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Selected SNARE proteins are essential for the polarized
membrane insertion of igf-1 receptor and the regulation
of initial axonal outgrowth in neurons
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The establishment of polarity necessitates initial axonal outgrowth and, therefore, the addition of new membrane to the
axon’s plasmalemma. Axolemmal expansion occurs by exocytosis of plasmalemmal precursor vesicles (PPVs) primarily at
the neuronal growth cone. Little is known about the SNAREs family proteins involved in the regulation of PPV fusion with
the neuronal plasmalemma at early stages of differentiation. We show here that five SNARE proteins (VAMP2, VAMP4,
VAMP7, Syntaxin6 and SNAP23) were expressed by hippocampal pyramidal neurons before polarization. Expression
silencing of three of these proteins (VAMP4, Syntaxin6 and SNAP23) repressed axonal outgrowth and the establishment of
neuronal polarity, by inhibiting IGF-1 receptor exocytotic polarized insertion, necessary for neuronal polarization. In
addition, stimulation with IGF-1 triggered the association of VAMP4, Syntaxin6 and SNAP23 to vesicular structures
carrying the IGF-1 receptor and overexpression of a negative dominant form of Syntaxin6 significantly inhibited exocytosis
of IGF-1 receptor containing vesicles at the neuronal growth cone. Taken together, our results indicated that VAMP4,
Syntaxin6 and SNAP23 functions are essential for regulation of PPV exocytosis and the polarized insertion of IGF-1
receptor and, therefore, required for initial axonal elongation and the establishment of neuronal polarity.
Keywords: Neuronal differentiation; neuronal polarization; membrane expansion; IGF-1 receptor; VAMP4; SNAP23;
Sintaxyn6.
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Introduction

The formation of a polarized neuron, containing one
long axon and several branching dendrites, requires the
action of two interrelated processes, specification of the
axon and neurite outgrowth. The initial signals and
pathways that determine polarity by regulating initial
axonal outgrowth are at the present starting to be
understood. A particularly early event, in neurons that
do not yet exhibit a discernible axon (stage 2 of

differentiation, [1]) is the segregation of activatable,
membrane inserted, IGF-1 receptors to one neurite.
Subsequently, phosphatidylinositol-3 kinase is acti-
vated and its product, PIP3, 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 [1–4]. Besides axonal
specification, the establishment of polarity necessitates
initial axonal outgrowth and, therefore, the addition
of new membrane to the axon’s plasmalemma.
Axolemmal expansion occurs by exocytosis of
plasmalemmal precursor vesicles (PPVs) primarily at
the neuronal growth cone [5–7], a process regulated by
IGF-1 activation of the phosphatidylinositol-3 kinase
pathway [8–10]. Exocytosis requires two different
processes, vesicle docking or attachment and vesicle
fusion [11, 12]. The underlying mechanisms are
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mediated by different families of proteins. Docking and
targeting is often regulated by the exocyst complex
involved in neurite outgrowth and synaptogenesis in
neurons, but not in synaptic vesicle fusion [11, 13].
Previous published data from our laboratory indicated
that, in cultured hippocampal neurons, TC10 activa-
tion by IGF-1 and recruitment of exo70 to the growth
cone plasmalemma are necessary for the regulation of
PPVs exocytosis and, therefore, initial axonal out-
growth and the establishment of neuronal polarity [14].
Vesicle fusion, in turn, is primarily a function of the
SNARE family proteins [11, 12]. Although the role and
identity of the SNARE proteins in the fusion of
synaptic vesicles have been extensively studied [15, 16],
little is known about the SNAREs involved in the
regulation of PPV fusion with the neuronal plasma-
lemma, even if it has been shown that some of them,
such as SNAP25, Syntaxin1 and VAMP7 seem to be
required for axonal growth in vitro [17–19]. In this
context the experiments shown here were designed to
answer the following questions: (i) is there a specific set
of SNARE proteins involved in the regulation of PPV
exocytosis at early stages of neuronal differentiation
and necessary for initial axonal growth and the
establishment of neuronal polarity? And (ii) is this
select group of SNARE proteins also necessary for the
polarized exocytosis of IGF-1 receptor-containing
vesicles in the growth cones of the future axon? We
selected seven SNARES which seem to be involved
in neurite outgrowth: VAMP4 [20, 21], VAMP7 [19],
Syntaxin1 [22], Syntaxin6 [23], SNAP23 [21, 24],
SNAP25 [17, 18] and VAMP2 (primarily involved in
axonal guidance [25] and synaptic function [26, 27] but
apparently not in neural elongation [18] in hippo-
campal pyramidal neurons. However, it has been
shown that VAMP2 can be involved in neurite elon-
gation in cortical neurons containing Apo4-Mito or
FP4-Mito growing on laminin [28]. Our results show
that five out of these seven SNARE proteins (VAMP2,
VAMP 4, VAMP7, Syntaxin6 and SNAP23) are
expressed by hippocampal pyramidal neurons before
polarization. Expression silencing of three of these
proteins (VAMP4, Syntaxin6 and SNAP23) repressed
axonal outgrowth and the establishment of neuronal
polarity, by inhibiting IGF-1 receptor exocytotic
polarized insertion, necessary for neuronal polarization
[1]. Moreover, stimulation with IGF-1 triggered the
association of VAMP4, Syntaxin6 and SNAP23 to
vesicular structures carrying the IGF-1 receptor and
overexpression of a negative dominant form of
Syntaxin6 significantly inhibited exocytosis of IGF-1
receptor containing vesicles at the neuronal growth

cone. Taken together, our results indicate that
VAMP4, Syntaxin 6 and SNAP23 function are
essential for regulation of PPV exocytosis and the
polarized insertion of IGF-1 receptor and, therefore,
required for initial axonal elongation and the
establishment of neuronal polarity.

Results

A prerequisite for a protein to be involved in
neuronal polarization would be to be expressed early
before this phenomenon occurs (in our system most
cells exhibit a discernible axon at 20–24 h in culture, so
we selected SNARE proteins expressed after 18 h in
culture). Results showed that five of the preselected
proteins (VAMP2, VAMP4, VAMP7, Sintaxyn6
and SNAP23) are expressed after 18 h in culture. In
contrast, both Syntaxin1 and SNAP25 are expressed
above detection levels only after 24–36 h in culture
(Figure 1a). We also analyzed the expression and dis-
tribution of VAMP4, VAMP7, Syntaxin1, Sintaxin6,
SNAP23 and SNAP25 in primary cultures of hippo-
campal neurons at 14 or 22 h of differentiation in vitro.
Consistent with the data shown in Figure 1a the
expression of VAMP4 and VAMP7 is similar in
neurons after both 14 and 22 h of DIV (Figure 1b).
Immunostaining with Sintaxin1 and Syntaxin6 showed
that the expression of the former is below detection
levels after 14 h of DIV and only evident after 22 h of
DIV in already polarized neurons. In contrast, there is
a relatively prominent expression of Syntaxin6 after
14 h of DIV (Figure 1c). Regarding SNAP23 and
SNAP25, we observed a robust expression of the
former after 22 h of DIV but the latter is below
detection levels at that time and expressed only after
60 h of DIV in neurons exhibiting relatively long
axons (Figure 1d). Supplementary Figure S1 shows
that VAMP2, VAMP4, VAMP7, Syntaxin6 and
SNAP23 were expressed in neurons at early stage 3 of
differentiation and enriched at the axons and growth
cones, prominent sites for the addition of new mem-
brane in developing neurons [5, 8, 9, 29].

To study the possible involvement of selected
SNARE family proteins on the regulation of initial
axonal outgrowth and the establishment of neuronal
polarity, we silenced the expression of such proteins
using targeted shRNAs inserted into dicistronic
plasmids also encoding enhanced green fluorescent
protein (GFP). Transfection of cell cultures with
VAMP4-targeted shRNA significantly and specifically
decreased VAMP4 protein (Figure 2b). The transfected
neurons expressed virtually no detectable VAMP4 and
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failed to form axons; only short, minor neurites were
present (Figure 2a, second row from top; arrow).
Note also the lack of enrichment of tau-1 in any neurite
of the transfected neurons (Figure 2a-second row from
top-arrow). In contrast, neurons transfected with a
scrambled RNA sequence inserted in the same plasmid
exhibited normal levels of VAMP4 and generated a
long axon-like process enriched in tau-1 protein
(Figure 2a, top). The same result was observed in non-
transfected neurons (second row from top, arrowhead).
Co-transfection of neurons with VAMP4-targeted
shRNA and a myc-tagged wild-type form of VAMP4
(human) rescued the phenotype and induced the
outgrowth of an axon-like process enriched in tau-1

protein (Figure 2a, bottom). To analyze this observa-
tion quantitatively we scored the differentiation stages
of neurons transfected with VAMP4-targeted shRNA
compared to neurons in the same cultures not
containing shRNA, after 24 h in vitro. We found that
over 70% of the transfected neurons remained at stages
1 or 2 of differentiation, and o30% had formed a
discernible axon. In contrast, ~ 70% of the control
neurons showed an identifiable, tau-1-containing
axon (Figure 2c). We performed similar experiments
with shRNA targeting Syntaxin6 and SNAP23.
Western blots (WBs) showed that transfections with
the dicistronic plasmids containing either shRNA
targeted to Syntaxin6 or SNAP23 significantly reduced

Figure 1 (a) Western blot showing the expression of VAMP2 (first row; apparent molecular weight 18 kDa), VAMP4 (second row;
apparent molecular weight 16 kDa), VAMP7 (third row; apparent molecular weight 24 kDa), Syntaxin1 (fourth row; apparent
molecular weight 34 kDa), Syntaxin6 (fifth row; apparent molecular weight 31 kDa), SNAP23 (sixth row; apparent molecular
weight 23 kDa) and SNAP25 (seventh row; apparent molecular weight 25 kDa),) in hippocampal pyramidal neurons after 18, 24,
36, 48 or 72 h of DIV. Tubulin was used as a loading control. A particularity of SNAP23 was that, besides the expected band
(apparent molecular weight 23 kDa) a less intense, lower band was observed. This is probably not due to nonspecific labeling
since this band was observed in neurons in culture, but not always in brain preparations. This double-band pattern has been
previously described and may represent cleavage products, alternative splicing, post-translational modifications [55] or SNAP23
isoforms [56]. (b) Double immunofluorescence micrographs showing the distribution of VAMP4 (green) and VAMP7 (red) in
hippocampal pyramidal neurons in culture after 14 (top) or 22 (bottom) h of DIV. (c) Double immunofluorescence micrographs
showing the distribution of Syntaxin6 (green) and Syntaxin1 (red) in hippocampal pyramidal neurons in culture after 14 (top) or 22
(bottom) h of DIV. (d) Double immunofluorescence micrographs showing the distribution of SNAP25 (green) and SNAP23 (red) in
hippocampal pyramidal neurons in culture after 22 (top) or 60 (bottom) h of DIV. Calibration bar = 20 μm.
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Syntaxin6 expression (Figure 2e) or SNAP23 expres-
sion (Figure 2h) respectively in cell cultures. Syntaxin6
was near detection limit (Figure 2d second row from
top) and SNAP23 was not detectable (Figure 2g second
row from top, arrows) in the transfected neurons. Most
of such neurons failed to form an axon and remained in
stage 2 of differentiation (Figure 2d for shRNA to
Syntaxin6 and Figure 2g for shRNA to SNAP23,
respectively). These neurons also failed to polarize
tau-1 to any process, whereas growing axons from
ssRNA-transfected or non-transfected neurons in the
same culture were clearly tau-1-positive (Figure 2d-top
and 2G-top, respectively). As in the case of VAMP4

most neurons transfected with Syntaxin6-targeted
shRNA (Figure 2f) or SNAP23-targeted shRNA
(Figure 2i) remained in stages 1 and 2 of differentiation.
Co-transfection with Syntaxin6-targeted shRNA
plus a wild-type form of Syntaxin6 (human-Figure
2d-bottom) or with SNAP23-targeted shRNA plus a
wild-type form of SNAP23 (mouse-Figure 2g-bottom)
rescued the phenotype and generated neurons bearing
axon-like processes enriched in tau-1 protein. Taken
together, this group of results suggest that VAMP4,
Syntaxin6 and SNAP23 are necessary for initial axonal
outgrowth and the establishment of neuronal polarity.
Contrasting results were found when we silenced
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VAMP2 or VAMP7. WBs showed that transfection
with the dicistronic plasmid containing VAMP2-
targeted shRNA plus GFP significantly reduced
VAMP2 expression in cell cultures (Figure 3c).
VAMP2 was not detectable by immunofluorescence
(IF) in transfected neurons (Figure 3a bottom, arrow).
Suppression of VAMP2 did not affect neuronal
polarization (Figure 3c). Since VAMP2 function could
be compensated by VAMP1 or VAMP3, we measured
neuronal polarization in cultures treated with tetanus
toxin (an inhibitor of exocytosis triggered by VAMP1,
VAMP2 and VAMP3) [30, 31]. Our results showed that
incubation with 50 nM tetanus toxin did not preclude
neuronal polarization (Supplementary Figure S2).
Also, transfection of cell cultures with VAMP7-
targeted shRNA significantly and specifically
decreased VAMP7 protein in the cultures (Figure 3f).
The transfected neurons expressed virtually no detect-
able levels of VAMP7 (Figure 3d bottom-arrow) and
generated a relatively long axon-like process enriched
in tau-1 protein and exhibited a similar morphology as
control, ssRNA-transfected neurons (Figure 3d top).
To analyze this observation quantitatively we scored
the differentiation stages of neurons transfected with
VAMP7-targeted shRNA compared to neurons in the
same cultures not containing shRNA, after 24 h
in vitro. We found that there are not significant
differences in the number of neurons in stage 3 between

the neurons transfected with VAMP7-targeted shRNA
and those transfected with ssRNA (Figure 3e). Since
VAMP7 has been proposed to participate in neurite
elongation in cortical neurons cultured on laminin [28],
we also analyzed polarization and axonal length in
hippocampal neurons cultured on laminin for 24 or
48 h. Our results showed that suppression of VAMP7
by shRNA did not inhibit neuron polarization
(Figure 3g) but significantly inhibited axonal elonga-
tion (Figure 3h). We performed similar experiments
with shRNA targeting VAMP2. WBs showed that
transfection with the dicistronic plasmid containing
VAMP2-targeted shRNA plus GFP significantly
reduced VAMP2 expression in cell cultures (Figure 3c).
VAMP2 was not detectable by IF in transfected
neurons (Figure 3a bottom, arrow). As for VAMP7,
suppression of VAMP2 did not affect neuronal
polarization (Figure 3c).

An early event of axonal specification during
neuronal differentiation is the enrichment of activa-
table IGF-1 receptor in one minor neurite at stage 2
of differentiation [1]. In order 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. Moreover,
exocytotic insertion of IGF-1 receptor into the
neuronal plasmalemma is activated by its cognate
ligand, IGF-1 [14]. Therefore, we studied the possible

Figure 2 (a) (first two rows) Double immunofluorescence micrographs of hippocampal neurons after 24 h in culture that show the
localizations of VAMP4 (red) or tau-1 (blue) and GFP as a transfection marker. Note that the neurons transfected with VAMP4-targeted
shRNA (second row, arrows) did not develop axons and did not target tau-1 to any particular neurite. Non-transfected neurons in the
same culture exhibited tau-1- and VAMP4-positive axons (arrowheads). (bottom) Co-transfection with VAMP4-targeted shRNA plus
wild-type, HA-tagged VAMP4 (red) rescued the phenotype. Outgrowth of a tau-1- positive axon (blue) is evident. (b) Western blots
showing VAMP4 levels in rat brain glioma cells C6 transfected with ssRNA (left) and a VAMP4-targeted shRNA (right). Tubulin was used
as a loading control. (c) Relative percentages (± s.e.m.) of control neurons or neurons containing VAMP4-targeted shRNA at specific
stages of differentiation after 36 h in culture. n = 3 independent experiments. At least 100 neurons were scored for each condition.
(d) (first two rows) Double immunofluorescence micrographs of hippocampal neurons after 24 h in culture that show the localizations of
Syntaxin6 (red) or tau-1 (blue) and GFP as a transfection marker. Note that the neurons transfected with Syntaxin6-targeted shRNA
(second row, arrows) did not develop axons and did not target tau-1 to any particular neurite. Non-transfected neurons in the same culture
exhibited tau-1- and Syntaxin6-positive axons (arrowheads). (bottom) Co-transfection with Syntaxin6-targeted shRNA plus wild-type,
HA-tagged Syntaxin6 (red) rescued the phenotype. Outgrowth of a tau-1- positive axon (blue) is evident. (e) Western blots showing
Syntaxin6 levels in rat brain glioma cells C6 cultured in the presence of a Syntaxin6-targeted shRNA. Tubulin was used as a loading
control. (f) Relative percentages (± s.e.m.) of control neurons or neurons containing Syntaxin6-targeted shRNA at specific stages of
differentiation after 36 h in culture. n = 3 independent experiments. At least 100 neurons were scored for each condition. (g) (first two
rows) Double immunofluorescence micrographs of hippocampal neurons after 24 h in culture that show the localizations of SNAP23 (red)
or tau-1 (blue) and GFP as a transfection marker. Note that the neurons transfected with SNAP23-targeted shRNA (second row, arrows)
did not develop axons and did not target tau-1 to any particular neurite. Non-transfected neurons in the same culture exhibited tau-1- and
SNAP23-positive axons (arrowheads). (bottom) Co-transfection with SNAP23-targeted shRNA plus wild-type, HA-tagged SNAP23 (red)
rescued the phenotype. Outgrowth of a tau-1- positive axon (blue) is evident. (h) Western blots showing SNAP23 levels in rat brain
glioma cells C6 cultured in the presence a SNAP23-targeted shRNA (right). Tubulin was used as a loading control. (i) Relative
percentages (± s.e.m.) of control neurons or neurons containing VAMP4-targeted shRNA at specific stages of differentiation after
36 h in culture. n = 3 independent experiments. At least 100 neurons were scored for each condition. *P⩽ 0.005, **P⩽ 0.001. Calibration
bar = 20 μm.
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involvement of the SNARE proteins VAMP4,
Syntaxin6 and SNAP23 on the polarized exocytosis
of vesicles containing the IGF-1 receptor. We first
investigated the association of selected SNARE
proteins with vesicles containing the IGF-1 receptor in
growth cone particles (GCPs) isolated from rat fetal
brain (GCPs; [32]). By immunoprecipitation of vesicles

from control lysed GCPs with the anti-IGF 1 receptor
antibody βgc (see Methods) we did not find a
noticeable association of VAMP4, Syntaxin6, SNAP23
or VAMP7 with the immunoprecipitated vesicles
(IP-Figure 4a-middle). Upon a challenge with 20 nM
IGF-1 we found a strong association of VAMP4,
Syntaxin6 and SNAP23 with the IP (Figure 4a right,

Figure 3 (a) Double immunofluorescence micrographs of hippocampal neurons after 24 h in culture that show the localizations of
VAMP2 (red) or tau-1 (blue) and GFP as a transfection marker. Note that both the cells transfected with an ssRNA (top) and a
VAMP2-targeted shRNA (bottom) exhibit an axon-like process enriched in tau-1. (b) Relative percentages (+ s.e.m.) of control
neurons or neurons containing VAMP2-targeted shRNA at specific stages of differentiation after 36 h in culture. n = 3
independent experiments. At least 100 neurons were scored for each condition. (c) Western blots showing VAMP2 levels in
rat brain glioma cells C6 cultured in the presence a VAMP2-targeted shRNA (right). Tubulin was used as a loading control.
(d) Double immunofluorescence micrographs of hippocampal neurons after 24 h in culture that show the localizations of VAMP7
(red) or tau-1 (blue) and GFP as a transfection marker. Note that both the cells transfected with a ssRNA (top) or a VAMP7-
targeted shRNA (bottom) exhibit an axon-like process enriched in tau-1. (e) Relative percentages (+ s.e.m.) of control neurons or
neurons containing VAMP7-targeted shRNA at specific stages of differentiation after 36 h in culture. n = 3 independent
experiments. At least 100 neurons were scored for each condition. (f) Western blots showing VAMP7 levels in rat brain glioma
cells C6 cells cultured in the presence a VAMP7-targeted shRNA (right). Tubulin was used as a loading control. (g) Relative
percentages (± s.e.m.) of control neurons or neurons containing VAMP7-targeted shRNA at specific stages of differentiation
after 24 h or 48 h in culture on laminin-coated cover glasses. n = 3 independent experiments. At least 50 neurons were scored for
each condition. (h) Axonal length (± s.e.m. of control neurons or neurons containing VAMP7-targeted shRNA at specific stages
of differentiation after 24 h or 48 in culture. n = 3 independent experiments. At least 50 neurons were scored for each condition.
*P⩽ 0.01, **P⩽ 0.001. Calibration bar = 20 μm.
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Figure 4 (a) Western blots of lysed GCPs (containing resealed PPVs element belonging to the plasma membrane)
immunoprecipitated in the absence of any relevant antibody (left) or with the anti-IGF-1 receptor antibody βgc (middle and
right). Before lysis the GCPs were kept in control medium (left and middle) or challenged with 20 nM IGF-1 for 5 min (right). The
blots were probed with the following antibodies: βgc, anti-VAMP4, anti-Syntaxin6, anti SNAP23 and anti-VAMP7 respectively
(from top to bottom) SN=Supernatant, IP: Immunoprecipitate. (b) Lysed GCPs in control non-stimulated conditions or stimulated
for 5 min with 20 nM IGF-1 separated across a continuous sucrose gradient extending from 0.3 to 1.6 M sucrose by isopincnic
centrifugation (242 g for 2 h). Note the precise co-localization of the IGF-1 receptor (βgc), VAMP4, Syntaxin6, SNAP23 and the
vesicles marker p38 in the stimulated samples (bottom-box). (c) Immunofluorescencemicrographs showing the distribution of βgc
at the growth cone of pyramidal neurons in culture HA was used as a transfection control. Neurons were transfected with
HA-tagged wt-VAMP 4 (first and second row), HA-tagged wt-Syntaxin6 (third and fourth row) or HA-tagged SNAP23 (fifth and
sixth row) and kept in control medium (first, third and fifth row) or challenged with 20 nM IGF-1 for 5 min. Note that stimulation
with IGF-1 promotes colozalization of the three SNARE proteins assayed with the IGF-1 receptor. (d) A) Western blots of lysed
GCPs (containing resealed PPVs) immunoprecipitated in the absence of any relevant antibody (left) or with
anti-Syntaxinn6 antibody (middle and right). Before lysis the GCPs were kept in control medium (left and middle) or challenged
with 20 nM IGF-1 for 5 min (right). The blots were probed with the following antibodies: anti-VAMP4, anti-Syntaxin6 and anti
SNAP23 respectively (from top to bottom). IP, immunoprecipitate; SN, supernatant. Scale bar, 2 μm.
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second, third and fourth row from top). In contrast,
little or no association with the IP was found for
VAMP7 (Figure 4a right, bottom), a SNARE not
necessary for neuronal polarization (see above).
Lysed GCPs contain vesicles plus resealed elements
formed from plasma membrane. To characterize the
membrane structures containing the IGF-1 receptor
plus VAMP4, Syntaxin6 and SNAP23 lysed GCPs
(in non-stimulated conditions or stimulated with 20 nM
IGF-1 for 5 min) were fractionated by isopicnic
centrifugation in lineal sucrose density gradients and
analyzed by WBs with antibodies against the IGF-1
receptor (βgc), VAMP4, Syntaxin6, SNAP23 and the
vesicular marker p38. Results are shown in Figure 4b
and show that in non-stimulated conditions, there was
no noticeable co-migration of the analyzed proteins in

the gradients. However, stimulation with IGF-1 caused
a shift of the IGF-1 receptor to heavier fractions and an
almost exact co-localization of IGF-1 receptor and
the analyzed SNARE proteins plus the vesicle marker
p38 was evident (Figure 4b-bottom-box). These
results indicate that the challenge IGF-1 triggered the
association of the IGF-1 receptor and the SNAREs
in the same population of vesicles. Consistent with
these results, a noticeable co-localization of VAMP4
(Figure 4c, second from top), Syntaxin6 (Figure 4c,
fourth from top) and SNAP23 (Figure 4c, bottom) with
the IGF-1 receptor recognized by βgc antibody was
found at the growth cone of neurons stimulated with
20 nM IGF-1, compared with the respective, non-
stimulated control cells (Figure 4c, top; Figure 4c,
third from top; and Figure 4c fifth from top,
respectively). Moreover, our results showed that
stimulation with IGF-1 promoted the association
of VAMP4 and SNAP23 with vesicles containing
Syntaxin6 (Figure 4d).

We next studied the consequences of loss of function
of VAMP4, Syntaxin6 or SNAP23 on the polarization
of activated, that is, phosphorylated IGF-1 receptor to
one neurite in stage 2 neurons (monospecificity of
this antibody under our experimental conditions has
been demonstrated previously; [1]). In stage 2 neurons
transfected with a scrambled RNA sequence
(14 h in vitro), deprived of growth factor for 2 h, and

Figure 5 (a) Double immunofluorescence micrographs of
hippocampal neurons (14 h in culture) that show the distributions
of tyrosinated α-tubulin (blue), phosphorylated IGF-1 receptor
(red), and the transfection marker GFP. Neurons were transfected
with either a scrambled RNA sequence (ssRNA-top), VAMP4-
targeted shRNA (second row), Syntaxin6-targeted shRNA (third
row), SNAP23-targeted shRNA (fourth row) or VAMP7-targeted
shRNA (bottom). Neurons were deprived of growth factors for
4 h and stimulated with 20 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 ssRNA
(arrow-top) or transfected with VAMP7-targeteed shRNA
(bottom). In contrast, neurons transfected with VAMP4, Syntaxin6
or SNAP23 (arrowheads-second, third and fourth rows 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 scrambled sequence RNA (*P = o0.01) compared to
those transfected with VAMP4-, Syntaxin6- or SNAP-23-
targeted shRNA. No significant differences in the polarization
index were found in the neurons transfected with ssRNA and
VAMP7-targeted shRNA. Scale bar, 20 μm.
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stimulated for 2 min with 20 nM IGF-1, we observed
the expected polarized distribution of the activated
IGF-1 receptor (Figure 5a top). Similar results were
observed in cells transfected with VAMP7-targeted
shRNA (Figure 5a bottom). In contrast, neurons
transfected with VAMP4 (Figure 5a-second from top)
or Syntaxin6 (Figure 5a-third from the top) or SNAP23
(Figure 5a-fourth row from the top) targeted shRNA
exhibited labeling of the activated IGF-1 receptor that
was less intense and not confined to any particular
minor process. To quantify these differences we
calculated an ‘active IGF-1 receptor polarization
index’ (see legend to Figure 5b). As shown in Figure 5b
this index was significantly higher (P = 0.001) in the
neurons transfected with the scrambled RNA sequence
than in the VAMP4, Syntaxin6 or SNAP23-suppressed
neurons.

In order to establish a direct relationship between
Syntaxin6 activity and the exocytosis of PPVs
containing the IGF-1 receptor at the growth cone
of differentiating hippocampal neurons, we used
time-lapse total internal reflection fluorescence (TIRF)
microscopy [14, 33] to evaluate whether or not
transfection with Syn6cyto, a dominant-negative form
of Syntaxin6 [34] reduced the number of fusion events
of IGF-1 receptor-GFP-containing vesicles with the
growth cone plasmalemma. Figure 6 shows three
examples of such fusion events at the growth cone of a
hippocampal pyramidal neuron transfected with
wt-Syntaxin6 (see also Supplementary movies S1 and
S2 showing TIRFM time lapses of growth cones from
neurons transfected with wt-Syntaxin6 or Syn6cyto,
respectively) plus IGF-1 receptor-GFP (PS-GFP(LT)
IGF-1R, see Methods). The estimated frequency of
fusion events at the growth cone of neurons transfected
with wt-Syntaxin6 plus IGF-1 receptor-GFP was
6.67 min-1 growth cone-1 (n = 16) compared with
2.19 min-1 growth cone-1 (n = 12) for neurons trans-
fected with Syn6cyto plus IGF-1 receptor-GFP. These
results demonstrate that Syntaxin6 is necessary for the
exocitosis of IGF-1 receptor-containing vesicles to the
plasmatic membrane of the growth cone.

Discussion

During differentiation, neurons must enlarge their
surface rapidly to support axonal outgrowth. This
necessitates recruitment of newly synthesized mem-
brane to the cell surface, by exocytotic insertion of
PPVs at the growth cone [10]. Earlier studies from our
laboratory demonstrated that IGF-1 stimulates PPV
exocytosis at the axonal growth cone [8]. This occurs

via activation of a receptor isoform that contains the
immunochemically distinct βgc subunit [35, 36] and
requires the activation of the phosphatidyl inositol
3-kinase-Akt signaling pathway [9]. This cascade,
essential for the regulation of membrane expansion in
developing neurons, also involves the activation of the
small GTPase TC10 and the exocist complex [14].
Besides the exocyst complex, PPVs exocytosis require
the activity of proteins belonging to the SNARE
family. The components of this family involved in the
regulation of exocytosis necessary for initial axonal
outgrowth and the establishment of neuronal polarity
have not yet been identified. This is the main theme of
the present report.

Published data indicate the participation of several
SNARE proteins in neurite outgrowth (see Introduc-
tion). The goal of the experiments in the present report
was to identify SNARE proteins specifically involved
in the early regulation of initial axonal outgrowth and,
therefore, necessary for the establishment of neuronal
polarity. We first investigated the temporal expression
in developing neurons of seven SNARE proteins
VAMP2, VAMP4, VAMP7, Syntaxin1, Syntaxin6 and
SNAP23. Our results show that five of these SNAREs
(VAMP2, 4 and 7, Syntaxin6 and SNAP23) are
expressed in neurons in stage 2 before polarization.

Figure 6 (a) Time-lapse TIRF images showing two examples of
fusion events in the axonal growth cone of a hippocampal
pyramidal neuron transfected with wild-type Syntaxin6 plus
IGF-1 R-GFP. Vesicles that undergo fusion are marked with
arrows (top) or arrowheads (middle). An epifluorescence image
of analyzed growth cone was also included (bottom). Images
were recorded at 0.2-second intervals, for 2 min. (b) Numbers
represent the amount of fusion events per min per growth cone at
the growth cone of neurons transfected with wild-type Syntaxin6
or negative dominant Syntaxin6. **Pp0.001. Calibration
bar = 2 μm.

Diego Grassi et al.

9

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


Silencing experiments using SNAREs-targeted shRNA
indicated that three of these SNAREs are necessary
for neuronal polarization; VAMP4, Syntaxin6 and
SNAP23 (together with TC10 and the exocyst
complex, [14]). Previously published results indicate
that both Syntaxin6 and SNAP23 are also involved in
the exocytosis of the Glu-T4 transporter in adypocites,
a process that require stimulation with insulin and
the participation of the exocyst complex [37–40].
In contrast, silencing experiments using a shRNA
targeted to VAMP2 or treatment of hippocampal
pyramidal neurons with tetanus neurotoxin did not
preclude neuron polarization. These results could
apparently contradict published information indicating
that VAMP2 participates in neurite elongation in
cortical neurons containing Apo4-Mito or FP4-Mito
growing on laminin [28]. However, the studied models
are different and there is published information from
other authors indicating that VAMP2 is not required
for axonal elongation in cultured hippocampal neurons
[25]. Regarding VAMP7 our results indicate that
the suppresssion of this SNARE does not affect
significantly neuronal polarization in hippocampal
neurons growing on polilysin or laminin but inhibits
axonal outgrowth in cells growing on laminin, these
results closely resemble those found in cultured
hippocampal neurons from VAMP7 knockout mice
[25, 41]. In summary, our results and the analysis
of previous published work indicate that VAMP4,
Syntaxin6 and SNAP23 are involved in the regulation
of initial axonal outgrowth necessary for hippocampal
neuron polarization. VAMP2 and VAMP7 can be
involved in neurite elongation in different systems but
do not seem to participate in the regulation of initial
axonal outgrowth and the establishment of neuronal
polarity in hippocampal neurons.

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 [1]. 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 demonstrated
that the exocyst is necessary for IGF-1 receptor
externalization in non-polarized neurons [14]. It
follows, therefore, that insertion of IGF-1 receptor in
an undifferentiated neurite (stage 2 hippocampal
pyramidal neurons) is necessary for polarization. We
performed several experiments to study a possible
relationship between VAMP4, Syntaxin6 and SNAP23
activity and the polarized insertion of the IGF-1
receptor. Our results indicated that upon stimulation

with IGF-1 VAMP4, Syntaxin6 and SNAP23
interact with vesicles containing the IGF-1 receptor.
Moreover, IGF1 promotes the association of VAMP4
and SNAP23 to vesicles containing Syntaxin6. Inter-
estingly, recently published results show the expression
of VAMP4 at the axonal growth cone of developing
neurons and suggest co-localization of VAMP4 and the
IGF-1 receptor in the same PPVs population [20]. Loss
of function experiments show that the expression of
VAMP4, Syntaxin6 or SNAP23 is required for the
polarized insertion of the IGF-1 receptor in neurons of
stage 2 (not yet polarized). We also propose that
stimulation with IGF-1 triggers the assembly of a
population of vesicles containing these three SNARES
plus the IGF-1 receptor. It is known that Syntaxin 6
contains a Q motif homologous to Qc (the Q motif of
SNAPS) and not the Qa motif typical of syntaxins [42])
and formation of SNARE complexes including
Syntaxin 6 and SNAPS has not yet been demonstrated.
It follows that, at this point, we cannot assert if
the three SNAREs involved in the establishment of
neuronal polarity acts through the formation of one
or different SNARES complexes. Finally, time-lapse
TIRF microcoscopy of hippocampal neurons growth
cone demonstrate a direct involving of Syntaxin6 in the
exocytotic insertion of IGF-1 receptor to the growth
cone plasmalemma.

Taken together, our results indicate that VAMP4,
Syntaxin6 and SNAP23 are required for the polarized
insertion of the IGF-1 receptor (and probably other
growth factor receptors such as TrkB [43]) and, there-
fore, are essential for the regulation of initial axonal
outgrowth and the establishment of neuronal polarity.
More investigation will be needed to study if other
proteins belonging to the SNARE family can also
participate in these phenomena and the precise
mechanism by which these three SNAREs regulate the
establishment of neuronal polarity.

Materials and Methods

Short hairpin RNA plasmids
The shRNA sequences used as targets were as follow:

VAMP2, 5′-gcacctcctccaaatctta-3′; VAMP4, 5′-gaatattaccaag
gtaatt-3′; VAMP7, 5′-ggacaggattgtgtatctt-3′; Syntaxin6, 5′-gaa
caatctccgcagcata-3′; SNAP23, 5′-ggaatcaagactatcacta-3′. For
controls, a sequence of scrambled shRNA was used: 5′-gtg
tatgattaggtaacgg-3′. The resulting plasmids were referred as
shVAMP2, shVAMP4, shVAMP7, shSyntaxin6, shSNAP23
and ssRNA (scrambled shRNA), respectively. All oligonucleo-
tides were synthesized by SIGMA (Sigma-Aldrich, St. Louis,
MO, USA) and subcloned into pSuperNeo+GFP vector
(Oligoengine).
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Dna constructs
To generate HA-tagged VAMP4 full length construct

the coding sequences of VAMP4 full length was cut in
EcoRI/BamHI flanking sites and cloned into EcoRI/BglII
pCMV-HA vector (Clontech Laboratories Inc., Mountain
View, CA, USA). The GFP-tagged full length human VAMP4
(GFP-VAMP4 FL) construct was a generous gift from Dr Marc
Coppolino [44]. HA-tagged human full length Syntaxin6 (Syn-
taxin6-HA) and Myc-tagged cytosolic domain of human Syn-
taxin6 (Myc-Syn6cyto) constructs were kindly provided by Dr
Sima Lev [45] and Dr Nobuhiro Nakamura [34], respectively.
Syntaxin6 constructs used for TIRF experiments were generated
as follow: in Syntaxin6 mCherry the coding sequence of rat
Syntaxin6 was PCR amplified with forward primer 5′-
aagctcagatctgaagaggacttgtccatg-3′ and reverse primer 5′-
aacttccagggccaggagagg-3′ using as template Myc-tagged rat full
length Syntaxin6 (Myc-Syntaxin6 pCMV4), a construct kindly
provided by Dr Peter Arvan [46]. The PCR product was cloned
into the BglII/HindIII sites of pmCherry C1 vector (Clontech).
For Syn6cyto RFP the coding sequence of Myc-Syn6cyto con-
struct was cut in HindIII/EcoRI flanking sites and cloned into
HindIII/EcoRI of a pERFP vector. To generate HA-tagged
SNAP23 two steps of cloning were required. First, the coding
sequence from GFP-tagged mouse full length SNAP23 plasmid
was cut in HindIII/XbaII flanking sites and cloned into HindIII/
XbaII of pBKSII+ vector (StrataGen, Kirkland, WA, USA).
SNAP23-GFP plasmid was a generous gift from Dr Giulia
Baldini [47]. After that, the pBKSII+SNAP23 construct was cut
in SalI/NotI and cloned in pCMV-HA vector (Clontech).

For TIRF experiments a plasmid encoding IGF-1 receptor
coupled with GFP was designed. In this construct, GFP
molecule is joined to alpha chain of IGF-1R through a hinge
(in order to avoid esteric effect in the ligand-binding site of
receptor) and a thrombin site to remove the fluorescent reporter
before performing exocytosis experiments. Construction
involved the following steps: first, GFP casette from pEGFP C1
vector (Clontech) was PCR amplified using forward primer
5′-gcagagctggtttagtgaaccgtcagatccgctagcgctaccggtcgccaccatg-3′
and reverse primer 5′-cgtatagatctcgatcctcggggtactagaggtcctg
gtcccttgtacagctcgtccatgcc-3′, the later coding a Gly-Pro-Gly-Pro
linker (L) (this linker minimize the conformational changes in
tertiary structure and provide flexibility of the peptide chain,
[48]) plus a thrombin site (T). The PCR product was cloned into
the NheI/BglII sites of a pEGFP C1 vector used as backbone
and GFP(LT) C1 plasmid was obtained. Second, two oligonu-
cleotide complementary sequences encoding the signal peptide
of IGF-1R, forward strand 5′-ctagccgccaccatgaagtctggctccggag
gagggtccccgacctcgctgtgggggctcctgtttctctccgccgcgctctcgctctggccg
acgagtggagaa-3′ and reverse strand 5′-ccggttctccactcgtcggcc
agagcgagagcgcggcggagagaaacaggagcccccacagcgaggtcggggaccct
cctccggagccagacttcatggtggcgg-3′ were annealed and cloned into
AgeI/NheI sites of pEGFP(LT) C1 plasmid, so PS-GFP(LT) C1
was generated. Third, coding sequence of human IGF-1 R
β-chain and part of α-chain from CVN-IGF-1 R construct were
cut in KpnI/BamHI and cloned into KpnI/BamHI sites of
PS-GFP(LT) C1. CVN-IGF-1 R plasmid was kindly provided
by Dr Renato Baserga [49]. Finally, the remaining region of
IGF-1 R α-chain from CVN- IGF-1 R construct was PCR

amplified using forward primer 5′-gacgagtcgacaaatctgcgggcc
aggcatcg-3′ and reverse primer 5′- cggtgaagctgatgagatccctgta
gtc-3′. The PCR product was cut in SalI/KpnI flanking sites and
cloned into the XhoI/KpnI sites of PS-GFP(LT)ΔIGF-1 R
C1 plasmid. So, PS-GFP(LT)IGF-1 R was obtained. All the
constructs were sequenced.

Primary antibodies
The following primary antibodies were used: rabbit poly-

clonal antibody to VAMP2 (ABCAM), diluted 1:500 for IF and
1:1 000 for WB; mouse monoclonal antibody to VAMP2
(Synaptic System), diluted 1:1 000 (IF) and 1:3 000 (WB); rabbit
polyclonal antibody to VAMP4 (Synaptic System, Goettingen,
Germany), diluted 1:100 (IF) and 1:250 (WB); affinity-purified
mouse monoclonal antibody to VAMP7/SYBL1 (clone 158.2,
ABCAM, Cambridge, MA, USA), diluted 1:100 (IF) and 1:250
(WB); affinity-purified mouse monoclonal antibody to Syn-
taxin1 (clone 78.2, Synaptic Systems), diluted 1:150 (IF) and
1:400 (WB); rabbit polyclonal antibody to Syntaxin6 (Synaptic
System), diluted 1:150 (IF), 1:600 (WB) and 1:250 (IP); rabbit
polyclonal antibody to SNAP23 (Synaptic System), diluted
1:100 (IF) and 1:200 (WB); affinity-purified mouse monoclonal
antibody to SNAP25 (clone SP12, StressGen Biotechnologies,
Victoria, British Columbia, Canada), diluted 1:100 (IF) and
1:200 (WB); rabbit polyclonal antibody to βgc [35], diluted 1:100
(IF), 1:200 (WB) and 1:150 (IP); rabbit polyclonal antibody to
phosphorylated (Tyr 980) IGF-1r (Cell Signaling), diluted 1:50
(IF); rabbit polyclonal antibody to βIII-tubulin (Sigma-
Aldrich), diluted 1:4 000 (IF); mouse monoclonal antibody to
the axonal marker Tau-1 (clone PC1C6, EMD Millipore,
Darmstad, Germany), diluted 1:600 (IF); rat monoclonal anti-
body to tyrosinated tubulin (clone Tub-IA2, Sigma-Aldrich),
diluted 1:2 000 (IF); mouse monoclonal antibody to α-tubulin
(clone DM A1, Thermo Scientific, Waltham, MA, USA), dilu-
ted 1:2 000 (WB); rat monoclonal antibody to HA (clone 3F10,
Roche, Basel, Switzerland), diluted 1:400 (IF); and rabbit
monoclonal antibody to p38 (Abcam) diluted 1:1 000.

Culture and transfection
Dissociated hippocampal pyramidal neurons were prepared

from fetal rat brain and cultured as described previously [50].
In brief, cells were plated onto polylysine (or laminin (10 μg ml− 1

in the experiments shown in Figures 3g and h)-coated glass
coverslips and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) plus 10% horse serum for 1 h. The coverslips
with the attached cells were transferred subsequently to 35mm
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 sub-
sequently develop into dendrites (stage 4). Neurons are con-
sidered to be at stage 3 when the length of the axon exceeds that
of the average minor neurite by at least 20 μm [29]. Transient
transfection of cultured neurons was performed as described
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previously [50], and the constructs used at a concentration of
2.5 μg μl− 1.

For those experiments involving expression of shRNA
sequences in early stages of neuronal development, a protocol of
transfection of neurons in suspension, before plating, was used.
It was similar to in vitro procedure described in [51],
with modifications. Briefly, DNA:Lipofectamine 2000 complex
diluted in OPTIMEM (80 μl) was made in a 1.5 ml Eppendorf
tube. Usually, 500 ng of DNA and 1 μl of Lipofectamine 2000
were mixed in each reaction. This mixture was incubated at
room temperature for 30 min and after that 15 μl of a neuron
suspension (6× 104 cells) diluted in OPTIMEM was added.
Cells-DNA-Lipofectamine 2000 mixture was immediately
plated over polylysine-coated glass coverslips and cultures were
placed to 37 °C in a humidified 5% CO2 incubator. After 1 h,
transfecting complex was removed carefully from each coverslip
(at this time most of neurons were already attached) and
serum-free medium plus the N2 mixture was added to cultures.
Cultures were maintained in a humidified 37 °C incubator with
5% CO2 for 24–48 h before fixation. So, detectable levels of
silencing were achieved within 24 h of transfection with shRNA
sequences.

Immunofluorescence microscopy
Cells were fixed for 20min at room temperature with 4%

(w/v) paraformaldehyde in phosphate-buffered saline (PBS)
containing 4% (w/v) sucrose. Cultures were washed with PBS,
permeabilized with 0.2% (v/v) Triton X-100 in PBS for 6 min,
again washed in PBS and blocked for 1 h at room temperature.
After labeling with a first primary antibody (1–3 h at room
temperature or overnight at 4 ºC) and washing with PBS,
cultures were incubated with fluorescent secondary antibody
conjugated to Alexa Fluor 488, 546 or 633 (1 h at room
temperature) and washed with PBS. The cells were visualized
using a spectral confocal microscope (Olympus FV1000, Tokyo,
Japan). Images were captured and digitized using Olympus
Fluoview Viewer software. For some experiments (see Figure 6),
cells were observed with an Olympus Spining Disk (DSU)
microscope equipped for TIRF. Images were captured using a
charged-coupled camera (Andor Ixon3, Andor Oxford Instru-
ments, Oxfordshire, UK). Images were digitized using Olympus
Fluoview Viewer software. In some cases, the images were
analyzed using ImageJ (National Institutes of Health, Rockville,
MD, USA) software. All images were processed using Adobe
PhotoShop (Adobe Systems, San Jose, CA, USA).

VAMP4, Syntaxin6 and SNAP23 rescue experiments
To perform these experiments, we titrated levels of VAMP4,

Syntaxin6 or SNAP23 plasmid to determine the lowest
concentration necessary to overcome the shRNA effects. Under
these conditions, cells transfected with VAMP4, Syntaxin6 or
SNAP23 shRNA, together with VAMP4, Syntaxin6 or SNAP23
plasmid, respectively, exhibited protein levels that were similar
to those of control non-transfected neurons.

Gel electrophoresis and western blot
Proteins were analyzed by SDS–polyacrylamide gelelec-

trophoresis. The concentration of acrylamide of the resolving gel

varied from 7.5 to 15%. The resolved proteins were transferred
to nitrocellulose membranes (Amersham Hybond-ECL, GE
Healthcare, Buckinghamshire, UK) in Tris-glycine buffer con-
taining 20% methanol. The membranes were first dried, washed
with Tris-buffered saline (10 mM Tris, pH 7.5, 150 mM NaCl)
and then blocked, or directly blocked for 1 h in Tris-buffered
saline containing 5% bovine serum albumin. The blots were
incubated with the primary antibodies in PBS containing 0.05%
Tween 20, for 12 h at 4 ºC. After washing with Tris-buffered
saline containing 0.05% Tween 20, the membranes were incu-
bated with Odyssey IRdye CW 800 secondary antibodies (LI-
COR Biosciences) for 1 h at room temperature. After washing,
the blots were imaged using an Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA).

Isolation of growth cones
Axonal growth cones were isolated from developing brain as

described previously [32, 52]. In brief, brains of 18-days gestation
fetal rats were homogenized (H). A low-speed supernatant
was prepared, loaded onto a discontinuous sucrose density
gradient with steps of 0.83, 1 and 2.66 M sucrose, and spun to
equilibrium at 2 42 000 g max. The fraction at the load/0.83 M

interface (designated ‘A’) contained the isolated growth cones
or GCPs.

Immunoprecipitation assays
Intact GCPs were incubated for 15min at 4 °C in the

presence or absence of 20 nM IGF-1. Afterwards, 3 μl saponin
2%; 30 μl of intracellular buffer 10× (Hepes 20 mM, ClNa 5mM,
ClK 50mM, Cl2Mg 3mM); 3 μl ATP and 64 μl H2O were added
and the mixture incubated for 5 min at 37 ºC. Both stimulated
and control GCPs were lysed with ice cold lysis buffer (EDTA
0,5 mM; Tris-HCl pH:7,5 6 mM; Tritón X100 1% v/v; Nacl
150 mM; PMSF 1mM; aprotinin and H2O). This relatively mild
lysis buffer allows release of PPVs contained into GCPs.
For immunoprecipitation, solution containing both PPVs and
resealed GCPs was incubated with the indicated antibodies
overnight at 4 °C before adding proteinA/G plus-coated beads
(Protein A-Sepharose 4B Fast Flow—SIGMA). In order to
avoid unspecific binding, a control condition of incubation
without beads was added. After incubation immunoprecipita-
tion mixtures were spun to 4 000 r.p.m during 10min, super-
natant (SN) and immunoprecipitated (IP) were separated and
samples processed to further analysis by SDS–polyacrylamide
gelelectrophoresis/WB.

Immunofluorescence of active IGF-1r
Cells were cultured as previously described and transfected

with VAMP4, VAMP7, Syntaxin6 or SNAP23 shRNA before
plating (that is, in suspension, at time 0 of IVC). After 10 h in
culture, cells were deprived of growth factors for 4 h and then
stimulated for 5 min with 20 nM IGF-1, fixed and processed
for IF using an antibody selective for the phosphorylated
form of IGF-1r [1] or an antibody that recognize both the
phosphorylated and non- phosphorylated forms of IGF-1r
(anti-βgc, [35]).
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Time-lapse total internal reflection fluorescence
microscopy

For time-lapse TIRF microscopy, cells were cultured in
special Petri dishes [53]. Eighteen h after transfection with either
wild-type Syntaxin6 (Syntaxin6-mCherry) or the dominant-
negative form of Syntaxin6, Syn6cyto (Syn6cyto-RFP) plus
PS-GFP(LT)-IGF1R, the dishes containing the attached cells
(deprived of growth factors for 4 h) were placed in a Harvard
microincubator model TC 202A located on top of the stage
of an Olympus Spining Disk (DSU) 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 [14, 54].
Cells were visualized using an Olympus UApo 150X 1.45 AN
numerical aperture objective, equipped for TIRF illumination
using an Olympus laser digital system (solid state). 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. Time-lapse sequences were acquired at a continuous rate
of 2 frames s− 1 during 2min using an Andor Ixon3 model x-8677
camera (CCD 201-20-1-122). Images were digitized using
Olympus Fluoview Viewer software. 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. In order to identify those cells transfected with
either wild-type Syntaxin6-mCherry or Syn6cyto-RFP plus
PS-GFP(LT)-IGF1R, epifluorescence pictures of the neurons
were taken before time-lapse imaging experiments. Only the
growth cones from co-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.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

This work was supported by grants from the Agencia
Nacional de Promoción Científica y Tecnológica, Argentina,
PICT 1773, 1554 and 1646 (to S.Q) and by the Secretaría de
Ciencia y Técnica de la Universidad Nacional de Córdoba
(SECYT-UNC-to S.Q.).

References

1 Sosa L, Dupraz S, Laurino L et al. IGF-1 receptor is
essential for the establishment of hippocampal neuronal
polarity. Nat Neurosci 2006; 9: 993–995.

2 Shi SH, Jan LY, Jan YN. Hippocampal neuronal polarity
specified by spatially localized mPar3/mPar6 and PI
3-kinase activity. Cell 2003; 112: 63–75.

3 Menager C, Arimura N, Fukata Y, Kaibuchi K. PIP3 is
involved in neuronal polarization and axon formation.
J Neurochem 2004; 89: 109–118.

4 Nishimura T, Yamaguchi T, Kato K et al. PAR-6-PAR-3
mediates Cdc42-induced Rac activation through the Rac
GEFs STEF/Tiam1. Nat Cell Biol 2005; 7: 270–277.

5 Pfenninger KH, Maylie-Pfenninger MF. Lectin labeling of
sprouting neurons. II. Relative movement and appearance
of glycoconjugates during plasmalemmal expansion. J Cell
Biol 1981; 89: 547–559.

6 Pfenninger KH, Friedman LB. Sites of plasmalemmal
expansion in growth cones. Brain Res Dev Brain Res 1993;
71: 181–192.

7 Futerman AH, Banker GA. The economics of neurite
outgrowth--the addition of new membrane to growing
axons. Trends Neurosci 1996; 19: 144–149.

8 Pfenninger KH, Laurino L, Peretti D et al. Regulation of
membrane expansion at the nerve growth cone. J Cell Sci
2003; 116: 1209–1217.

9 Laurino L, Wang XX, de la Houssaye BA et al. PI3K
activation by IGF-1 is essential for the regulation of
membrane expansion at the nerve growth cone. J Cell Sci
2005; 118: 3653–3662.

10 Pfenninger KH. Plasma membrane expansion: a neuron's
Herculean task. Nat Rev Neurosci 2009; 10: 251–261.

11 Jahn R, Lang T, Sudhof TC. Membrane fusion. Cell 2003;
112: 519–533.

12 Wickner W, Schekman R. Membrane fusion. Nat Struct
Mol Biol 2008; 15: 658–664.

13 Murthy M, Garza D, Scheller RH, Schwarz TL. Mutations
in the exocyst component Sec5 disrupt neuronal membrane
traffic, but neurotransmitter release persists. Neuron 2003;
37: 433–447.

14 Dupraz S, Grassi D, Bernis ME et al. The TC10-Exo70
complex is essential for membrane expansion and axonal
specification in developing neurons. J Neurosci 2009; 29:
13292–13301.

15 Sudhof TC, Rizo J. Synaptic vesicle exocytosis. Cold Spring
Harb Perspect Biol 2011; 3: a005637.

16 Jahn R, Fasshauer D. Molecular machines governing
exocytosis of synaptic vesicles. Nature 2012; 490:
201–207.

17 Osen-Sand A, Catsicas M, Staple JK et al. Inhibition of
axonal growth by SNAP-25 antisense oligonucleotides
in vitro and in vivo. Nature 1993; 364: 445–448.

18 Osen-Sand A, Staple JK, Naldi E et al. Common and
distinct fusion proteins in axonal growth and transmitter
release. J Comp Neurol 1996; 367: 222–234.

19 Martinez-Arca S, Coco S, Mainguy G et al. A common
exocytotic mechanism mediates axonal and dendritic
outgrowth. J Neurosci 2001; 21: 3830–3838.

20 Liu Y, Xu XH, Chen Q et al. Myosin Vb controls
biogenesis of post-Golgi Rab10 carriers during axon
development. Nat Commun 2013; 4: 2005.

21 Cocucci E, Racchetti G, Rupnik M, Meldolesi J. The
regulated exocytosis of enlargeosomes is mediated by a
SNARE machinery that includes VAMP4. J Cell Sci 2008;
121: 2983–2991.

Diego Grassi et al.

13

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


22 Sakisaka T, Baba T, Tanaka S, Izumi G, Yasumi M,
Takai Y. Regulation of SNAREs by tomosyn and ROCK:
implication in extension and retraction of neurites. J Cell
Biol 2004; 166: 17–25.

23 Kabayama H, Tokushige N, Takeuchi M, Mikoshiba K.
Syntaxin 6 regulates nerve growth factor-dependent neurite
outgrowth. Neurosci Lett 2008; 436: 340–344.

24 Washbourne P, Thompson PM, Carta M et al.
Genetic ablation of the t-SNARE SNAP-25 distinguishes
mechanisms of neuroexocytosis. Nat Neurosci 2002; 5:
19–26.

25 Zylbersztejn K, Petkovic M, Burgo A et al. The vesicular
SNARE Synaptobrevin is required for Semaphorin 3A
axonal repulsion. J Cell Biol 2012; 196: 37–46.

26 Schoch S, Deak F, Konigstorfer A et al. SNARE function
analyzed in synaptobrevin/VAMP knockout mice. Science
2001; 294: 1117–1122.

27 Wang Y, Tang BL. SNAREs in neurons--beyond synaptic
vesicle exocytosis (Review). Mol Membr Biol 2006; 23:
377–384.

28 Gupton SL, Gertler FB. Integrin signaling switches
the cytoskeletal and exocytic machinery that drives
neuritogenesis. Dev Cell 2010; 18: 725–736.

29 Craig AM, Banker G. Neuronal polarity. Annu Rev
Neurosci 1994; 17: 267–310.

30 Sikorra S, Henke T, Galli T, Binz T. Substrate recognition
mechanism of VAMP/synaptobrevin-cleaving clostridial
neurotoxins. J Biol Chem 2008; 283: 21145–21152.

31 Verderio C, Coco S, Bacci A et al. Tetanus toxin blocks the
exocytosis of synaptic vesicles clustered at synapses but not
of synaptic vesicles in isolated axons. J Neurosci 1999; 19:
6723–6732.

32 Pfenninger KH, Ellis L, Johnson MP, Friedman LB,
Somlo S. Nerve growth cones isolated from fetal rat brain:
subcellular fractionation and characterization. Cell 1983;
35: 573–584.

33 Bisbal M, Conde C, Donoso M et al. Protein
kinase D regulates trafficking of dendritic membrane pro-
teins in developing neurons. J Neurosci 2008; 28:
9297–9308.

34 Nakamura N, Fukuda H, Kato A, Hirose S. MARCH-II
is a syntaxin-6-binding protein involved in endosomal
trafficking. Mol Biol Cell 2005; 16: 1696–1710.

35 Quiroga S, Garofalo RS, Pfenninger KH. Insulin-like
growth factor I receptors of fetal brain are enriched in
nerve growth cones and contain a beta-subunit variant.
Proc Natl Acad Sci USA 1995; 92: 4309–4312.

36 Mascotti F, Caceres A, Pfenninger KH, Quiroga S.
Expression and distribution of IGF-1 receptors containing
a beta-subunit variant (betagc) in developing neurons.
J Neurosci 1997; 17: 1447–1459.

37 Rea S, Martin LB, McIntosh S et al. Syndet, an adipocyte
target SNARE involved in the insulin-induced transloca-
tion of GLUT4 to the cell surface. J Biol Chem 1998; 273:
18784–18792.

38 Kawanishi M, Tamori Y, Okazawa H, Araki S, Shinoda H,
Kasuga M. Role of SNAP23 in insulin-induced transloca-
tion of GLUT4 in 3T3-L1 adipocytes. Mediation of

complex formation between syntaxin4 and VAMP2. J Biol
Chem 2000; 275: 8240–8247.

39 Jewell JL, Oh E, Thurmond DC. Exocytosis mechanisms
underlying insulin release and glucose uptake: conserved
roles for Munc18c and syntaxin 4. Am J Physiol Regul
Integr Comp Physiol 2010; 298: R517–R531.

40 Jung JJ, Inamdar SM, Tiwari A, Choudhury A. Regulation
of intracellular membrane trafficking and cell dynamics by
syntaxin-6. Biosci Rep 2012; 32: 383–391.

41 Danglot L, Zylbersztejn K, Petkovic M et al. Absence of
TI-VAMP/Vamp7 leads to increased anxiety in mice.
J Neurosci 2012; 32: 1962–1968.

42 Misura KM, Bock JB, Gonzalez LC Jr, Scheller RH,
Weis WI. Three-dimensional structure of the amino-terminal
domain of syntaxin 6, a SNAP-25 C homolog. Proc Natl
Acad Sci USA 2002; 99: 9184–9189.

43 Xu XH, Deng CY, Liu Y et al. MARCKS regulates
membrane targeting of Rab10 vesicles to promote axon
development. Cell Res 2014; 24: 576–594.

44 Skalski M, Yi Q, Kean MJ et al. Lamellipodium extension
and membrane ruffling require different SNARE-mediated
trafficking pathways. BMC Cell Biol 2010; 11: 62.

45 Laufman O, Hong W, Lev S. The COG complex interacts
directly with Syntaxin 6 and positively regulates endosome-
to-TGN retrograde transport. J Cell Biol 2011; 194:
459–472.

46 Kuliawat R, Kalinina E, Bock J et al. Syntaxin-6 SNARE
involvement in secretory and endocytic pathways of cultured
pancreatic beta-cells. Mol Biol Cell 2004; 15: 1690–1701.

47 Chieregatti E, Chicka MC, Chapman ER, Baldini G.
SNAP-23 functions in docking/fusion of granules at
low Ca2+. Mol Biol Cell 2004; 15: 1918–1930.

48 Chia MY, Hsiao SH, Chan HT et al. The immunogenicity
of DNA constructs co-expressing GP5 and M proteins
of porcine reproductive and respiratory syndrome virus
conjugated by GPGP linker in pigs. Vet Microbiol 2010;
146: 189–199.

49 D'Ambrosio C, Ferber A, Resnicoff M, Baserga R.
A soluble insulin-like growth factor I receptor that induces
apoptosis of tumor cells in vivo and inhibits tumorigenesis.
Cancer Res 1996; 56: 4013–4020.

50 Rosso S, Bollati F, Bisbal M et al. LIMK1 regulates Golgi
dynamics, traffic of Golgi-derived vesicles, and process
extension in primary cultured neurons. Mol Biol Cell 2004;
15: 3433–3449.

51 HaltermanMW, Giuliano R, Dejesus C, Schor NF. In-tube
transfection improves the efficiency of gene transfer in
primary neuronal cultures. J Neurosci Methods 2009; 177:
348–354.

52 Lohse K, Helmke SM, Wood MR et al. Axonal origin and
purity of growth cones isolated from fetal rat brain. Brain
Res Dev Brain Res 1996; 96: 83–96.

53 Paglini G, Kunda P, Quiroga S, Kosik K, Caceres A.
Suppression of radixin and moesin alters growth cone
morphology, motility, and process formation in primary
cultured neurons. J Cell Biol 1998; 143: 443–455.

54 Yudowski GA, Puthenveedu MA, von Zastrow M.
Distinct modes of regulated receptor insertion to the

Selected SNAREs and neuronal polarization

14

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


somatodendritic plasma membrane. Nat Neurosci 2006; 9:
622–627.

55 Reales E, Mora-Lopez F, Rivas V, Garcia-Poley A,
Brieva JA, Campos-Caro A. Identification of soluble
N-ethylmaleimide-sensitive factor attachment protein
receptor exocytotic machinery in human plasma cells:
SNAP-23 is essential for antibody secretion. J Immunol
2005; 175: 6686–6693.

56 Mollinedo F, Lazo PA. Identification of two isoforms of the
vesicle-membrane fusion protein SNAP-23 in human
neutrophils and HL-60 cells. Biochem Biophys Res Commun
1997; 231: 808–812.

(Supplementary information is linked to the online version of the
paper on the Cell Discovery website.)

This work is licensed under a Creative Commons
Attribution 4.0 International License. The images or

other third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in the
credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the
license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

Diego Grassi et al.

15

Cell Discovery | www.nature.com/celldisc

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/celldisc

	Selected SNARE proteins are essential for the polarized membrane insertion of igf-1 receptor and the regulation of initial axonal outgrowth in neurons
	Introduction
	Results
	Figure 1 (a) Western blot showing the expression of VAMP2 (first row; apparent molecular weight 18�&#x02009;�kDa), VAMP4 (second row; apparent molecular weight 16�&#x02009;�kDa), VAMP7 (third row; apparent molecular weight 24�&#x02009;�kDa), Syntaxin1 (fo
	Figure 2 (a) (first two rows) Double immunofluorescence micrographs of hippocampal neurons after 24�&#x02009;�h in culture that show the localizations of VAMP4 (red) or tau-1 (blue) and GFP as a transfection marker.
	Figure 3 (a) Double immunofluorescence micrographs of hippocampal neurons after 24�&#x02009;�h in culture that show the localizations of VAMP2 (red) or tau-1 (blue) and GFP as a transfection marker.
	Figure 4 (a) Western blots of lysed GCPs (containing resealed PPVs element belonging to the plasma membrane) immunoprecipitated in the absence of any relevant antibody (left) or with the anti-IGF�-�1 receptor antibody &#x003B2;gc (middle and right).
	Figure 5 (a) Double immunofluorescence micrographs of hippocampal neurons (14�&#x02009;�h in culture) that show the distributions of tyrosinated &#x003B1;-tubulin (blue), phosphorylated IGF�-�1 receptor (red), and the transfection marker GFP.
	Discussion
	Figure 6 (a) Time-lapse TIRF images showing two examples of fusion events in the axonal growth cone of a hippocampal pyramidal neuron transfected with wild-type Syntaxin6 plus IGF�-�1�&#x02009;�R-GFP.
	Materials and Methods
	Short hairpin RNA plasmids
	Dna constructs
	Primary antibodies
	Culture and transfection
	Immunofluorescence microscopy
	VAMP4, Syntaxin6 and SNAP23 rescue experiments
	Gel electrophoresis and western blot
	Isolation of growth cones
	Immunoprecipitation assays
	Immunofluorescence of active IGF�-�1r
	Time-lapse total internal reflection fluorescence microscopy
	Animals

	This work was supported by grants from the Agencia Nacional de Promoci&#x000F3;n Cient&#x000ED;fica y Tecnol&#x000F3;gica, Argentina, PICT 1773, 1554 and 1646 (to S.Q) and by the Secretar&#x000ED;a de Ciencia y T&#x000E9;cnica de la Universidad Nacional d
	This work was supported by grants from the Agencia Nacional de Promoci&#x000F3;n Cient&#x000ED;fica y Tecnol&#x000F3;gica, Argentina, PICT 1773, 1554 and 1646 (to S.Q) and by the Secretar&#x000ED;a de Ciencia y T&#x000E9;cnica de la Universidad Nacional d
	ACKNOWLEDGEMENTS
	Sosa L, Dupraz S, Laurino L  IGF�-�1 receptor is essential for the establishment of hippocampal neuronal polarity. Nat Neurosci 2006; 9: 993&#x02013;995.Shi SH, Jan LY, Jan YN. Hippocampal neuronal polarity specified by spatially localized mPar3/mPar6 and
	REFERENCES


