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Abstract

Receptor protein tyrosine phosphatases (RPTPs), are involved in axon outgrowth and guidance not only in the Drosophila visual system

(Garrity et al., 1999. Neuron 22, 707±717) but also in the developing vertebrate retina (Ledig et al., 1999a. J. Cell Biol. 147, 375±388). We

have cloned a variety of Xenopus RPTPs, including four RPTPs expressed in the developing visual system (LAR, PTP-d , CRYP-a and PTP-

r ). These four RPTPs are transcribed in the developing optic vesicle during differentiation and in overlapping but distinct patterns in the

developing retina during retinal layer formation. LAR, PTP-d , and CRYP-a are also expressed in retinal ganglion cells during axonogenesis

and during axon guidance from the retina to the optic tectum. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Results and discussion

In Drosophila, RPTPs are involved in axon guidance in

the CNS (Desai et al., 1997) and may directly link the bind-

ing of extracellular ligands to internal changes in tyrosine

phosphorylation and actin cytoskeletal rearrangements

(Debant et al., 1996; Wills et al., 1999). RPTPs have been

cloned in a variety of vertebrate species, and for many of

these RPTPs, the expression patterns have been identi®ed

(Sap et al., 1990; Yang et al., 1993; Stoker, 1994; Pulido et

al., 1995; Stoker et al., 1995; den Hertog et al., 1996; Fuchs

et al., 1998). Only one study, however, has focused on the

expression patterns of RPTPs in the developing visual

system. This study showed the expression patterns for

CRYP-a , PTP-m, CRYP-2, PTP-a and PTP-g in the devel-

oping chicken visual system (Ledig et al., 1999b). We set

out to clone and characterize the expression pattern of a

variety of other RPTPs in the developing Xenopus visual

system.

We used degenerate reverse transcriptase±polymerase

chain reaction (RT±PCR) and low-stringency hybridization

with the cytoplasmic phosphatase domains of Xenopus PTP-

a to obtain partial clones of several Xenopus RPTPs. Full-

length cDNAs were cloned and sequenced for Xenopus

PTP-d and LAR, and partial clones were obtained for

CRYP-a and PTP-r . The cloned RPTPs are shown sche-

matically with their putative homologues in Fig. 1.

Whole-mount in situ hybridizations on albino Xenopus

embryos showed that CRYP-a , LAR, PTP-d and PTP-r
are transcribed strongly in the developing CNS (Table 1)

(Fig. 2). At stage 19 (Nieuwkoop and Faber, 1967), CRYP-

a is expressed in the lateral plate mesoderm (LPM) and

weakly in the optic vesicles, while at stage 25, CRYP-a is

expressed in the developing somites, spinal cord, and

trigeminal complex (Fig. 2A,B). By stage 28, CRYP-a
mRNA levels rise in the developing notochord, otic vesicle,

spinal cord and subsets of cells in the midbrain and hind-

brain (Fig. 2C). LAR mRNA is abundant throughout the

developing CNS at stage 19 (Fig. 2D), and is upregulated

in the notochord and optic vesicle at stage 24 (Fig. 2E). At

stage 28, LAR is expressed in the developing retina, otic

vesicle, anterior spinal cord, trigeminal complex, as well as

in the posterior notochord (Fig. 2F). PTP-d is transcribed in

the optic vesicles and tailbud of the stage-19 embryo (Fig.

2G), with limited expression in the LPM. PTP-d expression

is restricted to the developing optic vesicles and the devel-

oping tail at stage 24 (Fig. 2H). By stage 29/30, PTP-d is

expressed in the developing tail, otic vesicle, dorsal hind-

brain and dorsal midbrain (Fig. 2I). PTP-r is not expressed

in the embryo at stage 19 (Fig. 2J). PTP-r is ®rst expressed

in the developing optic vesicles and in two subsets of cells

(identi®ed by their dorso-ventral position as a subset of
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Fig. 1. Schematic diagram of the RPTPs cloned and sequenced in this study, indicating percent amino acid identity between homologous domains in the

schematized proteins (with overall identity in parentheses). *Note that Xenopus PTP-r and Xenopus CRYP-a are partial clones of these genes. **The Xenopus

LAR homologue cloned in this study lacks the fourth FNIII repeat, suggesting that it may not be the full-length LAR, but rather a splice variant. In rats, this

splice variant of LAR (lacking the fourth FNIII domain) is preferentially expressed in the brain and spinal cord (Zhang and Longo, 1995).

Fig. 2. Whole-mount in situ hybridizations using antisense DIG-labeled mRNA probes for CRYP-a , LAR, PTP-d , and PTP-r in the developing albino

Xenopus embryo at stages 19 (A,D,G,J); 24 (E,H)±25 (B,K); and stages 28 (C,F,L)±29/30 (I). For the stage-19 embryos, anterior is up (dorsal view). For all

other embryos, anterior is right and dorsal is up. OV, optic vesicle; LPM, lateral plate mesoderm; S, somite; TGC, trigeminal complex; N, notochord; SC, spinal

cord; Hb, hindbrain; Mb, midbrain; Fb, forebrain; NT, neural tube.



motoneurons and interneurons) along the ventral and medial

spinal cord beginning at stage 25 (Fig. 2K). At stage 28,

PTP-r transcription is maintained in the retinae, and in these

rows of cells in the ventral and medial spinal cord (Fig. 2L).

CRYP-a is expressed throughout the retina at stage 35/

36. At stage 39, CRYP-a is expressed in all three retinal

layers: the ganglion cell layer (GCL), the inner nuclear layer

(INL), and the outer nuclear layer (ONL). By stage 41,

CRYP-a expression is limited to the GCL and the INL

(Fig. 3A±C). LAR is expressed most strongly in deep

dorso-medial RGCs at stage 35/36 (arrows), but is present

in all retinal layers. At stages 39 and 41, LAR expression is

limited to the GCL and INL (Fig. 3D±F). PTP-d is

expressed strongly in the dorsal GCL and INL at stage 35/

36, paralleling the dorsal-ventral developmental gradient in

the retina (Holt, 1984). At stages 39 and 41, PTP-d is tran-

scribed throughout the GCL and INL (Fig. 3G±I). PTP-r
mRNA is transcribed most strongly at stage 35/36 in the

ONL, but is also present in the INL. At stage 39, PTP-r
expression increases in the INL as the level in the ONL

decreases. PTP-r mRNA is also transcribed by a minority

of cells in the GCL (arrowheads) (Fig. 3K). The PTP-r
transcript at stage 41 is limited to a subset of cells in the

INL, but is excluded from the GCL and ONL (Fig. 3L).

In summary, we have identi®ed a variety of RPTPs

expressed in the developing Xenopus CNS. Within the

developing retina, CRYP-a , LAR, PTP-d and PTP-r are

transcribed in overlapping but distinct patterns. CRYP-a ,

LAR, and PTP-d are all expressed in RGCs during axon

elongation, target recognition and synaptogenesis, while

PTP-r appears to be transcribed in a more dynamic pattern

in the photoreceptor and inner nuclear layers.

2. Experimental procedures

2.1. cDNA cloning

PCR was performed on cDNA made from RNA isolated

from stage-40 Xenopus retinae using the following degen-

erate primer pairs and an annealing temperature of 458C:

5 0-TCGTCGGGATCCGAARTGYSAYCARTAYTGGCC-

3 0 and 5 0-GTCTCGAATTCTAYTGNTCNTCNGTYTGN-
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Fig. 3. In situ hybridizations using antisense DIG-labeled mRNA probes

for CRYP-a , LAR, PTP-d , and PTP-r on 15-mm paraf®n-sectioned

pigmented Xenopus retinae at stages 35/36, 39 and 41. Sections are near

the retinal midline, and dorsal is up. GCL, ganglion cell layer; INL, inner

nuclear layer; ONL, outer nuclear layer.

Table 1

RPTP expression during major retinal developmental events in Xenopus, correlated with developmental stage

Stage Major retinal events RPTPs in the retina RPTPs in RGCs

19 Proliferation of cells in the optic vesicle CRYP-a , LAR, PTP-d Not available

24±25 Proliferation of cells in the optic vesicle, determination of

®rst RGCs

LAR, PTP-d , PTP-r Not available

28±29/30 Differentiation of retinal cells, RGC axonogenesis LAR, PTP-d , PTP-r Not available

35/36 Retinal lamination begins, RGC axon navigation from

retina to optic tract

CRYP-a , LAR, PTP-d , PTP-r CRYP-a , LAR, PTP-d

39 Axon guidance in optic tract, target recognition by RGC

growth cones, cell division stops in central retina

CRYP-a , LAR, PTP-d , PTP-r CRYP-a , LAR, PTP-d

41 Branching and synapse formation by RGC axons in tectum CRYP-a , LAR, PTP-d , PTP-r CRYP-a , LAR, PTP-d



AC-3 0 or 5 0-TACTCGGGATCCGAYTTYTGGMGIATG-

RTNTGG-3 0 and 5 0-GTCTCGAATTCCNACNC-CNGC-

NGARCARTG-3 0.
PCR products were cloned into pGEMT-easy cloning

vector (Promega) and sequenced. A stage-28 Xenopus

head library was screened with the PCR products, yielding

partial clones of LAR, PTP-d , CRYP-a and PTP-z . The 5 0-
ends of these clones were used to repeatedly screen the

Battey stage 50 eye library. This resulted in partial clones

of LAR, PTP-d , and CRYP-a . 5 0-RACE was used to clone

the 5 0-end of LAR and PTP-d . The Battey library was also

screened via low-stringency hybridization using the phos-

phatase domains of Xenopus PTP-a which resulted in

partial clones of PTP-e , PTP-r , CD45 and PTP-g . GenBank

accession numbers are as follows: LAR, AF197945; PTP-d ,

AF197944; PTP-r , AF173857; CRYP-a , AF198450.

2.2. In situ hybridization

Digoxigenin (DIG)-labeled antisense RNA probes were

generated for LAR, PTP-d , CRYP-a and PTP-r (Harland,

1991). Whole-mount in situ hybridization was performed on

albino and pigmented Xenopus embryos using the procedure

described in Harland (1991). These embryos were cleared in

2:1 benzyl benzoate/benzyl alcohol prior to imaging. In situ

hybridizations on 15-mm paraf®n sections of Xenopus

embryos were done as described in (Kanekar et al., 1997).

Acknowledgements

We would like to thank J.A. Besco and A. Rotter for

sequencing PTP-r , B. Friesel for generously providing the

cytoplasmic domains of Xenopus PTP-a for use in low-

stringency hybridizations, R. Harland and J. Battey for use

of their Xenopus cDNA libraries, Andrea Viczian for use of

her Xenopus RNA for 5 0-RACE, and Shinichi Nakagawa for

critical comments on the manuscript.

References

Debant, A., Serra-Pages, C., Seipel, K., O'Brien, S., Tang, M., Park, S.H.,

Streuli, M., 1996. The multidomain protein Trio binds the LAR trans-

membrane tyrosine phosphatase, contains a protein kinase domain, and

has separate rac- speci®c and rho-speci®c guanine nucleotide exchange

factor domains. Proc. Natl. Acad. Sci. USA 93, 5466±5471.

den Hertog, J., Overvoorde, J., de Laat, S.W., 1996. Expression of receptor

protein-tyrosine phosphatase alpha mRNA and protein during mouse

embryogenesis. Mech. Dev. 58, 89±101.

Desai, C.J., Krueger, N.X., Saito, H., Zinn, K., 1997. Competition and

cooperation among receptor tyrosine phosphatases control motoneuron

growth cone guidance in Drosophila. Development 124, 1941±1952.

Fuchs, M., Wang, H., Ciossek, T., Chen, Z., Ullrich, A., 1998. Differential

expression of MAM-subfamily protein tyrosine phosphatases during

mouse development. Mech. Dev. 70, 91±109.

Garrity, P.A., Lee, C.H., Salecker, I., Robertson, H.C., Desai, C.J., Zinn, K.,

Zipursky, S.L., 1999. Retinal axon target selection in Drosophila is

regulated by a receptor protein tyrosine phosphatase. Neuron 22,

707±717.

Harland, R.M., 1991. In situ hybridization: an improved whole-mount

method for Xenopus embryos. Methods Cell Biol. 36, 685±695.

Holt, C.E., 1984. Does timing of axon outgrowth in¯uence initial retino-

tectal topography in Xenopus?. J. Neurosci. 4, 1130±1152.

Kanekar, S., Perron, M., Dorsky, R., Harris, W.A., Jan, L.Y., Jan, Y.N.,

Vetter, M.L., 1997. Xath5 participates in a network of bHLH genes in

the developing Xenopus retina published erratum appears in Neuron

(1998) Nov; 21(5): following 1221. Neuron 19, 981±994.

Ledig, M.M., Haj, F., Bixby, J.L., Stoker, A.W., Mueller, B.K., 1999a. The

receptor tyrosine phosphatase CRYPalpha promotes intraretinal axon

growth. J. Cell Biol. 147, 375±388.

Ledig, M.M., McKinnell, I.W., Mrsic-Flogel, T., Wang, J., Alvares, C.,

Mason, I., Bixby, J.L., Mueller, B.K., Stoker, A.W., 1999b. Expression

of receptor tyrosine phosphatases during development of the retinotec-

tal projection of the chick. J. Neurobiol. 39, 81±96.

Nieuwkoop, P.D., Faber, J., 1967. Normal table of Xenopus laevis

(Daudin), The Hubrecht Laboratory, Utrecht, Amsterdam, pp. 1±

188.

Pulido, R., Serra-Pages, C., Tang, M., Streuli, M., 1995. The LAR/PTP

delta/PTP sigma subfamily of transmembrane protein-tyrosine- phos-

phatases: multiple human LAR, PTP delta, and PTP sigma isoforms are

expressed in a tissue-speci®c manner and associate with the LAR-

interacting protein LIP.1. Proc. Natl. Acad. Sci. USA 92, 11686±

11690.

Sap, J., D'Eustachio, P., Givol, D., Schlessinger, J., 1990. Cloning and

expression of a widely expressed receptor tyrosine phosphatase. Proc.

Natl. Acad. Sci. USA 87, 6112±6116.

Stoker, A.W., 1994. Isoforms of a novel cell adhesion molecule-like protein

tyrosine phosphatase are implicated in neural development. Mech. Dev.

46, 201±217.

Stoker, A.W., Gehrig, B., Newton, M.R., Bay, B.H., 1995. Comparative

localisation of CRYP alpha, a CAM-like tyrosine phosphatase, and

NgCAM in the developing chick visual system. Brain Res. Dev.

Brain Res. 90, 129±140.

Wills, Z., Bateman, J., Korey, C.A., Comer, A., Van Vactor, D., 1999. The

tyrosine kinase Abl and its substrate enabled collaborate with the recep-

tor phosphatase Dlar to control motor axon guidance. Neuron 22, 301±

312.

Yang, Q., Co, D., Sommercorn, J., Tonks, N.K., 1993. Cloning and expres-

sion of PTP-PEST. A novel, human, nontransmembrane protein tyro-

sine phosphatase published erratum appears in J. Biol. Chem. (1993)

Aug; 268(23): 17650. J. Biol. Chem. 268, 6622±6628.

Zhang, J.S., Longo, F.M., 1995. LAR tyrosine phosphatase receptor: alter-

native splicing is preferential to the nervous system, coordinated with

cell growth and generates novel isoforms containing extensive CAG

repeats. J. Cell Biol. 128, 415±431.

K.G. Johnson, C.E. Holt / Mechanisms of Development 92 (2000) 291±294294


