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Axonal elongation is one of the hallmarks of neuronal polarization. This phenomenon requires axonal membrane growth by exocytosis
of plasmalemmal precursor vesicles (PPVs) at the nerve growth cone, a process regulated by IGF-1 activation of the PI3K
(phosphatidylinositol-3 kinase) pathway. Few details are known, however, about the targeting mechanisms for PPVs. Here, we show, in
cultured hippocampal pyramidal neurons and growth cones isolated from fetal rat brain, that IGF-1 activates the GTP-binding protein
TC10, which triggers translocation to the plasma membrane of the exocyst component exo70 in the distal axon and growth cone. We also
show that TC10 and exo70 function are necessary for addition of new membrane and, thus, axon elongation stimulated by IGF-1.
Moreover, expression silencing of either TC10 or exo70 inhibit the establishment of neuronal polarity by hindering the insertion of IGF-1
receptor in one of the undifferentiated neurites. We conclude that, in hippocampal pyramidal neurons in culture, (1) membrane expansion at the axonal growth cone is regulated by IGF-1 via a cascade involving TC10 and the exocyst complex, (2) TC10 and exo70 are
essential for the polarized externalization of IGF-1 receptor, and (3) this process is necessary for axon specification.

Introduction
The development of a typical polarized neuron, composed of one
long axon and several branching dendrites, requires the action of
two interrelated processes, neurite outgrowth and specification
of the axon. The initial signals and pathways that determine polarity are beginning to be understood. A particularly early event,
in neurons that do not yet exhibit a discernible axon (stage 2 of
differentiation) (Sosa et al., 2006), is the segregation of activatable
IGF-1 receptors in one neurite. Subsequently, phosphatidylinositol-3 kinase (PI3K) and its product, PIP3 (phosphatidylinositol
3,4,5-trisphosphate), accumulate in the distal region and growth
cone of that neurite, together with the IGF-1 receptor. These events
are critical for the outgrowth of the future axon (Shi et al., 2003;
Ménager et al., 2004; Nishimura et al., 2005). Indeed, designation of
the axon requires activation of PI3K by the IGF-1 receptor (Shi et al.,
2003; Sosa et al., 2006). In addition to axonal specification, the establishment of polarity necessitates axonal elongation and, therefore, the addition of new membrane to the plasmalemma of the
axon. Axolemmal expansion occurs by exocytosis of plasmale-
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mmal precursor vesicles (PPVs) primarily at the neuronal growth
cone (Pfenninger and Maylié-Pfenninger, 1981; Pfenninger and
Friedman, 1993; Futerman and Banker, 1996), a process regulated by IGF-1 activation of the PI3K pathway (Pfenninger et al.,
2003; Laurino et al., 2005; Pfenninger, 2009).
The exocyst complex is thought to be critical for several forms
of polarized exocytosis (TerBush et al., 1996). In yeast, it marks
regions of membrane addition during budding and cytokinesis
(TerBush and Novick, 1995; Finger et al., 1998; Guo et al., 1999).
In multicellular organisms, the exocyst complex has been implicated in a variety of processes involving exocytosis, such as the
establishment of polarity in epithelial cells (Grindstaff et al., 1998;
Yeaman et al., 2001), the insulin-regulated insertion of Glut4, the
glucose transporter, into the plasmalemma of adipocytes (Inoue
et al., 2003), and postsynaptic NMDA and AMPA receptor trafficking (Sans et al., 2003). In hippocampal neurons, a widely used
system to study neuronal growth and polarization, exocyst subunits (the Sec6/8 complex) are enriched at growth cones (Hazuka
et al., 1999). In PC12 cells, neurite outgrowth is repressed by a
deletion mutant of the exocyst component Sec10 (Vega and Hsu,
2001), and in adipocytes yet another exocyst protein, exo70,
translocates to the plasma membrane in response to insulin. This
occurs via activation of the small GTPase TC10, which assembles
a multiprotein complex including Sec6 and Sec8 at the plasmalemma (Inoue et al., 2003). An NGF-induced exo70 –TC10 complex has been shown to modulate neurite outgrowth in PC12 cells
(Pommereit and Wouters, 2007).
In this study, we examined the roles of exo70 and TC10 in
axonal membrane biogenesis and growth of differentiating hip-
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Materials and Methods
Short hairpin RNA plasmids. Plasmids containing short hairpin RNA (shRNA) were constructed in pBS/U6 vectors according to the
procedures described previously (Xia et al.,
2003). cDNAs encoding shRNAs were inserted
in a pCAGIG vector in which the green fluorescent protein (GFP)-cDNA is under the control
of chick actin-minimal cytomegalovirus (CMV)
(CAG) promoter (the pBS/U6 and pCAGIG
vectors were a generous gift from Dr. C.-H.
Sung, Weill Medical College of Cornell University, New York, NY). The DNA sequences used
as targets were as follows: Exo70, ggagaatgtcgaaaagacc (a generous gift from Dr. R. Prekeris,
School of Medicine, University of Colorado
Denver, Aurora, CO); Tc10, gggtaccagaactaaaggaat [similar to the sequence used by
Kawase et al. (2006)], and, for controls, gggtaaccaatagaggaca, a scrambled sequence that was
created using the Wizard design web page (InVivogen). The resulting plasmids were referred to as
Exo70-shRNA, TC10-shRNA, and scramRNA
(scrambled shRNA), respectively.
DNA constructs. The coding sequence of rat
TC10 was PCR amplified from a rat brain
cDNA library using forward primer 5⬘-cggcgaattcatggctcacgggccc-3⬘ and reverse primer 5⬘ggatgtcgacgacaggctccctcccc-3⬘. The PCR product
was cloned into the EcoRI/SalI sites of a
pCMV vector (Clontech) that contained the
sequence encoding the Myc or hemagglutinin
(HA) tag at the 5⬘ end of the cloning site. To construct the dominant-negative (T23N) mutant
form of TC10, the wild-type construct was mutated using the QuikChange site-directed mutagenesis kit (Stratagene). Complementary
primers on the site of mutagenesis for T23N were
5⬘-ggggcggtgggtaagaactgcctgctcatgagc-3⬘ and its
complementary strand. The coding sequence of
rat Exo70 was PCR amplified from a rat brain
cDNA library using forward primer 5⬘gcgctgtccgaattcatgattcccccgcagg-3⬘ and reverse
primer 5⬘-gggcggaagatctggccgacttaagcagagg-3⬘.
The PCR product was cloned into the EcoRI/BglII sites of the pCMV vector (Clontech) containing a Myc or HA tag at the 5⬘ end of the cloning site.
The GFP-tagged L1 construct was a generous gift
from Dr. T. Galli (Inserm U950, University Denis
Figure 1. Exo70 expression silencing. a, Top and second from top, Triple-immunofluorescence micrographs of hippocampal Diderot, Paris, France) (Dequidt et al., 2007).
neurons (36 h in culture) that show the distributions of tyrosinated ␣-tubulin (blue), exo70 (red), and the transfection marker GFP.
Primary antibodies. The following primary
Neurons were transfected with either a scrambled RNA sequence (scramRNA) or exo70-targeted shRNA. The scramRNA- antibodies were used: affinity-purified rabbit
transfected neuron (arrowheads point at its axon) exhibits normal morphology. In contrast, the neuron transfected with shRNA polyclonal antibody to exo70 (generous gift
(second from top; arrow) did not develop an axon. Third and fourth rows, Triple-immunofluorescence micrographs showing the from Dr. R. Prekeris), diluted 1:1000 for imdistributions of tau-1 (blue), exo70 or myc-tagged wild-type exo70 (red), and GFP as transfection marker. Note the lack of munofluorescence (IF) and 1:2000 for Western
enrichment of tau-1 in any neurite of the exo70-suppressed neuron (arrow; third row from top). Bottom, Cotransfection with blot (WB); goat polyclonal antibodies to TC10
exo70-targeted shRNA plus wild-type exo70 rescued the normal phenotype. A tau-1-positive axon is evident. b, Relative percent- (E-13 and A-14; Santa Cruz Biotechnology),
ages (⫹SEM) of control neurons or neurons containing exo70-targeted shRNA at specific stages of differentiation after 36 h in diluted 1:50 (IF) or 1:250 (WB); goat polyculture. n ⫽ 3 independent experiments. At least 100 neurons were scored for each condition. c, Western blots showing protein clonal anti-GAP-43 (C-19; Santa Cruz Biolevels of exo70 in cells transfected with scrambled scramRNA or exo70-targeted shRNA. Tubulin (tub) was used as loading control. technology), diluted 1:250; rabbit polyclonal
Scale bar, 20 m.
antibody to ␤III-tubulin (Sigma-Aldrich), diluted 1:2000; rat monoclonal antibody to tyrosinated ␣-tubulin (clone Tub-IA2; Sigmapocampal pyramidal neurons in culture. In these cells, loss of
Aldrich), diluted 1:2000; mouse monoclonal and rabbit polyclonal
function of either TC10 or exo70 repressed not only axonal memantibodies to c-Myc (Sigma-Aldrich), diluted 1:400; rat monoclonal anbrane expansion and outgrowth but also the establishment of
tibody to HA (clone 3F10 Roche), 1:700; mouse monoclonal antibody to
neuronal polarity by inhibiting the polarized insertion of IGF-1
the axonal marker tau-1 (Calbiochem), diluted 1:200; mouse monoclonal anti-GFP (Roche), diluted 1:600.
receptor in one of the minor neurites.
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Culture and transfection. Dissociated hippocampal pyramidal neurons were prepared
from fetal rat brain and cultured as described
previously (Rosso et al., 2004). In brief, cells
were plated onto polylysine-coated glass coverslips and maintained in DMEM plus 10% horse
serum for 1 h. The coverslips with the attached
cells were transferred subsequently to 60 mm
Petri dishes containing serum-free medium
plus the N2 mixture. Cultures were maintained
in a humidified 37°C incubator with 5% CO2.
Shortly after plating, hippocampal neurons
first extend lamellipodia (stage 1) and afterward several minor neurites that are initially
indistinguishable (stage 2). Then, at stage 3,
one of these initially equivalent neurites grows
more rapidly than the others and becomes the
axon, whereas the other neurites subsequently
develop into dendrites (stage 4). Neurons are
considered to be at stage 3 when the length of
the axon exceeds that of the average minor
neurite by at least 20 m (Craig and Banker,
1994). Transient transfection of cultured neurons was performed as described previously
(Rosso et al., 2004), and the constructs used at
a concentration of 2 g/l.
Immunofluorescence microscopy. Cells were
fixed for 1 h at room temperature with 4%
(w/v) paraformaldehyde in PBS containing 4%
(w/v) sucrose. Cultures were washed with PBS,
permeabilized with 0.1% (v/v) Triton X-100 in
PBS for 6 min, and again washed in PBS. After
labeling with a first primary antibody (1–3 h at
room temperature) and washing with PBS, cultures were incubated with fluorescent secondary antibody (conjugated to Alexa Fluor 488,
546, or 633; 1 h at 37°) and washed with PBS. Figure 2. TC10 loss of function. a, Top two rows, Double-immunofluorescence micrographs of hippocampal neurons after 36 h
The same procedure was repeated for the sec- in culture that show the localizations of TC10 (top; red) or tau-1 (middle; red) and GFP as a transfection marker. Note that the
ond and third primary and secondary antibod- neurons transfected with TC10-targeted shRNA (green; arrows) did not develop axons and did not target tau-1 to any particular
ies. For the experiments using the L1-GFP neurite. Nontransfected neurons in the same culture exhibited tau-1- and TC10-positive axons (arrowheads). Bottom, Cotransfecconstruct (see Fig. 6), cells were fixed as de- tion with TC10-targeted shRNA plus wild-type, myc-tagged TC10 (red) rescued the phenotype. Outgrowth of a tau-1-positive axon
scribed previously and labeled with the anti- (blue) is evident. b, Relative percentages (⫹SEM) of control neurons or neurons containing TC10-targeted shRNA at specific stages
GFP and a fluorescent secondary antibody of differentiation after 36 h in culture. n ⫽ 3 independent experiments. At least 100 neurons were scored for each condition.
(conjugated to Alexa Fluor 546). Afterward, c, Western blots showing TC10 levels in cells transfected with scramRNA or TC10-targeted shRNA. Tubulin (tub) was used as loading
cells were permeabilized as described previ- control. Scale bar, 20 m.
ously and labeled with the anti-Myc antibody
and the corresponding secondary antibody.
et al., 1996). In brief, brains of 18 d gestation fetal rats were homogenized
The cells were observed with a Zeiss Pascal 5 confocal microscope. Im(H). A low-speed supernatant (LSS) was prepared, loaded onto a disconages were captured and digitized using LSM Image software. For some
tinuous sucrose density gradient with steps of 0.83 and 2.66 M sucrose,
experiments (see Figs. 4, 5), cells were observed with a Nikon total interand spun to equilibrium at 242,000 ⫻ gmax. The fraction at the load/0.83
nal reflection fluorescence (TIRF) microscope. Images were captured
M interface (designated “A”) contained the isolated growth cones or
using a CCD camera (Hamamatsu) and digitized directly into a Metagrowth cone particles (GCPs).
Morph/Metafluor Image Processor (Universal Imaging). All images were
TC10 activity assays. GCPs (prepared as described previously) were
printed using Adobe PhotoShop.
incubated in control medium, medium containing 10 nM IGF-1, 10 nM
Gel electrophoresis and Western blot. Proteins were separated by SDSIGF-1 plus 20 M 2-(4-morpholinyl)-8-phenyl-4 H-1-benzopyran-4PAGE. The concentration of acrylamide of the resolving gel varied from
one (LY294002), or 50 nM insulin for 2 min. Lysed GCPs were incubated
7.5 to 11%. The resolved proteins were transferred to polyvinylidene
with binding buffer (25 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 30 mM
difluoride membranes in Tris-glycine buffer containing 20% methanol.
MgCl2, 40 mM NaCl, and 0.5% Nonidet P-40) in the presence of 7 mg of
The membranes were first dried, washed with Tris-buffered saline (TBS)
agarose-conjugated glutathione S-transferase (GST)-Pak1 p21-binding
(10 mM Tris, pH 7.5, 150 mM NaCl) and then blocked, or directly blocked
domain (Millipore) for 1 h at 4°C. The beads were washed three times
for 1 h in TBS containing 5% BSA. The blots were incubated with the
with 1% Nonidet P-40 washing buffer, and TC10 levels were determined
primary antibodies in PBS containing 0.05% Tween 20, for 2 h at room
by immunoblot as described previously.
temperature. After washing with TBS containing 0.05% Tween 20, the
Exo70 and TC10 rescue experiments. To perform these experiments, we
membranes were incubated with horseradish peroxidase-conjugated sectitrated levels of exo70 or TC10 plasmid to determine the lowest concenondary antibodies (Sigma-Aldrich) for 1 h at room temperature. After
tration necessary to overcome the shRNA effects. Under these condiwashing, the blots were developed using a chemiluminescence detection
tions, cells transfected with exo70 or TC10 shRNA, together with exo70
kit (ECL; GE Healthcare Life Sciences).
or TC10 plasmid, respectively, exhibited protein levels that were similar
Isolation of growth cones. Axonal growth cones were isolated from
to those of control nontransfected neurons (supplemental Figs. 2, 3,
developing brain as described previously (Pfenninger et al., 1983; Lohse
available at www.jneurosci.org as supplemental material).
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Figure 3. Dominant-negative (T23N) TC10 inhibits neuronal polarization. a, Hippocampal pyramidal neurons were transfected with HA-tagged wild-type TC10 (wt-TC10) or T23N-TC10. Triple
immunofluorescence shows HA antigen (green), tau-1 (red), and the neuronal marker ␤III-tubulin (blue). The neuron transfected with T23N-TC10 did not develop an axon and developed only short,
minor neurites. Scale bar, 20 m. b, Percentages (⫹SEM) of control neurons or neurons containing T23N-TC10 at specific stages of differentiation after 36 h in culture. n ⫽ 3 independent
experiments. At least 50 neurons were scored for each condition.
Time-lapse total internal fluorescence microscopy. For time-lapse TIRF
microscopy, cells were cultured in special Petri dishes (Paglini et al.,
1998). Twelve hours after transfection with either wild-type TC10 or the
dominant-negative form T23N-TC10 plus L1-GFP, the dishes containing the attached cells (deprived of growth factors for the last 4 h) were
placed in a Harvard microincubator located on top of the stage of a fully
motorized Nikon TE-2000 E inverted microscope equipped for differential interference contrast, epifluorescence, and TIRF. We used TIRF to
image single vesicular insertion events under low-intensity conditions
that minimize phototoxicity (Yudowski et al., 2006). Cells were visualized with a 60⫻, 1.45 numerical aperture objective, equipped for
through-the-objective TIRF illumination using a 488 nm argon laser.
Neurons were imaged in Neurobasal medium supplemented with 20 nM
IGF-1 and 30 mM HEPES buffer, pH 7.2, and maintained at 37°C. Timelapse sequences were acquired at a continuous rate of 1 frame/s during 4
min using an ORCA II-ER (Hamamatsu) camera and MetaMorph software (Molecular Devices). Pyramidal neurons were selected by morphological criteria (in wide-field images) before imaging in TIRF mode.
Live-cell images shown represent raw data with simple background subtraction of the averaged blank field intensity. After time-lapse imaging,
the cultures were fixed and stained with anti-myc antibody to identify
cells transfected with either wt-TC10 or T23N-TC10. Only the growth
cones from transfected cells were scored for quantification.
Animals. All animal procedures were done using approved protocols
by the Board of Animal Welfare, School of Chemical Sciences, National
University of Córdoba.

Results
Distribution and role of TC10 and exo70 in neurite growth
We first investigated the expression and subcellular distribution
of exo70 and TC10 in different subcellular fractions of fetal brain,
especially in the primarily axonal growth cone fraction (Pfenninger et al., 1983; Lohse et al., 1996). Results showed that exo70
was highly enriched in isolated growth cones (GCPs) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental
material) compared with brain homogenate (H), low-speed supernatant (LSS), and fraction A (A), which consists of GCPs suspended in cytosolic proteins from the homogenate (Pfenninger et
al., 1983). TC10 was particularly enriched in fraction A but also

concentrated in GCPs with respect to brain homogenate (H)
(supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). The distribution of GAP43, a protein highly
enriched in GCPs (Lohse et al., 1996), is shown for comparison.
We also analyzed the expression and distribution of exo70 and
TC10 in primary cultures of hippocampal neurons after 24 h of
differentiation in vitro (Mascotti et al., 1997). Consistent with the
fractionation data, exo70 immunostaining was enriched in the
distal one-third of the axon and the growth cone of neurons at
stage 3 of differentiation (supplemental Fig. 1 B, available at www.
jneurosci.org as supplemental material). Immunostaining with
an anti-TC10 antibody showed that, unlike exo70, this small
GTP-binding protein was present in the perikaryon, the minor
neurites, the axonal shaft, and the growth cone of the hippocampal neurons (supplemental Fig. 1 B, available at www.jneurosci.
org as supplemental material). In the distal axon and growth
cone (including the leading edge), a prominent site of new membrane addition in developing neurons (Pfenninger and MayliéPfenninger, 1981; Craig et al., 1995; Pfenninger et al., 2003;
Laurino et al., 2005), exo70 and TC10 were colocalized (supplemental Fig. 1 B, C, available at www.jneurosci.org as supplemental material).
The IGF-1 receptor controls the establishment of neuronal
polarity by activating the PI3K–Akt–Cdc42 pathway and also regulates addition of new membrane at the axonal growth cone of
developing neurons. To study the possible involvement of exocyst complex components, we silenced expression of such proteins using targeted shRNAs inserted into dicistronic plasmids
also encoding enhanced GFP. Transfection of hippocampal neurons in culture with exo70-targeted shRNA significantly and specifically decreased exo70 protein in the cultures (Fig. 1c). The
transfected neurons expressed virtually no detectable exo70 and
failed to form axons; only short, minor neurites were present (Fig.
1a, second row from top, arrow). Note also the lack of enrichment of
tau-1 in any neurite of the transfected neurons (Fig. 1a, third row
from top, arrow). In contrast, neurons transfected with a scram-
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bled RNA sequence inserted in the same
plasmid exhibited normal levels of exo70
and generated a long axon-like process
(Fig. 1a, top, arrowheads). Cotransfection
of neurons with exo70-targeted shRNA
and a myc-tagged wild-type form of exo70
rescued the phenotype and induced the
outgrowth of an axon-like process enriched in tau-1 protein (Fig. 1a, bottom).
The levels of exo70 expression (as revealed
by immunocytochemistry) in control
nontransfected cells, shRNA transfected
cells, and shRNA plus wt-exo70 transfected cells are shown in supplemental
Figure 2 (available at www.jneurosci.org
as supplemental material). Expression of
exo70 in the cotransfected cells is similar
to that in control nontransfected cells (see
also Materials and Methods). To analyze
this observation quantitatively, we scored
the differentiation stages of neurons
transfected with exo70-targeted shRNA
compared with neurons in the same cultures not containing shRNA, after 48 h in
vitro. We found that ⬎95% of the transfected neurons remained at stages 1 or 2 of
differentiation, and ⬍5% had formed a
discernible axon. In contrast, ⬎80% of
the control neurons showed an identifiable, tau-1-containing axon (Fig. 1b). We Figure 4. Activation of TC10 triggers recruitment of exo70 to neuronal plasmalemma. a, Western blots of GTP-bound TC10 in
performed similar experiments with GCPs challenged with vehicle only (control), 10 nM IGF-1, 10 nM IGF-1 plus 20 M LY294002, or 50 nM insulin. GTP-bound TC10
(affinity-isolated; top) is increased substantially in the IGF-1-stimulated GCPs, whereas the total amount of TC10 protein (bottom)
shRNA targeting TC10, the exo70 activa- remained essentially unchanged (solubilized GCP protein from the four experimental conditions was analyzed by Western blot
tor. Western blots showed that transfec- without affinity purification). Numbers below are the percentage of GTP-bound TC10 ⫹ SEM relative to total TC10 of four indetion with the dicistronic plasmid pendent experiments. Control, insulin, or IGF-1 plus LY were significantly different compared with IGF-1 (*p ⫽ 0.0003; #p ⫽
containing TC10-targeted shRNA plus 0.0001; ∧p ⫽ 0.001 in Student’s t test for independent samples). b, Western blot of GCP subfractions (S, cytosol; M, membranes;
GFP significantly reduced TC10 expres- C, cytoskeletal fraction). GCPs were preincubated in control medium or with 10 nM IGF-1. Blots were probed with anti-exo70
sion in hippocampal neurons in culture antibody. Equal amounts of protein were loaded in each lane. Note the significant enrichment of exo70 in the membrane fraction
(Fig. 2c). TC10 was not detectable by im- (M) relative to the cytoskeleton (C) of the IGF-1-stimulated GCPs (*p ⫽ 0.02; t test for independent samples). c, Immunofluoresmunofluorescence in transfected neu- cence micrographs of exo70 in hippocampal neurons after 24 h in culture and stimulated for 2 min in control medium or medium
rons. Such neurons failed to form an axon containing 10 nM IGF-1. Epifluorescence (epi-F) and TIRF images reveal total and plasma membrane-associated exo70, respecand generated only short, minor neurites tively. TIRF images show a substantial increase in exo70 label in the growth cone and distal one-third of the axon after IGF-1
stimulation. Scale bar, 20 m.
(Fig. 2a, top). These neurons also failed to
polarize tau-1 protein to any process (Fig.
T23N-TC10 remained at stage 2 of differentiation, with only short,
2a, middle), whereas growing axons from nontransfected neuminor neurites without detectable tau-1 levels (Fig. 3a, bottom).
rons in the same culture were clearly tau-1-positive (Fig. 2a, midQuantitative data are shown in Figure 3b. The levels of expression of
dle, arrowheads). Cotransfection with TC10 shRNA plus a mycendogenous TC10 and T23N-TC10 are shown immunocytochemitagged wild-type form of TC10 rescued the phenotype and
cally in supplemental Figure 4 (available at www.jneurosci.org as
generated neurons with axon-like processes enriched in tau-1
supplemental material) and indicate that the mutant construct is not
protein (Fig. 2a, bottom). The levels of TC10 expression (reexpressed at a very high, potentially toxic level. Together, these revealed immunocytochemically) in control nontransfected cells,
sults indicate that the TC10 – exo70 complex is essential for axonal
shRNA-transfected cells, and shRNA plus wt-TC10-transfected
growth and suggest that it is involved in the establishment of polarity
cells are shown in supplemental Figure 3 (available at www.
in hippocampal neurons.
jneurosci.org as supplemental material). The expression of TC10
in the cotransfected cells is similar to that in control nontransfected
neurons (see also Materials and Methods). As in the case of exo70,
TC10 activation and exo70 recruitment by IGF-1
most neurons transfected with TC10-targeted shRNA remained at
Insulin-regulated translocation of Glut4 from intracellular storstages 1 and 2 of differentiation (Fig. 2b). Additional evidence for the
age sites to the plasma membrane requires activation of TC10 in
participation of TC10 in neurite outgrowth and the establishment
adipocytes and muscle cells (Chiang et al., 2001). Although insuof neuronal polarity was obtained by transfecting hippocampal
lin receptors are essentially absent from growth cones of differneurons with a dominant-negative form of TC10 (T23N). After
entiating neurons, IGF-1 receptors are enriched significantly
36 h in culture, neurons transfected with wild-type TC10 (myc(Quiroga et al., 1995; Mascotti et al., 1997; Sosa et al., 2006).
tagged) differentiated apparently normally and grew a long, axonTherefore, we investigated whether TC10 was activated by IGF-1
like process (Fig. 3a, top). In contrast, neurons transfected with
in growth cones. We stimulated isolated growth cones (GCPs)
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Figure 5. IGF-1-triggered association of exo70 with the plasmalemma requires functional TC10. Double-immunofluorescence
micrographs of hippocampal neurons cultured for 24 h show the distributions of myc-tagged wild-type or dominant-negative
(T23N) TC10 (blue), and of exo70, observed by epifluorescence (green) or TIRF microscopy (red). Neurons were stimulated for 2 min
in control or 10 nM IGF-1 medium. Plasmalemmal enrichment of exo70 at the growth cone and in the distal axon is evident after
IGF-1 stimulation (arrow), but not in the presence of T23N-TC10. Scale bar, 20 m.

with 10 nM IGF-1 for 2 min, solubilized them, and affinitypurified the GTP-bound form of TC10 on GST-agarose containing the Cdc42 binding domain of Pak1 (Chiang et al., 2001).
TC10 levels were determined by Western blot. These blots
showed that the percentage of GTP-bound (activated) TC10 relative to total TC10 was increased significantly ( p ⱕ 0.001) by
IGF-1, compared with control (unstimulated) GCPs, insulinstimulated GCPs, or GCPs stimulated with IGF-1 in the presence
of 20 M LY294002 (Fig. 4a; numerical values shown below
blots). Inhibition of TC10 activation by LY294002 suggested that
PI3K was necessary for TC10 activation by IGF-1. In other cell
systems, activation of TC10 results in translocation of exo70 to
the plasma membrane (Inoue et al., 2003). This also applied to
growth cones (Fig. 4b). Exo70 was below detection levels in the
soluble fraction (S) in control GCPs, and this did not change with
IGF-1 stimulation. Instead, most exo70 was associated with
membrane (M) and cytoskeletal (C) fractions prepared from
GCPs. Ten nanomolar IGF-1 raised the association of exo70 with
the membrane fraction significantly so that the membrane/cytoskeleton ratio of exo70 increased over fourfold relative to that
in control, unstimulated, GCPs.
We also studied exo70 association with the plasma membrane
in intact hippocampal pyramidal neurons in culture. After control incubation or challenge with 10 nM IGF-1 for 2 min, the
cultures were fixed, permeabilized, immunostained with an antibody to exo70, and analyzed using epifluorescence or
evanescent-wave fluorescence (TIRF) microscopy. TIRF microscopy allows selective imaging of fluorescent probes located in
close proximity (⬍100 nm) to the coverslip on which the cells
grow (i.e., associated with the adherent plasma membrane). Although epifluorescence revealed similar levels of exo70 in control
and IGF-1-stimulated neurons and processes, the TIRF images

differed (Fig. 4c). In control neurites,
TIRF detected essentially no exo70,
whereas neurons challenged with IGF-1
exhibited a strong exo70 TIRF signal in
the distal one-third of the axon and
growth cone, where most membrane addition occurs in developing neurons (Fig.
4c). For comparison, we analyzed the
membrane association of the synaptic vesicle protein synaptophysin in neurons under similar experimental conditions. The
results indicated that challenging with
IGF-1 did not cause any noticeable increment of synaptophysin TIRF signal at the
growth cone of the neurons (supplemental
Fig. 5, available at www.jneurosci.org as
supplemental material). To correlate exo70
recruitment to the plasma membrane with
TC10 activity, we performed similar experiments in neurons transfected with wild-type
or dominant-negative forms of TC10. In neurons transfected with wild-type TC10 and
challenged with IGF-1, TIRF detected the expected increment of exo70 in the distal axon
and growth cone (Fig. 5, top, arrow). Transfection with dominant-negative T23NTC10, however, abolished IGF-1-triggered
membrane recruitment of exo70 as seen by
TIRF (Fig. 5, bottom).

TC10 and membrane expansion
To establish a direct link between TC10 activity and membrane
addition at the growth cone, we used as a membrane marker the
cell-adhesion molecule L1 fused at its N terminus to GFP (L1GFP) via a linker cleavable with thrombin (Dequidt et al., 2007).
For experimentation, such cultures were treated with thrombin
to remove externally exposed GFP. Monitoring subsequent recovery of GFP at the cell surface allowed us to assess insertion of
new membrane containing L1-GFP. We cotransfected hippocampal neurons (after 24 h in vitro) with L1-GFP and either
wild-type TC10 or T23N-TC10; 12 h later, the cells were treated
for 100 s with thrombin and allowed to recover for 3 h in control
conditions or after stimulation with 10 nM IGF-1.
Immunostaining of nonpermeabilized cells with an anti-GFP antibody revealed the L1-GFP inserted into the plasmalemma during
the recovery period. Results of these experiments are shown in Figure 6a. They indicated that restoration of extracellular L1-GFP in the
growth cone and distal axon was detectable only in those neurons
that were transfected with wild-type TC10 and stimulated with
IGF-1 (Fig. 6a, top). In contrast, the cells transfected with the
dominant-negative T23N-TC10 exhibited no appreciable differences in extracellular GFP labeling between control neurons and
IGF-1-stimulated neurons (Fig. 6a, bottom). For quantitative analysis, we measured the fluorescence intensity of surface GFP (as revealed by immunostaining of nonpermeabilized cells with anti-GFP
antibody) and of total GFP in the distal one-third of the axon and
growth cone of these neurons. The ratios of surface GFP/total GFP
fluorescence intensity are shown in Figure 6b. They indicate that
treatment with IGF-1 did not significantly increase surface GFP in
the cells transfected with dominant-negative T23N-TC10. In the
cells transfected with wild-type TC10, however, treatment with
IGF-1 triggered an almost fourfold, significant increment in the ratio
of surface/total GFP. Neurons mock-transfected with scrambled
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Figure 6. IGF-1-stimulated plasmalemmal insertion of L1-GFP requires functional TC10. a, Triple-fluorescence micrographs of hippocampal neurons cultured for 36 h, treated with thrombin to remove
exposed GFP, and then incubated for 3 h in control medium or medium containing 10 nM IGF-1. Blue, myc-tagged wild-type or dominant-negative (T23N) TC10; green, L1-GFP; and red, externally exposed GFP
(antibodylabelwithoutpermeabilization).NotethesubstantialincrementinexternalGFPimmunoreactivityatthegrowthconeanddistalaxonoftheneuronsstimulatedwithIGF-1inthepresenceofwild-type
TC10(secondrow).Incontrast,neuronstransfectedwithT23N-TC10,withorwithoutIGF-1stimulation,didnotexhibitanydetectableL1-GFPonthecellsurface(thirdandfourthrows).b,RatiosofexternalGFP
(eGFP;red)/totalGFP(tGFP;green)fluorescentintensity(arbitraryunits)ofdistalaxonsandgrowthconesprocessedasshownina.IGF-1significantlyincreasedtheeGFP/tGFPratiointheneuronstransfectedwith
wild-type TC10 or control neurons transfected with L1-GFP (**p ⬍ 0.001), but not in those transfected with dominant-negative TC10 (*NS). Error bars indicate SEM. Scale bar, 20 m.

RNA and treated with IGF-1 also exhibited a significant increment of
this ratio. To establish a direct relationship between TC10 activity
and PPV exocytosis at the growth cone of differentiating hippocampal neurons, we used time-lapse TIRF microscopy (Bisbal et al.,
2008) to evaluate whether or not transfection with T23N-TC10 reduced the number of fusion events of L1-GFP-containing vesicles
with the growth cone plasmalemma. Figure 7 shows two examples of such fusion events at the growth cone of a hippocampal pyramidal neuron transfected with wt-TC10 plus
L1-GFP. The estimated frequency of fusion events at the growth
cone of neurons transfected with wt-TC10 plus L1-GFP was 1.2 ⫹
0.4 min ⫺1 growth cone ⫺1 (n ⫽ 11) compared with 0.08 ⫹ 0.04
min ⫺1 growth cone ⫺1 (n ⫽ 10) for neurons transfected with
T23N-TC10 plus L1-GFP (only one isolated fusion event was
seen during the 4 min observation period in 3 of the 10 growth
cones recorded). These results indicate that TC10 activity is essential for the IGF-1-triggered addition of new membrane at the
growth cone of differentiating neurons (Pfenninger et al., 2003;
Laurino et al., 2005).

Insertion of the IGF-1 receptor
An early event of axonal specification during neuronal differentiation is the enrichment of activatable IGF-1 receptor in one
minor neurite at stage 2 of differentiation (Sosa et al., 2006). To
be activated, the IGF-1 receptor needs to be inserted into the
neuronal plasmalemma so that the ligand binding site is exposed
to the extracellular space. Therefore, we studied the consequences of loss of function of exo70 or TC10 on the polarization
of activated (i.e., phosphorylated) IGF-1 receptor [monospecificity of the antibody used for these assays has been demonstrated
previously (Sosa et al., 2006)]. In stage 2 neurons transfected with
a scrambled RNA sequence (24 h in vitro), deprived of growth
factor for 2 h, and stimulated for 2 min with 10 nM IGF-1, we
observed the expected polarized distribution of the activated
IGF-1 receptor (Fig. 8a, top). In contrast, neurons transfected
with exo70 or TC10-targeted shRNA exhibited labeling of the
activated IGF-1 receptor that was less intense and not confined to
any particular minor process (Fig. 8a, middle and bottom rows).
To quantify these differences, we calculated an “active IGF-1 re-
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way (Laurino et al., 2005). Little is known,
however, about (1) PPV targeting to the
plasma membrane of the growth cone and
(2) the relationship between membrane
expansion and axonal specification for the
establishment of neuronal polarity. The
present report addresses these issues.
Regulation of membrane expansion
Published data suggest that the exocyst
complex participates in the targeting of
PPVs to neuronal plasmalemma (Hazuka
et al., 1999), and mutation of the exocyst
protein sec5 is known to impair addition of
new membrane in developing neurons
(Murthy et al., 2003). In adipocytes, the
exocyst complex assembles at the plasma
membrane in response to insulin, via the
association of exo70 with activated TC10,
and this tethers vesicles carrying Glut4 to
the site of exocytosis (Inoue et al., 2003).
These observations prompted us to investigate the roles of TC10 and exo70 in IGF1-regulated membrane expansion in
hippocampal neurites.
Our results show that expression of
TC10
and exo70 is substantial in hipFigure 7. Time-lapse TIRF images showing two examples of fusion events in the axonal growth cone of a hippocampal pyramidal neuron transfected with wt-TC10 plus L1-GFP. Vesicles that undergo fusion are marked with arrows. Images were recorded pocampal neurons developing in culture.
at 1 s intervals, for 4 min. Numbers indicate the time (in seconds) after the start of the series. The arrowhead indicates where the Whereas TC10 is distributed throughout
the polarized neuron, exo70 is targeted seaxonal shaft gives way to the growth cone. Scale bar, 1 m.
lectively to the distal axon, in which the
IGF-1 receptor is enriched also. Thus, the
IGF-1 receptor, TC10, and exo70 colocalceptor polarization index” (Fig. 8b, legend). As shown in Figure
ize at the axonal growth cone, a prominent site of membrane
8b, this index was significantly higher ( p ⫽ 0.0001) in the neuaddition. In adipocytes and PC12 cells, insulin (Inoue et al., 2003)
rons transfected with the scrambled RNA sequence than in
and NGF (Pommereit and Wouters, 2007), respectively, activate
the TC10- or exo70-suppressed neurons. Neurons subjected to
TC10, which recruits exo70 to the plasmalemma. We show here
the same experimental conditions also were stained with ␤gc
that IGF-1 (but not insulin) triggers robust and significant actiantibody, which recognizes both the phosphorylated and nonvation of TC10 in growth cones isolated from fetal brain. In both
phosphorylated forms of the IGF-1 receptor (Quiroga et al.,
GCPs and hippocampal neurons in culture, TC10 activation by
1995). Control and exo70 or TC10 expression-silenced neurons
IGF-1 results in translocation of exo70 (and, presumably, other
exhibited at stage 2 (12 h in culture) punctate, presumably intraproteins of the exocyst complex) to the distal axonal plasma
cellular ␤gc labeling in all neurites (supplemental Fig. 6, available
membrane. Overexpression of a dominant-negative form of
at www.jneurosci.org as supplemental material). After 36 h in
TC10 abolishes this translocation, even in the presence of IGF-1.
culture, most control neurons had progressed to stage 3, with all
Therefore, IGF-1 stimulation and activation of TC10, in conjuncIGF-1 receptors sequestered in the axon, whereas TC10- and exo70tion with functional exo70, are essential for membrane expansilenced neurons failed to mature further and did not exhibit the
sion, as shown by the recruitment of L1-GFP to the cell surface,
same polarization (supplemental Fig. 7, available at www.jneurosci.
and thus for axon elongation. Together with our previous findorg as supplemental material) (Figs. 1, 2). Together, these results
ings (Pfenninger et al., 2003; Laurino et al., 2005), these results
suggested that TC10 and exo70 were essential for the polarized exshow that, in hippocampal pyramidal neurons in culture, memternalization of IGF-1 receptor in stage 2 neurons and, therefore, for
brane expansion at the axonal growth cone is regulated by IGF-1
axonal specification in hippocampal pyramidal neurons.
via a cascade involving PI3K, TC10, and the exocyst complex.

Discussion

During differentiation, neurons must enlarge their surface rapidly to support axonal outgrowth. This necessitates recruitment
of newly synthesized membrane to the cell surface, by exocytotic
insertion of PPVs at the growth cone (Pfenninger, 2009). Previous studies from our laboratories demonstrated that IGF-1, unlike the classic neurotrophins, stimulates PPV exocytosis at the
axonal growth cone (Pfenninger et al., 2003). This occurs via
activation of a receptor isoform that contains the immunochemically distinct ␤gc subunit (Quiroga et al., 1995; Mascotti et al.,
1997) and requires the activation of the PI3K–Akt signaling path-

Membrane expansion and axon specification
We have shown previously that IGF-1 and its receptor, which
regulate exocytosis of PPVs at the axonal growth cone, are essential for the establishment of neuronal polarity (Sosa et al., 2006).
IGF-1 could exert its influence on axon specification via a
number of different mechanisms including pathways that do
not include membrane expansion. We show here, however,
that TC10- and exo70-deficient hippocampal neurons (i.e., neurons that cannot assemble the exocyst at the plasmalemma and
exhibit impaired membrane expansion) are incapable of polar-
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Figure 8. exo70 and TC10 loss of function inhibits the polarization of activatable IGF-1 receptor. a, Triple-immunofluorescence micrographs of hippocampal neurons (12 h in culture) that show
the distributions of tyrosinated ␣-tubulin (blue), phosphorylated IGF-1 receptor (red), and the transfection marker GFP. Neurons were transfected with either a scrambled RNA sequence
(scramRNA-top), exo70-targeted shRNA (middle), or TC10 targeted shRNA (bottom). Neurons were deprived of growth factors for 4 h and stimulated with 10 nM IGF-1 before fixation. Note the
polarization of active (membrane-inserted) IGF-1 receptor to one of the minor neurites of the cell transfected with scramRNA (arrow; top) and of a nontransfected cell (arrowhead; middle). In
contrast, neurons transfected with exo70 or TC10 targeted shRNA (asterisks; middle and bottom) fail to polarize the active IGF-1 receptor. b, A “polarization index” of active IGF-1 receptor (IGF-1r
P.I.) was calculated as the fluorescence intensity (A.U.) of the brightest minor neurite/average fluorescence intensity (A.U.) of the other minor neurites of the same cell. Neurons were processed as
in a. The polarization index is significantly higher in the neurons transfected with scramRNA (*p ⫽ 0.0001) compared with those transfected with exo70- or TC10-targeted shRNA. Error bars indicate
SEM. Scale bar, 10 m.

ization. This indicates that, surprisingly, exocytosis of PPVs is
necessary for axon specification.
Activation of the IGF-1 receptor requires its insertion into the
plasmalemma. By probing for the appearance of activated IGF-1
receptor in undifferentiated neurites, we demonstrate that the
exocyst complex is necessary for IGF-1 receptor externalization
in nonpolarized neurons. It follows, therefore, that insertion of
IGF-1 receptor in an undifferentiated neurite (stage 2 hippocampal pyramidal neurons) is necessary for polarization. In other
words, the TC10 – exocyst complex can control axonal specification via polarized exocytosis of the IGF-1 receptor. Because
IGF-1 activates TC10 and triggers exocyst assembly, it may regulate the insertion of its own receptor (among other membrane
proteins not directly related to neuronal polarization, such as L1).
This is a positive-feedback mechanism that could rapidly amplify
the membrane expansion response to IGF-1 and, thus, the
growth rate of an undifferentiated neurite.
We propose, therefore, that the process of IGF-1 receptor
mobilization to neurite plasmalemma/receptor activation and
additional membrane expansion may be (one of) the selfreinforcing mechanism(s) deemed necessary for axonal specification (Arimura and Kaibuchi, 2007; Pfenninger, 2009). We do
not know what mechanism confines this process to a single neurite. However, initial insertion of a few IGF-1 receptors in one of
the undifferentiated neurites (possibly a stochastic process)
would suffice to trigger the described positive-feedback mechanism and accelerated growth of the axon-designate.
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