stranded
RNAs (dsRNAs) into blastoderm embryos (A.S., B.S.,
and K.Z., unpublished; see Experimental Methods). A
complete description of these methods will be pub-
lished elsewhere. In Fig. 1B, we show that embryos
injected with buffer and allowed to develop to stage 16
or17 have a 1D4 staining pattern that is indistinguish-
able from that of wild type. Embryos injected with
dsRNAs for all four of the neural RPTPs have a CNS
phenotype at late stage 16 that closely resembles that of
quadruple genetic mutants (Fig. 1I). These embryos also
display motor axon phenotypes that are indistinguish-
able from those of quadruple mutants (data not shown;

FIG. 3. Expression of DPTP10D in the CNS and on the SNa nerve. (
stained with an anti-DPTP10D mAb. The CNS is the darkly stained
visualized with this mAb is the SNa nerve, whose growth cones are
lower magnification bright-field photograph of the same embryo, s
(arrowheads). The arrows indicate tracheal branches, which also app
see Figs. 4–6 for quadruple-mutant motor axon pheno-
types).
In early stage 13 embryos, only one longitudinal
pathway is stained by mAb 1D4. This contains the
axons of the MP1, dMP2, vMP2, and pCC neurons. In
wild-type embryos, the MP1 and dMP2 axons fascicu-
late with each other and extend posteriorly, while the
vMP2 and pCC axons fasciculate and extend anteriorly.
The ascending and descending axons meet to form a
continuous longitudinal pathway (Fig. 2E; Seeger et al.,
1993). This pathway then splits into two separate bun-
dles: pCC/vMP2 (green arrow) and MP1/dMP2 (red
arrow) (Hidalgo and Brand, 1997). In Ptp10D; Ptp69D
mutants, these two pioneer pathways form in an appar-
ently normal manner (Sun et al., 2000).

The longitudinal pioneer axons are diverted across
the midline in robo embryos, in which axonal repulsion
from the midline is reduced (Kidd et al., 1998a,b). The
initial trajectory of the pCC/vMP2 axons is altered, so
that they grow diagonally to the midline (Fig. 2G, green
arrow) and then cross. The MP1/dMP2 axons begin to
extend posteriorly in a normal manner, but then curve
across the midline (red arrows).

In quadruple RNAi embryos (Fig. 2F, red arrows), we
observe that the MP1/dMP2 axons usually follow a
curving pathway to the midline, as they do in robo
embryos. In some segments, the ascending pCC/vMP2
axons grow anteriorly to establish a longitudinal path-
way to the next segment (green arrow). In others, they
stall, leading to the formation of a break in the 1D4-
positive connective (double red arrow). They seldom,

bright-field photograph of a hemisegment of a late stage 14 embryo
n at the bottom. At this stage, the only motor pathway that can be
bove the arrowheads. The right-hand SNa has just bifurcated. (B) A
ng the CNS and the entire periphery. SNa branches are indicated
o stain weakly at this time in development.
A) A
regio
just a
however, grow diagonally to the midline as they do in
robo mutants (Fig. 2G, green arrow).
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280 Sun et al.
We also observed alterations in pioneer pathways
using a different marker, the 22C10 mAb (Zipursky et
l., 1984). At stage 13, this mAb stains the ascending
MP2 and SP1 axons, the descending MP1 and dMP2
xons, and the bifurcating VUM axons, among others
Seeger et al., 1993). The SP1 axons cross the midline
nd fasciculate with the vMP2 axons; thus, in wild-
ype embryos a curving SP1 pathway crossing the

FIG. 4. SNa phenotypes in Rptp mutant embryos. (A) Schematic dia
nd the ISN is shown in red. The SNa usually bifurcates at the cleft be
ach image shows a hemisegment of a late stage 16 embryo stained w
hich SNa would normally bifurcate; arrow in (D) marks the truncatio

nd form the stained synaptic segment above the arrow. (B) Wild
abnormally short SNa, in a quadruple mutant. (E) A very thin SNa t
Bar graphs showing the SNa phenotypes of different mutant combina
the various phenotypes. N (green bars): normal SNa. B (purple bars):
(red bars): SNa is either very short or very thin. n values (number of
K, 111; L, 71.
idline that meets the longitudinal MP1 pathway is
een (Fig. 2A, black arrow). In quadruple RNAi

C
R

mbryos, the MP1/dMP2 axons curve toward
he midline (red arrow). In the segment shown, the

P1/dMP2 axons appear to be crossing the midline
t the anterior–posterior position of the VUM and RP
xons.
The bilateral RP(1,3,4) group of motor neurons sends

xons across the midline. These contact the contralat-
ral RP cell bodies, then grow posteriorly and exit the

of the SNa nerve and surrounding muscles. SNa is shown in purple,
n muscles 22 and 23, and it innervates muscles 5, 8, and 21–24. (B–E)
Ab 1D4. Arrows in (B), (C), and (E) mark the approximate points at

int of the main SNa nerve. One or a few axons grow beyond this point
. (C) Ptp10D; Ptp69D. The anterior SNa branch is missing. (D) An
ops around the bifurcation point, also in a quadruple mutant. (F–L)
. The ordinates represent the penetrances (in % of hemisegments) of

reaches the bifurcation point, but is missing one or both branches. ST
minal segments (A2–A7) scored): F, 130; G, 118; H, 117; I, 107; J, 106;
gram
twee
ith m
n po
type

hat st
tions

SNa
NS in the ISN root. In quadruple RNAi embryos, the
P cell bodies are often displaced (Fig. 2B, asterisk), and
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the RP axons sometimes extend on only one side of the
embryo (Fig. 2D, missing pathway indicated by brack-
et). mAb 22C10 also stains the VUM axons, which orig-
inate at the midline, grow anteriorly, and then bifurcate.
In quadruple RNAi embryos, the VUM axons often fail
to bifurcate, so that a VUM pathway is observed only

FIG. 5. ISN phenotypes in Rptp mutant embryos. (A) A schematic d
he first (FB) and second (SB) lateral branch points and the terminal a
7 ISN stained with mAb 1D4. Three different kinds of phenotypes a
lso stained by this mAb. (B) Wild type. FB, SB, and T are indicated.

ISN from a Dlar; Ptp69D embryo, displaying the SB phenotype. (E) A
F–N) Bar graphs showing the ISN phenotypes of different mutant c

ents) of the various phenotypes. The T phenotype (axons reach the
etween SB and T; light blue bars) categories are combined into one
t second branch point) phenotype: purple bars. FB (stop at first bran
, 96; L, 215; M, 105; N, 118.
on one side (data not shown). Other early axons stained
by the 1D4 and 22C10 mAbs, such as those of the aCC,
RP2, and U motor neurons, usually develop normally in
quadruple RNAi embryos.

By stages 15–16, a continuous, straight longitudinal
22C10-positive pathway has developed (Fig. 2C, dotted
lines). This is missing in quadruple RNAi embryos (Fig.
2D). 22C10 also stains the axons of peripheral sensory

m of a late stage 16 ISN and some of its surrounding target muscles.
(T) are indicated. (B–E) Each image shows a late stage 16/early stage
presented. The arrowheads indicate persistent twist cells, which are
An ISN from a Dlar embryo, displaying the SB1 phenotype. (D) An

from a Dlar; Ptp69D; Ptp99A embryo, displaying the FB phenotype.
inations. The ordinates represent the penetrances (in % of hemiseg-
inal arbor position; dark blue bars) and SB1 phenotype (axons stall
n labeled 21, meaning that these ISNs extend beyond SB. SB (stop

int) phenotype: red bars. n values: F, 101; G, 107; H, 118; I, 83; J, 256;
iagra
rbor
re re
(C)

n ISN
omb
term

colum
neurons, which begin to enter the CNS by this time,
following the ISN and SN root motor pathways (Fig.
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2C). These combined motor/sensory nerves appear rel-
atively normal in quadruple RNAi embryos (Fig. 2D),
except in segments in which the RP axons fail to pioneer
a section of the ISN pathway (bracket).

DPTP10D Regulates Outgrowth and Bifurcation of
the SNa Motor Nerve

DPTP10D is apparently expressed at higher levels on
SNa axons and growth cones than on other motor path-
ways. Figure 3 shows staining of the SNa by anti-
DPTP10D during its outgrowth (stage 15); DPTP10D
expression on other motor nerves at this time is appar-
ently below the limit of detection. It is usually not
possible to visualize staining of individual motor
nerves, which contain only a few axons, with antibodies
against the RPTPs. Staining of the thicker ISN and SN
roots as they leave the CNS can be observed, however
(Desai et al., 1994; Tian et al., 1991), suggesting that all of
he RPTPs are in fact expressed on both ISN and SN

otor pathways. In embryos with six copies of the
ild-type Ptp69D gene, all individual motor nerves can

e clearly visualized with anti-DPTP69D mAbs (Desai
t al., 1996). Finally, in situ hybridization analysis indi-

cates that DPTP10D and DPTP99A mRNAs are ex-
pressed by identified motor neurons (Yang et al., 1991).

The SNa nerve has a characteristic bifurcated mor-
phology. The bifurcation occurs at a choice point lo-
cated between muscles 22 and 23. The posterior (or
lateral) branch of the SNa innervates muscles 5 and 8,
and the anterior (or dorsal) branch innervates muscles
21–24 (Figs. 4A and 4B; the N (normal) SNa phenotype
is indicated by the green bars). SNa development is
unaffected in all single Rptp mutants.

In Ptp10D; Ptp69D double-mutant embryos, an SNa
bifurcation is not observed in .40% of hemisegments.
The mutant SNa nerves either stall at the bifurcation
point or, more commonly, have only one branch (either
anterior or posterior) extending beyond this point (Figs.
4C and 4F; the failure-to-bifurcate (B) phenotype is
indicated by the purple bars). Note that this phenotype
could be due either to both sets of SNa axons (the 5 and
8 and 21–24 axons) following one pathway after the
normal bifurcation point or to a failure of one set of
axons to grow out past the bifurcation point. This can-
not be determined at present since there are no markers
that distinguish between these two sets of axons.

Analysis of all double-, triple-, and quadruple-mu-
tant phenotypes shows that SNa bifurcation exhibits a
complex dependence on RPTP function. Bifurcation

failures (B phenotype) are observed at a lower fre-
quency (25%) in another double-mutant genotype, Dlar;
Ptp69D (Fig. 4G), but are never seen in Ptp10D; Dlar
(data not shown). Removing either of the two remain-
ing RPTPs from Ptp10D; Dlar, however, now causes
46–58% of SNa nerves to fail to bifurcate (Figs. 4H and
4I). These data indicate that all four of the RPTPs par-
ticipate in SNa bifurcation and/or outgrowth past the
bifurcation point (see Discussion).

All four RPTPs are also involved in facilitation of SNa
outgrowth to the bifurcation point. In quadruple-mu-
tant embryos, 55% of SNa nerves either do not reach the
bifurcation point at all or are very thin and wandering
(Figs. 4D, 4E, and 4L; this is denoted as the “short/thin”
(ST) phenotype and is indicated by red bars). These
phenotypes suggest that some SNa axons may not enter
the nerve at all and that the remaining axons are im-
paired in their outgrowth.

Defective SNa outgrowth (ST phenotype) is not ob-
served in any double mutant and is also very rare in
any triple mutant in which Dlar or Ptp69D is wild-type
(Figs. 4G and 4H). If Dlar and Ptp69D are both mutant,
removal of DPTP99A or DPTP10D results in defective
outgrowth of about 40% of SNa nerves, and removal of
both produces the 55% penetrance seen in the quadru-
ple mutant (Figs. 4J–4L). Thus, expression of DLAR
alone, DPTP69D alone, or DPTP10D plus DPTP99A is
sufficient to allow normal outgrowth of SNa axons to
the bifurcation point in .95% of hemisegments.

Loss of DPTP10D Function Partially Suppresses
the ISN Truncation Phenotypes of Dlar; Ptp69D;
Ptp99A Triple Mutants

The ISN passes two major lateral branch points, de-
noted FB and SB, before reaching the position of its
terminal arbor (T) at the proximal edge of muscle 1
(Figs. 5A and 5B). DLAR is central to ISN guidance or
outgrowth, because ISN truncations are seldom ob-
served in any genotype in which Dlar is wild type. In
Dlar; Ptp69D double mutants, about 50% of ISNs termi-
nate at the SB position (Figs. 5D and 5F; this SB pheno-
type is indicated by purple bars). The remainder of the
ISNs either terminate between SB and T (SB1 pheno-
type; Fig. 5C) or make an abnormally small terminal
arbor. The T phenotype is defined as that in which
axons reach the normal terminal arbor position. Pheno-
types in which axons pass SB (SB1 and T) are combined
into the bicolored light/dark blue bars, which are la-
beled 21. In Dlar; Ptp69D; Ptp99A triple mutants, about
50% of ISNs terminate at the FB position (Figs. 5E and
5H; this FB phenotype is indicated by red bars), and

most of the remainder stop at SB (Desai et al., 1997).

To examine the role of DPTP10D in development of
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the ISN pathway, we analyzed the phenotypes of
Ptp10D mutations combined with the other Rptp muta-
tions in double, triple, and quadruple mutant combina-
tions. Our analysis shows that the absence of DPTP10D
function does not adversely affect ISN guidance, be-
cause the phenotypes of Rptp mutant combinations are
not significantly strengthened by removing DPTP10D.
First, multiply-mutant genotypes that do not include
mutant Dlar have weak ISN phenotypes whether or not
Ptp10D is mutant. For example, ,10% of ISNs prema-
turely terminate (3% SB, 6% SB1) in Ptp10D; Ptp69D;
Ptp99A triple mutants (Fig. 5N). Second, the pheno-
types of embryos in which Dlar is mutant are not wors-
ened by inclusion of mutant Ptp10D. For example, 75%
of ISNs prematurely terminate in Dlar; Ptp69D (27%
SB1, 45% SB) and 78% in Ptp10D; Dlar; Ptp69D (38%
SB1, 38% SB; Figs. 5F and 5G). Sixty-five percent of
SNs prematurely terminate in Dlar; Ptp99A (39% SB1,
1% SB) and 52% in Ptp10D; Dlar; Ptp99A (30% SB1,
1% SB; Figs. 5L and 5M).
DPTP10D actually functions in opposition to the

ther RPTPs in regulating ISN outgrowth past the FB
nd SB branch points. This is shown most clearly by a
omparison of the phenotypes of Dlar; Ptp69D; Ptp99A
riple mutants and Ptp10D; Dlar; Ptp69D; Ptp99A qua-
ruple mutants. In the triple-mutant embryos, 52% of

SNs stop at FB, 37% stop at SB, and only 11% grow past
B. In quadruple mutants, however, only 15% of ISNs
top at FB, 53% stop at SB, and 31% extend beyond SB
Figs. 5H and 5I). Thus, the distribution of ISN lengths
s shifted toward wild type by removal of DPTP10D
unction from a triple mutant. This result is formally
imilar to, but less dramatic than, our earlier finding
hat removal of DPTP99A function suppresses the ISNb
arallel-bypass phenotype of Dlar (31% partial or com-
lete parallel bypass in Dlar vs 1% in Dlar; Ptp99A;

Desai et al., 1997).

DPTP10D Acts Together with the Other Three
RPTPs to Facilitate ISNb Defasciculation at the
Exit Junction

The axons of the ISNb (SNb) nerve innervate the
VLMs. ISNb growth cones extend out the ISN root and
defasciculate from the common ISN pathway at the exit
junction (Figs. 6A, 6F, and 6G). ISNd (SNd) axons also
leave the ISN at the exit junction and follow the path-
way laid down by the earlier ISNb axons until they
reach a nearby second junction where ISNd separates
from ISNb (Figs. 6A and 6G). In Dlar embryos (and in

all mutant combinations in which Dlar is mutant), ISNd
is usually missing (Krueger et al., 1996). Since they
cannot be visualized separately from ISN and ISNb
axons (no markers distinguish these axons), it is un-
known whether mutant ISNd axons follow one of the
other ISN branches or fail to even reach the exit junc-
tion. Near the point at which ISNd and ISNb separate,
ISNb enters the VLM field. The green bars in the figure,
labeled N, indicate the percentage of hemisegments in
which the ISNb nerve is able to grow into the muscle
field.

Our previous results showed that DLAR, DPTP69D,
and DPTP99A are all involved in ISNb navigation at the
exit junction (Desai et al., 1997). In triple-mutant em-
bryos lacking all three of these RPTPs, about 30% of
ISNb nerves fail to leave the ISN at the exit junction and
continue to grow out along the common ISN pathway
(bypass phenotype). In most of these bypass hemiseg-
ments, only one ISN branch is visible, and it is usually
thicker than normal (Figs. 6B and 6H). In a side view of
these hemisegments (like that diagrammed in Fig. 6F), a
single nerve growing exclusively on the external side of
the VLMs would be observed. (This is the side farthest
from the lens, since the dissected embryos are viewed
from the internal side.) We interpret this “fusion by-
pass” (FBP) phenotype as indicating that the ISNb
nerve grew out along the common ISN pathway. It is
also possible that some ISNb axons in bypass hemiseg-
ments fail to extend past the entrance to the VLM field;
but most are likely to continue to grow along the ISN,
because the ISN is thicker in such hemisegments.

In quadruple-mutant embryos, no axons are ever ob-
served to enter the VLM field. The frequency of bypass
phenotypes is increased to 76%, indicating that
DPTP10D also contributes to the decision of ISNb axons
to leave the ISN at the exit junction (Fig. 6P). We note
that in some triple- and quadruple-mutant hemiseg-
ments (17% in the quadruple mutant collection; Fig. 6P)
a small gap between the ISN and the ISNb bundles is
visible at the exit junction, but the bundles fuse together
again after a short distance. We think that these also
represent failures of the ISNb to leave correctly at the
exit junction, because the axons return to the ISN with-
out growing past the VLMs. However, we lack a clear
quantitative way to separate these phenotypes from the
“parallel bypass” (PBP) phenotype seen in Dlar em-
bryos, in which the ISNb nerve grows out past the
VLMs as a separate pathway before returning to the
ISN (Krueger et al., 1996, Desai et al., 1997; see diagram
in Fig. 6J). Because of this, we have classified these
“gapped” triple- and quadruple-mutant phenotypes as
PBP and have grouped the FBP (gold) and PBP (red)

phenotypes together into the bicolored red/gold bars
labeled BP (bypass). The heights of these bicolored bars
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thus represent the total frequency of bypass pheno-
types.

In the remaining 24% of quadruple-mutant hemiseg-
ments, the ISNb nerve appears to leave the ISN but
immediately stalls (Figs. 6C and 6I) or extends short
abnormal branches (Figs. 6D and 6E). We have classi-
fied all such hemisegments as stall (S) phenotypes (in-

FIG. 6. ISNb phenotypes in Rptp mutant embryos. (A) Wild-type la
target muscles (6, 7, 12, 13), the SNa bifurcation point (a), the ISNd (d
is out of focus underneath the muscles. (B–E) Each image shows an IS
with mAb 1D4. (B) Fusion bypass: the ISNb is completely fused with
and SNc. (C) The ISNb stalls immediately after exiting the ISN. (D, E)
plane of the VLMs and shows a small branch on the wrong (internal) f
6/7, but the nerve trajectory is on the external face. (E) is a deeper fo
ISN. (F–J) Schematic diagrams. The ISNb is blue, the ISN is red, the ISN
to left) and top views. (H) Fusion bypass. (I) Stall. (J) Parallel bypas
mutant combinations. The ordinates represent the penetrances (in % o
the VLM field. Note that these ISNb nerves are not necessarily wild typ
among the muscle fibers. Here, however, we are only scoring whether
Bypass (BP) phenotypes: bicolored red/gold bars. Fusion bypass is
portion. n values: K, 119; L, 119; M, 108; N, 106; O, 119; P, 76.
dicated by purple bars). Figures 6D and 6E show two
focal planes of a hemisegment in which a small branch
grew out on the wrong (internal) face of muscles 6 and
7. Normally the ISNb remains on the external face of the
VLMs until it reaches muscle 13; only the final ISNb
projection to muscle 12 grows on the internal face (see
Fig. 6F).

In summary, our analysis indicates that DPTP10D
has a role in facilitating ISNb defasciculation from the

ge 16/early stage 17 ISNb stained with mAb 1D4. Four of the ISNb
e transverse nerve (t), and the exit junction (EJ) are labeled. The ISN
rom a late stage 16/early stage 17 quadruple-mutant embryo stained
SN, which has become thicker. The thin branches to its right are SNa
different focal planes of a quadruple-mutant ISNb. (D) is at the focal

f muscles 6/7. The 6/7 synapse extends to the internal face of muscles
lane, showing that the rest of the ISNb has probably fused with the
light green, and the muscles are aqua. (F, G) Wild type, side (internal
in Dlar. (K–P) Bar graphs showing the ISN phenotypes of different
isegments) of the various phenotypes. N (green bars): the ISNb enters
these genotypes most of them would make further pathfinding errors
t the ISNb grows into the VLM field. Stall (S) phenotype: purple bars.

ated by the gold portion of the bars and parallel bypass by the red
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common ISN pathway and may also help these axons
enter the VLM field (see Discussion). Examination of
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single-, double-, and triple-mutant phenotypes suggests
that DPTP10D does not contribute strongly to the later
decisions (navigation among the VLMs and synapto-
genesis) made by ISNb axons after entering the VLM
field. This is demonstrated by the fact that the percent-
age of abnormal branches within the muscle field in an
Rptp genotype is the same whether or not DPTP10D is
also removed from that genotype. For example, the
penetrances of branching phenotypes within the VLMs
in Ptp69D and Ptp10D; Ptp69D are the same (data not
shown).

DISCUSSION

Genetic studies of three Drosophila neural RPTPs
(DLAR, DPTP69D, and DPTP99A) have shown that
these transmembrane receptors are important compo-
nents of the mechanisms that regulate the formation of
specific synaptic connections in the neuromuscular sys-
tem and the optic lobes (Desai et al., 1996, 1997; Krueger
et al., 1996; Garrity et al., 1999; Wills et al., 1999). The
fourth neural RPTP, DPTP10D, was shown to function
together with DPTP69D in regulating repulsion of ax-
ons from the midline of the CNS (Sun et al., 2000). In this
paper, we analyze the roles of DPTP10D and the other
three neural RPTPs in controlling axon guidance, study-
ing the phenotypes of double, triple, and quadruple
Rptp mutant combinations. Our results provide insights
into how the four RPTPs work together and in opposi-
tion to each other in controlling specific growth-cone
pathfinding decisions within the embryonic neuromus-
cular system and the CNS.

The RPTPs have partially redundant (overlapping)
activities in controlling most axon guidance decisions in
the neuromuscular system. For example, extension of
the ISN past the first lateral branch point, FB, can be
facilitated by DLAR, DPTP69D, or DPTP99A (Desai et
al., 1997). The failure to grow out past FB in this triple
mutant could be due to an error in guidance, so that the
growth cones fail to recognize the next intermediate
target. Alternatively, the ISN axons might develop an
impairment in their ability to grow that causes them to
stall at this specific point.

In other cases, two RPTPs have “collaborative” rela-
tionships. Outgrowth of the SNa nerve to its bifurcation
point, or of the ISNb nerve to the muscle entry site, can
be facilitated by DLAR or DPTP69D, but not by
DPTP10D or DPTP99A alone. DPTP10D plus DPTP99A
can allow normal outgrowth, however (Figs. 4 and 6;

see below). Finally, for some decisions the RPTPs dis-
play antagonistic or competitive interactions. Entry of

p
R

the ISNb into the VLM field is regulated by competition
between DLAR and DPTP99A (Desai et al., 1997), while
DPTP10D has an antagonistic relationship with the
other RPTPs in controlling ISN extension past lateral
branch points (Fig. 5).

To describe more clearly how DPTP10D and the other
RPTPs control motor axon guidance decisions, we now
employ a different format in which, rather than discuss-
ing the penetrance of the defects produced by combi-
nations of mutations, we begin by asking what percent-
age of motor nerves have appropriate trajectories past
their first presumed choice point in a quadruple mutant
lacking all of the known neural RPTPs. We then genet-
ically “add back” each RPTP and calculate what per-
centage of the nerves now follow the correct trajectory.
For subsequent choice points along a pathway, we con-
sider only the subpopulation of mutant nerves that
followed a normal pathway past the previous choice
point and then ask how adding back RPTPs influences
their ability to navigate correctly at the next choice
point. “Flow charts” of this process are shown in Fig. 7.

For SNa guidance, the flow chart reveals that out-
growth to the bifurcation point can be completely re-
stored by adding DLAR or DPTP69D to the quadruple
mutant (45% correct3 95%), but only partially restored
by DPTP10D or DPTP99A (to 60%; Fig. 7A). Addition of
both DPTP10D and DPTP99A restores extension to
.95%, however.

Bifurcation of the SNa into its anterior and posterior
branches almost never occurs in a quadruple mutant
(1%); it can be partially restored by DLAR or DPTP69D
(to 53%), but DPTP10D is less effective (20%) and
DPTP99A is ineffective (7%). DPTP99A also cannot re-
store bifurcation when added to triple mutants express-
ing only DLAR (53%3 57%). However, DPTP99A is
quite effective when added to triple mutants expressing
only DPTP10D (20%3 75%) or only DPTP69D
53%3 96%; Fig. 7B). These results suggest a collabo-
ative relationship at this decision point between
PTP99A and DPTP10D and, to a lesser extent, be-

ween DPTP99A and DPTP69D. DPTP99A cannot facil-
tate SNa bifurcation when expressed in the absence of
PTP69D and DPTP10D, but if one of these other
PTPs is expressed, DPTP99A can now collaborate with

t to allow the nerve to bifurcate normally.
We now discuss progression of the ISN past the FB

nd SB branch points. In a quadruple mutant, 84% of
SNs extend past FB. Adding back DLAR, DPTP69D, or
PTP99A increases this percentage to .95%, but add-

ing back DPTP10D decreases the percentage of extension

ast FB to 48%. Adding any one of the other three
PTPs to the triple mutant that expresses only
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FIG. 7. Flow charts of motor axon phenotypes, showing how each RPTP contributes to six different axon guidance decisions. The frequency

(in %) with which the correct pathway choice is made by a motor nerve in quadruple mutants is indicated on the left, and the frequencies of
correct choices after genetically adding back the indicated RPTPs are to the right.



D
j
a
l
y
t
n
t
a
c
n

1
t
n
F
S
D
f

f
g
t
b
o
d
1

p
m
e
t
w
t

q
p
D
m
d
c
m

m
d
m
m
b
t
m
t
c
D
a
w
l
i

t
t
W
r
a
e
e
c
c
n

287RPTPs and Axon Guidance
DPTP10D now restores the ability to extend past FB in
.95% of cases (Fig. 7C).

For progression past SB, DLAR, DPTP69D, and
DPTP99A now differ in their abilities to facilitate the
correct decision. DLAR completely rescues (from 37 to
.95%), while DPTP99A is relatively ineffective (to 60%)
and DPTP69D is intermediate (79%). Again, adding
DPTP10D decreases the percentage of successful exten-
sion past SB (from 37 to 23%; Fig. 7D). When DLAR,
DPTP69D, or DPTP99A is added to the triple mutant in
which only DPTP10D is expressed, their relative effec-
tiveness at restoring growth past SB is the same as for
addition to the quadruple mutant.

These data suggest a competitive relationship be-
tween DPTP10D and the other RPTPs. In the Dlar;
Ptp69D; Ptp99A triple mutant, there is excess DPTP10D
activity (in a formal genetic sense), and this favors
truncation at FB or SB. When DPTP10D is removed, the
percentage of successful extension is increased at both
branch points.

ISNb defasciculation from the common ISN pathway
at the exit junction can be facilitated by expression of
any of the four RPTPs, but DPTP69D, DLAR, and
DPTP99A are more effective than DPTP10D
(41%3.95% for the first three vs 41%3 79% for

PTP10D; Fig. 7E). Extension of the ISNb from the exit
unction to the muscle entry site is more complex. ISNd
xons normally separate from the ISNb shortly after it
eaves the ISN, but it is likely that these axons are not
et present during the time at which ISNb is pioneering
his section of its pathway. Thus, the ISNb “stall” phe-
otype is probably produced by a failure of ISNb ex-

ension rather than by a failure to separate from ISNd
xons. A further piece of evidence supporting this con-
lusion is that ISNd fails to separate from ISNb (or does
ot extend at all) in Dlar single mutants (Krueger et al.,

1996), but ISNb does not stall in this genotype (Desai et
al., 1997).

The ISNb never successfully enters the VLMs in qua-
druple mutants (that is, all quadruple mutant ISNbs
that manage to defasciculate from the ISN stall before
the muscle entry site). DPTP69D, and to a lesser extent
DLAR, can restore successful entry into the muscle field
(0%3 89 and 71%, respectively). DPTP10D and
DPTP99A, however, are quite ineffective (0%3 11 and
8%, respectively). Interestingly, however, when one of
his pair of RPTPs is present, addition of the other can
ow effectively restore extension (11 or 18%3 72%;
ig. 7F). These results, like those described above for
Na, suggest a collaborative relationship between

PTP10D and DPTP99A in which the two RPTPs can

unction only as a pair at this decision point.
I
t

Finally, we can also construct a qualitative flow chart
or CNS axon guidance, although we cannot describe
uidance along the longitudinal pathways in a quanti-
ative manner because individual hemisegments cannot
e considered independently. Many interneuronal ax-
ns traverse several segments, so that phenotypes in
ifferent segments influence each other (Schmid et al.,
999).
In the absence of all four neural RPTPs, most 1D4-

ositive longitudinal pathways appear to become com-
issural and cross the midline (Fig. 1). Examination of

arlier embryos shows that the descending MP1 longi-
udinal pioneer pathway is rerouted across the midline

hen all four RPTPs are missing (Fig. 2). This pheno-
ype is also seen in robo mutants (Kidd et al., 1998a,b).

Adding back only DPTP10D or only DPTP69D to the
uadruple mutant restores an almost wild-type 1D4
attern. The resulting Dlar; Ptp69D; Ptp99A and Ptp10D;
lar; Ptp99A triple mutants differ from wild type pri-
arily in that the outer 1D4-positive longitudinal bun-

le is discontinuous (Fig. 1). Thus, these two RPTPs are
entral to control of guidance of CNS axons across the
idline.
In contrast, adding back DPTP99A to a quadruple
utant has a much less dramatic effect. Some longitu-

inal bundles are present in Ptp10D; Dlar; Ptp69D triple
utants, but many 1D4-positive axons still cross the
idline, and these often do not respect the normal

orders of the commissural tracts. Adding back DLAR
o the Ptp10D; Dlar; Ptp69D triple mutant produces a

ore regular pattern, in which the crossing 1D4-posi-
ive axons remain with the normal boundaries of the
ommissural tracts. Finally, adding back DPTP10D or
PTP69D to the Ptp10D; Ptp69D double mutant to cre-

te a single mutant restores the CNS to a completely
ild-type morphology, in which there are three distinct

ongitudinal bundles and no 1D4-positive axons cross-
ng the midline.

The molecular mechanisms involved in these three
ypes of relationships (partially redundant, collabora-
ive, and competitive) among the RPTPs are unknown.

e also do not know why each of the individual RPTPs
egulates only a specific subset of outgrowth and guid-
nce decisions, since they appear to be expressed on
very motor axon. It is attractive to speculate that RPTP
nzymatic activity and/or localization within growth
ones is regulated by engagement of RPTP ligands lo-
alized to specific cells along the pathways of the motor
erves.
The nature of these putative ligands is unknown.
ndeed, in vivo ligands for RPTPs have not been iden-
ified in any system. Some vertebrate and leech RPTPs
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can function as homophilic adhesion molecules (Baker
et al., 2000; Brady-Kalnay et al., 1993; Cheng et al., 1997;

ang and Bixby, 1999; Zondag et al., 1995). We have not
een able to observe homophilic adhesion activity for
he Drosophila RPTPs, however. RPTPs can also interact
eterophilically with ligands in vitro. RPTPb/z binds to

the secreted cytokines pleiotrophin and midkine and to
the neural adhesion molecules contactin and F3 (Maeda
et al., 1996, 1999; Peles et al., 1995; Revest et al., 1999).

AR can interact with a laminin–nidogen complex
O’Grady et al., 1998). Chicken CRYPa extracellular do-

mains bind to specific areas of the retinotectal system,
suggesting that ligands are located there. These have
not been molecularly identified, however (Haj et al.,
1999).

The rescue data presented here (Table 1) and in Gar-
rity et al. (1999) suggest that interaction with extracel-
lular proteins is required for DPTP69D function. Mu-
tants in which the FN3 repeats of the extracellular
domain are deleted, or constructs in which the extracel-
lular domain is replaced with mammalian RPTPm se-
quences, do not rescue the Ptp10D; Ptp69D CNS axon
guidance phenotype. FN3 repeat deletions also do not
rescue the Ptp69D photoreceptor axon guidance pheno-
type in third-instar larvae (Garrity et al., 1999). The Ig
domains are not required for phenotypic rescue, but are
necessary for viability, suggesting that they function in
other pathways. These results suggest that interaction
of the FN3 repeats with other proteins is necessary for
guidance. These could be ligands on other cells or co-
receptors on the DPTP69D-expressing cell.

Like most other RPTPs, DPTP69D and DLAR each
have two cytoplasmic PTP domains, D1 and D2, that
are potentially active as phosphatases. D2 domains,
however, are sometimes catalytically inactive and al-
ways display less catalytic activity than D1 domains, at
least in vitro (see Nam et al., 1999, for a discussion of this
point). DPTP99A-D2 lacks the essential cysteine resi-
due, indicating that it cannot be catalytically active, and
DPTP10D has only a single PTP domain. Enzymatic
activity is likely to be required for DPTP69D function
during axon guidance decisions, because mutants in
which both PTP domains are inactivated by point mu-
tations fail to rescue axon guidance phenotypes (Garrity
et al., 1999; Table 1). The two domains apparently have
redundant functions in R1–6 photoreceptor or embry-
onic CNS axon guidance, since mutants in which only
one domain is inactivated (D1) or deleted (D2) still
rescue. These single PTP domain mutants do not rescue
viability, however, indicating that the two domains

have distinct functions in other pathways. We note that
Newsome et al. (2000) found a point mutation in D1 that
confers the photoreceptor guidance defect; they did not
determine, however, whether the mutant DPTP69D is
still expressed. If mutant protein is unstable, these re-
sults would not be in conflict with the Garrity et al.
(1999) rescue experiments.

One mechanism that could explain both collaboration
and competition among the RPTPs is ligand-driven for-
mation of hetero-oligomers. For example, if a
DPTP10D/DPTP99A hetero-oligomer could signal at a
specific choice point (where a particular oligomerizing
ligand might be present) but DPTP10D and DPTP99A
monomers were inactive in that context, one could ex-
plain the apparent collaborative role for DPTP10D plus
DPTP99A in facilitating guidance and/or extension at
this choice point. Conversely, competition could be me-
diated by formation of inactive RPTP hetero-oligomers
from active monomers. For example, DLAR might sup-
press DPTP99A activity at the muscle entry site by
forming a hetero-oligomer with it in which DPTP99A
was inactive (Desai et al., 1997).

The existence of inactive RPTP dimers has been dem-
onstrated for mammalian RPTPa. In its crystal struc-
ture, a conserved helical region (the “wedge”) between
the membrane and PTP-D1 inserts into the active site of
the other D1 domain in the dimer. This structure pre-
dicts that the RPTPa dimer would be catalytically inac-
tive because the wedge would occlude access to the
active site (Bilwes et al., 1996). Wedge-mediated inacti-
vation of RPTPa catalytic activity has been directly
demonstrated by forced dimerization of mutants ex-
pressed in transfected cells (Jiang et al., 1999, 2000).
Consistent with this model for RPTP regulation, intro-
duction of wedge mutations into an EGF receptor (ex-
tracellular)–CD45 RPTP (intracellular) chimera blocks
inhibition of CD45 signaling caused by EGF-mediated
homodimerization (Majeti et al., 1998). Finally, pleiotro-
phin binding to RPTPb/z reduces its catalytic activity,
possibly through ligand-induced dimerization (Meng et
al., 2000). It is unknown whether this effect on phos-
phatase activity requires the wedge region.

Wedge-mediated dimerization, however, is only one
of many potential interactions that occur among RPTP
cytoplasmic domains, and we have no evidence that it
is important in vivo. In fact, the wedge may be dispens-
able for DPTP69D function in axon guidance, since
wedge mutants fully rescue the optic lobe and embry-
onic CNS phenotypes (Garrity et al., 1999, Table 1; these
mutants rescue lethality only poorly, however, suggest-
ing that the wedge does have a function during devel-
opment). It is also unclear whether other RPTPs can

even form this type of dimer. The crystal structures of
LAR and RPTPm do not display wedge–D1 interactions,
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and such an interaction might be precluded for LAR
because of intramolecular contacts between LAR D1
and D2 (Hoffmann et al., 1997). Biochemical studies
indicate that the D2 domains of RPTPa, LAR, CD45,
and other RPTPs can bind to a variety of D1 domains,
and also to the wedge region, either intramolecularly or
intermolecularly (Blanchetot and den Hertog, 2000; Fel-
berg and Johnson, 1998; Nam et al., 1999; Wallace et al.,
998). These interactions can inhibit or increase enzy-
atic activity. Elucidation of the biochemical mecha-

isms that underlie the genetic relationships among the
rosophila RPTPs is likely to require identification of the

igands, coreceptors, and substrates that they recognize
n vivo.

EXPERIMENTAL METHODS

Genetics and Immunohistochemistry

To eliminate DPTP10D expression, we used the null
allele Ptp10D1, which is homozygous/hemizygous via-

le and fertile and affects only DPTP10D (Sun et al.,
000). Ptp10D1 was generated from the P element inser-
ion EP(X)1172 (Rorth et al., 1998). Analysis of the com-
lete genome sequence shows that EP(X)1172 is imme-

diately upstream of Ptp10D, but distant from other
redicted genes, and that the Ptp10D1 deletion cleanly

removes the first exon of Ptp10D without approaching
other predicted genes (see map in Sun et al., 2000). Two
other independently generated Ptp10D alleles, Df(1)59
and Df(1)101, produce the same phenotypes as Ptp10D1

when combined with Ptp69D (Sun et al., 2000); we did
not use these alleles in the present study because they
also affect the neighboring gene 39 to Ptp10D, bifocal. For
the other three Rptp genes, we used null transheterozy-
gous combinations of alleles that were employed by
Desai et al. (1997), in order to be able to directly com-

are results on phenotypic penetrances. For Ptp69D, we
used Ptp69D1/Df(3L)8ex25 (Desai et al., 1996). For Dlar,
Dlar5.5/Dlar13.2 was used (Krueger et al., 1996). For

tp99A, Ptp99A1/Df(3R)R3 was used (Hamilton et al.,
1995). For transgenic rescue experiments, the GAL4-
driven DPTP69D mutant transgene lines described by
Garrity et al. (1999) were used. These transgenes and
Elav-GAL4 drivers were introduced into Ptp10D;
Ptp69D mutant backgrounds using standard genetic
methods. We also used a transgene, not described in
Garrity et al. (1999), in which the entire extracellular
domain of DPTP69D is replaced by the extracellular

domain of mammalian RPTPm (kindly provided by P.
Garrity, C.-H. Lee, and L. Zipursky). Late stage 16/
early stage 17 embryos were collected from crosses
between heterozygous flies bearing various combina-
tions of mutant alleles and/or transgenes. The desired
mutant embryos were identified based on the absence
of staining with mAbs specific for each RPTP and/or by
the absence of staining with anti-b-galactosidase mAb
(Promega), which detects the presence of the lacZ gene
on the balancer chromosomes. The anti-RPTP mAbs
used were 45E10 (DPTP10D; Tian et al., 1991), 3A6
(DPTP99A; Tian et al., 1991), 3F11 (DPTP69D; Desai et
al., 1994), and 8C4 (DLAR; B. Burkemper and K.Z.,
unpublished). The mutant embryos were then restained
with mAb 1D4 (Van Vactor et al., 1993) to reveal motor
axon and CNS pathways, dissected, and photographed
on a Zeiss Axioplan microscope using Nomarski optics.
All mAb supernatants were used at 1:5 to 1:10 dilutions.
Whole-mount antibody staining of fly embryos using
horseradish peroxidase immunohistochemistry was
performed as described (Patel, 1994).

RNAi Experiments

Wild-type embryos were collected at stage 5, hand
dechorionated, mounted on coverslips, and desiccated
for 6 min at 18°C. They were then covered with 650 cS
halocarbon oil and injected with ,1 mM solutions of
dsRNA in injection buffer (Kennerdell and Carthew,
1998), using a Nikon inverted Diaphot microscope with
a 1003 Nikon Planapo oil immersion lens. Embryos
were viewed with a Hamamatsu CCD camera and a
Sony video monitor and injected with the aid of Leitz
micromanipulators. Details of plasmids used for
dsRNA synthesis are available on request; RPTP
dsRNAs were between 900 and 1.6 kb in length. Tran-
scription and annealing were done as described by
Kennerdell and Carthew (1998). When combinations of
RNA were injected, summed concentrations of constit-
uent RNAs were never greater than 1 mM. After injec-
tion, embryos were left at 18°C for 30 h. They were then
filleted, fixed in 5% paraformaldehyde, and stained
with mAbs 22C10 or 1D4 as described above. Embryos
were viewed on a Zeiss Axioplan microscope with a
633 oil immersion lens and were photographed using
n Olympus Magnafire digital camera system.
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