
Abstract

Dystrophin Dp71 has been implicated with cognitive
impairment shown by Duchenne muscular dystrophy
 patients. To study Dp71 neural role, we used PC12 cell
line, since these cells differentiate into sympathetic like
neurons when stimulated with nerve growth factor. Previ-
ously in undifferentiated PC12 cells, it was demonstrated
that dystrophin Dp71f is a key component of the b1-
integrin adhesion complex that confers proper complex
assembly. Since integrin based mediated adhesion is im-
portant during neuronal differentiation, it was important
to know if dystrophin Dp71f was a structural component
of the b1-integrin adhesion complex in neurites of nerve
growth factor stimulated PC12 cells. In the present work,
by performing immunofluorescence assays, we deter-
mined the association of dystrophin Dp71f with some
components of the b1-integrin adhesion complex such as
b1-integrin subunit, talin, a-actinin and vinculin in
 neurites of nerve growth factor stimulated PC12 cells
seeded onto the extracellular matrix protein laminin. The
association was stronger in neural growth cones suggest-
ing that dystrophin Dp71f is important for the function
that the b1-integrin complex has during neurite out-
growth.
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Introduction

Duchenne muscular dystrophy (DMD) is caused
by an X-linked genetic disorder causing progressive
muscle degeneration and death. The DMD gene
 encodes seven different dystrophins that differ in
structure and expression patterns (Ahn et al., 1993).
Dystrophin Dp71 is the smallest isoform and shows
an alternative splicing of exons 71-74 and 78

 (Ceccarini et al., 1997). Although the function of
Dp71f is unknown, experimental evidence shows its
importance in the nervous system: (a) Dp71 expres-
sion occurs in parallel with brain development (Jung
et al., 1993); (b) Dp71 is required for the anchorage
and/or organization of the dystrophin associated
 protein complex in the brain (Greenberg et al.,
1996); and (c) C-terminal mutations in dystrophin,
which would adversely affect Dp71 expression are
associated with mental retardation (Moizard et al.,
2000). Since dystrophin Dp71 has been associated
with cognitive impairment, to study its neuronal
function we adopted the noradrenergic clonal line of
rat adrenal pheochromocytoma cells (PC12 cells)
which respond to nerve growth factor (NGF) and
 differentiate into sympathetic like neurons (differ -
entiated PC12 cells) (Greene, 1976). PC12 cells
express   two different dystrophin Dp71 isoforms,
one of them is called dystrophin Dp71d. This iso-
form lacks exon 71 and has nuclear localization. The
other is denominated dystrophin Dp71f which lacks
exons 71 and 78, showing a cytoplasmic distribution
(Marquez et al., 2003). Both Dp71 proteins are
upregulated   during NGF induced PC12 neuronal dif-
ferentiation. Dp71f increases 9-fold in total extracts,
while Dp71d augments up to 7-fold in nuclear ex-
tracts. These results suggest that each Dp71  variant
may perform specific tasks in neuronal differentia-
tion (Marquez et al., 2003).
The phenomenon of neuronal differentiation

 includes a set of separate processes. These are:
neuritogenesis  , neurite outgrowth, pathfinding,
 targeting and synaptogenesis (Tojima et al., 2004).
Cellular adhesion to extracellular matrix proteins
such as laminin collagen and fibronectin is important
for neuronal differentiation (Carri et al., 1992). In
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undifferentiated   PC12 cells, the integrin heterodimer
a1b1 mediates adhesion to laminin by the assembly
of a multi-protein adhesion complex which contains
the proteins talin, a-actinin, FAK, paxillin and actin
(Cerna et al., 2006). This complex contains Dp71f
as a key component which interacts with most of the
complex components and provides an appropriate
assembly and stability (Cerna et al., 2006).
In this communication, by performing double

immunostaining   assays we found that dystrophin
Dp71f colocalizes with the b1-integrin subunit, talin,
a-actinin and vinculin in the basal portion of neurites
of nerve growth factor stimulated PC12 cells seeded
onto laminin. We found that such interactions are
stronger in neural growth cones. Our results suggest
that dystrophin Dp71f is a structural component of
the b1-integrin complex in PC12 cell neurites.

Methods and materials

CELL CULTURING AND CELL DIFFERENTIATION ASSAY

PC12 cells were grown in RPMI-1640 medium
supplemented with 10% (v/v) horse serum, 5% (v/v)
fetal bovine serum, 100 U/ml (w/v) penicillin and
0.1 mg/ml (w/v) streptomycin, and maintained at
37°C in a humidified incubator with a 5% CO2 at-
mosphere. To induce differentiation, 2 � 103 cells
were seeded onto coated 18� 18 mm coverslips and
treated during 5 days with 100 ng/ml nerve growth
factor (NGF, Gibco). Medium containing nerve
growth factor was changed every third day.

ANTIBODIES

Polyclonal antibodies raised against to b1-integrin
subunit, talin, a-actinin and vinculin were purchased
from Santa Cruz Biotechnology. The anti-Dystro -
phin Dp71f monoclonal antibody 5F3 was a
donation   of Dr. Dominique Mornet (9).

IMMUNOFLUORESCENCE AND
CONFOCAL MICROSCOPY ANALYSIS

Cells, plated onto laminin-coated 18 � 18 mm
coverslips at 2 � 103 cell density, were washed with
cytoskeleton buffer [10 mM (w/v) MES, 150 (w/v)
mM NaCl, 5 mM (w/v) EGTA, 5 mM (w/v) MgCl2,
5 mM (w/v) glucose], fixed for 5 min at room tem-
perature in PBS containing 4% (v/v) paraformalde-
hyde and permeabilized for 5 min with PBS
containing 0.5% (w/v) Triton X-100. Coverslips
were washed three times with PBS, incubated for 1 h
at room temperature with the blocking solution
(Block ACE, Dainippon Pharmaceuticals) containing

3% (w/v) bovine serum albumin and washed again
three times with PBS containing 0.1% (v/v) Tween
20. Cell preparations were double staining by
overnight incubation at 4ºC with the following pri-
mary antibodies: an anti-Dp71f antibody (5F3) and
either anti-b1 integrin, anti-talin, anti a-actinin or
anti-vinculin antibody. The day after, cells were
washed three times with PBS and incubated for 1 h
at 4ºC with PBS containing both a TRITC-conju-
gated secondary anti-mouse antibody and a FITC-
conjugated secondary anti-goat or anti-rabbit
antibody (Zymed Laboratories Inc. San Francisco,
CA). After washing with PBS, cell preparations were
mounted with VectaShield (Vector Laboratories Inc.,
Burlingame, California, USA) and viewed through-
out a confocal laser scanning microscope (TCP-SP2,
Leica, Heidelberg Germany) using 63X and 100X
oil-immersion plan apochromat objectives (NA 1.32
and 1.4, respectively). Six-eight consecutive single
sections were obtained simultaneously for one or
two channels throughout the Z-axis of the sample.
The resulting stack of images were projected and an-
alyzed onto the two-dimensional plane using a
pseudocolor display green (FITC), and red (TRITC)
for double labeling experiments. Fluorochromes
were excited at 488 nm (for FITC) wavelength for
single labeling, and additionally at 560 nm (for
TRITC) wavelength in double labeling experiments.
Single optical sections of the stacks were selected to
analyze the colocalization patterns between two
markers.

Results

To test if dystrophin Dp71f interacted with the b1-
integrin adhesion complex in neurites of differenti-
ated PC12 cells, we double-stained nerve growth
factor stimulated PC12 cells seeded onto laminin by
using a mouse anti-dystrophin Dp71f antibody (red
channel) and either rabbit polyclonal anti-b1 integrin
or goat polyclonal anti-a actinin, anti-talin or anti-
vinculin antibodies (green channel). The immunos-
taining images of the basal portion (contacting the
extracellular matrix protein laminin) show that the
components of the b1-integrin adhesion complex
(b1-integrin subunit, a-actinin, talin and vinculin)
are distributed along neurites with a strong accumu-
lation in neural growth cones. By other hand, we
found that  dystrophin Dp71f shows the same subcel-
lular distribution. By making a merge of signals we
observed that dystrophin Dp71f colocalizes with the
b1-integrin   subunit, talin, a-actinin and vinculin
along neurites but importantly a stronger colocaliza-
tion was observed in growth cones (Fig. 1).
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Discussion

Present work demonstrates that some of the most
important components of the b1-integrin complex
(b1-integrin subunit, talin, a-actinin and vinculin)
are distributed along neurites of nerve growth factor
stimulated PC12 cells seeded onto laminin where
they colocalize with dystrophin Dp71f. A stronger
colocalization with this protein was observed in
growth cones.
The importance of Dp71 in the neural function

was previously studied by generating a PC12 cell
line stably transfected with vectors expressing anti-
sense mRNA against Dp71 mRNA. Antisense-Dp71
PC12 cells, showed impairment in their ability to
display neurite outgrowth when induced to differen-
tiate with NGF or dibutyryl cyclic AMP (Acosta et

al., 2004). On the other hand there is strong evidence
to show the importance of b1-integrin complex in
neurons. During central nervous system develop-
ment, the b1-integrin complex modulates neuronal
migration and synaptogenesis (Graus-Porta et al.,
2001). Neurons and glia of the b1-integrin knockout
mouse die prematurely after birth with severe brain
malformations. Cortical hemispheres and cerebellar
folia fuse, and cortical laminae are perturbed. These
defects result from disorganization of the cortical
marginal zone, where beta1-class integrins regulate
glial endfeet anchorage, meningeal basement, mem-
brane remodeling, and formation of the Cajal-Retz-
ius cell layer (Graus-Porta et al., 2001). The findings
of the present work are supported by previous exper-
iments that revealed the role of Dp71f as a scaffold-
ing protein within the b1-integrin complex (Cerna et
al., 2006). It would be interesting to analyze if the
mdxcv3 mouse (which does not expresses Dp71)
shows a similar phenotype of brain malformations
as is observed in the b1-integrin knockout mouse. 
This work shows for the first time an association

between Dp71f and components of the integrin com-
plex in neurites and growth cones of differentiated
PC12 cells, suggesting a common function of Dp71f
and the b1-integrin complex during neuritogenesis.
A growing tip of neurite, the neuronal growth cone
is a highly motile and adhesive form of cytoarchitec-
ture. The growth cone plays a vital role for naviga-
tion, elongation and maintenance of neurites (Sobue,
1993). Integrins are heterodimeric receptors com-
posed by the association of one b chain with a a
chain. At least 18 distinct a subunits and 8 b subunits
have been reported (Lee et al., 2004). By using im-
munoprecipitation assays, it would be interesting to
characterize all the integrin complexes present in
PC12 neurites to determine specifically which inte-
grin complexes contain dystrophin Dp71f. Charac-
terization of integrin complexes in neurites of
differentiated PC12 cells would require neurite dis-
section and this process is methodologically out of
our hands at this moment as PC12 cell neurites are
fine extensions of approximately one micrometer in
diameter (Greene et al., 1976). It is probably that a
mechanical disruption of neurites without affecting
the integrity of PC12 cell body, followed by centrifu-
gation would provide us with pure neurites. This
process will be evaluated in future works. 
Our results agree with the importance of the inte-

grin based adhesion during neuritogenesis as previ-
ously reported (Carri et al., 1992). Although, it had
been demonstrated that expression of dystrophin
Dp71f increases in nerve growth factor stimulated
PC12 cells and that this isoform localize in PC12 cell
neurites (Marquez et al., 2003). Association of this

FIG. 1. — Subcellular distribution of dystrophin Dp71f and
the adhesion-associated proteins in neurites of nerve growth
 factor stimulated PC12 cells. Five day nerve growth factor stim-
ulated PC12 cells, plated onto laminin-coated glass coverslips,
were double stained with the anti-distrophin Dp71f antibody 5F3
(red channel) and either anti-b1 integrin, anti-vinculin, anti-talin
or anti-a actinin antibody (green channel). Images were ana-
lyzed by confocal laser microscopy. Focus was adjusted to the
basal portion of cells. Merge staining of Dp71f with b1 integrin,
talin, a-actinin or vinculin is shown in yellow (right-hand pan-
els).
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protein with a function during the neuronal differen-
tiation process had not been made.
This report supports hypotheses that dystrophin

Dp71f could be a key element of the functions that
the b1-integrin adhesion complex has during navi-
gation, elongation and maintenance of neurites. 

Acknowledgements

I am grateful to Victor Tapia for technical assistance.
This work was supported by CONACyT-México Grant
54858 (to B. Cisneros).

BIBLIOGRAPHY

Acosta R, Montanez C, Fuentes-Mera L, Gonzalez E,
Gomez P. et al. Dystrophin Dp71 is required for
neurite outgrowth in PC12 cells. Exp Cell Res.
2004;296:265-75.

Ahn AH, Kunkel LM. The structural and functional diver-
sity of dystrophin. Nat Genet. 1993;3:283-91.

Carri NG, Rubin K, Gullberg D, Ebendal T. Neurito -
genesis on collagen substrates. Involvement of in-
tegrin-like matrix receptors in retinal fibre
outgrowth on collagen. Int J Dev Neurosci.
1992;10:393-405.

Ceccarini M, Rizzo G, Rosa G, Chelucci C, Macioce P.
et al. A splice variant of Dp71 lacking the syn-
trophin binding site is expressed in early stages of
human neural development. Brain Res Dev Brain
Res. 1997;103:77-82.

Cerna J, Cerecedo D, Ortega A, Garcia-Sierra F,
 Centeno F. et al.Dystrophin Dp71f associates with
the beta1-integrin adhesion complex to modulate
PC12 cell adhesion. J Mol Biol. 2006;362:954-65.

Graus-Porta D, Blaess S, Senften M, Littlewood-Evans A,
Damsky C. et al. Beta1-class integrins regulate the
development of laminae and folia in the cerebral
and cerebellar cortex. Neuron. 2001;31:367-79.

Greenberg DS, Schatz Y, Levy Z, Pizzo P, Yaffe D. et al.
Reduced levels of dystrophin associated proteins in
the brains of mice deficient for Dp71. Hum Mol
Genet. 1996;5:1299-303.

Greene LA, Tischler AS. Establishment of a noradrenergic
clonal line of rat adrenal pheochromocytoma cells
which respond to nerve growth factor. Proc Natl
Acad Sci USA. 1976;73:2424-8.

Jung D, Filliol D, Metz-Boutigue MH, Rendon A.
 Characterization and subcellular localization of the
dystrophin-protein 71 (Dp71) from brain. Neuro -
muscul Disord. 1993;3:515-8.

Lee JW, Juliano R. Mitogenic signal transduction by
 integrin- and growth factor receptor-mediated path-
ways. Mol Cells. 2004;17:188-202.

Marquez FG, Cisneros B, Garcia F, Ceja V, Velazquez F.
et al. Differential expression and subcellular
 distribution of dystrophin Dp71 isoforms during
differentiation process. Neuroscience. 2003;118:
957-66.

Moizard MP, Toutain A, Fournier D, Berret F,
Raynaud M. et al. Severe cognitive impairment in
DMD: obvious clinical indication for Dp71 isoform
point mutation screening. Eur J Hum Genet.
2000;8:552-6.

Sobue K. Actin-based cytoskeleton in growth cone
 activity. Neurosci Res. 1993;18:91-102.

Tojima T., Ito E. Signal transduction cascades underlying
de novo protein synthesis required for neuronal
morphogenesis in differentiating neurons. Prog
Neurobiol. 2004;72:183-93.

Dr. Bulmaro Cisneros Vega,
Department of Genetics and Molecular Biology,

Centro de Investigación y Estudios Avanzados del
IPN. Av. I.P.N. 2508,

Col. San Pedro Zacatenco,
México D.F., CP 07360.

E-mail: bcisnero@cinvestav.mx


