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A Drosophila Receptor Tyrosine Phosphatase
Expressed in the
Embryonic CNS and Larval Optic Lobes Is a Member of the
Set of Proteins Bearing the “HRP” Carbohydrate
Epitope
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Recent studies have defined several cell surface glycoproteins expressed
in the developing
nervous system of insect
embryos that may be involved in axon outgrowth
and guidance processes.
These glycoproteins
include the fasciclins
and a group of receptor-linked
protein tyrosine
phosphatases (R-PTPs). In embryos, the fasciclins
are localized
to
axonal subsets, while the R-PTPs appear to be expressed
on most or all CNS axons. To identify other neuronal
cell
surface glycoproteins
in the Drosophila
embryo, we have
taken a biochemical
approach.
This is based on the observation that antisera against horseradish
peroxidase
(HRP)
recognize
a carbohydrate
epitope
that is selectively
expressed in the insect nervous system. A large number of
neuronal glycoproteins
(denoted “HRP proteins”)
apparently
bear the HRP carbohydrate
epitope.
We have used polyclonal anti-HRP antibodies
to purify these proteins from Drosophilaembryos,
and have obtained protein sequences
from
seven HRP protein bands. These data define three major
HRP proteins
as neurotactin,
fasciclin
I, and an R-PTP,
DPTP69D. Western blotting data suggest that fasciclin
II,
neuroglian,
DPTPl OD, and DPTPOOA are also HRP proteins.
We show that DPTP69D, like the previously
characterized
R-PTPs, is localized
to CNS axons in the embryo. In third
instar larvae, DPTP69D expression
is restricted
to subsets
of neuronal processes
in the brain, ventral nerve cord, and
eye disk. In the optic lobes, DPTP69D is localized
to the
neuropils
of the lamina and medulla, and to an array of parallel thick bundles that may be the transmedullary
fibers of
the developing
lobula complex.
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During the developmentof the insectnervous system,the growth
conesof pioneerneuronsnavigate over the surfacesof neuroepithelial and glial cells.Neuronsarisinglater in development often
extend growth conesalong pathways formed by preexisting axons.The segmentalgangliain the embryonic insectCNS provide
a good systemin which to study the navigation of growth cones
along thesestereotyped pathways, becausethey contain a small
number of neuronsthat make genetically defined pathway decisionsduring development.
A number of cell adhesion moleculesthat may be involved
in axon outgrowth and guidance processes
have beenidentified
in grasshopperand Drosophila. Neuroglian and neurotactin are
proteinsthat are expressedon most or all axonsin the embryonic
Drosophda CNS, while the fasciclin glycoproteins are expressed
on specific subsetsof axons. FasciclinsI, II, III, and neuroglian
have all beenshown to be capableof functioning ashomophilic
adhesionmolecules(reviewedby Grenninglohet al., 1990),while
neurotactin is a heterophilic adhesion molecule (Barthalay et
al., 1990).
Another classof axonal glycoproteins are signaltransduction
moleculesinvolved in the control of tyrosine phosphorylation.
These include three receptor-linked protein tyrosine phosphatases(R-PTPs; reviewed by Zinn, 1993) and a receptor-linked
tyrosine kinase(Pulido et al., 1992). Each of theseproteins has
an extracellular domain containing immunoglobulin-like (Ig)
and/or fibronectin type III (FN) modulesrelated to thosefound
in neural adhesionmoleculessuch asN-CAM, Ll, fasciclin II,
and neuroglian.
Antisera againsthorseradishperoxidase(HRP) cross-reactwith
an epitope expressedon neuronalcell bodiesand axonsin insects
(Jan and Jan, 1982). This epitope is a specific carbohydrate
moiety (Snow et al., 1987; Katz et al., 1988). When anti-HRP
antibodies are usedfor immunoprecipitation or Western blotting experimentswith lysatesfrom insectembryos, a largenumber of protein bands are visualized. In the grasshopper,two of
these“HRP proteins” were shownto be fasciclin I and II (Snow
et al., 1987). These data suggestedthat a large number of different insect adhesion/recognitionmoleculesmay bearthe HRP
carbohydrate epitope.
To biochemically characterize Drosophila neuronalglycoproteins bearing the HRP epitope, we used anti-HRP antibodies
asaffinity reagentsto purify HRP proteins from embryo lysates.
We obtained protein sequenceinformation from seven bands
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in the purified preparation.
These data show that the three most
abundant HRP protein species are neurotactin,
fasciclin I, and
an R-PTP, DPTP69D.
Western blotting data suggest that fasciclin II, neuroglian, and two other R-PTPs are also HRP proteins. We generated monoclonal
antibodies
(MAbs)
against
DPTP69D
and show that, like the previously
characterized
R-PTPs, it is selectively expressed on CNS axons in the embryo.
In third instar larvae, it is expressed in the brain and ventral
nerve cord and on the photoreceptor
axons. In the optic lobes,
DPTP69D
is localized to neuropils of the lamina, medulla, and
lobula complex. It is also expressed on a columnar
array of
neuronal processes.

Materials and Methods
Purification of HRP proteins. Antibodies recognizing carbohydrate epitopes were purified from commercial rabbit or goat anti-HRP antiserum
(Cappel) by incubating the sera [buffer: 20 mM sodium phosphate (pH
7.3), 140 mM NaCl] with immobilized pineapple bromelain (Sigma).
The bromelain had been previously coupled to ECH-Sepharose (Pharmacia) and inactivated by pretreatment with 1 &ml PMSF (Sigma).
After washing with TBS [25 mM Tris-HCl (pH 8.0), 136 mM NaCl, 2.5
mM KCl], the cross-reacting antibodies were eluted in 0.1 M glycine
buffer (pH 2.5). In a representative preparation from 100 mg of antiHRP IgG, 3 mg was eluted from the bromelain column. These antibodies
(at 1 mg/ml of protein) were covalently attached to Affi-gel 10 beads
(Bio-Rad). In a single HRP protein preparation, 10 gm of stage 12-l 7
embryos (9-16 hr old) was homogenized in 40 ml of 10 mM Tris-HCl
(pH 8.0) 1 rnM Na-EDTA plus a protease inhibitor cocktail [final concentration: 20 pg/rnl PMSF, and 1 pg/ml each of antipain, aprotinin,
chymostatin, leupeptin, pepstatin A, TLCK (BMB), and TPCK (Sigma)].
The homogenate was centrifuged at 300 x g for 10 min at 4°C the
supematant was centrifuged again for 15 min at 4000 x g, and 10%
SDS was then added to the supematant to a final concentration of 1%.
The embryos were solubilized by heating at 70°C for 15 min. The solubilized lvsate was diluted fivefold with 60 mM Tris-HCl (DH 7.6), 1.25%
Triton X: 100, 180 rnM NaCl, 6 mM Na-EDTA plus the-same protease
inhibitor cocktail, and allowed to stand at 4°C for 1 hr. The resulting
suspension was then centrifuged at 100,000 x g for 1 hr. The supematant
was filtered through Whatman #5 paper and a 0.2 Nrn Polycap filter
(Whatman), and applied to an anti-HRP antibody column (typically a
3-5 ml column) at a rate of about 10 ml/hr. The column was washed
successively with 250 ml each of “washing solution” [50 mM Tris-HCl
(pH 8.0) 150 mM NaCl, 0.02% SDS, 0.1% Triton X-100, 5 mM NaEDTA. 1 &ml PMSFl. “hiah salt buffer” I50 mM Tris-HCl (DH 7.6).
1 M NaCl; i mM Na-EDTAr1%
Triton X-iO0, 1 &ml PMSi+, “high
pH buffer” [50 mM Tris base (pH 9), 0.5 M NaCl, 1 mM Na-EDTA, 1
&ml PMSF], and “preelution buffer” [lo mM Tris-HCl (pH 6.8), 1
mM Na-EDTA, 1 fig/ml PMSFJ. The bound proteins were eluted with
2 x 5 ml of 0.1 M glycine buffer (pH 2.5). The capacity of the columns
was very low. This could be due to two factors: (1) most of the anticarbohydrate antibody on the column probably does not actually bind
to the relevant anti-HRP epitope, because the epitope is likely to include
only a few carbohydrate residues (see Discussion); (2) the HRP epitope
may also be linked to glycolipids, and these could occupy antibody
combining sites and thereby reduce the column capacity. The column
eluate was neutralized with 1 M Tris base to a final pH of 7.5, and NaCl
was added to 0.5 M, CaCl, to 1 mM, and MnCl, to 1 mM. Five separate
anti-HRP column elutions were pooled and mixed with 0.5 ml of concanavalin A (ConA) agarose beads (Pharmacia). ConA binds to carbohydrate moieties bearing terminal mannose groups, which are characteristic of insect glycoproteins. Sequential batches of five anti-HRP
column elutions were applied to the same 0.5 ml of ConA beads until
no further adsorption of protein from the elutions could be observed.
Protein sequencing. For final purification of HRP proteins, 0.5 ml of
ConA beads- was boiled in 1.5 ml of sample buffer, and the eluted
nroteins aDDlied to a 1-mm-thick. 6-l 5% SDS-PAGE ael. The ael was
electrophoretically transferred in 6.5 x running buffer \;ith 15Oimethanol at 100 V for 2 hr at 4°C to a 0.45 pm nitrocellulose filter (Schleicher
and Schuell) in a Hoefer transblot apparatus. Protein bands on the filters
were visualized using 0.1% Ponceau S (Sigma) in 1% acetic acid, excised
with a razor blade, and digested in situ with trypsin (BMB sequencing
grade) (Tempst et al., 1990). The resulting tryptic fragments were sep-
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arated on a 4.6 mm or a 2.1 mm narrow-bore reverse-phase HPLC
column, Selected peaks were chosen for sequence analysis. Here, the
first number is the molecular weight of the protein and the second
number refers to the peak on the HPLC column profile. Sequences 13529, 135-57, 135-58, 110-36, 110-40, 110-44, 85-40, 85-46, 75-22, and
75-62 (see Table 1) were determined at the Caltech Microchemical
Facility, and sequences 85-27, 75-17, 75-29, 70-22, 70-39, 70-48, 6542, 60-20, and 60-22 were determined by Hediye Erdjument-Bromage
and Paul Tempst of Sloan-Kettering Memorial Cancer Center, NY. In
addition to the sequences described in the text, we also obtained three
other sequences from the 85 kDa band, two others from the 70 kDa
band, and four sequences from 55 kDa and 43 kDa bands. These corresponded to the known sequences of hsp82, hsp70, mammalian IgG
(which apparently dissociated from the column during elution), and
yolk protein 3 (yp3), respectively. hsp82, hsp70, and yp3 are very abundant embryonic proteins which were apparently residual contaminants
of the HRP protein preparation. The hsp82, hsp70, and yp3 sequences
were obtained prior to the introduction of the ConA step into the purification, and this step appears to effectively remove these proteins
from the preparation.
Molecular biology experiments. Molecular cloning and protein expression experiments were performed according to standard protocols
(Sambrook et al., 1989). For isolation of DPTP69D cDNA clones, degenerate oligonucleotide primers based on the determined protein sequences of peptides 11 O-40 and 11O-44 were used to PCR amplify (Saiki
et al., 1988) coding sequence fragments from oligo-dT-primed
cDNA
made from 9-12 hr embryo RNA. These fragments were cloned and
sequenced. They were then labeled with 32P and used to screen a 9-12
hr hgt 11 cDNA library (Zinn et al., 1988).
Western blotting. Forty microliters of total embryo lysate, 40 ~1 of
anti-HRP column elution, or 50% of the immunoprecipitations
(see
below) were loaded per lane on 6-15% SDS-PAGE gels, subjected to
electrophoresis, and transferred to nitrocellulose as described above.
The blots were blocked in blotto (0.5% Carnation nonfat dried milk in
TBS) for 30 mitt, and then incubated overnight with rabbit anti-HRP
antiserum (Cappel) diluted to 1: 1000, or MAb supematants diluted to
1:5-10. After washing with TBS, the blots were incubated with alkaline
uhosphatase (AP)-coniuaated aoat anti-rabbit IaG (Cannel) or anti-mouse
IgG (Jacksonj, diluted 1:lOOOrAP activity wasdetected using the Genius
kit (BMB).
Immunoprecipitations.
To 10 ml of crude embryo lysate, 20 ~1 each
of the anti-DPTP69D MAb supematants 1C2, 3D11, 3F12, 2C2, and
2B6 (present study), or 33 ~1 each of the anti-fasciclin I MAb supernatants 5H7,2A2. 1B8 (Hortsch and Goodman. 1990). and 1 ~1 of antifasciclin I MAb 5El ascites (T.-Y. Kung, W.-C. Wang, and’ K. Zinn,
unpublished results) were added, mixed and incubated&
ice. After 30
min, 10 ~1 of rabbit anti-mouse IgG (Jackson) was added, mixed, and
incubated on ice. Thirty minutes later, 40 ~1 of TBS-washed protein
A-sepharose (Pierce) was added, and each reaction was rocked for at
4°C. After 1 hr, the protein A beads were pelleted, washed with TBS.
and subjected to SDS-PAGE.
Generation of MAbs against DPTP69D. One oligonucleotide primer
creating a Bcl I site and a second primer spanning a natural Bcl I site
were used to PCR amplify a 110 1 bp fragment from a DPTP69D cDNA
clone. This PCR fragment encodes a 367 residue portion of the extracellular domain of DPTP69D. It was ligated into the BamHl cloning
site of pET-3c (Studier et al.. 1990). BL2 1 Escherichia coli cells transformedwith this construct were induced to express fusion protein, which
was purified from inclusion bodies by SDS-PAGE and used to immunize
mice (SO-100 pg per injection). Injections were repeated every 2 weeks,
and sera were collected 7 d following the boosts and tested for embryo
staining. A mouse with a positive serum response was used for MAb
fusion. Two hundred ninety-two individual monoclonal antibodies were
tested on dot blots using bacterially expressed fusion proteins (containing DPTP69D or control sequences) as antigens. Fifty-three strongly
positive clones were then screened by embryo staining. Seventeen of
these showed robust CNS staining in whole-mount embryos.
To facilitate the purification of HRP proteins, we also attempted to
isolate a MAb against the cross-reacting HRP epitope by sequential
injection of mice with HRP, bromelain, and Drosophila HRP proteins,
followed by MAb fusion. However. no MAbs anainst the relevant enitope were identified from 557 that were screened.
In situ hybridization. The whole-mount digoxigenin in situ hybridization procedure (Tautz and Pfeifle, 1989) was used to localize DPTP69D
transcripts. The Genius kit (BMB) was used to generate digoxigenin-
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Phosphatase
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Epitope
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from

HRP

proteins

Protein sequence data
Sequence
Peak

135

29

135

57

ID

AA

NT

241-251

NT

146776

NT

698-73

69D

315-331

69D

228-245

69D

340-372

NT

426-442

NT

643-66

NT

699-728

NT

510-589

TELDYPSAHK
DI
FVK
HEXLVLDGDVVFEHPSXTXKX

FI

516-525

NT

642-661

QIMHIIDEVLEPLTV
D
V
MVN

FI

135-149

SNDDVELGLGK
D
QQPSVPFYVVTQGEGPDQLATVDADVQAILG
L

SQ
135
110
110
110
85

58
36
40
44
27

AYLENSQIGALGLTDEVIEKYXAXXYASLVSII
SFF
VPF
F
IGNGQPTQYPQGITTLS
TLTSNFVNSLY
PS
EITLFVMEVPQVSIDFAKA
DL
NA
KL

85

40
46

75

17

75

22

15

29

75

62

1

G

N

G

LK

VETTGSTASTITLGWNPPPPDLIDYIQYYELIV
D
F
L
L
LGDGTTVGDEDXLYLXV
VVSTLPI

85

IA

G

ND

C

Q

XEWLVLXGXVVFEXPXXTXK
T
AYLENSQIGALGLTDEVIEKYXASXYAXLV
DNP
LPVYVCIQAE
AWASSGSAILPGKPLSESGKX

LA

P

1

KE

AV

IO

22

NAEEFNVDNXGVR

R

168-180

70

39

NT

643-66

70

48

XEXLVLDGXVVFEXPXXTXK
P
V
QQPSVPFYVVTQGEGPDQLATVXXXVQAILG

NT

746-776

NT

146160

NT

510-581

NT

481-491

1

A
65

42

QQPSVPFYVVTQGEG

60

20

AWASXGXAILPG
L
DE
D

60

22

VLDVIFVXPNFX
LGEDNIN

VDHR
EG

The numbers in the “MW”
column indicate the apparent molecular weight of the protein band from which the peptides were generated. The numbers in the “Peak”
column indicate the number of the sequenced peptide peak on the HPLC column profile. The sequence generated from each peptide is shown to the right. Boldface
letters indicate the most probable amino acid (at positions where amino acid residues could be clearly determined).
Letters in regular type indicate less probable
assignments at a particular position. The top row of letters in each entry represents the sequence that matched a known sequence from neurotactin,
fasciclin I, or
DPTP69D. Some of these peptides (e.g., 110 kDa peak 36) were clearly mixtures, and we have not determined the origin of the contaminating
sequences in these peaks.
At positions where a boldface letter is in the second row, the wrong amino acid was originally assigned to that position when the peptide sequence was read. “X” denotes
position for unidentified amino acids. Entries in the “ID” column indicate the protein from which the sequence to the left is derived. NT, neurotactin; 69D, DPTP69D,
R, fasciclin I. The “AA” column indicates the amino acid residue numbers in the protein that correspond to the peptide sequence in that row.

labeled probe, and hybridization was detected using the Vector ABC
substrate kit II. Embryos were dehydrated and cleared in methyl salicylate.
Immunohistochemistry. Antibody staining of whole-mount embryos
using HRP immunocytochemistry was done as described (Elkins et al.,
1990). MAb supematants were diluted 1:5, and anti-HRP antisera were
diluted 1:200. A preparation of an anti-&galactosidase MAb (Promega)
was diluted at 1:500. Rabbit anti-fl-galactosidase antibodies (Cappel)
were used at 1:200. Fluorescent secondary antibodies (Cappel) were
used at 1:300. For photography,
nerve cords were dissected from stained
whole-mounts. Larval brains were dissected in batches of 5-10 in PBS,
and then fixed in PLP [31 mM sodium phosphate (pH 7.4), 2% formaldehyde, 1.31% (94 mM) lysine, 0.21% (14 mM) NaI] for 30 min at
RT. After washing with BSS (38 mM NaCI, 53 mM KCI, 12 mM MgSO,,

6 mM CaCI,, 10 mM tricine, 20 mM glucose, 50 mM sucrose, 0.2% BSA,
pH 6.95), the brains were permeabilized for 30 min at RT with BSN
(BSS + 0.2% saponin and 3% goat serum) + 0.2% NP-40, and then
incubated with MAb supematant diluted 1: 10 in BSN overnight at RT.
After washing with BSS, the brains were incubated with HRP-conjugated
BSS

goat anti-mouse

IgG

(diluted

1:200)

for 2 hr at RT, washed

in

and PBS, and postfixed in 1% glutaraldehyde (Kodak) in PBS for
15-30 min. For fluorescent staining, HCHO (2%) was used instead of
glutaraldehyde for postfixing. After washing with PBS, the brains were
incubated in 0.33 mg/ml diaminobenzidine
(DAB) and 0.013% NiCl,
followed by addition of 10 ppm H,O, to start the HRP reaction. The
brains, embryos, and nerve cords were photographed on a Zeiss Axioplan microscope using Nomarski optics, or were analyzed by confocal
microscopy on a Bio-Rad 600 instrument.
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Figure 1. Characterization of Drosophila neuronal glycoproteins bearing the HRP carbohydrate epitope. A, Purified HRP proteins, separated by
SDS-PAGE and stained with Coomassie brilliant blue. The upper, darkest band at about 135 kDa is neurotactin. The next band down (110 kDa)
is DPTP69D. The next two bands are in the 85 kDa range; they do not always resolve well and are largely composed of neurotactin breakdown
products, as only neurotactin sequence is generated from this molecular weight range. The band at the position of the 76 kDa marker is fasciclin
I. The fuzzy bands below this (65 and 60 kDa) are also primarily neurotactin breakdown products. B, A Western blot, using anti-HRP antiserum,
of a Drosophila embryo lysate fractionated by SDS-PAGE (6-15% gradient gel). Binding of the primary antibody was detected using alkaline
phosphatase (AP)-conjugated secondary antibody and AP immunohistochemistry.
C. Western blots of embryonic lysates (lanes 2, 4, 6, 8, 10) and
of the purified HRP protein fraction (lanes 1, 3, 5, 7, 9, II). Blots were probed with the indicated antibodies, followed by AP-conjugated secondary
antibody. Lane 1, Probed with anti-HRP. The upper two dark bands correspond to neurotactin at 135 kDa and DPTP69D at 110 kDa. Fasciclin
I migrates with the 80 kDa marker on this gel. The other dark bands above and below fasciclin I include neurotactin breakdown products. Note
the similarity between this lane and the lane of A. Lanes 2 and 3, Probed with a mixture of the anti-neurotactin MAbs BP1 06 and FA4. These do
not react with degradation products. Lanes 4 and 5, probed with anti-DPTP69D MAbs 3Fll and 3F12; Lanes 6 and 7, probed with anti-fascichn
I MAbs 2A2 and 5H7; Lanes 8 and 9, probed with the anti-fasciclin II MAb lD4; Lanes IO and II, probedwith anti-neuroglian
MAbs BP104
and 1B7. The positions of molecular weight markers are indicated at the left margins of A-C.

Results
and characterization of HRP proteinsfrom
Drosophila embryos
To characterize proteins bearing the HRP carbohydrate antigenie determinant, we initially fractionated lysates from 9-l Shr-old Drosophila embryos on SDS-PAGE gels and analyzed
Purijication

them by Western

blotting

using anti-HRP

antiserum.

An ex-

ample of such an experiment is shown in Figure IB. Many
discretebands,rangingin apparent molecularweight from > 200
kDa to ~40 kDa, are visualized.
To preparatively isolate the HRP proteins, we first fractionated anti-HRP antiserum by binding it to an column of pineapple bromelain, a glycoprotein that sharesthe same crossreacting carbohydrate epitope (Katz et al., 1988). This bound
anti-carbohydrate antibody waseluted and usedto makeaffinity
columns. Lysates from 9-l 6-hr-old (stage 12-l 7; Campos-Ortega and Hartenstein, 1985) fly embryos were passedthrough
the affinity columns, and bound glycoproteins bearing the HRP
epitope were eluted at low pH.
To remove nonglycoprotein contaminantsfrom the HRP proteins, the anti-HRP column eluate wasfurther purified by binding to concanavalin A (ConA)-agarose beads.The capacity of
the anti-HRP columns was very low (seeMaterials and Meth-

ods),soa typical preparative purification requiredpooling eluates
from 12-20 anti-HRP column runs. This wasdone by sequentially binding anti-HRP column eluatesto the samebatch of
ConA-agarose. The ConA-agarosestep also served to concentrate the HRP proteins, becausethey are too dilute for gel fractionation after initial elution from the anti-HRP column. In the
final step of purification, eluatesfrom the ConA-agarosebeads
were fractionated by SDS-PAGE. A Coomassieblue-stainedgel
of sucha preparation is shown in Figure 1A. In lane 1 of Figure
1C, a Western blot of a large-scalepreparation usinganti-HRP
antibody is shown. The overall pattern of bands is similar to
that observed by Coomassieblue staining (Fig. 1A). Note, however, that the distribution of the proteins among the various
molecular weights is quite different betweenthe purified HRP
proteins (Figs. lA,C) and the crude lysate analyzed by Western
blotting with anti-HRP antibodies (Fig. 1B). This suggeststhat
a subsetof the HRP proteins are selectively purified by our antiHRP affinity columns.
The purified HRP proteins were separatedby SDS-PAGE and
transferred to nitrocellulose filters. Protein bandswere excised
and treated with trypsin in situ (Tempst et al., 1990),and tryptic
fragmentswere separatedby HPLC and sequenced.We obtained
readablesequencefrom sevendifferent bands,correspondingto
molecular weightsof approximately 135kDa, 110kDa, 85 kDa,

7276 Desai et al.

l

Drosophis

Tyrosine

Phosphatase

Bears the HRP Epitope

ABCDEF
180
116
84
58
48

---

37 26 -

Figure 2. DPTP69D and fasciclin I bear the HRP carbohydrate epitope. Western blot analysis of immunoprecipitates
and purified HRP
proteins fractionated by SDS-PAGE. Antibodies used for immunoblotting were anti-HRP antiserum (lanes A, B), anti-DPTP69D MAbs
3Fll and 3F12 (lanes C, D), and anti-fasciclin I MAbs 2A2 and 5H7
(lanes E, F). Lanes A and D contain embryo lysates immunoprecipitated
with a mixture of the anti-DPTP69D
MAbs lC2, 3D11, 3F12, 2C2,
and 2B6, lanes B and F contain embryo lysates immunoprecipitated
with a mixture of the anti-fasciclin I MAbs 5H7, 2A2, lB8 and SEl,
and lanes C and E contain the purified HRP protein preparation. Antibody binding was detected using AP-conjugated secondary antibody
and AP immunohistochemistry.
The figure shows that the DPTP69D
(lane A) and fasciclin I (he B) bands precipitated from lysate with
MAbs against the proteins and detected with anti-HRP antibodies comigrate with the bands detected in the immunoprecipitates
(lane D for
DPTP69D and lane F for fasciclin I) and in the purified HRP protein
fraction (lane C for DPTP69D and lane E for fasciclin I) using the
MAbs. The 50 kDa and 25 kDa bands detected in lanes A. B, D, and
Fare the heavy and light chains of the IgGs used for immunoprecipitation. The positions of molecular weight markers are indicated at the

left margin.
75 kDa, 70 kDa, 65 kDa, and 60 kDa. Our sequencedata define
three glycoproteins asHRP protein species.Two fragmentsfrom
a 75 kDa band and one fragment from a 70 kDa band yielded
10, 13, and 15 amino acid sequencesthat matched the known
sequenceof fasciclin I (Zinn et al., 1988; Table 1).
A second set of sequenceswere obtained from the major
speciesmigrating at 135kDa. Three tryptic fragmentsproduced
sequencesof 3 1, 2 1, and 11 residuesthat matched the known
sequence of neurotactin,
a heterophilic adhesionmolecule (de
la Escaleraet al., 1990; Hortsch et al., 1990). We alsoobtained
neurotactin
sequence from protein bands migrating at 85 kDa,
75 kDa, 70 kDa, 65 kDa, and 60 kDa (Table 1). This indicates
that neurotactin is subject to extensive proteolysis.
We alsoobtained sequencesfrom three tryptic fragmentsgenerated from a protein band migrating
at 110 kDa (Table 1).
These sequencesmatch the predicted sequenceof an R-PTP
known asDPTP (Streuli et al., 1989). The geneencodingDPTP
maps to position 69D on the polytene chromosomes,so we
have denoted this protein DPTP69D. This nomenclatureis consistent with the naming of other Drosophila PTPs.
To verify that fasciclin I and DPTP69D actually bear the
HRP epitope, we generatedMAbs against the protein compo-

nent of DPTP69D (seeMaterials and Methods) and usedthese,
together with existing MAbs againstfasciclin I protein, to precipitate fasciclin I and DPTP69D from embryo lysates.We then
analyzed these immunoprecipitates by Western blotting with
anti-HRP antiserum. As shown in lanesA and B of Figure 2,
immunoprecipitated DPTP69D and fasciclin I can be detected
by immunoblotting with anti-HRP. We could not perform the
sameexperiment for neurotactin becausethe two availableMAbs
againstthe protein do not work in immunoprecipitation experiments (data not shown). However, since neurotactin correspondsto the most prominent band seenin anti-HRP Western
blots of the purified preparation
(Fig. 1C), and is also the most
abundant protein in the purified HRP protein preparation (Fig.
lA), it is unlikely to be a contaminant.
We examined the purified HRP protein preparation by Westem blotting with MAbs againstthe three HRP proteins that we
identified by protein sequencing.Figure 1C showsthat neurotactin, DPTP69D, and fasciclin I migrate at the positions of
three of the major bandsin the HRP protein preparation. Neurotactin breakdown products arenot recognizedby the available
anti-neurotactin MAbs, so only one neurotactin band is visualized.
We alsoanalyzed the purified preparation by Westernblotting
with MAbs against a number of other characterized adhesion
and signal transduction molecules.Figure 1C showsthat fasciclin II and neuroglian recognize bands in the HRP protein
preparation. Thus, these adhesionmoleculesare likely to bear
the HRP epitope. Two other R-PTPs, DPTPl ODand DPTP99A,
could also be detected in the purified HRP protein preparation
by Western blotting (data not shown), suggestingthat they also
bear the epitope.
Expression of DPTP69D in Drosophila embryos
Although DPTP69D cDNAs had beensequencedearlier (Streuli
et al., 1989)the expressionpatterns ofthe protein and its mRNA
had not beenanalyzed. To characterize the temporal expression
pattern of DPTP69D mRNA, we performed Northern blotting
experiments on stagedembryo RNA preparations. Thesedata
show that a single5.7 kb DPTP69D mRNA speciesis present
throughout embryogenesis,and in adult flies(Fig. 3). The intense
signalin the O-3 hr samplesuggeststhat there is maternal contribution of DPTP69D mRNA.
To examine the spatial distribution of DPTP69D mRNA
during embryogenesis,we usedcDNA clonesasprobesin wholemount digoxigenin in situ hybridization experiments(Tautz and
Pfeifle, 1989).Localized expressionof DPTP69D mRNA is first
detectable in stage9-l 0 (germ band extended) embryos (Campos-Ortega and Hartenstein, 1985). In these embryos, the
strongest hybridization is observed in the layer between the
epidermis and the mesoderm(Fig. 4A, arrowhead). This cell
layer contains neuroblastsand ganglion mother cells. Later in
development, DPTP69D mRNA is enriched in the brain (Fig.
4B, arrow) and ventral nerve cord (Fig. 4B, arrowhead; C, arrow). There is also low-level expressionof the mRNA in the
epidermis.
To characterize the embryonic expressionpattern of the protein, we usedanti-DPTP69D MAbs to stain fixed embryo collections, using HRP/Ni immunohistochemistty for detection.
DPTP69D is presenton neuroblastsin the germband extended
embryo (stages9-10). Axonal staining is first observed at the
onsetof germband retraction (stage1215;data not shown).After
this time, staining is primarily localized to CNS axons (Fig.
4D,F,I). No staining of the axons of peripheral sensoryneurons
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is observed, but motor axons can be visualized (Fig. 40, thin
arrow). This pattern of expression is very similar to that previously observed for the R-PTPs DLAR, DPTPlOD,
and
DPTP99A (Hariharan et al., 1991; Tian et al., 1991; Yang et
al., 199 1). In addition to expression in the CNS, localized staining is also observed at muscle attachment sites in the epidermis
of stage 15-l 6 embryos (Fig. 4E, arrowhead).
Figure 4 also displays embryonic nerve cords stained with
anti-HRP (Fig. 4G), anti-neurotactin (Fig. 4H), and anti-fasciclin 1 antibodies (Fig. 4.J). This allows a comparison of the
total anti-HRP staining pattern with the pattern of expression
ofeach ofthe major HRP proteins. Anti-HRP stains all neuronal
cell bodies and axons in both the CNS and PNS. Neurotactin
is expressed in a similar pattern to anti-HRP in the CNS, and
in one subset ofPNS neurons (de la Escalera et al., 1990; Hortsch
et al., 1990). Fasciclin I is expressed on a subset of CNS axons
and on some CNS cell bodies, as well as on all PNS axons and
cell bodies (Zinn et al., 1988; McAllister et al., 1992). DPTP69D
is expressed on CNS axons (Fig. 40, but does not appear to be
present on CNS cell bodies or in the PNS. Thus, the anti-HRP
staining pattern could be characterized as the sum of the expression patterns of neurotactin, DPTP69D, and fasciclin I in
the CNS, and of fasciclin I and neurotactin in the PNS. However,
the Western blot analysis (Fig. 1B) suggests that there are many
other HRP proteins that are not purified by our columns, and
these could also contribute to the staining pattern.
DPTP69D expression in the larval CNS and imaginal discs
We examined DPTP69D expression in the nervous systems and
imaginal discs of third instar larvae by MAb staining using HRP
immunohistochemistry.
Dark staining is observed in the neuropil of the central brain (Fig. 5A,B). The staining near the
junction of the two brain lobes seen in the ventral view of Figure
5A (solid arrow) is in the same region as the fiber tracts of the
developing mushroom body lobes (N&horn et al., 199 1). However, analysis of the staining pattern in brains from the mushroom body-specific enhancer trap line M60 (provided by K.-A.
Han and R. L. Davis, Baylor University) reveals that DPTP69D

mRNA expression during embryonic development.
Total RNA samples (20 &lane) from
staged embryo collections were subjected to electrophoresis through formaldehyde-agarose gels, transferred to a
nitrocellulose filter, and cut into upperand lower-molecular-weight
regions.
These were hybridized to 3ZP-labeled
DPTP69D and rp49 (O’Connell and
Rosbash, 1984) coding region probes,
respectively. At the top of each lane is
indicated the age of the embryos, in
hours, from which the RNA was prepared: Embryos hatch after 24 hr. The
numbersto the left indicate the oositions of RNA molecular weight markers. The major DPTP69D transcript is
5.7 kb.

is not expressedon the processesof mushroom body neurons
(data not shown). This analysis was performed using confocal
microscopy and double-labeling for DPTP69D and @galactosidase&al), which is localized to both neuronal cell bodies
and processesin larvae from this line.
In each of the three thoracic ganglia,DPTP69D is expressed
at high levels in the neuropil (Fig. 5D). Especiallydark staining
is observed in lateral regions (arrowhead), and processesextending from theseregionsto the midline are visible. DPTP69D
is also localized to the A8 abdominal ganglionat the posterior
extremity of the ventral nerve cord (arrow). Nerves connecting
the leg and wing imaginal discsto the ventral cord are stained
(data not shown). DPTP69D is also expressedon portions of
the basalsurface of imaginal disc epithelia, especially near attachment stalks (data not shown).
In the eye-antenna1disc, DPTP69D is localized to photoreceptor axons in the optic stalk (Fig. 5A,C). The segmentsof
these axons that course acrossthe surface of the optic lobes
express DPTP69D at high levels (Fig. 5E). Lower levels of
DPTP69D are present on the terminal segmentsof the R7-R8
photoreceptor axons within the medulla (Fig. 5H).
DPTP69D expressionin the larval optic lobes
Within the optic lobes, a columnar array of thick parallel processesexpressDPTP69D at high levels (Fig. 5C,F). Theseprocesses
are adjacent to but distinct from the photoreceptor axons,
as shown by double-labeling with antibodies recognizing photoreceptor axons and DPTP69D (Figs. 5G, 6AJ). This array of
processeshas been described(Kunes et al., 1993) as the transmedullary fibers of the developing lobula complex (TMFs). The
TMFs are within the inner proliferation center (IPC), adjacent
to a furrow that separatesthe oldest lamina neurons from IPC
cells (Figs. SC, 6A). The IPC gives rise to the lobula complex
and to the inner medulla (Selleck and Steller, 1991). Medial to
the lamina, the TMFs join a DPTP69D-expressinghemiconical
neuropil that may be the inner medulla neuropil (Fig. 60
Within a crescent-shapedportion of the lamina, DPTP69D
is expressedon fibers that run parallel to the photoreceptor
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suggestthat fasciclin II, neuroglian, DPTP 1OD, and DPTP99A
are alsoHRP proteins. Thus, severaldifferent cell adhesionand
signaltransduction moleculesbearthe HRP epitope. In a similar
manner, the L2/HNK-1 carbohydrate moiety is found on many
vertebrate adhesionmolecules,including N-CAM, Ll , and myelin-associatedglycoprotein (Kruse et al., 1984).
The fasciclinsand neuroglian are glycoproteins expressedon
CNS and PNS axons, and may be involved growth cone extension and axon guidance. They are capable of functioning as
homophilic adhesion molecules(reviewed by Grenningloh et
al., 1990). Fasciclin II and neuroglian contain Ig and FN domains, and are closely related to the vertebrate adhesionmoleculesN-CAM and Ll, respectively (Harrelson and Goodman,
1988; Bieber et al., 1989; Grenningloh et al., 1990, 1991). Fasciclin I is a four-domain protein that is unrelatedto other known
adhesionmolecules(Zinn et al., 1988). However, OSF-2, a human osteoblastprotein related to fasciclin I, has been recently
described(Takeshita et al., 1993).
Our demonstrationthat Drosophila fasciclinsI and II areHRP
proteins agreeswith earlier observations by Snow et al. (1987),
who showedthat grasshopperfasciclins I and II bear the HRP
epitope. In both species,fasciclin I and II are also expressed
outside the nervous system,on cellsthat do not stain with antiDiscussion
HRP antisera (Bastiani et al., 1987; McAllister et al., 1992).
Characterization
of Drosophila HRP proteins
Furthermore, most of the fasciclin I and II purified from grassThe epitope recognizedby anti-HRP in insectsis a carbohydrate
hopper embryos lacks the HRP epitope (Snow et al., 1987).
moiety sharedby insectneuronalglycoproteins and certain plant
Fasciclin I and II always contain carbohydrate (Snow et al.,
glycoproteins (Snow et al., 1987; Katz et al., 1988). Kurosaka
1988; Wang et al., 1993) indicating that when expressedoutside
et al. (1991) concluded that the cross-reacting HRP epitope
the nervous system, their carbohydrate chains do not contain
containsLY1-6-linked mannoseand LYI-3-linked fucoseresidues the moieties recognized by anti-HRP antisera.
Neurotactin is a 135 kDa heterophilic adhesionmoleculeexattached to main-chain residues 1 and 3 of the sugar chain.
However, it has not been shown that insect glycoproteins conpressedon CNS and PNS cell bodies and axons (Piovant and
tain a carbohydrate chain with this structure.
Lena, 1988; Barthalay et al., 1990; de la Escaleraet al., 1990;
To identify Drosophila neural glycoproteins bearing the HRP
Hortsch et al., 1990).Neurotactin isalsoexpressedon epidermal
epitope, we purified proteins from embryo lysates that bound
cellsat the germ band extended stage.Thus, like fasciclinsI and
to an anti-HRP affinity column, and determined the sequences II, neurotactin must exist in forms which do not bear the HRP
of peptides derived from seven different protein bands. These
epitope. Neurotactin is a type II transmembraneprotein whose
comprisethe major bandsin the molecularweight rangebetween
extracellular domain is related in sequenceto cholinesterases.
Only one form of neurotactin has been identified by cDNA
135kDa and 60 kDa (Fig. 1A; seeMaterials and Methods). Our
sequences
define three HRP protein species:fasciclin I(75 kDa),
sequencing(de la Escaleraet al., 1990; Hortsch et al., 1990).
neurotactin (135 kDa, 85 kDa, 75 kDa, 70 kDa, 65 kDa, 60
Thus, it is likely that the 85 kDa, 75 kDa, 70 kDa, 65 kDa, and
kDa), and DPTP69D (110 kDa; Table 1). In addition, we ex60 kDa HRP proteins that we have identified as containing
amined the purified HRP protein preparation by Western blotneurotactin sequencesare proteolytic breakdown products of
ting with a variety of other antibodies (Fig. 1C). These data
the 135 kDa protein. Neurotactin contains 13 pairs of adjacent
axons. The fibers forming the anterioventral edge ofthis crescent
stain most intensely (Fig. 6A). Fibers in this region of the lamina
are thought to be processes of newly differentiating neurons
(Selleck and Steller, 199 1). Medial to the lamina, these processes
merge with a stained neuropil that may be the outer neuropil
of the medulla. This neuropil is the outer layer of a two-layered
crescent, which has an unstained region between the layers (Fig.
6C). The termini of the R7-R8 photoreceptor axons are located
in the unstained region between the outer and inner medulla
neuropils. The medullar neuropils also express DPTP69D in
pupae (data not shown). These neuropils eventually develop into
the distal and proximal plexuses of the adult optic medulla
described by Meinertzhagen and Hanson (1993).
In more medial sections, a third neuropil nestled inside the
other two also expresses DPTP69D. This layer may be the neuropil of the lobula complex (data not shown). DPTP69D expression is also prominent in a flat neuropil at the base of the
lamina (Figs. SH, 60) where the axons of photoreceptors RlR6 terminate (Selleck and Steller, 1991). Finally, DPTP69D
staining is observed on an array of unidentified thin fibers that
course over the surfaces of the optic lobes (Fig. SC, small arrow).

+
Figure 4. Localizationof DPTP69D mRNA, DPTP69Dprotein, neurotactinprotein, fasciclinI protein, andthe anti-HRP epitopein wholemount embryos and dissected ventral nerve cords. A-C, Localization of DPTP69DmRNA in whole-mountembryos.Embryoswerehybridized
to digoxigenin-labeled probe, and hybridization was detected using AP-conjugated anti-digoxigenin antibody and AP immunohistochemistry. This
generates a brownish-purple reaction product in the areas where mRNA recognized by the probe is localized. A, Stage 10 embryo, lateral view.
Dorsal is up and anterior is to the left in A and B. The arrowhead indicates hybridization to the neuroblast/GMC layer. B, A lateral view of a stage
13 embryo. The arrowhead indicates hybridization to the ventral nerve cord. The arrow indicates hybridization in the developing brain. C, A
ventral view of a stage 14 embryo. Anterior is up. The arrow indicates hybridization to neuronal cell bodies within the ventral nerve cord. D and
E, localization of DPTP69D protein in whole-mount embryos. DPTP69D was detected by staining with anti-DPTP69D MAbs 3Fll and 3Fl2,
followed by HRP-conjugated secondary antibody and HRPNi immunohistochemistry.
D, A ventral view of a stage 16 embryo. DPTP69D protein
is expressed in the brain (thick arrow), on axons in the ventral nerve cord, and on motor axons that exit the CNS (thin arrow). E, A high-magnification
view of the lateral epidermis of a stage 16 embryo. DPTP69D is expressed in dot-like patterns on the epidermis at segment boundaries (arrowhead).
This expression pattern is likely to correspond to the longitudinal muscle attachment sites (apodemes); unstained muscle fibers are visible with
Nomarski optics. HRP rather than HRP/Ni histochemistry was used here, so the reaction product is brown. F-J, High-magnification views, from
the dorsal side, of segments of dissected nerve cords; anterior is up. Four segments are visible in each panel. F, Stage 13, anti-DPTP69D MAbs.
The anterior and posterior commissures are labeled A and P. A longitudinal connective is indicated by the urrowh&d. G, Stage 15, stained with
anti-HRP antiserum. H. Stage 15, stained with anti-neurotactin (MAb BP106). I, Stage 15. stained with anti-DPTP69D. Note the absence of cell
body staining with anti-DPTP69D
MAbs (compare to G and Hj. J, Stage 15; anti-fa&iclin I (MAb 6D8). Scale bars: A-D, 10 pm; E, 10 pm; F,
10 pm; G-J, 10 pm.
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basic amino acids, which are often highly susceptible to protease
activity. It also has two PEST sequences, which are characteristic
of rapidly degraded proteins.
The R-PTPs DPTPlOD
and DPTP99A,
which appear to be
HRP proteins, are selectively expressed on CNS axons in the
embryo (Hariharan
et al., 1991; Tian et al., 1991; Yang et al.,
199 1). Here we show that DPTP69D
is also primarily localized
to CNS axons in stage 12-16 embryos (Fig. 4D,F,I). Early in
embryogenesis,
however, DPTP69D
is expressed on many ectodermal cells, and in stage 15-16 embryos it is localized to
muscle attachment sites in the epidermis (Fig. 4E). This ectodermal DPTP69D
must also lack the HRP epitope. All of the
axonal R-PTPs have extracellular
regions that are homologous
to neural adhesion molecules. DPTPlOD
and DPTP99A
contain only FN repeats, while DPTP69D
and DLAR have both
Ig domains and FN repeats (reviewed by Zinn, 1993). Unlike
the other Drosophila R-PTPs,
a vertebrate
counterpart
of
DPTP69D
has not been described.
The localization
of four of the five known DrosophilaR-PTPs
to CNS axons [DLAR, DPTPlOD,
DPTP69D,
and DPTP99A
are axonal; DPTP4E (Oon et al., 1993) is more generally expressed]suggeststhat the R-PTPs are components of a phosphotyrosine
signaling pathway that functions during assembly
of the axon array. This pathway could also involve the abl
tyrosine kinase, which is expressed in embryonic CNS axons.
Mutations
in the abl gene, when combined with mutations in
.fasciclin I, disabled,and other genes, cause defects in axon pathway formation in the embryonic CNS (Gertler et al., 1989, 1993;
Elkins et al., 1990; Henkemeyer et al., 1990).
How many other proteins bear the HRP epitope? In the studies of Snow et al. (1987) 17 or more HRP protein spots were
visualized by two-dimensional
gel electrophoresis.
Some of these
spots, however, may be degradation
products or differentially
modified forms of other HRP proteins. Analysis of Drosophila
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embryo or larval lysates by Western blotting with anti-HRP
(Katz et al., 1988; Fig. lB), reveals many bands, some of which
are > 135 kDa that cannot be neurotactin
breakdown products.
Neuroglian,
DPTPl OD, and DPTP99A
are all > 150 kDa, but
more than three bands are visible in the upper region of the gel
in Figure 1B.
We do not know whether the HRP carbohydrate epitope itself
has a function in neural development.
Two mutations exist that
eliminate
expression of the epitope. One mutation
is on the
TM3 balancer chromosome
(Snow et al., 1987). The CNS and
PNS of homozygous
TM3 embryos have a normal appearance
when stained with other antibody markers. The second mutation, nac, which eliminates expression of the epitope only in
imaginal tissues, is homozygous
viable (Katz et al., 1988). In
nac mutants, there appear to be abnormalities
in the pathways
taken by the axons of wing disk sensory neurons as they approach the CNS (Whitlock,
1993).

Expression of DPTP69D in the larval optic lobes
DPTP69D
is localized to a subset of neuronal processes in the
larval brain and segmental ganglia (Fig. L4,B.D). It is also expressed on photoreceptor
axons within the optic stalk (Fig.
5.4,C.E). In the optic lobes, DPTP69D isexpressed at high levels
on a columnar arc of parallel thick bundles (Fig. 5C,F). These
bundles have been denoted “transmedullary
fibers of the developing lobula complex”
by Kunes et al. (1993) and are adjacent to the lamina (Fig. 5G).
DPTP69D
is also expressed in a set of three nested, hemiconical neuropils (Fig. 6A,C). These are likely to be the outer
and inner medullar
neuropils and the neuropil of the lobula
complex. The outer medullar neuropil receives synaptic input

from the lamina, and develops into the distal medullar plexus
of the adult fly. The inner medullar neuropil is contiguous with
the TMFs, and develops into the proximal

medullar

plexus. The

+
Figure 5.
visualized
secondary
anti-/?-gal

DPTP69D protein expression in the CNS of third-instar larvae. DPTP69D protein (black staining in A-G, green staining in H) was
using the 3Fl1/3FI 2 MAb, followed by HRP-conjugated second antibody and DAB/Ni immunohistochemistry(A-G),
or FITC-conjugated
antibody and confocal microscopy (H). In G, p-gal was also visualized by MAb staining (brown). In H, &gal was visualized using rabbit
sera and RITC-conjugated secondary antibodies. A, Ventral view of the brain hemispheres, with attached eye disks (ed). Anterior is up.
Arrowhead
indicates DPTP69D expression on photoreceptor axons in the optic stalk and as they fan out over the surface of the optic lobes. The
region of the medullar neuropils is indicated by the open arrow. The solid arrow indicates a large group of staining fibers in the central brain. The
fibers of the developing mushroom body lobes are also located in this region (see Nighom et al., 1991). B, A dorsal view of the same brain
hemispheres (anterior is up). The arrow indicates one of the three large fiber bundles that emanate from the central neuropil. C, A ventral view of
a brain hemisphere, with an attached eye disk (ed). Anterior is to the left, and the lateral surface of the brain hemisphere is on top. The arrow
indicates the parallel array of thick fibers in the optic lobe. The arrowhead indicates a region expressing DPTP69D at high levels. The upper layer
in this region is composed of photoreceptor axons coursing across the surface of the optic lobe (see E), and the underlying layers are the neuropils
of the lamina and medulla. The small arrow indicates one of the unidentified parallel thin processes on the surface of the optic lobe that express
DPTP69D. D, A dorsal view of the ventral nerve cord. Anterior is up. The arrowhead indicates DPTP69D expression in the neuropil of the
prothoracic ganglion. Note commissural processes expressing DPTP69D. Arrow indicates staining in the A8 abdominal ganglion. E and F, Highmagnification ventrolateral views of the optic lobe, in two different focal planes. Anterior is to the left. E shows a more superficial focal plane; the
photoreceptor axons in the optic stalk can be clearly visualized (small arrowhead). Large arrowheads denote the fissure separating newly born
lamina cells from mitotically active lamina precursor cells. F shows a deeper focal plane, revealing the columnar array of parallel thick fibers in
the central plug, derived from the inner proliferation center (arrow). The deep out-of-focus staining at the bottom is the medullar neuropils. G, A
lateral view of an optic lobe, with the eye disk dissected away. Anterior is to upper left. The brownish photoreceptor axons (arrow) spread out over
the surface of the lamina. The lamina neurons are within a crescent-shaped region that is separated from the lamina precursor cells by an anterior
furrow (large arrowheads), and from the inner proliferative center (ipc) by a posterior furrow (medium arrowhead). DPTP69D-expressing
fibers
that are visualized in cross section within the ipc (small arrowheuds) correspond to the columns seen in C and F (arrows). The out-of-focus staining
is from deeper central brain structures. His a ventral confocal image of photoreceptor axons (red) and DPTP69D-expressing fibers (green). Anterior
is to the lower left. Photoreceptor axons originate in the eye disk (ed) and enter the optic lobe via the optic stalk (arrowhead). The yellow color in
the optic stalk and lateral surface of the optic lobe indicates that the photoreceptor axons express DPTP69D. The bright yellow band (long arrows)
underlying the lamina neurons is a cross section of the plate-like region where the axons from photoreceptors R l-R6 form their terminal arbors.
The DPTP69D staining in this area may derive from the photoreceptor axons or from lamina neuron processes. The R7 and R8 photoreceptor
axons terminate in the medulla (short arrows). The reddish color of these round endings indicates that they express DPTP69D at lower levels
relative to P-gal than do the more proximal regions of the axons, which have a yellow-green tinge. Scale bars: A, 10 pm for A, B, D. and G; C, 10
wm; E, 10 Frn for E and F, H, 5 pm.
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Figure 6. Pattern of DPTP69D expression in relation to photoreceptor axons in sections from third instar larval brains. In A-D, DPTP69D protein
was visualized using the 3D 11 MAb, followed by HRP-conjugated second antibody and DAB/Ni immunohistochemistry.
In B, the photoreceptor
axons were also visualized, using a Promega anti-&gal MAb followed by HRP-conjugated second antibody and DAB/Ni immunohistochemistry.
A-C, Longitudinal sections of larval brains at a section plane near the base of the lamina. Anterior is to the lower right, ventral to the lower left.
A and C are sections from the same brain, with A more lateral than C. A, DPTP69D expression on photoreceptor axons is apparently higher in
the optic stalk (triangle, A; also in D) than within the lamina [compare the punctate photoreceptor axon staining in the lamina (region between the
large and small arrows) in B with the more diffuse DPTP69D staining in A]. DPTP69D staining is intense in the curving anteroventral-most row
of fascicles (large arrows) two to four cells from the border between the lamina and the lamina precursor cells (arrowhead in B). These fascicles
may be newly forming lamina columns. The thick bundles of the DPTP69D-expressing TMFs (small arrows) are separated from the oldest neurons
of the lamina by a furrow (small arrowhead). The area of terminal arborization of axons from photoreceptors R1-6 also expresses DPTP69D (large
arrowhead). B, Anti-P-gal stained photoreceptors (small arrow) send axons (triangle) via the optic stalk into the developing lamina, where they
are visible in cross section (large arrow). The furrow (arrowhead) separates the lamina precursors from their postmitotic descendants. The thick
fibers (TMFs) expressing DPTP69D (long arrow) can be seen in the ipc, adjacent to the lamina. DPTP69D staining on the TMFs is much fainter
than in A, because the section was allowed to react only long enough to clearly visualize the much more abundant &gal antigen. C, In this plane
of section (medial to the terminal arborization of the Rl-R6 photoreceptor axons), the anteroventral-most row of DPTP69D-expressing fascicles
from the lamina that are visualized in A (right-hand large arrow in C) appears to merge with the neuropil of the outer medulla (left-hand large
arrow). Similarly, the TMFs appear to merge with the neuropil of the inner medulla (small arrows). D, A horizontal section showing the furrow
dividing the optic lobe from the central brain (small arrowheads). DPTP69D-expressing photoreceptor axons can be seen in the optic stalk (triangle).
The DPTP69D-expressing
plate-like region where axons from photoreceptors Rl-6 arborize is seen in cross-section (large arrowhead), and is
contiguous with the curving rows of DPTP69D-expressing
fascicles in the lamina (arrow). Scale bar, 10 pm

The R7 and R8 photoreceptor axons terminate in the region
between the processes of these neuropils that are visualized by
DPTP69D
staining.
Within the lamina, the level of DPTP69D
expression appears
to be highest near the ventral edge, which is where the processes

of the most recently differentiated lamina neurons are located
(Fig. 6A). Photoreceptor

axons first express markers of terminal

differentiation suchaschaoptin (and &galactosidasein the M60
line; Fig. 6B) within

this region (Kunes

et al., 1993). This sug-

geststhat DPTP69D could be involved in processoutgrowth
by lamina neurons, and/or in the formation and rearrangement
of synapsesamongtheseneuronsand the Rl-R6 photoreceptor
axons.
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