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Introduction
During the development of the nervous system a complex
network of events determines the shape and functional
connectivity of neurons, resulting in the known complexity of
neuronal circuits. Phosphatidylinositol 3-kinases (PI3K) have
emerged as key enzymes in contributing to the appropriate
integration of neurons into functional circuits. They mediate
intracellular signalling, which influences neuronal migration
and neurite extension, as well as mechanisms that control the
function of guidance molecules (Atwal et al., 2003; Beffert et
al., 2002; Bock et al., 2003; Campbell and Holt, 2001; Zhou
et al., 2004). Activation of PI3K results in the production of
phosphatidylinositol 3,4,5-trisphosphate (PIP3). Through
protein effectors containing pleckstrin-homology (PH)
domains, PIP3 is known to modulate the activities of a number
of signalling molecules, such as guanine nucleotide exchange
factors (GEFs), phosphoinositide-dependent kinases (PDKs)
and Akt (Downward, 2004). Locally, these proteins may cause
structural rearrangements of the cytoskeleton, for example
modulating actin polymerisation and causing localised zones
of membrane protrusions. Levels of PIP3 are additionally
controlled through de-phosphorylation by a PI3-phosphatase
activity, which is mediated by PTEN (phosphatase and tensin
homologue deleted on chromosome ten). PTEN is a tumour
suppressor that has been shown to antagonise motility, inhibit
cell cycle progression, and induce apoptosis in different cell

types (Leslie and Downes, 2004), mainly through inhibition of
PI3K signalling, but also through mechanisms independent of
its lipid phosphatase activity (Raftopoulou et al., 2004).
Patients carrying mutations of PTEN show a predisposition to
develop tumours that can coincide with defects in neural
development such as macrocephaly, mental retardation,
cerebellar hypertrophy, ataxia and seizures (Li et al., 1997),
and conditional-knockout mice have indicated that PTEN may
control neuronal migration and/or neurite extension (Marino et
al., 2002).

We have investigated the function of PTEN in sensory
growth cones during the growth cone collapse response
mediated by semaphorin 3A (Sema3A). Our findings provide
evidence that neuronal PTEN associates with microtubules and
functions as an essential mediator of PI3K and glycogen
synthase kinase-3 (GSK-3) signalling in response to Sema3A.

Results
We have previously shown that GSK-3 activation is required
for the Sema3A-induced growth cone collapse in DRG neurons
(Eickholt et al., 2002). This led to the characterisation of an
inactive pool of GSK-3 at the leading edge of growth cones.
Here, we investigate the mechanisms that regulate GSK-3
during growth cone advance, and evaluate their requirements
for growth cone collapse. GSK-3 is a downstream signalling
mediator of the PI3K/Akt pathway in many cell types (Chung

Distinct changes in glycogen synthase kinase-3 (GSK-3)
signalling can regulate neuronal morphogenesis including
the determination and maintenance of axonal identity, and
are required for neurotrophin-mediated axon elongation.
In addition, we have previously shown a dependency on
GSK-3 activation in the semaphorin 3A (Sema3A)-
mediated growth-cone-collapse response of sensory
neurons. Regulation of GSK-3 activity involves the
intermediate signalling lipid phosphatidylinositol 3,4,5-
trisphosphate, which can be modulated by
phosphatidylinositol 3-kinase (PI3K) and the tumour
suppressor PTEN. We report here the involvement of
PTEN in the Sema3A-mediated growth cone collapse.
Sema3A suppresses PI3K signalling concomitant with the
activation of GSK-3, which depends on the phosphatase
activity of PTEN. PTEN is highly enriched in the axonal

compartment and the central domain of sensory growth
cones during axonal extension, where it colocalises with
microtubules. Following exposure to Sema3A, PTEN
accumulates rapidly at the growth cone membrane
suggesting a mechanism by which PTEN couples Sema3A
signalling to growth cone collapse. These findings
demonstrate a dependency on PTEN to regulate GSK-3
signalling in response to Sema3A and highlight the
importance of subcellular distributions of PTEN to control
growth cone behaviour.
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et al., 2001) and consistent with a role for Akt in the negative
regulation of GSK-3 in neurons, it is well established that
inhibition of PI3K leads to the activation of GSK-3 (Cross et
al., 1995; Eickholt et al., 2002). We have used time-lapse
analysis to explore the dynamics of the growth cone collapse
through acute PI3K inhibition and reveal two features. First,
highly motile growth cones that migrated at an average speed
of around 1 �m/minute collapsed within minutes after
application of 10 �M LY294002, but fully recovered their
outspread morphology by 30 minutes while still in the presence
of LY294002 (Fig. 1A,B, supplementary material Movie 1).
Second, after the collapse response, a retraction in the axon
was evident within the first 10 minutes of LY294002
application, followed by the rapid recovery of the growth cone
and continuation of forward migration (Fig. 1A,B,
supplementary material Movie 1). In control experiments,
applications of DMSO (Fig. 1B), or direct inhibition of casein
kinase-2, an additional target of LY294002, using DRB did not
mimic the collapse response (data not shown). Next, we set out
to test whether GSK-3 is a cellular substrate of PI3K inhibition.
Prior to application of 10 �M LY294002, cultures were treated
with the GSK-3 inhibitors LiCl (20 mM), SB216763 (10 �M)
or SB415286 (40 �M). The LY294002-mediated growth cone
collapse was greatly reduced in the presence of the GSK-3
inhibitors (Fig. 1C).

An increase in PIP3 antagonises Sema3A-induced
growth cone collapse
If inhibition of a basal activity of PI3K is sufficient to cause a
collapse of growth cones, it would be predicted that increasing
the production of PIP3 results in growth cones becoming more
resistant to extracellular ligands known to induce a growth
cone collapse, such as Sema3A (Eickholt et al., 1997). Levels
of PIP3 are modulated by the activities of PI3K and PTEN, the
PI3-specific phosphatase, and we took two different
approaches to increase endogenous PIP3 in dorsal root
ganglion (DRG) neurons. Firstly, stimulation of PI3K was
achieved using a small phosphopeptide derived from the PDGF
receptor (740Y-P). 740Y-P has previously been shown to
mimic receptor-dependent activation of PI3K in vitro and in
vivo (Bron et al., 2003; Rordorf-Nikolic et al., 1995). When
synthesised in tandem with the known internalisation motif
‘antennapedia’, the peptide can enter freely into cells, and has
been demonstrated to stimulate neuronal survival in cerebellar
neurons in a PI3K-dependent manner (Williams and Doherty,
1999). During growth cone collapse, application of 740Y-P
resulted in a decreased sensitivity to Sema3A (Fig. 2A).
Normal Sema3A-induced collapse was restored when 740Y-P
was added together with LY294002, highlighting the specific
action of the 740Y-P peptide on PI3K (Fig. 2A). Moreover, a
peptide corresponding to the 1309Y-P Shc SH2 binding site on
the ErbB3 receptor (Dunican et al., 2001) did not interfere with
the Sema3A-induced growth cone collapse (Fig. 2A). In the
second approach we altered PIP3 levels by expression of a
dominant-negative PTEN. The tumour suppressor PTEN is
known to antagonise the PI3K signalling pathway by reducing
PIP3 levels (Ono et al., 2001). A naturally occurring mutation
is the single residue substitution within the catalytic domain
(PTEN C124S) (Marsh et al., 1997), which inactivates
enzymatic function and has been shown to inhibit endogenous
PTEN in a dominant-negative manner (Ono et al., 2001). In
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Fig. 1. Inhibition of PI3K is sufficient to induce a growth cone
collapse. (A) Single frames show a DRG growth cone before (0’),
and following incubation with 10 �M LY294002 every 2 minutes
(see Movie 1 in supplementary material). (B) Data charting the
displacement (in �m + s.e.m.) of at least 15 growth cones in each
of three independent experiments. LY294002 (10 �M) or control
(DMSO) was applied to DRG cultures after 40 minutes (dotted
line). Treatment with the inhibitor induces a retraction within 5
minutes and neurons start extending at half the original rate within
15 minutes. This response coincides with a drop in growth cone
area, followed by the recovery in area during recovery of forward
movement. (C) In the presence of the GSK-3 inhibitors, LiCl (20
mM), SB216763 (10 �M) or SB415286 (40 �M), the LY294002-
induced growth cones collapse (10 �M, 10 minutes) is reduced.
Each data point is the mean ± s.e.m. of six experiments, with n�60
growth cones in each experiment. *P�0.006; **P �0.01. Scale bar,
10 �m.
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953PI3K and PTEN function in the growth cone

DRG neurons, overexpression of GFP-PTEN C124S
significantly attenuated the Sema3A response (Fig. 2B)
whereas overexpression of wild-type GFP-PTEN showed a
similar response to expression of control GFP.

PTEN is required for Sema3A mediated Akt/GSK-3
signalling
The results from the previous experiments suggest that PI3K
activity is a determining event during growth cone expansion
and growth cone collapse, and thus Sema3A-mediated growth
cone collapse may directly involve the inhibition of this
pathway. To monitor changes in activity we challenged cultures
of N1E-115 neuroblastoma cells, which have previously been
shown to exhibit morphological changes reminiscent of a
collapse response when stimulated with Sema3A (Brown et al.,
2004; van Horck et al., 2002). In control experiments, NIE-115
cells overexpressing GFP, Sema3A application at 1 �g/ml for
5, 10, 20 and 30 minutes induced marked decreases in
phosphorylation levels of Akt in a time-dependent manner (P-
Ser473, Fig. 3A). We also probed for P-GSK-3� (P-Ser9) and
found similar decreases to those we reported previously
(Eickholt et al., 2002). These data might indicate a direct
interference of PI3K signalling as has been suggested for
Sema3F-induced growth cone collapse (Atwal et al., 2003).
Alternatively, decreases in P-Akt and P-GSK-3 in response to
Sema3A may require the lipid phosphatase activity of PTEN.
To test this possibility we overexpressed GFP-PTEN and the
phosphatase-deficient GFP-PTEN C124S. Overexpression of

GFP-PTEN did not alter the ability of Sema3A to decrease
phosphorylation of Akt and GSK-3�. By contrast,
overexpression of GFP-PTEN C124S rendered these cells
insensitive to changes in phosphorylation (Fig. 3C,F), although
LY294002 treatment still decreased Akt and GSK-3�
phosphorylation (Fig. 3E,F). We also decreased PTEN protein
levels in NIE-115 cells using specific siRNA, which, as
expected, resulted in the desensitisation of the cells to exhibit
decreases in Akt and GSK-3� phosphorylation in response to
Sema3A (Fig. 3D).

In addition to growth cones and N1E-115 neuroblastoma
cells, several other cell types are responsive to Sema3A
(Eickholt et al., 1999; Eickholt et al., 2002), and we have
previously used MDA-MB-231 cells expressing the ‘neuronal’
Sema3A receptor complex to substantiate the biochemical
parameters of Sema3A-induced activation of GSK-3 (Eickholt
et al., 2002). Similarly to the result in N1E-115 cells, Sema3A
application decreased the levels of P-Akt and P-GSK-3
substantially (supplementary material Fig. S1). We also tested
MDA-MB 468 cells, which are known to be deficient in PTEN
(Howells et al., 2002) (supplementary material Fig. S2).
Application of Sema3A to these cells had no effect on either
Akt or GSK-3 phosphorylation. MDA-MB 468 cells were
transfected with GFP-PTEN and showed a decrease in both P-
Akt and P-GSK-3 levels following stimulation with Sema3A.
This is in contrast to expression of the phosphatase-deficient
GFP-PTEN C124S, which did not rescue the response to
Sema3A (supplementary material Fig. S1).

These results, in combination with our observation that the
Sema3A collapse is significantly reduced in the presence of
inactive PTEN, suggests that Sema3A-mediated attenuation in
PI3K/GSK-3 signalling may also depend on the lipid
phosphatase in neurons.

PTEN colocalises with microtubules in DRG neurons
PTEN is an evolutionary conserved phosphatase implicated in
several aspects of nervous system development and/or function
(Lachyankar et al., 2000; Li et al., 2003). In the CNS, PTEN
protein is expressed during late embryonic and adult stages and
is enriched in different neuronal populations (Lachyankar et
al., 2000). In order to evaluate the distribution of PTEN in
DRG neurons we sectioned embryonic rat tissue and probed
for PTEN using a specific anti-PTEN antibody. Analysis of the
subcellular distributions by confocal microscopy revealed the
presence of PTEN in the cytoplasm of DRG neurons and, at
low levels, in the nucleus (Fig. 4A). Noticeably, PTEN levels
were elevated in the peripheral projections of the DRG neurons
relative to the signal detected within the cell body
demonstrating an axonal enrichment of PTEN protein. To
elucidate the subcellular distribution in growth cones we also
labelled dissociated DRG neurons cultured from E18 rat
embryos with the PTEN antibody by confocal microscopy. We
detected little PTEN in the peripheral (P)-domain and/or PTEN
that associated with the plasma membrane (Fig. 4B); instead,
PTEN protein was highly enriched in the central (C)-domain
of the growth cone where it accumulated with �III-positive
microtubules (Fig. 4B). A similar co-distribution with �III-
immunolabelling was detected in NIE-115 neuroblastoma cells
(Fig. 5A). Specificity of the PTEN antibody was validated by
the absence of immunolabelling following siRNA depletion of
PTEN in NIE-115 (Fig. 5B,C). We also analysed the

Fig. 2. Increases in PIP3 by activation of PI3K or inactivation of
PTEN antagonises Sema3A-induced growth cone collapse.
(A) Chick DRG explants were cultured overnight in the presence of
NGF. Prior to application of Sema3A-Fc at 1 �g/ml, the cultures
were incubated with the PI3K-activating 740Y-P peptide at 40 �g/ml
for 30 minutes, with the 740Y-P peptide and LY294002 (10 �M), or
with the Y-P-peptide 1309 (at 40 �g/ml). (B) GFP, GFP-PTEN or
phosphatase-deficient GFP-PTEN C124S were nucleofected into
chick DRG neurons, cultured for 24 hours and stimulated with
Sema3A as before. Each data point is the mean ± s.e.m. of at least
three independent experiments; *P<0.05.
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distribution of PTEN by expression of a GFP-tagged PTEN in
NIE-115 cells and found an enrichment with microtubules
(Fig. 5D).

PTEN accumulates at the membrane during Sema3A-
induced growth cone collapse
If PTEN mediates the Sema3A-induced growth cone collapse
and functions to antagonise PI3K signalling, then an increase
or a more stable recruitment to the growth cone membrane
would be predicted. To test this hypothesis we expressed GFP-
PTEN as previously, and monitored putative changes in
subcellular distribution during the Sema3A growth cone
collapse (Fig. 6). We used a Nipkow spinning-disc
confocal microscope, which has the advantage
over other systems of causing minimal
phototoxicity while providing confocal vertical
resolution (0.8 �m). Similar to the distribution of

endogenous PTEN, GFP-PTEN is enriched in the axonal
compartment and the C-domain of the growth cone, with
relatively low levels seen in the P-domain (Fig. 6A,
supplementary material Movie 2). In order to preserve the
spatial resolution needed to analyse signalling events, we
induced a partial-collapse response, by culturing neurons on
glass coverslips, which provide a more adhesive substratum.
Following treatment with Sema3A under these conditions we
find all the features of a full growth-cone collapse; however,
the small decreases in spread morphology (rather than full
collapse) allow analysis by time-lapse microscopy
(supplementary material Movie 2). Application of Sema3A
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Fig. 3. PTEN is required for Sema3A-
mediated Akt/GSK-3 signalling in
N1E-115 cells. N1E-115 cells were
transfected with GFP, GFP-PTEN or
GFP-PTEN C124S (GFP-PTEN CS)
and stimulated with Sema3A
(1 �g/ml) for 5, 10, 20 or 30 minutes
(A,B,C). Western blots using
P(Ser473)-Akt and P(Ser9)GSK-3�
antibodies reveal a decrease in
phosphorylation following Sema3A
treatment in GFP- and GFP-PTEN-
expressing cells, but not in cells
expressing GFP-PTEN C124S.
(D) N1E-115 cells were transfected
with a nonspecific siRNA (*) or
PTEN siRNA, and stimulated with
Sema3A as previously. Knockdown of
PTEN rendered NIE-115 cells
insensitive to changes in GSK-3 and
Akt phosphorylation in response to
Sema3A. (E) In addition, the Sema3A response at 10 minutes (S) was compared with LY294002 treatments (LY, at 10 �M for 10 minutes).
(F) Normalised relative band density (P-Akt/Akt, P-GSK-3/GSK-3) of each transfection experiment (mean + s.e.m. of three experiments).

Fig. 4. PTEN is enriched in the axon of DRG neurons
where it accumulates with microtubules. (A) A single
confocal section taken through an E18 trunk of a rat
embryo labelled with anti-�III-tubulin (left) and anti-
PTEN (middle) antibodies. PTEN is present in the
nucleus of DRG neurons (*) and the surrounding
cytosol and in the axons of the peripheral projection of
the DRGs (arrowhead). (B) Rat E18 DRG neurons
were triple-labelled with anti-�III-tubulin (left), anti-
PTEN (middle) antibodies and phalloidin (blue
channel, right). In the growth cone, PTEN colocalises
with the microtubule in the C-domain (arrow),
whereas little signal is detected in the P-domain or the
growth cone membrane (arrowhead). Bars, 10 �m.
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955PI3K and PTEN function in the growth cone

induces a rapid increase of GFP-PTEN signals within the P-
domain and accumulations at the membrane that were clearly
visible after approximately 4 minutes (Fig. 6). We created a
kymograph along a 3-pixel-wide line region in each frame of
a time-lapse series that were pasted side by side. To facilitate
the visualisation of movement and changes in intensity level
over time we applied pseudo colour. Before addition of
Sema3A, a high accumulation is seen in the C-domain,
whereas the P-domain shows levels only just above
background (Fig. 6B, blue, location of the membrane is
indicated by the arrowhead). Four minutes after addition of
Sema3A (asterisk), the membrane signal increases (Fig. 6B,
blue to green). These data indicate that PTEN localises to the
membrane of the growth cone upon Sema3A addition and
highlights a novel mechanism by which PI3K signalling is
attenuated during Sema3A-induced growth cone collapse.

Discussion
Cellular polarisation and migratory responses require signal
integration between the plasma membrane, actin and
microtubules. Recent experiments indicate a key role for the
lipid products of PI3K in this process because perturbation of
PI3K function by pharmacological inhibitors impairs cell
polarity, chemotaxis and/or motility in several cell types
including human neutrophils and Dictyostelium (Funamoto et
al., 2002; Grabham et al., 2003; Iijima and Devreotes, 2002;
Parent, 2004; Sawyer et al., 2003; Wang et al., 2002). Similarly,

our results in DRG growth cones show that following
application of PI3K inhibitor, a transitory collapse-response is
induced with a decrease in forward movement following the
morphological recovery of the growth cone. Although our
experiments did not examine effects in response to chemotactic
gradients, extending neurites exhibit an inherently polarised
morphology, by the presence of the ‘trailing’ axon that
separates the highly motile growth cone from the stationary
neuronal cell body. Examination of the localisation of PTEN
revealed that the vast majority of PTEN accumulates with the
microtubules in the C-domain. This sequestration results in the
relative inaccessibility of the phosphatase to its substrate
required for catalysis and may explain why in our experiments
overexpression of GFP-PTEN did not lead to any obvious
defect in growth cone migration behaviour. Similarly,

Fig. 5. PTEN and GFP-PTEN are enriched at microtubules in N1E-
115 cells. (A) NIE-115 cells were labelled with anti-�III-tubulin
(left) and anti-PTEN (middle) antibodies. Similarly to primary DRG
neurons, there is an accumulation of endogenous PTEN with
microtubules in N1E-115 cells. (B,C) NIE-115 cells were transfected
with a control siRNA (B) or PTEN specific siRNA (C), and labelled
with the anti-PTEN antibody (left) and Phalloidin to visualise F-
actin. Confocal micrographs, taken with identical scanning
parameters, demonstrate the loss of PTEN signal in the PTEN
siRNA-treated cells. (D) Similarly to the distribution of endogenous
PTEN, GFP-PTEN accumulates with microtubules in N1E-115 cells.
Bars, 10 �m.

Fig. 6. PTEN accumulates at the growth cone membrane during
Sema3A mediated growth cone collapse. (A) DRG neurons from E18
rat embryos were nucleofected with GFP-PTEN and cultured
overnight in vitro. Growth cones were imaged by confocal time-lapse
microscopy at 1 frame every 30 seconds. The presented selection of
images shows a growth cone 3 minutes before (–3’, –2’, –1’) and
during the response to Sema3A, which was applied at 0’. Following
Sema3A application, fluorescent signals of GFP-PTEN increase
uniformly at the membrane. See also Movie 2 in supplementary
material. (B) A 3-pixel section in each frame was taken at the level
indicated at 16’ in A and pasted side by side. To facilitate the
visualisation of movement and changes in relative fluorescence
intensity at the membrane over time, we applied pseudo colour (see
arrowhead). Following Sema3A addition at 0’ (arrow) relative levels
of PTEN increased at the membrane after 4 minutes (asterisk). Bar,
10 �m.
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overexpression of GFP-PTEN in NIE-115 cells did not
decrease basal levels of Akt or GSK-3 phosphorylation in
comparison with control GFP-expressing cells.

The importance of spatial restriction of PTEN during cell
polarisation and chemotaxis has previously been demonstrated
in Dictyostelium (Funamoto et al., 2002; Iijima and Devreotes,
2002). Here, PTEN localises to the sides and the rear of
chemotacting cells, whereas PI3K accumulates toward the
stimulus resulting in a reciprocal localisation. This has been
speculated to reinforce PIP3 enrichment, with the highest
concentration in the membrane domain towards the front of the
cell. In neuronal growth cones, sequestration to microtubules
may fulfil a similar function to create a reciprocal relationship
between PI3K activity and PTEN. It is interesting to speculate
whether in the growth cone PTEN may be delivered by
microtubule localisation to the membrane domain to increase
membrane dynamics necessary for growth cone advance.
However, low concentrations of both microtubule-stabilising
and -destabilising drugs inhibit free dynamic microtubule ends
in the peripheral domain of the growth cone, without altering
neuronal extension or the growth cone morphology (Buck and
Zheng, 2002), which would argue against such a model.

Upon stimulation with Sema3A we observed a marked
decrease in Akt phosphorylation, an indication of decreased
PI3K activity. This repression requires the lipid phosphatase
PTEN, based on two lines of evidence: firstly, overexpression
of a phosphatase-deficient PTEN desensitises NIE-115 cells to
antagonise PI3K signalling in response to Sema3A. Secondly,
PTEN-deficient MDA-MB-468 breast carcinoma cells respond
to Sema3A only when PTEN was expressed. Interestingly,
upon acute exposure to Sema3A in DRG growth cones, PTEN
accumulates within minutes at the plasma membrane
highlighting a mechanism by which PTEN couples Sema3A
signaling to characteristic morphological changes in neurons.
Despite the suggested importance in the Sema3A-mediated
growth cone collapse, the question remains how PTEN
accumulation to the membrane is regulated. Upon Sema3A
stimulation PTEN may be released from dynamic microtubules
exploring the periphery of growth cones, which allows the
membrane targeting and antagonistic effect on PI3K signalling.
In this context it is interesting to note that inhibition of
microtubule dynamics was indeed found to antagonise
repulsive turning at substrate border (Challacombe et al., 1996;
Tanaka and Kirschner, 1995; Williamson et al., 1996) and in
gradient of inhibitory guidance molecules (Buck and Zheng,
2002).

A connection between neuronal polarity and neuronal
elongation to regulate the assembly of microtubules by NGF
has recently been shown (Zhou et al., 2004), which linked
membrane-localised PI3K activation downstream through a
localised inactivation of GSK-3 to the microtubule plus-end-
binding protein APC. Our results may be consistent with the
putative integration of signals from the back (microtubules) to
the front (membrane) that may function to reinforce or re-
sensitise PI3K-dependent signalling during growth-factor-
promoted elongation and to mediate rapid changes in migration
behaviour in response to guidance signals. Since other signals
have recently been shown to mediate neuronal migration and
axonal remodelling by using PI3K and/or GSK-3 signalling
(Beffert et al., 2002; Bock et al., 2003; Del Rio et al., 2004;
Gonzalez-Billault et al., 2004; Jiang et al., 2005; Zhou et al.,

2004), it is interesting to speculate whether PTEN could be a
common neuronal mediator in this pathway.

Materials and Methods
Neuronal cultures
DRGs were dissected from E7 chick embryos (Bovine Goldline, Henry Stewart,
Norfolk, UK) or E18 rat embryos in L15 media (Gibco). Extra-mesenchymal tissue
was removed using a sharpened 0.2 mm tungsten wire and DRGs were plated on
either glass coverslips previously coated with poly-L-lysine followed by laminin
(both 20 �g/ml; Sigma) or plated on Labtech permanox chamberslides (Nunc)
coated with laminin. They were then incubated at 37°C/5% CO2 for 20-24 hours in
DMEM/10%FCS/Penicillin/Streptomycin supplemented with 20 ng/ml NGF
(Promega). Cultures were fixed with pre-warmed 4% paraformaldehyde containing
10% sucrose. Pharmacological inhibitors were used as described in the text;
LY294002 was purchased from Calbiochem, the GSK-3 inhibitors SB216763,
SB415286 were kindly provided by GlaxoSmithKline and LiCl was from Sigma.
The Sema3A-Fc chimera was purified as previously described (Eickholt et al.,
1997).

Nucleofection
We used an electroporation-based gene transfer method that is low in toxicity but
highly efficient, which relies on the direct introduction of the DNA into the nucleus
(‘nucleofection’). DRGs from E18 rat embryos were dissected as described
previously. DRGs were washed in Hank’s medium (without Ca2+/Mg2+), and then
incubated in trypsin (1 mg/ml, Worthington) for 10 minutes at 37°C. Neurons were
dissociated using a fire-polished Pasteur pipette and then centrifuged at 1000 rpm
in a bench microfuge. The medium was removed and replaced with 100 �l
nucleofector solution (Amaxa Biosystems). 1�106 cells were mixed with 5 �g DNA
and nucleofected (program G-13, Nucleofector, Amaxa Biosystems). For live-cell
imaging, nucleofected cells were cultured on poly-L-lysine (50 �g/ml)/laminin (20
�g/ml)-coated glass-bottom dishes (MatTek Corporation) for 15 hours.

Video imaging and analysis
DRG explants or nucleofected neurons were cultured for 15 hours on laminin-coated
glass-bottom dishes. 20 mM HEPES was added, and cultures were allowed to adapt
for at least 2 hours. A layer of mineral oil (Sigma) was added to the dish to prevent
evaporation and to stabilise the pH by reducing gaseous exchange. The dishes were
transferred to a heated stage mounted on an inverted microscope. Time-lapse phase-
contrast images (�10 objective, Axiovert, Zeiss) or GFP fluorescence images (�63
objective, Leica DM IRB with CARV spinning disc confocal) of the growth cones
were taken using a Hamamatsu Orca ER Camera. Acquisition software (AQM v6,
Kinetic Imaging) collated all images, and the movement of individual growth cones
was recorded. Analysis of growth cone behaviour was achieved using an in-house
MS-DOS tracking program and subsequent data processing using MS Excel.

Immunocytochemistry
Fixed neuronal cultures (4% paraformaldehyde) were washed twice with PBS, and
permeabilised for 5 minutes using 1% Triton X-100/PBS. Phalloidin-Alexa Fluor
488 (in 0.5% Triton X-100/PBS; Molecular Probes) was added for 30 minutes.
After three washes, the cultures were mounted with Mowiol (15% Mowiol 4-88,
30% glycerol in PBS with DABCO) onto slides. For each experiment, growth
cones were counted as either collapsed (no more than one filopodia) or
uncollapsed, and represented as percentages. For immunocytochemistry, fixed
cultures were washed twice with PBS, incubated for 10 minutes with 0.5%
Triton/PBS, and then blocked for 30 minutes in blocking buffer (2% BSA/0.5%
Triton/PBS). They were then incubated with anti-�III-tubulin (1:500, Covance),
anti-PTEN (1:100, Santa Cruz Biotechnology) and phalloidin-Alexa Fluor 568 (or
488) diluted in blocking buffer at 4°C overnight. Following two further washes
with PBS, Alexa-Fluor-conjugated secondary antibodies (Molecular Probes) were
added for 1 hour. Cultures were then mounted in Mowiol and analysed by confocal
microscopy (optical slice size 0.8 �m, Zeiss LSM 5 META confocal laser-
scanning microscope). For the PTEN staining of DRGs in situ, E18 rat trunks
were embedded in 20% gelatin, sectioned on a vibratome (80 �m) and imaged
with a 3 �m confocal slice size.

Peptide synthesis
Peptides were synthesised as previously described (Dunican et al., 2001; Williams
and Doherty, 1999) or custom made (Chiron Technologies). Amino hexanoic acid
(AHX) functions as a spacer, and the biotin at the N-terminus allows for
capturing of the peptides. The Antennapedia internalisation sequence
(RQIKIWFQNRRMKWKK) was synthesised in tandem with sequences present in
the ErbB3 (AA1309), or the PDGF receptor (AA740). The sequences were as
follows: ErbB3 1309, Biot-AHX-RQIKIWFQNRRMKWKKFDNPDY(p)WHSR;
PDGF 740, Biot-AHX- RQIKIWFQNRRMKWKKSCGGY(p)MDMS. These
peptides have previously been shown to translocate across the membrane of intact
cells and show binding to the respective target sequences (the 1309Y-P peptide
targets the SH2 domain of Shc, and the 740Y-P targets the SH2 domain of p85).
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Western blots
MDA-MB 231 cells, MDA-MB 468 cells (University of Michigan Human Breast
Cell Bank, Michigan, MI) and N1E-115 neuroblastoma cells (kindly provided by
Christine Hall, Institute of Neurology, UCL, UK) were grown in DMEM, 10% FCS
(Gibco). N1E-115 and 231 cells were transfected with PTEN siRNA (Cell Signaling
Technology) by incubating Lipofectamine 2000 (Invitrogen) for 40 hours. 3 hours
prior to transfection, N1E-115 cells were transferred to DMEM only. 468 cells were
transfected with GFP-PTEN and GFP-PTEN C124S, by nucleofection as above,
using program T-20. All cells were treated with Sema3A-Fc (1 �g/ml) or LY294002
(10 �M) and incubated for the indicated time. After lysis [in 250 mM sucrose, 10
mM Tris-HCl (pH 8), 10 mM MgCl2, 25 mM NaF, 2 mM sodium orthovanadate,
0.5% NP40, 0.1 mM DTT, ‘Complete’ protease inhibitor cocktail (Roche, town,
Switzerland)] and centrifugation, total protein content was determined by BioRad
protein assay. Equal quantities (10 �g) of total protein were loaded onto a 10%
polyacrylamide gel. After blotting onto nitrocellulose membrane (Amersham
Pharmacia) and blocking (5% milk, 1 hour RT), blots were incubated with anti-
P(Ser473)Akt, anti-Akt (Cell Signaling), anti-PTEN (Santa Cruz Biotechnology),
anti-actin (Roche), or anti-P(Ser9)GSK�-3 (Cell Signaling), followed by HRP-
conjugated secondary antibody (Vector Labs), both for 1 hour at RT. Blots were
developed with ECL plus (Amersham Pharmacia).
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provision of GFP and PTEN-GFP expression constructs, respectively.
We also thank Nick Leslie for much helpful discussion, and Mathias
Gautel for the use of his CARV spinning-disc confocal set-up. We
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