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Neurite outgrowth represents a critical stage in the correct de-
velopment of neuronal circuitries, and is dependent on the complex
regulation of actin filament and microtubule dynamics by intrinsic
as well as extrinsic signals. Previous studies have implicated the
tumor suppressor factor, p53, in the regulationof axonal outgrowth
through anontranscriptional effect involving local regulationof the
Rho kinase signaling pathway that controls these dynamics. In the
present study,wefirst showed that semaphorin 3A-inducedgrowth
cone collapse in cultured hippocampal neuronswas associatedwith
the partial truncation of phosphorylated p53, and that both effects
were prevented by calpain inhibitionwith eitherm-calpain–specific
siRNA or inhibitors. We further determined that semaphorin 3A-
mediated calpain activation and growth cone collapse were associ-
atedwithm-calpainphosphorylationandpreventedby inhibitionof
MAPK, ERK, or p38. In vitro studies confirmed that p53 and espe-
cially phosphorylated p53were partially truncated by calpain. Thus,
our results indicate that semaphorin 3A-mediated growth cone col-
lapse is mediated in part by m-calpain activation, possibly through
MAPK-mediated phosphorylation, and the resulting truncation of
phosphorylated p53, leading to Rho kinase activation and cytoskel-
etal reorganization. They provide a pathway bywhich extrinsic sig-
nals regulate axonal growth through activation of m-calpain and
p53 truncation.
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Normal CNS development depends on appropriate neuronal
migration and establishment of organized structures with cor-

rect circuits. Neurite outgrowth, especially axonal outgrowth, is
driven in part by highly motile growth cones that respond to in-
trinsic factors and extrinsic cues. Growth conemotility depends on
a dynamic actin network, with polymerization occurring at the
leading edge, depolymerization in the central region, and inter-
actions with myosin pulling on actin filaments (1, 2). Besides actin
filaments, microtubule dynamics are also critical for neurite out-
growth (3, 4). Numerous proteins have been demonstrated to
regulate actin filaments and microtubules, including the Rho fam-
ilyGTPases (4–8). Emerging evidence has also implicated calpains
in axonal growth regulation; calpains are a family of neutral cal-
cium-dependent proteases involved in a wide range of cellular
functions (9). It has recently become widely acknowledged that
calpain, by partially truncating a variety of cytoskeletal proteins,
plays a critical role in the regulation of shape and motility in nu-
merous cell types (see refs. 10 and 11 for reviews). A recent study
indicates that m-calpain functions as a molecular switch in CHO
cells to control cell spreading and retraction (12). Interestingly,
integrin activation results in calpain activation and, depending on
the state of phosphorylation of the integrin cytoplasmic domain,
leads to inhibition of RhoA and cell spreading or activation of
RhoA and cell retraction. Recent studies have more specifically
implicated calpain in growth cone regulation. Robles et al. (13)
proposed that calcium transients in filipodia activate calpain,
resulting in inhibition of axonal growth through Src inhibition. A
variant of this idea has been recently developed (14). It has been
further proposed that the combined activation of calpain and Rho
kinase (ROCK) signaling is required to produce growth cone col-
lapse (15). However, the links between calpain activation and
growth cone collapse were not elucidated.

Recent evidence has also implicated the tumor suppressor pro-
tein p53 in cell migration and neurite outgrowth regulation. Nerve
growth factor–induced neurite growth in PC12 cells and in cul-
tured cortical neurons depends on the presence of functional p53
(16, 17), possibly through increased expression of coronin 1b (a
filamentous actin-binding protein) and the small GTPase Rab13
(18). We recently showed that phosphorylated p53 (p-p53) was
abundantly present in axons and growth cones and that p53 sup-
pression by inhibitors or siRNA-induced rapid growth cone col-
lapse (19). Furthermore, in a mouse model of Niemann-Pick type
C (NPC), a neurodegenerative disease caused by mutations in the
cholesterol transport proteins NPC1 and NPC2, axon develop-
ment was impaired during early postnatal development, and this
impairment was associated with a significant decrease in axonal p-
p53 levels (20). Treatment of NPC-deficient mice with a ROCK
inhibitor not only increased p-p53 expression but also improved
axonal development (20). Previous in vitro studies indicated that
calpain could partially truncate p53 (21, 22), thus providing a po-
tential link between calpain and p53 in axonal growth regulation.
In the present study we first showed that growth cone collapse
triggered by the repulsive cue, semaphorin 3A, was associated with
partial truncation of p-p53, and both effects were significantly re-
duced by calpain inhibition with inhibitors or treatment with siR-
NAs against m- but not μ-calpain. We further showed that sema-
phorin 3A–induced calpain activation depended on activation of
ERK and p38MAPK. Thus, our results identified a signaling path-
way in semaphorin 3A–induced axon repulsion, which consists of
activation of MAPK, calpain phosphorylation/activation, p-p53
truncation, and growth cone collapse.

Results
Calpain Inhibition Suppressed Semaphorin 3A-Induced Growth Cone
Collapse and p-p53 Degradation. Two sets of experiments were used
to test whether calpain was involved in semaphorin 3A-induced
growth cone collapse in cultured hippocampal neurons: suppres-
sion of calpain expression with siRNAs against μ-calpain or
m-calpain and inhibition of calpain activation by specific inhib-
itors. For siRNA experiments, hippocampal neurons at 3 d in vitro
(DIV) were incubated with siRNAs specific for μ- or m-calpain or
with scrambled control siRNA followed by 5 min semaphorin 3A
(1 nM) exposure 24 h later. They were then fixed and processed for
immunostaining with anti–phospho-p53S18 (equivalent to human
S15; Fig. 1A, green) or anti-E6APantibodies [Fig. 1A, red;E6AP is
an E3 ligase encoded by UBE3a gene and our recent results in-
dicate that it is highly expressed in growth cones (19)]. Semaphorin
3A treatment induced rapid growth cone collapse in the majority
of neurons and a marked reduction in immunoreactivity of p53
phosphorylated at Ser18 (hereafter referred to as p-p53S18) in
axons and growth cones (Fig. 1A). Immunoblotting results in-
dicated that m-calpain levels were markedly reduced by siRNAs
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against m- but not μ-calpain (Fig. 1B). Down-regulation of m-
calpain from axons and growth cones was confirmed by immuno-
histochemical staining (Fig. S1). Image analysis revealed that
down-regulation of m-calpain, but not μ-calpain (Fig. S2), signif-
icantly prevented semaphorin 3A-induced growth cone collapse
(Fig. 1A andC) and reduction in p-p53S18-ir in axons and growth
cones (Fig. 1 A and D).
For experiments with calpain inhibitors, hippocampal neurons

at DIV 4 were preincubated with calpain inhibitor III (5 μM) or
calpeptin (10 μM) for 3 h followed by incubation with semaphorin
3A (1 nM) for 5min. Both inhibitors significantly prevented sema-
phorin 3A-induced growth cone collapse (Fig. 2 A and B and Fig.
S3), and reduction in p-p53S18-ir in axons and growth cones (Fig. 2
A and C). Immunohistochemical analyses provided evidence that
both μ- and m-calpain were present in axons and growth cones;
interestingly, semaphorin 3A-induced growth cone collapse was

associated with a decrease in μ-calpain, but not m-calpain, im-
munoreactivity in growth cones (Fig. S4).

Calpain-Mediated Truncation of p-p53. Calpain involvement in
semaphorin 3A-induced decrease in p-p53S18 levels was further
studied by immunoblotting analysis. Cortical neurons were first
incubated with calpeptin for 3 h followed by treatment with 1 nM
semaphorin 3A for 5 min. Immunoblotting results showed that
semaphorin 3A treatment induced the appearance of a p-p53S18-
ir band (arrow, Fig. 3A) thatmigrated slightly faster than the native
p-p53S18-ir band (arrowhead, Fig. 3A) with an apparent Mr of
approximately 48 kDa; formation of this band was significantly
decreased in the presence of the calpain inhibitor calpeptin (Fig.
3A). Semaphorin 3A treatment did not alter levels of acetylated
p53 (acetyl-p53; K382, equivalent to K379 in human) and only
slightly reduced levels of total p53 (nonmodified) and p53 phos-
phorylated at Ser23 (p-p53S23; equivalent to S20 in human).
Decrease in both total-p53 and p-p53S23 was also reduced by
pretreatment with calpeptin (Fig. 3A).
We next studied calpain-mediated truncation of p53 by in-

cubating whole homogenates prepared from cortical neurons at
DIV 4 with purified m-calpain and calcium followed by immuno-

Fig. 1. Effect of siRNA against m-calpain on semaphorin 3A–induced growth
cone collapse and decrease in p-p53S18. (A) Cultured hippocampal neurons
were transfected on DIV 3 with siRNA against m-calpain (mCNsiRNA) or
scrambled siRNA (SCsiRNA) and treatedonDIV4withDMSOor semaphorin 3A
(SM3A) for 5 min before being fixed and processed for immunostaining with
anti-p-p53 (green) and anti-E6AP (red) antibodies as described in Materials
and Methods. Results are representatives of three or four culture dishes from
three independent experiments. (Scale bar, 20 μm.) (B) Immunoblotting anal-
ysis of m-calpain in cultured cortical neurons. Cultured cortical neurons were
transfected on DIV 3 with or without siRNA (lane 1), scrambled siRNA (lane 2),
μ-calpain siRNA (lane 3), orm-calpain siRNA (lane 4) andprocessed onDIV 4 for
immunoblotting with anti–m-calpain (arrow indicates native m-calpain, Mr

approximately 80 kDa). GAPDHwas used as loading control. (C) Percentage of
collapsed growth cones (GC) (defined as described inMaterials and Methods)
inhippocampalneurons inexperiments shown inFig. 1A (n=100growth cones
from three independent experiments; **P< 0.001 vs. DMSO-treated and ##P<
0.01 vs. SM3A-treated). (D) Levels of p-p53S18 immunoreactivity (p-p53S18-ir)
in axons and growth cones of hippocampal neurons in experiments shown
in Fig. 1A (data are means ± SEM percent of DMSO-treated neurons; n =
25–30 growth cones; **P < 0.01 vs. DMSO group and ##P < 0.01 vs. SM3A-
treated neurons).

Fig. 2. Calpain inhibition reduces semaphorin 3A-induced growth cone
collapse. (A) Cultured hippocampal neurons were treated onDIV4withDMSO
or 1 nM semaphorin 3A (SM3A) in the presence or absence of calpeptin (10 μM
pretreatment for 3 h) and processed for immunostaining with anti-p-p53
(green) and anti-E6AP (red) antibodies. (Scale bar, 20 μm.) (B) Percentage of
collapsed growth cones (GC) in hippocampal neurons in experiments shown
in Fig. 2A (**P < 0.01 vs. DMSO-treated and ##P < 0.01 vs. SM3A-treated
neurons; n = 100 growth cones from three independent experiments). Cp,
calpeptin. (C) Levels of p-p53S18 immunoreactivity (p-p53S18-ir) in axons and
growth cones of DIV 4 hippocampal neurons in experiments shown in Fig. 2A
(n = 25–30 growth cones from three independent experiments; **P < 0.01 vs.
DMSO-treated and ##P < 0.01 vs. SM3A-treated neurons).
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blotting analysis. Incubation withm-calpain (0.5U/mL) for 15min
induced the disappearance of the native p-p53S18 band and the
appearance of a p-p53S18-ir band with an apparent Mr of ap-
proximately 48 kDa, which was similar to that induced by sem-
aphorin 3A treatment (arrow, Fig. 3B). Incubationwith exogenous
m-calpain also resulted in the degradation of p-p53S23 and total
p53, but did not change levels of acetylated p53 (Fig. 3B).

Semaphorin 3A-Induced Growth Cone Collapse and p53 Truncation Is
Associated with Activation of ERK and p38 MAPK. Recent studies in
fibroblasts demonstrated that calpain activation by EGF was me-
diated by ERK phosphorylation of m-calpain at Ser50 (23). We
recently discovered that both EGFandBDNFactivatedm-calpain
in neurons as a result of MAPK-mediated serine phosphorylation
(24, 25). In addition, stimulation of adenylate cyclase or protein
kinase A (PKA) inhibited calpain activation by phosphorylating
calpain at serine/threonine 369–370 (26). As semaphorin 3A has
been shown to activateMAPK (27), we used an inhibitor ofMAPK
kinase, U0126, which is widely used to suppress ERK activity, to
determine whether this pathway was involved in semaphorin 3A–
induced growth cone collapse. We recently reported that p38
MAPK was involved in p53 truncation and growth cone collapse
induced by cholesterol perturbation (20); therefore the potential
role of p38 in semaphorin 3A–induced growth cone collapse was
also tested by using the p38MAPK inhibitor SB203580. TheMAP
kinase inhibitors U0126 (500 nM) or SB203580 (400 nM) were
applied 3 h before semaphorin 3A treatment (1 nM, 5 min); both
inhibitors significantly reduced growth cone collapse (Fig. 4A and
C) and prevented the decrease in p-p53S18-ir in axons and growth
cones (Fig. 4 A and B). As neither inhibitor completely blocked
semaphorin 3A-induced growth cone collapse, we tested whether
the two inhibitors had additive effects. Results from two experi-
ments indicated that, in the presence of both inhibitors, sem-
aphorin 3A-induced growth cone collapse was further reduced
to approximately 23% (compared with 37% and 41% as shown
in Fig. 4C). Immunoblotting results indicated that semaphorin
3A treatment induced a rapid increase in levels of activated/
phosphorylated ERK (at Thr202/Tyr204) and p38 (at Thr180/

Tyr182; hereafter referred to as p-ERK and p-p38, respectively;
Fig. 5A). Semaphorin 3A-induced p-ERK increase was blocked
by U0126 (Fig. S5) but not by SB203580, whereas that increase in
p-p38was blocked by SB203580 but not byU0126 (Fig. 5A). Levels
of nonphosphorylated ERK (total-ERK) and p38 MAPK (total-
p38) were not significantly altered by preincubation with the
inhibitors or semaphorin 3A treatment (Fig. 5A).
Immunoprecipitation experiments were performed to examine

whether semaphorin 3A-induced m-calpain activation was medi-
ated by serine phosphorylation of the protease, as previously re-
ported (24). Cortical neurons treated at DIV 4 with DMSO or
semaphorin 3A as described in the previous sections were lysed in
immunoprecipitation buffer and proteins were immunoprecipi-
tated with anti–m-calpain antibodies. Immunoprecipitates were
then analyzed by immunoblotting using anti–phospho-serine and
anti–m-calpain antibodies. Semaphorin 3A treatment increased
serine phosphorylation of immunoprecipitated m-calpain (Fig.
5B), in good agreement with our previous studies (24).

Discussion
The present study identified a pathway linking a negative regulator
of axonal growth, semaphorin 3A, to growth cone collapse, which
consists of activation of ERK and p38 MAPK kinases, phosphor-
ylation and activation of m-calpain, and calpain-mediated trunca-
tion of p-p53S18. We are also postulating that the final step in
growth cone collapse is a result of actin filament contraction (7, 28)
via the activation of the RhoA–ROCK pathway, as we previously
reported (19, 20). Semaphorin 3A-induced rapid growth cone

Fig. 3. Semaphorin 3A-induced p53 truncation is mediated by calpain. (A)
Immunoblotting analysis of various isoforms of p53 proteins in cultured cor-
tical neurons. Cortical neuronswere treatedonDIV 4withDMSO (vehicle, lane
1), 1 nM semaphorin 3A (lane 2), semaphorin 3A in the presence of and fol-
lowing pretreatment with 10 μM calpeptin for 3 h (lane 3), or calpeptin alone
(lane 4), and processed for immunoblotting as described in Materials and
Methods. Representative images of immunoblots probed with anti–phospho-
p53Ser18 (p-p53S18), anti–p-p53Ser23, anti–acetyl-p53, and anti–total (non-
modified) p53 antibodies. Arrowhead indicates the native p-p53S18 band;
arrow indicates p-p53S18 breakdown product. GAPDH was used as loading
control. (B) In vitro analysis of m-calpain–mediated p53 truncation. Whole
homogenates were prepared from DIV 4 cortical neuronal cultures and in-
cubated in the absence (C) or presence (mCN) of purifiedm-calpain (0.5 U/mL)
with 1.0mMCaCl2 at 37 °C for 15min. Reactionwas stopped by adding 2× SDS
sample buffers and p53 truncation was analyzed by immunoblotting. Shown
are representative images of immunoblots probed with anti-p-p53S18, anti–
p53S23, anti–acetyl-p53, and anti–total-p53 antibodies. GAPDH was used as
loading control. Arrow indicates p-p53S18 breakdown product.

Fig. 4. Semaphorin 3A–induced growth cone collapse and p53 degradation
are blocked by ERK and p38 inhibition. Cultured hippocampal neurons were
treated on DIV 4 with DMSO or semaphorin 3A (SM3A) in the presence or
absence of U0126 or SB203580 pretreatment and processed for immunos-
taining with anti–p-p53 (green) and anti-E6AP (red) antibodies. (A) Repre-
sentative images. (Scale bar, 20 μm.) (B) Quantitative results of p-p53S18
levels in axons and growth cones of hippocampal neurons shown in Fig. 4A
(**P < 0.01 vs. DMSO-treated and ##P < 0.01 vs. semaphorin 3A–treated; n =
25–40 growth cones from three individual experiments). (C) Growth cone
(GC) collapse rate in hippocampal neurons shown in Fig. 4A (**P < 0.01 vs.
DMSO-treated and ##P < 0.01 vs. semaphorin 3A–treated; n = 100 growth
cones from three individual experiments).
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collapse in cultured hippocampal neurons was associated with
marked decrease in p-p53S18 levels in axons and growth cones and
with the formation of a lower molecular weight fragment; both ef-
fects were significantly reduced by two calpain inhibitors. Although
the p-p53S18-ir breakdown product was still detected by the anti-
body in immunoblots, immunohistochemical staining showed a
marked decrease in p-p53S18-ir in axons and growth cones. The
discrepancymay result from the ability of the antibody to recognize
the denatured (as in immunoblots) but not the nondenatured
breakdown products (as in immunohistochemical studies). Experi-
ments with specific siRNAs indicated that m-calpain, but not
μ-calpain, was responsible for both growth cone collapse and p-
p53S18 truncation. The involvement of calpain in p53 truncation
was further confirmed by results indicating that calpain treatment
of homogenates from cortical neurons produced a similar break-
down product of p-p53S18 as semaphorin 3A treatment. We fur-
ther showed that activation ofERKandp38MAPKwas involved in
semaphorin 3A–induced p53 truncation and growth cone collapse,
possibly through phosphorylation of m-calpain, as we recently
reported (24, 25). Previous studies have implicated MAPK in m-
calpain activation in nonneuronal cells (29) and downstream from
the EGF-ErbB1 pathway (23). Furthermore, it was shown that m-
calpain was phosphorylated at serine 50 and was activated in-
dependently of calcium. Our results indicated that semaphorin 3A
treatment resulted in activation/phosphorylation of ERK/MAPK,
and that inhibiting ERK prevented semaphorin 3A-induced p-p53
truncation. These results are consistent with the hypothesis that
semaphorin 3A-induced p-p53 truncation and growth cone col-
lapse involves the activation of ERK/MAPK, and the resulting
phosphorylation/activation of m-calpain. However, we cannot ex-
clude the participation of p38MAPK in this process, as p38MAPK
inhibition also reduced both p-p53 truncation and growth cone
collapse. It is also noteworthy that inhibitors of calpain, ERK, and
p38MAPK, while completely preventing semaphorin 3A–induced
p53 truncation, produced only a partial blockade of growth cone
collapse. As the combination of inhibitors of both ERK and p38
MAPK resulted in an additive effect on growth cone collapse, it is

conceivable that additional downstream pathway(s) distinct from
p53 degradation may be involved in growth cone collapse. These
possibilities will be tested in future studies.
It is now well documented that calpain, by truncating a variety

of proteins, plays a critical role in the regulation of shape and
motility in numerous cell types (see refs. 10 and 11 for reviews).
To this list of substrates and functions, p53 and calpain-mediated
truncation of its phosphorylated formneeds to be added as playing
a major role in regulating axonal growth and growth cone growth.
We previously showed that p-p53 played a critical role in growth
cone regulation through a dual effect: (i) p-p53 interferes with
ROCK signaling by inhibiting RhoA synthesis, and (ii) p-p53
interferes with ROCK signaling by directly binding to ROCK (20).
We therefore postulate that calpain-mediated truncation of p-p53
eliminates this dual action of p-p53, which increases ROCK ac-
tivity and in turn induces actin filament contraction and growth
cone collapse (7, 28).
Previous in vitro studies have shown that calpain cleavage of

mouse p53 generates two major truncated products with apparent
Mrs of 41 and 33kDa (22). Interestingly,mutations affecting serine
15 did not affect calpain-mediated p53 truncation, although the
effect of phosphorylation at this residue has not been tested to our
knowledge.Deletionof aa13–19 renderedp53completely resistant
to calpain cleavageand theconformationmutant p53 recognizedby
PAb240 is also resistant to calpain-mediated truncation, although,
again, there is no information for the phosphorylated variant of this
mutant conformation (22). Current studies are directed at identi-
fying the calpain truncation site(s) in p53 and p-p53 and whether
this truncation is affected by phosphorylation at different sites.
Our results demonstrate the existence of a unique mechanism

linking extrinsic and intrinsic signals to the regulation of axonal
outgrowth. Calpain, and in particularm-calpain, is ideally suited to
integrate these various signals, as a result of its dual regulation by
MAPK- and PKA-mediated phosphorylation, and, by truncating
various proteins participating in the regulation of actin dynamics,
to provide a critical switch for axonal outgrowth or retraction. In
particular, the role of cAMP in axonal growth has been widely
documented (30, 31). It is therefore tempting to propose that
cAMP, by activating PKA and inhibitingm-calpain, protects p-p53
from degradation, thereby promoting axonal outgrowth. Interes-
tingly, a role for calpain in adult axonal regeneration/degeneration
has also been discussed (32), suggesting that the function of cal-
pain in regulation of axonal growth extends beyond the develop-
mental period.

Materials and Methods
Animals. Time-pregnant BALB/C mice were purchased from Charles River, and
kept under temperature- and humidity-controlled conditions with a 12-h
light: 12-h dark cycle and food ad libitum before being used. The use of
animals followed roles and regulations of the Office of Laboratory Animal
Welfare of the National Institutes of Health and was approved by the In-
stitutional Animal Care and Use Committee of Western University of Health
Sciences.

ChemicalsandAntibodies.Purifiedm-calpain, calpeptin (N-benzyloxycarbonyl-
L-leucylnorleucinal, a calpain inhibitor), SB203580 (a p38 kinase inhibitor),
and U0126 (an ERK inhibitor) were purchased from EMD Chemicals. Control
rabbit serum, Tau1 antibodies, and anti-E6AP and anti–phospho-serine anti-
bodies were from Sigma. Semaphorin 3A/Fc was from R&D Systems. Anti–
total p53 antibodies were from Santa Cruz Biotechnology. Anti-GAPDH
antibody was from Millipore. Anti–phospho-p53 (Ser23), anti–phospho-p53
(Ser18), anti–μ-calpain, anti–m-calpain, anti–acetyl-p53 (Lys382), anti–phos-
pho-ERK (Thr202/Tyr204), anti-ERK, anti–phospho-p38 MAPK (Thr180/
Tyr182), and anti-p38 MAPK antibodies were from Cell Signaling Technol-
ogy. Alexa 488–conjugated anti-rabbit and Alexa 594–conjugated anti-mouse
antibodies were from Invitrogen.

Neuronal Cultures. Cortical and hippocampal neurons were prepared from
E18 BALB/C mouse embryos and cultured in NeuroBasal (Gibco) with 10%
BSA, 2% B27, and 1% glutamine for 3 to 4 d before being used.

Fig. 5. ERK and p38 MAPK activation is involved in p-p53 truncation and
calpain activation. (A) Immunoblotting analysis of various proteins in cultured
cortical neurons. Cortical neurons were treated on DIV4 with DMSO (lane 1),
semaphorin 3A (lane 2), semaphorin 3A following a 3-h pretreatment with
ERK inhibitor U0126 (lane 3), U0126 treatment alone (lane 4), semapho-
rin following a 3-h pretreatment with p38 inhibitor SB203580 (lane 5), or
SB203580 treatment alone (lane 6), and processed for immunoblotting.
Representative images of immunoblots probed with anti–p-p53S18, anti–
phospho-p38 MAPK (p-p38), anti–total-p38, anti–phospho-ERK (p-ERK), and
anti–total-ERK antibodies. Arrow indicates p-p53S18 breakdown products.
GAPDH was used as loading control. (B) Immunoprecipitation and immuno-
blotting analysis of m-calpain phosphorylation. Cultured cortical neu-
ronswere treatedwith (D) orwithout DMSO (NT, no treatment) orwith sema-
phorin 3A (SM3A) and processed for immunoprecipitation with anti–m-
calpain (m-CN) or control (IgG) antibodies as described in Materials and
Methods. Immunoblots were then probed with anti–m-calpain or anti–
phospho-serine antibodies. Input: whole lysates from the same samples be-
fore immunoprecipitation was performed. Note that phosphorylation of m-
calpain is markedly enhanced by semaphorin 3A treatment.
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Small Interfering RNA and Transfection. Transfection with siRNAs for μ-cal-
pain, m-calpain, or scrambled control siRNA was performed as previously
described (24). Briefly, neurons were incubated with DMEM (HyClone) with
the addition (per 900 μL) of 2 μL of 50 μM siRNA (siRNA final concentration,
100 nM), 48 μL of 0.25 M CaCl2, and 50 μL of BES [pH 7.1; N-N-bis(2-
hydroxyethyl)-2-aminoethanesulfonic acid] for 3 h. Cultured neurons were
then changed to fresh culture medium and cultured for 18 to 24 h before
being processed for immunoblot experiments or immunostaining analysis.
The following siRNA sequences were used: μ-calpain, TACCTCTGTTCAATTG-
CTCTA; m-calpain, GCGGTCAGATACCTTCATCAA (Qiagen).

Drug Treatment.Hippocampal and cortical neurons were treated at DIV 4with
the following inhibitors for 3 h: calpeptin (10 μM), calpain inhibitor III (5 μM),
SB203580 (400 nM), and U0126 (500 nM), followed by semaphorin 3A/Fc
(1 nM) for 5 min.

Immunofluorescence and Image Analysis. Hippocampal neurons were fixed
with 4% paraformaldehyde in phosphate buffer (pH 7.4) for 15 min. After
washing with 1× PBS solution, cells were permeabilized with 0.05% Triton X-
100 in 1× PBS solution for 15 min and incubated with blocking buffer (3%
BSA, 0.02% Triton X-100 in 1× PBS solution) for 15 min before being probed
with primary antibodies. The following primary antibodies were used: Tau-1
(1:1,000), anti-E6AP (1:1,000), anti–phospho-p53S18 (1:250), anti–μ-calpain
(1:250), anti–m-calpain (1:500), and anti–phospho-ERK (1:250). All primary
antibodies were diluted in blocking buffer and incubated at 4 °C for 18 h.
After six washes (6 × 10 min) with 1× PBS solution at room temperature, cells
were incubated with the secondary antibodies Alexa 488–anti-rabbit (1:500)
or Alexa 594-anti-mouse (1:500); both antibodies were diluted in blocking
buffer and incubated at room temperature for 1 h. Cells were then washed
with 1× PBS solution (6 × 10 min) and sealed with mounting medium
(Vectashield; Vector Laboratories) containing DAPI to stain nuclei. Immu-
nofluorescent signal was detected with a confocal microscope (TE 2000U
with D-Eclipse C1 system; Nikon).

Quantification of Growth Cone Morphology and p-p53S18 Immunoreactivity.
Confocal images were taken with a 60× objective. Approximately 20 to 30
images were randomly selected from each culture dish (20 mm in diameter);
at least four to six dishes from three to six independent culture preparations
were used for each experimental group. Within an experiment, cultures
used for different experimental groups and designed for comparison were
stained simultaneously and imaged with the same acquisition parameters.

Quantification was done blindly by multiple researchers. Growth cones with
less than one filopodium were considered collapsed. ImageJ software was
used to quantify immunoreactivity intensity of p-p53S18 in axons and
growth cones; the “total integrated density” was used instead of “average
intensity.” Briefly, individual growth cones were outlined manually and the
total integrated density was measured using ImageJ software. For quanti-
fication of immunoreactivity in axons, a 50-μm fragment of axons from the
neck of growth cones toward the cell body was selected and integrated
density was measured. Results were expressed as means ± SEM, and P values
were determined by one-way ANOVA followed by post hoc analysis; P values
less than 0.05 were considered statistically significant.

Immunoprecipitation and Immunoblotting Procedures. For immunoprecipita-
tion, culturedcorticalneuronswere lysed ina lysisbuffer [0.05MTrisbase,0.9%
NaCl, pH 7.6, and 0.5% Triton X-100 plus protease inhibitors mixture (1:100;
EMD Biosciences) and phosphatase inhibitor mixtures (1:500; Sigma)]. Lysates
were centrifuged at 16,000 × g for 30 min at 4 °C. Supernatants were then
clearedwith amixture ofproteinA/G–agarosebeads (each 50%) for 1hat 4 °C,
and after a brief spin, pellets were discarded. A small portion of supernatants
was used as input. The reminder of the supernatant was immunoprecipitated
overnightwith control IgG orm-calpain antibodies. Immunoprecipitates were
captured by incubation with protein A/G–agarose beads for 3 h at 4 °C. After
several washes, the beadswere resuspended in 2× SDS sample buffer (4%SDS,
100 mM Tris-HCl, pH 6.8, 10% β-mercaptoethanol, 20% glycerol and 0.2%
bromophenol blue) and boiled for 10 min. The resulting proteins were sepa-
rated by SDS/PAGE and transferred to PVDF membranes for immunoblotting
according to previously described protocols (19).

In Vitro m-Calpain–Mediated p53 Cleavage Assay. Purifiedm-calpain (0.5 U/mL;
Calbiochem) and CaCl2 (1.0 mM; Sigma) were added to whole homogenate
lysates prepared from DIV 4 cortical neurons as described in the previous
section except with the omission of the protease inhibitor mixture; samples
were then incubated at 37 °C for 15 min. Incubation was terminated by
adding 100 μM EDTA, EGTA (EMD Chemicals), and 2× SDS sample buffer.
Aliquots of proteins (20 μg) were then separated by SDS/PAGE and trans-
ferred to PVDF membranes for immunoblotting.
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