
DOI: 10.1126/science.1059391 
, 1976 (2001); 291Science

  et al.Elke Stein,
Activation
Guidance Independent of Adenosine A2B Receptor 
Binding of DCC by Netrin-1 to Mediate Axon

 www.sciencemag.org (this information is current as of March 30, 2007 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/291/5510/1976
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

found at: 
 can berelated to this articleA list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/cgi/content/full/291/5510/1976#related-content

 http://www.sciencemag.org/cgi/content/full/291/5510/1976#otherarticles
, 4 of which can be accessed for free: cites 21 articlesThis article 

 77 article(s) on the ISI Web of Science. cited byThis article has been 

 http://www.sciencemag.org/cgi/content/full/291/5510/1976#otherarticles
 20 articles hosted by HighWire Press; see: cited byThis article has been 

 http://www.sciencemag.org/cgi/collection/neuroscience
Neuroscience 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
c 2001 by the American Association for the Advancement of Science; all rights reserved. The title SCIENCE is a 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the

 o
n 

M
ar

ch
 3

0,
 2

00
7 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/cgi/content/full/291/5510/1976
http://www.sciencemag.org/cgi/content/full/291/5510/1976#related-content
http://www.sciencemag.org/cgi/content/full/291/5510/1976#otherarticles
http://www.sciencemag.org/cgi/content/full/291/5510/1976#otherarticles
http://www.sciencemag.org/cgi/collection/neuroscience
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org


8. S. I. Satake, F. Saitow, J. Yamada, S. Konishi, Nature
Neurosci. 3, 551 (2000).

9. J. Lerma, Neuron 19, 1155 (1997).
10. M. Frerking, R. A. Nicoll, Curr. Opin. Neurobiol. 10,

342 (2000).
11. M. Casado, S. Dieudonne, P. Ascher, Proc. Natl. Acad.

Sci. U.S.A. 97, 11593 (2000).
12. R. Chittajallu et al., Nature 379, 78 (1996).
13. V. R. J. Clarke et al., Nature 389, 599 (1997).
14. H. Kamiya, S. Ozawa, J. Physiol. 523, 653 (2000).
15. D. Schmitz, M. Frerking, R. A. Nicoll, Neuron 27, 327

(2000).
16. A. Contractor et al., J. Neurosci. 20, 8269 (2000).
17. Hippocampal slices were prepared from young adult

[postnatal day 20 to 29 (p20-29)] Sprague-Dawley
rats. In brief, animals were deeply anesthetized with
halothane, decapitated, and the brains removed. Tis-
sue blocks containing the subicular area and hip-
pocampus were mounted on a Vibratome in a cham-
ber filled with cold (;4°C) artificial cerebrospinal
fluid (ACSF) containing the following : 119 mM NaCl;
26 mM NaHCO3; 2.5 mM KCl; 1 mM NaH2PO4; 2.5
mM CaCl2; 1.3 mM MgSO4; 10 mM glucose, saturated
with 95% O2–5 % CO2, pH 7.4. Transverse slices
were cut at 300-mm thickness and were stored in a
submerged chamber for 1 to 7 hours until transferred
to the recording chamber, where they were perfused
at a high rate of 3 to 4 ml/min. The recording
chamber was mounted on an Olympus microscope
equipped for infra red–differential interference con-
trast (IR-DIC) microscopy. At least 1 hour elapsed
between slice preparation and recording. For all re-
cordings, CaCl2 and MgSO4 were increased to 4 mM
to minimize polysynaptic activation. For whole-cell
voltage clamp recordings, the internal solution con-
tained the following: 117 mM Cs-gluconate, 5 mM
CsCl, 10 mM TEA-Cl, 8 mM NaCl, 10 mM Hepes, 5
mM EGTA, 4 mM MgATP, 0.3 mM Na3GTP, 5 mM
Hepes, and 5 mM QX-314, pH adjusted to 7.3 with
CsOH. Electrode resistances ranged from 1.5 to 5
megohms. Access resistances ranged between 5 and
20 megohms and were continuously checked during
the recording. No series resistance compensation was
used. Field potential recordings were performed with
low-resistance patch pipettes filled with Hepes-buff-
ered external solution placed in stratum lucidum in
CA3. Iontophoresis of NMDA (1 M, adjusted to a pH
of 9) was accomplished with electrodes pulled from
borosilicate glass and having resistances of 70 to 100
megohms. NMDA was ejected using a constant cur-
rent iontophoresis instrument (WPI, Sarasota, FL)
with pulses ranging from 5 to 20 ms. Bipolar tungsten
electrodes were placed in the granule cell layer or in
the hilus region to stimulate mossy fibers. The
NMDARs on the A/C pathway (Fig. 4, D through G)
were selectively blocked by using the irreversible,
use-dependent antagonist MK-801. Average values
are expressed as mean 6 SEM. Drugs used were as
follows: Kainate (0.002 to 10 mM), GYKI 53655 (20
mM), D-AP5 (20 mM), MCPG (0.5 mM), SCH50911
(20 mM), MK-801 (50 mM), picrotoxin (100 mM),
DCG-IV (2 mM), CNQX (10 mM), and NBQX (50 mM).

18. T. Manabe, D. J. A. Wyllie, D. J. Perkel, R. A. Nicoll,
J. Neurophysiol. 70, 1451 (1993).

19. D. Schmitz, J. Mellor, R. A. Nicoll, data not shown.
20. P. E. Castillo, R. C. Malenka, R. A. Nicoll, Nature 388, 182

(1997).
21. M. Vignes, G. L. Collingridge, Nature 388, 179 (1997).
22. CNQX (10 mM) and NBQX (50 mM) caused a depres-

sion of the NMDA EPSC in approximately 35% of the
cells, which were not included in the analysis. There are
a number of possible reasons for this effect of CNQX. (i)
There is a large underlying KAR-mediated EPSC that is
removed. This is unlikely because APV inhibited the
EPSC in all cells tested by at least 90%. Furthermore,
the EPSC kinetics did not change on addition of CNQX.
(ii) CNQX has a direct inhibitory effect on NMDA
receptors. This is also unlikely because we see the same
depression using NBQX (50 mM), which does not block
NMDAR. Moreover, CNQX at 10 mM and NBQX at 50
mM had no effect on NMDAR responses evoked by
iontophoresis (n 5 4 each). (iii) There is an underlying
tonic facilitation of presynaptic release mediated by
KAR. Given the high affinity of these KARs (see also Fig.
1D), it is possible that the basal glutamate levels in the

slice are sufficient to generate tonic activity in some
cases. At present, this is the most likely possibility
because we also observe an inhibition of the fiber volley
amplitude with addition of CNQX in about 30% of
recordings.

23. W. G. Regehr, K. R. Delaney, D. W. Tank, J. Neurosci.
14, 523 (1994).

24. P. A. Salin, M. Scanziani, R. C. Malenka, R. A. Nicoll,
Proc. Natl. Acad. Sci. U.S.A. 93, 13304 (1996).

25. J. R. P. Geiger, P. Jonas, Neuron 28, 927 (2000).
26. J. Egeberg, S. F. Heinemann, Proc. Natl. Acad. Sci.

U.S.A. 90, 755 (1993).
27. N. Burnashev, Z. Zhou, E. Neher, B. Sakmann,

J. Physiol. 485, 403 (1995).
28. N. Burnashev, A. Villarroel, B. Sakmann, J. Physiol.

496, 165 (1996).

29. R. S. Zucker, Annu. Rev. Neurosci. 12, 13 (1989).
30. M. Scanziani, R. C. Malenka, R. A. Nicoll, Nature 380,

446 (1996).
31. We thank the members of the Nicoll lab for useful

comments and discussion, in particular M. Frerking.
D.S. is supported by a grant from the Deutsche
Forschungsgemeinschaft (Emmy-Noether-Programm).
J.M. is supported by a Wellcome Trust Travelling Fel-
lowship. R.A.N. is a member of the Keck Center for
Integrative Neuroscience and is supported by grants
from the NIH.

2 November 2000; accepted 24 January 2001
Published online 8 February 2001;
10.1126/science.1057105
Include this information when citing this paper.

Binding of DCC by Netrin-1 to
Mediate Axon Guidance

Independent of Adenosine A2B
Receptor Activation

Elke Stein,1 Yimin Zou,1* Mu-ming Poo,2 Marc Tessier-Lavigne1†

Netrins stimulate and orient axon growth through a mechanism requiring
receptors of the DCC family. It has been unclear, however, whether DCC
proteins are involved directly in signaling or are mere accessory proteins in a
receptor complex. Further, although netrins bind cells expressing DCC, direct
binding to DCC has not been demonstrated. Here we show that netrin-1 binds
DCC and that the DCC cytoplasmic domain fused to a heterologous receptor
ectodomain can mediate guidance through a mechanism involving derepression
of cytoplasmic domain multimerization. Activation of the adenosine A2B re-
ceptor, proposed to contribute to netrin effects on axons, is not required for
rat commissural axon outgrowth or Xenopus spinal axon attraction to netrin-1.
Thus, DCC plays a central role in netrin signaling of axon growth and guidance
independent of A2B receptor activation.

Netrin-1 binds transfected cells expressing
DCC, and antibodies to DCC block netrin-1–
stimulated axon outgrowth and orientation in
vitro (1–5), suggesting that DCC is a receptor
or a necessary component of a receptor com-
plex required for the actions of netrin-1 on
axons. This possibility was supported by the
finding that DCC and netrin-1 knockout mice
have similar defects in axon guidance and by a
comparable coincidence of phenotypes of mu-
tants in DCC family receptors and their respec-
tive netrin ligands in invertebrates (5–9). Be-
cause the results in all species were based on

loss of function of DCC family proteins, it was
still possible that a coreceptor(s) was required
for netrin function. These studies also did not
establish whether DCC proteins function in sig-
naling or are merely ligand-binding partners in
a receptor complex. Recently, the importance
of DCC for netrin signaling has been chal-
lenged (10, 11). First, no binding of a soluble
DCC ectodomain to netrin-1 was observed in
vitro, raising the possibility that DCC does not
even bind netrin directly but rather confers
binding to transfected cells by complexing with
some cellular cofactor (10). Second, the report
that netrin-1 can activate the adenosine A2B
receptor and stimulate cyclic adenosine 39,59-
monophosphate production by binding its ex-
tracellular portion, while a cytoplasmic portion
of A2B simultaneously binds the DCC cyto-
plasmic domain, led to the proposal that A2B is
the central mediator of netrin signaling. In sup-
port, A2B protein was detected immunohisto-
chemically on netrin-responsive commissural
axons in collagen gels, and inhibitors of A2B
function blocked commissural axon outgrowth
in response to netrin-1 (11).
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We revisited these conclusions, first testing
for a biochemical interaction of DCC and ne-
trin-1 by generating a soluble form of the DCC
ectodomain fused to the Fc portion of a human
immunoglobulin molecule. DCC-ecto-Fc pre-
cipitated netrin-1 in a solution binding assay
(Fig. 1A) (12, 13). The binding appeared spe-
cific because DCC-ecto-Fc did not precipitate
hepatocyte growth factor (HGF), a ligand for the
Met receptor tyrosine kinase, which is of similar
size and charge to netrin-1. To eliminate the
possibility that a cofactor from the COS cells
used to generate the fusion protein contributed
to binding, we next used a transmembrane an-
chored form of the DCC ectodomain [tagged
with a hemagglutinin (HA) epitope], translated
in vitro in the presence of microsomes (12) (Fig.
1B). As predicted, the translated ectodomain
was capable of precipitating netrin-1 but not
HGF (Fig. 1B). A control, an HA-tagged form
of the Met ectodomain, precipitated HGF but
not netrin-1 (Fig. 1B). In reverse experiments,
we incubated each of the ligands with each of
the receptor ectodomains and found that netrin-1
pulled down the DCC but not the Met ectodo-
main, whereas HGF pulled down the Met but
not the DCC ectodomain (Fig. 1C). Thus, ne-
trin-1 can directly and specifically bind the DCC
ectodomain.

We next sought to determine whether DCC
has a role in netrin signaling. For this, we tested
the cytoplasmic domain of DCC for signaling
ability by fusing it to the Met ectodomain, tak-
ing advantage of the fact that HGF and netrin-1
do not bind each other’s receptors. We tested the
function of this Met-DCC chimeric receptor by
expressing it in stage 22 Xenopus spinal neurons
(4, 14, 15). In control cultures from uninjected
embryos, stage 22 spinal neurons with monopo-
lar or bipolar morphology never responded to
HGF (Fig. 2A). A subset of multipolar neurons
did show responses to HGF (16), so all subse-
quent experiments were performed on monopo-
lar and bipolar neurons. The axons of these
neurons are netrin-responsive: A gradient of
netrin-1 generated by repeated pulsatile release
from a glass micropipette attracted these axons
and increased their rate of extension (Fig. 2A).
Consistent with previous studies (2–4), these
effects require DCC function because they are
blocked by addition of an antibody to DCC in
the bath or by introduction into these neurons of
a truncated form of DCC (comprising its ecto-
and transmembrane domains), a presumed dom-
inant negative receptor (Fig. 2A). When the
wild-type Met receptor tyrosine kinase was in-
troduced into these neurons, HGF attracted their
axons (Fig. 2B) and increased their rate of ex-
tension (17), consistent with the effects of HGF
on Met-expressing rat spinal motor axons (18).
These effects were not altered by antibodies to
DCC (Fig. 2B) (17) and required the presence
of the cytoplasmic domain of Met, because a
truncated receptor comprising the Met ecto- and
transmembrane domains could not transduce an

attractive response to HGF (and also did not
interfere with netrin-mediated attraction in these
cells) (Fig. 2C). When the cytoplasmic domain
of Met was, however, replaced with that of
DCC, the resulting Met-DCC chimeric recep-
tor introduced into the neurons transduced
an attractive response to HGF (Fig. 2D). HGF
also stimulated the rate of extension of these
axons (17). Antibodies to DCC blocked the
attractive effect of netrin-1 but not of HGF on
these axons (Fig. 2D), showing that netrin-1
cannot activate the Met-DCC chimera. These
results suggested that the DCC cytoplasmic do-
main contributes to signaling because it can
replace the endogenous Met cytoplasmic do-
main to elicit an attractive response.

We next tested whether multimerization of
the DCC cytoplasmic domain is important for
signaling, as it is in other types of receptors (19).
We first examined whether the wild-type DCC
protein undergoes multimerization in response
to ligand. For this, we performed cotransfection
and coimmunoprecipitation (co-IP) experiments
using distinct DCC constructs tagged with myc
and HA epitopes, respectively. In transfected
COS cells expressing both receptors, netrin-1
induced multimerization of DCC receptors, as
assessed by the ability of HA-tagged DCC to
coimmunoprecipitate myc-tagged DCC, and
vice-versa (Fig. 3A). The multimerization was
due in part to the ability of netrin-1 to aggregate
DCC ectodomains, because it was also observed

with truncated receptors lacking cytoplasmic
domains (Fig. 3B). However, netrin-1 also in-
dependently stimulated multimerization of DCC
cytoplasmic domains: When an HA-tagged full-
length DCC construct was coexpressed in COS
cells with a myc-tagged, myristoylated form of
the DCC cytoplasmic domain targeted to the
plasma membrane (Fig. 3C), addition of ne-
trin-1 triggered the association of the myristoy-
lated cytoplasmic domain with the full-length
DCC protein (Fig. 3C). Netrin-1 similarly trig-
gered the association of the myristoylated DCC
cytoplasmic domain with full-length Met-DCC
in cells coexpressing these constructs (17). A
constitutive association was observed between
HA- and myc-tagged myristoylated DCC cyto-
plasmic domains expressed in COS cells (Fig.
3D), and a similar constitutive association was
observed in yeast with the two-hybrid system
(Fig. 3E). We conclude that the DCC cytoplas-
mic domain is constitutively capable of self-
association but that this association is normally
repressed in the context of the full-length DCC
protein. Netrin-1 both stimulates formation of a
receptor complex through association of the
ectodomains and independently causes a (pre-
sumed) conformational change that removes the
repression and allows DCC cytoplasmic do-
mains to multimerize. Netrin-1 has similar dual
effects in stimulating DCC interactions with
repulsive netrin receptors of the UNC5 family
(4).

Fig. 1. Netrin-1 specifi-
cally binds to the extra-
cellular domain of DCC.
(A) (Left) Netrin binding
to a soluble DCC-
ectodomain-Fc fusion
protein. Purified DCC-
ec-Fc or control [bovine
serum albumin (BSA)]
proteins were immobi-
lized on protein A/G plus
sepharose. Beads were
then incubated with pu-
rified myc-tagged ne-
trin-1, recombinant HGF
(Calbiochem), or BSA for
2 hours at 4°C and
washed three times as
described (4), and the
bound proteins were
separated by SDS–poly-
acrylamide gel electro-
phoresis (PAGE) and an-
alyzed by Western blot-
ting with a mouse anti-
body to human Fc, a
mouse antibody to myc
(9E10), or an antibody
to HGF. (Right) For li-
gand IP experiments, li-
gands were incubated with DCC-ec-Fc or BSA, and one-fifth of the reaction was precipitated with antibodies
to the myc tag on netrin-1 or to HGF. Precipitated proteins were analyzed by Western blotting with the
indicated antibodies. (B and C) Transmembrane anchored ectodomain constructs of DCC and Met were
transcribed and translated in vitro in the presence of microsomal membranes and 35S-Cys. Translated
proteins were incubated with either purified netrin-1, recombinant HGF (Calbiochem), or BSA at 4°C as
described (4), subjected to IP with the indicated antibodies, and analyzed by SDS-PAGE and autoradiography
or Western blot analysis. In vitro translated proteins are of the predicted size.
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In deletional analysis, we found that a small
region comprising the conserved P3 domain at
the COOH-terminus of the cytoplasmic domain,
together with a few additional residues, is nec-
essary and sufficient for the self-association of
cytoplasmic domains in yeast (Fig. 3E). The
domain required for self-association appears to
be P3 itself, because deletion of just P3 blocked
the ability of HA-tagged DCC and of HA-
tagged Met-DCC to recruit the myristoylated
myc-tagged DCC cytoplasmic domain in COS
cells in response to netrin-1 (Fig. 3F) (17). To
test whether the cytoplasmic domain association
was important for attraction, we introduced the
Met-DCC receptor lacking P3 (Met-DCCDP3)
into stage 22 Xenopus neurons. In these neurons,
HGF did not attract the axons or stimulate their
rate of extension (Fig. 3G) (17). Deletion from
Met-DCC of the P1 domain, which is required
for cytoplasmic domain interactions of DCC
and UNC5 receptors (4) but not of DCC with
itself, did not affect the ability of Met-DCC to
transduce the turning and outgrowth responses

(Fig. 3H) (17).
Thus, P3 is required for both self-associ-

ation and for the function of DCC in che-
moattraction. To test whether self-association
is the major function of P3, we examined
whether another domain capable of self-asso-
ciation, the SAM domain of the EphB1 re-
ceptor cytoplasmic domain (20, 21), could
substitute for DCC. In the yeast two-hybrid
system, the SAM domain could indeed self-
associate and mediated self-association of the
DCC cytoplasmic domain when it replaced
the P3 domain but did not mediate associa-
tion with the wild-type DCC cytoplasmic do-
main (Fig. 3I). The SAM domain substitution
did not lead to constitutive self-association of
the full-length receptor either with itself or
with a version of the myristoylated DCC
cytoplasmic domain in which P3 was re-
placed by SAM; rather, the self-association
required the presence of the netrin ligand
(Fig. 3, J and K). When the SAM domain was
added to the Met-DCC chimera lacking P3,

the ability of this receptor to transduce an
attractive response to HGF was rescued (Fig.
3L), whereas a control receptor comprising
the Met ecto- and transmembrane domains,
and the SAM domain cytoplasmically, but
without DCC sequences, could not transduce
a response to HGF (Fig. 3M). Thus, the SAM
domain can substitute fully for P3 in mediat-
ing ligand-regulated self-association of the
DCC cytoplasmic domain and in allowing
chemoattractant function.

Taken together, these results suggested
that the cytoplasmic domain of DCC can
signal attraction after self-association trig-
gered by ligand. It can be activated either by
netrin-1 acting on full-length DCC or by a
heterologous ligand (HGF) activating a re-
ceptor chimera (Met-DCC). Although our re-
sults cannot exclude the possibility that a
second netrin receptor could be necessary
with DCC to mediate the netrin response,
they do put two constraints on such a putative
coreceptor. First, the fact that HGF attracts

Fig. 2. Chemoattrac-
tion induced by ac-
tivation of a Met-
DCC chimera. (A) Wild-
type monopolar and
bipolar neurons do
not respond to HGF
over a 1-hour period.
endo, expressed endog-
enously. (Top) Distri-
bution of turning an-
gles of all assayed neu-
rons presented as scat-
ter plots (each symbol
point represents the
response of an individ-
ual growth cone) in
response to culture
medium (NA), netrin-1
(5 mg/ml), HGF (10
mg/ml), and both li-
gands together, with-
out and with a func-
tion-blocking DCC an-
tibody (AF5) (1 mg/ml)
in the bath, added 30
min before the ex-
periment. Numbers in
parentheses represent
the total number of
growth cones tested in
each condition. (Right
of dashed line) Turn-
ing angles of stage
22 neurons expressing
DCC(ecto-TM), com-
prising the ecto and
transmembrane do-
mains of DCC. (Mid-
dle) Net neurite extension during the 1-hour period for the same
group of neurons. (Bottom) Cumulative distribution plot of turning
angles for wild-type growth cones exposed to the indicated ligands.
Percentage value refers to the percentage of growth cones with
angular positions less than a given angle. Data points along abscissa
are median values for corresponding data shown above. (B and C). The
Met receptor tyrosine kinase can mediate attraction to HGF and does
not interfere with netrin-1–mediated attraction. Turning angles of

stage 22 growth cones expressing either full-length mouse Met (B) or
a presumed dominant negative form of mouse Met [Met(ecto-TM)]
(comprising the ecto and transmembrane domains of Met) (C) in the
absence or presence of antibody to DCC (AF5). Growth cones were
exposed to ligands for 1 hour as in (A). (D) HGF can induce turning in
Met-DCC– expressing cells. Turning angles of stage 22 growth cones
expressing a Met-DCC chimera (ectodomain of Met fused in frame
with the transmembrane and cytoplasmic domains of DCC).
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axons expressing Met-DCC implies that if
there is a necessary netrin coreceptor, then
either it can also be activated by HGF or there
is an equivalent “HGF coreceptor” that hap-
pens to be present in the axons and can
substitute for the “netrin coreceptor.” Second,
the fact that HGF has no effect on wild-type
neurons implies that activation of the putative
coreceptor by HGF is not sufficient to elicit a
response. Similarly, the fact that antibody to
DCC can block netrin’s actions implies that
activation of the putative netrin coreceptor is
not sufficient to signal a response. We also
discovered a third constraint on the putative
coreceptor by performing cross-desensitiza-
tion experiments (15). First, we took advan-
tage of the observation that, for neurons ex-
pressing Met-DCC, the attractive effect of a
gradient of HGF could be blocked by the
presence of netrin-1 uniformly in the bath
(and vice-versa) (Fig. 4A), as expected for
activation of two receptors that are presum-
ably tapping into the same signaling pathway
[note the cross desensitization by brain-
derived neurotrophic factor (BDNF) as well,
reflecting the previously demonstrated down-
stream convergence of netrin and BDNF sig-
naling pathways for attraction in these neu-
rons (15)]. We found, however, that cross
desensitization of the HGF response by ne-
trin-1 could be blocked by antibodies to DCC
(Fig. 4A), suggesting that if netrin-1 is acti-
vating a necessary coreceptor, this activation
is not sufficient for cross desensitization. A
similar conclusion was derived from the ob-
servation that the attractive effect of netrin-1
on wild-type neurons could not be blocked by
a uniform concentration of HGF (Fig. 4A),
indicating that activation of a putative core-
ceptor by HGF also cannot cause cross de-
sensitization. Taken together, all these exper-
iments indicate that, if there is a necessary
netrin coreceptor that must be activated by
ligand, then (i) there must also be an HGF
coreceptor (which could be the same as the
netrin coreceptor), but (ii) activation of the
necessary netrin and/or HGF coreceptor(s) by
ligand is not sufficient by itself either to
induce turning (to a ligand gradient) or to
cause cross desensitization of the turning re-
sponse (with ligand present uniformly).

These constraints on a necessary signaling
coreceptor for DCC did not appear to be
consistent with the hypothesis that activation
of the adenosine A2B receptor by netrin is a
central and necessary step in the attractive
response (11). We therefore examined the
possible involvement of adenosine receptors
more directly using agonists and antagonists
(22). We first tested the adenosine agonists
NECA (which activates all four adenosine
receptors, A1, A2A, A2B, and A3) and
MECA (more specific for A2A and A2B
receptors) but found that when delivered
from a pipette (1 mM), they did not induce

turning responses or stimulate the rate of
extension and, when added to the bath (1
mM), they did not cause cross desensitization
of the turning response to netrin-1 or the
response of Met-DCC–expressing cells to
HGF (Fig. 4B) (17 ). Three adenosine recep-
tor antagonists were also without effect on
turning or elongation: alloxazine, an antago-
nist with specificity toward A2A and A2B
receptors, and DPCPX and DPSPX, which
together antagonize all four receptors (Fig.
4C) (17 ). A fourth antagonist, enprofylline,
reduced the rate of axon extension and
blocked turning to netrin-1 (Fig. 4C) (23), but
we think that this effect is not produced by
adenosine receptor antagonism for two rea-
sons. First, the two effects were nonspecific
because they were also observed for turning
and elongation responses to BDNF, acetyl-
choline (Ach), and HGF (in Met-DCC–
expressing cells) (Fig. 4C) (23). Second,
similar nonspecific effects on responses to
netrin-1 and ACh were observed with a
related chemical, IBMX (Fig. 4C) (23).
Enprofylline and IBMX are both mem-
brane-permeable methylxanthines with
multiple pharmacological effects, including
phosphodiesterase inhibition and possibly
direct effects on some ion channels (24 ).
The lack of specificity of their effects, cou-
pled with the lack of effect of the other
adenosine receptor agonists and antago-
nists, strongly implies that (i) the effects
of enprofylline and IBMX likely occur
through a mechanism other than adenosine
receptor antagonism and (ii) adenosine re-
ceptor activation is not required for netrin
responses in Xenopus neurons.

We next turned to mammalian neurons
because the report that argued for an involve-
ment of A2B focused on rat spinal commis-
sural neurons (11), which require netrin-1 for
their growth to the midline between embry-
onic days 11 and 13 (E11 to E13) (6 ). We
could not detect A2B mRNA expression by
reverse transcriptase–polymerase chain reac-
tion (RT-PCR) in freshly dissected rat dorsal
spinal cord at E11 or E13 or in E11 rat spinal
cord explants cultured in collagen gels for 40
hours either alone or with netrin-1 (17 ), nor
could we detect its expression in commissural
neurons by in situ hybridization (25) at E12
to E14 (Fig. 5A) (26 ). In the same experi-
ments, Dcc mRNA was readily detected by
RT-PCR in fresh or cultured dorsal spinal
cord tissue and by in situ hybridization in
commissural neurons at E12 to E14 (Fig. 5A)
(26 ). Expression of A2B mRNA was readily
detected at high levels in adult mouse lung
(17 ). The absence of detectable A2B mRNA
in commissural neurons contrasts with the
report of faint immunoreactivity on commis-
sural axons in collagen gels detected with an
antibody to A2B (11); we presume that the
reported immunoreactivity was nonspecific,

as immunostaining of axons in collagen gels
is prone to high background.

We next evaluated the requirement for
A2B activation in netrin signaling in the
mammalian spinal cord. In an assay in which
netrin-1 elicits outgrowth of commissural ax-
ons from explants of E13 rat spinal cord (27,
28), the four antagonists alloxazine, enprofyl-
line, DPSPX, and DPCPX (at concentrations
well in excess of their Kis) did not reduce
commissural axon growth in response to ne-
trin-1 (Fig. 5B). In fact, the drugs appeared to
cause a significant increase of the response in
the cases of enprofylline, DPCPX, and DP-
SPX (Fig. 5B). Enprofylline was reported to
inhibit netrin-stimulated outgrowth (11) in an
assay with E11 rat spinal cord (29), but as
with E13 tissue we found that alloxazine (30
mM, 15 times the Ki) and enprofylline (60
and 180 mM, i.e., 10 and 30 times the Ki)
instead potentiated the effects of netrin-1 on
E11 commissural axons (Fig. 5, C and D). At
the highest concentration of enprofylline [600
mM, 100 times the Ki and considerably high-
er than normally used in adenosine receptor
inhibition, but used in (11)], we saw a vari-
able response. In two sets of experiments, we
saw no change in the response (Fig. 5, C and
D). In three sets of experiments, we observed
a reduction in the response, but in each case,
this was associated with clear necrosis of the
explants at that drug concentration (Fig. 5, C
and D). In fact, E11 explants are quite sensitive
to toxic insults [more so than E13 explants, e.g.,
see Fig. 1 of (27)], probably because at E11 the
neurons must first differentiate in the cultures
(at E13, they are all differentiated). The vari-
able reduction in axon outgrowth observed
with 600 mM enprofylline is therefore likely
explained by a toxic effect.

Thus, enprofylline and other adenosine
receptor antagonists either potentiate or have
no effect on rat spinal commissural axon
outgrowth at E13 and E11; the exception is
the highest concentration of enprofylline,
which can reduce growth at E11 (but not
E13) but likely through a toxic effect. Any
effect of these antagonists is not likely to be
mediated through A2B itself because its
mRNA is not expressed in commissural neu-
rons, leaving open how these drugs produce
the potentiation. Our results differ from those
in (11) in which enprofylline was reported to
block netrin actions, probably because of two
factors. First, in (11), only very low levels of
netrin were delivered to the explants [com-
pare Fig. 4 of (11) with Fig. 5C], so a toxic
effect of enprofylline may have been suffi-
cient to abolish the netrin-induced outgrowth.
Second, in (11) netrin was delivered from
aggregates of transfected COS cells rather
than as a pure protein. However, we found
that enprofylline causes death of COS7 cells
(but not human embryonic kidney 293 cells)
in a dose-dependent fashion (30). Thus, en-
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profylline is likely to have reduced even fur-
ther the already low level of netrin delivered
to explants in the experiments of (11). This
and the toxic effect on the explants of high
enprofylline concentrations likely account for
the reduction in axon growth observed in
those experiments, which had suggested that
enprofylline blocks netrin actions.

Our results reported here provide strong
evidence for a direct central role for DCC in
netrin signaling. First, we have shown direct
binding of netrin-1 to the DCC ectodomain.
A previous failure to detect this interaction
(10) may have reflected some technical lim-
itation. Our data also do not support the idea
that activation of the adenosine A2B receptor
is essential for netrin signaling in axon
growth and guidance. We failed to detect
A2B mRNA in rat spinal commissural axons,
and our pharmacological results on both rat

spinal commissural axons and on Xenopus
spinal axons do not support a requirement for
adenosine receptor activation by netrin to
elicit netrin responses. The absence of a re-
quirement for A2B is axon growth and guid-
ance is consistent with the absence of a clear
A2B homolog in Caenorhabditis elegans
(31), because any necessary netrin coreceptor
might be expected to be evolutionarily con-
served. It remains possible, however, that
A2B activation by netrin-1 plays a role at any
sites of coexpression of receptor and ligand in
other neural or nonneural tissues, although it
will be important to test whether the forma-
tion of a DCC-A2B receptor complex poten-
tiates A2B receptor function or inhibits A2B
and/or DCC receptor function.

Although our experiments argue against
a requirement for activation of A2B for
netrin attraction, they do not eliminate the

possibility of some other coreceptor. There
could still be a necessary netrin-binding
coreceptor, although the results of Met-
DCC chimera and cross-desensitization ex-
periments imply that activation of such a
coreceptor by ligand would not be suffi-
cient either to elicit any detectable response
in the cells or to desensitize the turning
response. There could also be a coreceptor
that can be recruited by the DCC cytoplas-
mic domain without requiring netrin bind-
ing and activation for its function. Our
finding that Met-DCC can mediate out-
growth-promotion and attraction and that
multimerization through the P3 domain is
required for these functions is consistent
with DCC functioning alone but does not
preclude the existence of a coreceptor(s)
with those properties. Future studies will
define the full makeup of the DCC receptor

Fig. 3. Netrin-1–medi-
ated attraction requires
multimerization of the
DCC cytoplasmic do-
main. (A) Ligand-
dependent coimmuno-
precipitation. HA- and
myc-tagged versions of
DCC [DCC(HA) and
DCC(myc)] were co-
transfected into COS
cells. Forty hours after
transfection, cells were
incubated for 20 min at
37°C with either control
medium or netrin-1 (0.3
mg/ml), subjected to IP
with the indicated anti-
bodies, and analyzed
by Western blotting.
(B) A similar netrin-1–
dependent co-IP was
observed with DCC
constructs comprising
just the ecto and
transmembrane domain
[same conditions as in
(A)]. (C) Co-IP of a myr-
istoylated form of the
cytoplasmic domain of
DCC [myr-DCC(myc)]
with DCC(HA) in re-
sponse to netrin-1. (D)
Constitutive association
of myristoylated cyto-
plasmic domain of DCC
with itself [myr-DCC-
(myc) and myr-DCC-
(HA)] in COS cells was
observed in a ligand-independent fashion. (E) Yeast two-hybrid analysis (with a
LexA fusion bait and a VP16 fusion prey) to identify the homodimerization
domain in the cytoplasmic domain of DCC. Interactions were assessed by the
ability to rescue growth on histidine-deficient plates. Schematic representation
of DCC cytoplasmic domain deletion constructs and their ability to interact with
the entire DCC cytoplasmic domain or a DCC prey fusion encompassing amino
acids 1390 to 1445 (39ID2-P3). Truncation of the P3 domain leads to loss of
VP16-DCCcy prey interaction. (1, rescue; 2, no rescue). (F) Deletion of P3 in
full-length DCC [DCCDP3(HA)] abolishes its netrin-induced association with
myr-DCC(myc). (G and H) The P3 but not the P1 domain in Met-DCC is required
for HGF-mediated attraction in Xenopus spinal neurons. (I) Functional rescue of

DCC cytoplasmic domain homodimerization in the yeast two-hybrid system.
Interactions were assessed as in (E). Schematic representation of the DCC
cytoplasmic domain and various constructs with the EphB1 SAM domain, which
were used as LexA bait and VP16 prey fusion constructs. (J) A SAM domain in a
DCC construct without the P3 domain (Met-DCCDP3-SAM) does not allow
constitutive association of DCC with itself. (K) Replacement of P3 with SAM
restores the netrin-dependent association of full-length DCC with the myristoy-
lated DCC cytoplasmic domain. (L) Met-DCCDP3-SAM can mediate attraction in
response to HGF and does not require DCC function. (M) The Met ecto- and
transmembrane domain fused to a SAM domain does not mediate attraction in
response to HGF.
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Fig. 3 (continued).

Fig. 4. Test of coreceptor (including adenosine receptor)
involvement in netrin responses of Xenopus neurons. (A)
Cross-desensitization experiments with DCC and Met li-
gands. Turning responses of Met-DCC–expressing growth
cones induced by a gradient of the indicated ligand in the
pipette, in the presence of uniform concentrations of HGF
(50 ng/ml), BDNF (50 ng/ml), netrin-1 (100 ng/ml), and/or
antibody to DCC (1 mg/ml) in various combinations in the
bath. Cross desensitization of the HGF response by netrin-1
in the bath can be blocked by antibody to DCC. (Right of the
dotted line) In wild-type (wt) neurons, bath-applied HGF
does not cross desensitize netrin responses. (B). Cross-
desensitization experiments with adenosine receptor ago-
nists on Met-DCC–expressing neurons. The agonists MECA
or NECA were delivered from the pipette (1 mM) or applied
in the bath (10 mM). Similar results were observed with
other concentrations in the pipette (100 mM and 10 mM of
MECA or NECA) or in the bath (100 mM of MECA or NECA)
(17). (C) Test of adenosine receptor antagonists (present
uniformly in the bath) on netrin-induced turning. Alloxanine
(10 mM), DPCPX (1 mM), and DPSPX (1 mM) have no effect
on turning responses induced by netrin-1 or Ach on wild-
type neurons. Alloxazine was also without effect on re-
sponses to BDNF or HGF (applied to Met-DCC–expressing
neurons). DPCPX and DPSPX at 10 mM were also without
effect on netrin and Ach-induced turning, and alloxazine at
30 mM was without effect on netrin-induced turning (17).
Enprofylline (10 mM) and IBMX (10 mM) abolished the
turning responses to all the ligands tested, which are indi-
cated in the chart (HGF effects were tested on Met-DCC–
expressing neurons). *, statistically significant change com-
pared with no-drug condition (P , 0.001, Student’s t test).
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or receptor complex and its associated sig-
naling components.
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Fig. 5. Netrin stimulation of rat commissural axon outgrowth does not
require activation of the adenosine A2B receptor. (A). In situ hybridization
analysis of A2B mRNA expression in transverse sections of E12 rat
embryos at the forelimb level. After a 7-week exposure, only low level
expression of A2B mRNA expression is detected and only in the medial
portion of the ventricular zone and in a group of cells surrounding the
spinal cord, not in commissural neurons (c, arrow), which instead express

high levels of Dcc mRNA (detected after a 3-day exposure). (B) Axon outgrowth from E13 rat dorsal spinal cord explants elicted by netrin-1 is not
decreased by adenosine receptor antagonists. (Top) Micrographs illustrating outgrowth elicted from E13 explants after 16 hours without netrin
(control) or with netrin-1 (15 ng/ml) in the absence (NA) or presence of alloxazine (30 mM) or enprofylline (600 mM). (Bottom) Quantification of mean
length of axon bundles per explant and total length of axon bundles per explant (from at least four explants in triplicate). Alloxazine, 30 mM;
enprofylline, 600 mM; DPCPX, 1 mM; and DPSPX, 1 mM. *, statistically significant change compared with no-drug condition (P , 0.001, Student’s t
test). In other experiments in which outgrowth was elicited by 3.5 ng/ml or 7.5 ng/ml netrin-1, DPSPX (1 mM) also potentiated netrin actions (17).
(C) E11 rat dorsal spinal cord explants cultured for 40 hours alone (NA) or in the presence of netrin-1 (15 ng/ml) alone or with the indicated antagonist
(all explants oriented dorsal up). Top row shows representative explants from one experiment where 600 mM did not induce necrosis, where-
as explants in second row are from a different experiment where that concentration of drug induced clear necrosis (evident as the very dark
appearance of the explant on the far right). When enprofylline caused necrosis at 600 mM, some necrosis could also be observed at 180 mM. (D)
Quantification of the effects in (C) shows mean bundle length (left) and total bundle length per explant (right) (6SEM). Numbers in parentheses
indicate the number of axon bundles (left) or the number of explants (right). In control experiments, 0.25% DMSO, the vehicle for the highest
concentration of enprofylline, had no effect on netrin-evoked outgrowth (17). *, statistically significant change compared with no-drug condition (P ,
0.001, Student’s t test).
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