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Memory consolidation has been suggested to be protein synthesis dependent. Previous data indicate that BDNF-induced dendritic
protein synthesis is a key event in memory formation through activation of the mammalian target of rapamycin (mTOR) pathway. BDNF
also activates calpain, a calcium-dependent cysteine protease, which has been shown to play a critical role in learning and memory. This
study was therefore directed at testing the hypothesis that calpain activity is required for BDNF-stimulated local protein synthesis, and at
identifying the underlying molecular mechanism. In rat hippocampal slices, cortical synaptoneurosomes, and cultured neurons, BDNF-
induced mTOR pathway activation and protein translation were blocked by calpain inhibition. BDNF treatment rapidly reduced levels of
hamartin and tuberin, negative regulators of mTOR, in a calpain-dependent manner. Treatment of brain homogenates with purified
calpain-1 and calpain-2 truncated both proteins. BDNF treatment increased phosphorylation of both Akt and ERK, but only the effect on
Akt was blocked by calpain inhibition. Levels of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), a phosphatase that
inactivates Akt, were decreased following BDNF treatment, and calpain inhibition reversed this effect. Calpain-2, but not calpain-1, treatment of
brain homogenates resulted in PTEN degradation. In cultured cortical neurons, knockdown of calpain-2, but not calpain-1, by small interfering
RNA completely suppressed the effect of BDNF on mTOR activation. Our results reveal a critical role for calpain-2 in BDNF-induced mTOR
signaling and dendritic protein synthesis via PTEN, hamartin, and tuberin degradation. This mechanism therefore provides a link between
proteolysis and protein synthesis that might contribute to synaptic plasticity.

Introduction
Long-term potentiation (LTP) of synaptic transmission repre-
sents a long lasting increase in synaptic strength and is widely
accepted as a physiological mechanism underlying memory for-
mation in mammalian brain. Several molecular/cellular events
participate in LTP induction/stabilization, including dendritic
protein synthesis (Bramham, 2008) and calpain activation
(Lynch and Baudry, 1987; Staubli et al., 1988; Oliver et al., 1989;
Vanderklish et al., 1995, 1996). In particular, dendritic translation
of a number of locally present mRNAs, including that for the
activity-regulated cytoskeleton-associated protein (Arc), is impor-
tant for both LTP consolidation and memory formation (Wells and
Fallon, 2000; Pfeiffer and Huber, 2006; Bramham, 2007).

Calpains represent a unique family of calcium-dependent,
neutral, cysteine proteases that play critical roles in different neu-
ronal processes. Calpain activation results in the truncation of
target proteins, leading to persistent modifications of their func-
tions and in time-dependent changes in synaptic properties and

functions. Specifically, calpain inhibitors or downregulation of
calpain-2 block LTP induction both in hippocampal slices and in
adult rat hippocampus (Lynch and Baudry, 1987; Staubli et al.,
1988; Oliver et al., 1989; Vanderklish et al., 1995, 1996; Zadran et
al., 2012). While it is tempting to assume that protein synthesis as
well as proteolytic events could be involved in synaptic plasticity
and in learning and memory, the relationships between these two
processes are currently unknown.

BDNF and its signaling pathway play an important role in the
cellular mechanisms underlying LTP and long-term memory
(LTM) formation (Lynch et al., 2007; Rex et al., 2007; Bramham,
2008; Chen et al., 2010). BDNF-induced dendritic protein syn-
thesis requires activation of the mammalian/mechanistic target
of rapamycin (mTOR) pathway (Takei et al., 2004), which has
also been implicated in LTM formation (Tang et al., 2002). The
phosphatidylinositol-3� kinase (PI3K)–Akt and mitogen-
activated protein kinase (MAPK) signaling pathways are up-
stream of mTOR and also participate in synaptic plasticity and
memory formation (Cammalleri et al., 2003; Kelleher et al., 2004;
Jaworski et al., 2005; Kumar et al., 2005; Ma et al., 2005). We
showed previously that BDNF activates calpain-2 through extra-
cellular regulated kinase (ERK)-mediated phosphorylation (Zad-
ran et al., 2010). Thus, BDNF stimulates both protein synthesis
and calpain activity in dendritic spines, and it is reasonable to
assume the existence of a cross talk between these two processes.
The present study was directed at testing the role of calpain in
BDNF-mediated mTOR pathway activation. Phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) is a negative
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regulator of Akt (Jaworski et al., 2005), while
the tuberous sclerosis 1 and 2 gene products,
hamartin and tuberin, block mTOR signal-
ing downstream of Akt and ERK (Inoki et
al., 2002; Tee et al., 2003). Our results indi-
cate that calpain-mediated PTEN, hamar-
tin, and tuberin degradation is likely to
account for BDNF-induced stimulation of
dendritic protein synthesis, thus revealing a
new and important function for calpain in
the regulation of local protein synthesis.

Materials and Methods
Animals were treated in accordance with the
principles and procedures of the National Insti-
tutes of Health Guide for the Care and Use of
Laboratory Animals. All protocols were ap-
proved by the Institutional Animal Care and Use
Committee of the University of Southern Cali-
fornia and of Western University of Health
Sciences.

Acute hippocampal slice preparation. Hip-
pocampi were rapidly dissected from 8- to 10-
week-old male Sprague Dawley rats, transferred
to oxygenated, ice-cold cutting medium [con-
taining (in mM) 220 sucrose, 20 NaCl, 26
NaHCO3, 10 glucose, 2.5 KCl, 1.25 NaH2PO4,
and 2 MgSO4], and cut into 400-�m-thick trans-
verse slices using a McIlwain tissue chopper. Hip-
pocampal slices were maintained in a recovery
chamber with artificial CSF (ACSF) medium
containing (in mM) 124 NaCl, 2.5 KCl, 2.5 CaCl2,
1.5 MgSO4, 1.25 NaH2PO4, 24 NaHCO3, and 10
D-glucose, saturated with 95%O2/5%CO2, for 1 h
at 37°C. Hippocampal slices were then trans-
ferred into screw-cap microfuge tubes containing
2 ml of freshly oxygenated ACSF medium with
various drugs, including 10 �M calpain inhibitor
III (Calbiochem), 1 �M rapamycin (Cell Signal-
ing Technology), 5 �M U0126 (Tocris Biosci-
ence), 25 �M cycloheximide (Tocris Bioscience),
100 ng/ml BDNF (Millipore), and 50 �M CX614
(2H,3H,6aH-pyrrolidino(2,1-3�,2�)1,3-oxazino
(6�,5�-5,4)benzo(e)1,4-dioxan-10-one; Cortex
Pharmaceuticals), and were incubated at 37°C for
the indicated periods of time.

Cortical synaptoneurosome preparation. Synap-
toneurosomes were prepared from 8- to 10-
week-old male Sprague Dawley rats as described
previously (Dominguez et al., 2007), with minor
modifications. Briefly, cortices were rapidly dis-
sected and placed into chilled modified Krebs so-
lution (mKrebs) containing the following (in
mM): 118.5 NaCl, 4.7 KCl, 1.18 KH2PO4, 24.9
NaHCO3, 1.18 MgSO4, 2.5 CaCl2, 10 D-glucose,
and 1 HEPES, pH 7.4, equilibrated with 95%O2/
5%CO2. Cortices were homogenized in a 7 ml
Kontes tissue dounce homogenizer with 10
strokes. Homogenized tissue was filtered through
a 100 �m nylon mesh filter (BD Falcon), and the resulting suspension was
filtered again through a 5-�m-pore size Acrodisc syringe filter with a Supor
membrane (Pall Life Sciences). The filtrate was then centrifuged at 1000 � g
for 15 min at 4°C, washed once, and centrifuged again. The pellet was resus-
pended in mKrebs, and various drugs were added directly to the prewarmed
(5 min, 37°C) synaptoneurosome suspension for the indicated periods of time.

Primary neuronal cultures. Cortices from embryonic day 18 rats (E18;
Sprague-Dawley) and hippocampi from E18 mice (BALB/c) were digested
with papain (20 U/ml) before mechanical dissociation, and neurons were

plated onto poly-D-lysine-coated dishes at low (100–300 cells/mm2) density
for imaging experiments and at high density for Western blot experiments
(800–1000 cells/mm2), and maintained in Neurobasal medium supplemented
with B27 (Gibco) and 10% fetal bovine serum (FBS) in a humidified 5% CO2/
95% air atmosphere at 37°C as described previously (Zadran et al., 2010).

Small interfering RNA transfection. Small interfering RNA (siRNA)
transfection was performed as described previously (Qin et al. 2010),
with few modifications. Forty microliters of siRNA (20 �M) were com-
bined with 680 �l of 250 mM CaCl2 and 680 �l of BES [ N, N-bis(2-

Figure 1. Effect of calpain inhibitor III on BDNF-mediated mTOR phosphorylation. A, B, Acute hippocampal slices (A) and
cortical synaptoneurosomes (B) were pretreated with calpain inhibitor III (CI; 10 �M) for 30 min and then incubated with BDNF
(100 ng/ml) or CX614 (CX; 50 �M) for 30 min. Slices were homogenized and processed for Western blot. Data are presented as the
ratio of phospho-mTOR over total mTOR (fold of control) and are means� SEM from 4 –12 independent experiments. **p �0.01,
***p � 0.001 (compared with control); #p � 0.05, ##p � 0.01, ###p � 0.001 (compared to BDNF or CX614 alone; two-way
ANOVA). C, Primary cultured rat cortical neurons were pretreated with calpain inhibitor III (10 �M) for 30 min and then incubated
with BDNF (100 ng/ml) for 30 min. Cells were then fixed, immunostained for phospho-mTOR at Ser2448 (green) and for PSD-95
(red), and then labeled with DAPI (blue).
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hydroxyethyl)-2-aminoethanesulfonic acid], pH 7.1, and incubated at
room temperature for 30 min. Cultured cortical neurons grown for 7 d in
vitro (DIV) in 35 mm dishes (BD Falcon) were incubated with pre-
warmed MEM/EBSS (Hyclone), and the siRNA mixture was added di-

rectly to the cultures and incubated at 37°C for
3 h. Cultured neurons were then changed to
fresh culture medium and maintained for 24 h
in a humidified 5% CO2/95% air atmosphere
at 37°C before treatments were performed. The
following siRNA sequences were used: negative
control(scrambledsiRNA),AATTCTCCGAAC
GTCTCACGT; calpain-1, TACCTCTGTTCA
ATTGCTCTA; calpain-2, GCGGTCAGATAC
CTTCATCAA (Qiagen).

Preparation of P2 membranes from brain ho-
mogenates. Brains were removed from two to
three Sprague Dawley rats and placed in ice-
cold homogenization buffer containing the fol-
lowing: 320 mM sucrose, 10 mM HEPES, pH
7.4, 2 mM EDTA, 2 mM EGTA, 0.1 mM PMSF,
and protease inhibitor cocktail (Thermo Scien-
tific). Brain tissue was homogenized with 10
strokes using a 55 ml Wheaton glass-Teflon
homogenizer. The homogenate was centri-
fuged at 1000 � g for 10 min, and the resultant
supernatant was collected and centrifuged at
14,000 � g for 20 min. The resultant pellet (P2
membrane fraction) was centrifuged again at
14,000 � g for 20 min to eliminate protease
inhibitors. P2 pellets were then resuspended in
Tris-acetate buffer (100 mM Tris-acetate, pH
7.4, 50 �M EGTA), and the protein concentra-
tion was determined by the BCA assay
(Thermo Scientific). Equal amounts of pro-
teins (4 �g/�l) were incubated with calpain-1
(Calbiochem) or calpain-2 (Origene) (both at
2.4 U/ml) in the absence and presence of 2 mM

calcium for 30 min at 37°C. In some experi-
ments, different concentrations (1–5 U/ml) of
calpain-1 and calpain-2 were used. Calpain
reaction was stopped by adding Laemmli‘s
loading buffer (final concentrations, 62.5
mM Tris-HCl, pH 6.8, 2% sodium dodecyl sul-
fate, 10% glycerol, 0.005% bromophenol, 5%
�-mercaptoethanol) followed by boiling at
100°C for 5 min, and samples were then sub-
jected to Western blot.

Detection of purified PTEN by Coomassie blue
staining. Equal amounts of purified human
PTEN (4 �g; Cayman Chemicals) were incu-
bated in Tris-acetate buffer with 2 mM calcium
and calpain-1 (10 �g; Calbiochem) or calpain-2
(10 �g; a generous gift from Dr. Peter Davies,
Queen’s University, Ontario, CA) for 1 h at 37°C.
After incubation, 1 �g of protein from each sam-
ple was subjected to 15% SDS-PAGE, and the gel
was incubated with Coomassie blue (1 mg/ml)
prepared in acidic solution (40% methanol, 10%
acetic acid) for 20 min at room temperature and
washed several times with acidic solution before
being scanned.

Western blot. Protein lysates were prepared
at a final concentration of 4 – 8 �g/�l by ho-
mogenization of rat hippocampal slices, corti-
cal synaptoneurosomes, or cultured neurons in
cold lysis buffer [containing (in mM) 50 Tris-
HCl, pH 7.4, 150 NaCl, 5 EDTA, 1 EGTA, 1
PMSF, 10 NaF, and 1 Na3VO4] containing pro-
tease inhibitor cocktail (Thermo Scientific).
After sample processing (as described above),

25– 40 �g of denatured proteins were subjected to 6 –15% SDS-PAGE
and transferred onto polyvinylidene difluoride membranes. Membranes
were blocked with 5% nonfat milk dissolved in Tris-buffered saline

Figure 2. A–D, Effect of calpain inhibitor III on BDNF-mediated phosphorylation of 4EBP1 (A), p70S6K (B, D) and ERK1/2 (C). Acute
hippocampalsliceswerepretreatedwithcalpaininhibitorIII (CI;10�M)for30minandthenincubatedwithBDNF(100ng/ml)orCX614(CX;
50�M)for30min.SliceswerehomogenizedandprocessedforWesternblot.Dataarepresentedastheratioofphosphorylatedproteinover
total protein (fold of control) and are means � SEM from three to five independent experiments. *p � 0.05, **p � 0.01, ***p � 0.001
(compared to control); #p � 0.05, ##p � 0.01, ###p � 0.001 (compared to BDNF or CX614 alone; two-way ANOVA).

Figure 3. Effects of rapamycin, cycloheximide, and an MAP kinase inhibitor (U0126) on BDNF-mediated increase in Arc and CaMKII in
acute hippocampal slices. A, B, Acute hippocampal slices were pretreated with DMSO (0.01%), rapamycin (1�M), cycloheximide (25�M),
orU0126(5�M)for30minandthenincubatedwithBDNF(100ng/ml)for30min.SliceswerehomogenizedandprocessedforWesternblot
for Arc (A) and CaMKII (B). Data are normalized to the levels of actin and are expressed as ratio over control values; they are means�SEM
from three to five independent experiments. *p � 0.05 (compared to vehicle); #p � 0.05 (compared to BDNF alone; two-way ANOVA).
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(TBS) for 1 h at room temperature and probed
overnight with different primary antibodies at
4°C. Membranes were then washed three times
with TBST for 10 min followed by incubation
with Odyssey infrared-conjugated secondary
antibodies diluted 1:10,000 in Odyssey block-
ing buffer for 1 h at room temperature. After
three 10 min washes with TBST, membranes
were scanned using an Odyssey infrared im-
ager (LI-COR Biosciences).

Antibodies. All primary antibody solutions
were prepared in TBS containing 0.1% of Tween
20 and 3% bovine serum albumin at a 1:1000
dilution unless stated otherwise. The following
primary antibodies were used: anti-phospho-
mTOR (Ser2448) and anti-mTOR (both from
Cell Signaling Technology), anti-phospho-
4EBP1 (Thr37/46; Millipore), anti-4EBP1 (Cell
Signaling Technology), anti-phospho-p70S6K
(Thr389 from Millipore and Thr421/Ser424
from Cell Signaling Technology), anti-p70S6K
(Cell Signaling Technology), anti-phospho-
ERK1/2 (Thr202/Tyr204) and anti-ERK1/2
(both at 1:2000; Cell Signaling Technology), anti-
Arc (1:5,000; Millipore), anti-�CaMKII (Cell
Signaling Technology), anti-phospho-Akt
(Ser473) and anti-Akt (both from Cell Signaling
Technology), anti-hamartin (Cell Signaling
Technology), anti-phospho-tuberin (Tyr1462)
and anti-tuberin (both from Cell Signaling Tech-
nology), anti-phospho-PTEN (Ser380/Thr382/
Thr383; Cell Signaling Technology), anti-
phospho-TrkB (Tyr 490) and anti-TrkB (both
from Cell Signaling Technology), anti-actin
(1:10,000; Millipore), and anti-phospho-
(Tyr) p85 PI3K binding motif (Cell Signaling
Technology). To detect PTEN, we routinely
tested different primary antibodies within
the same membrane: a rabbit polyclonal and
a mouse monoclonal anti-PTEN (both from
Cell Signaling Technology).

Immunocytochemistry. Cultured hippocam-
pal neurons were grown for 14 DIV in cover-
slips within six-well plates, and the media
was switch to fresh neurobasal without se-
rum at least 3 h before the treatments were
performed. After the treatments, cultures
were rinsed with PBS [containing (in mM)
137 NaCl, 2.7 KCl, 10 Na2HPO4, and 2
KH2PO4] and fixed in methanol at �20°C
for 10 min. Cells were permeabilized with
0.1% Triton X-100 in PBS for 15 min and
blocked at room temperature for 30 min in
PBS containing 10% FBS and 0.05% Triton
X-100. Subsequently, cells were incubated
overnight at 4°C with primary rabbit anti-
phospho-mTOR antibody (1:250) and mouse
anti-PSD-95 (1:500; Stressgen) in PBS con-
taining 3% BSA, 0.05% Triton X-100, and 0.05% sodium azide (PBS-
BSA). After four 15 min washes with PBS-BSA, cells were incubated
with secondary anti-rabbit Alexa Fluor 488- and anti-mouse Alexa
Fluor 566-conjugated antibodies (both at 1:1000; Invitrogen) diluted
in PBS-BSA for another 1 h at room temperature. After washing out
with PBS-BSA (four times for 15 min each), cells were sealed in slides
with mounting medium containing DAPI (Vector Laboratories). The
immunostained cells were examined under a confocal fluorescence
microscope (Nikon).

Dendritic protein translation and image quantification. Local protein
synthesis in dendrites was measured as described previously (Aakalu et

al., 2001; Jourdi et al., 2009). A translation reporter plasmid containing
myristoylated GFP (myrGFP) cDNA flanked by 3� and 5� untranslated
regions (UTRs) of �CamK�� (a generous gift from Dr. E. M. Schuman,
Caltech, Pasadena, CA) was used and transfected into hippocampal neu-
rons prepared from E18 BALB/c mouse embryos. Myristoylation of the
translation reporter prevents the diffusion of locally translated GFP pro-
tein. Twenty-four hours after transfection, neurons were washed with
imaging buffer, and DMSO or calpain inhibitor III (10 �M) was added.
After 60 min, BDNF (100 ng/ml) or vehicle was added, and GFP-labeled
dendritic branches were successively selected. Dendritic branches were
photobleached by excitation at 488 nm to eliminate the GFP signal and
then processed for time-lapse imaging every 30 s. The overall treatment

Figure 4. Effect of calpain inhibitor III on BDNF-induced increase in dendritic protein synthesis. A, B, Acute hippocampal
slices (A) and cortical synaptoneurosomes (B) were pretreated with calpain inhibitor III (CI; 10 �M) for 30 min and then
incubated with BDNF (100 ng/ml) or CX614 (CX; 50 �M) for 30 min. Slices were homogenized and processed for Western
blot. Data are presented as the ratio of Arc over actin (fold of control) and are means � SEM from five to eight independent
experiments. *p � 0.05, **p � 0.01, ***p � 0.001 (compared to control); #p � 0.05, ##p � 0.01 (compared to BDNF or
CX614 alone; two-way ANOVA). C, Cultured mouse hippocampal neurons that were transfected with the GFP reporter
plasmid were preincubated with calpain inhibitor III (10 �M) for 60 min, and vehicle or BDNF (100 ng/ml) was applied.
Selected dendritic branches were “photobleached” until fluorescence was almost invisible. Time-lapse images were then
taken at 30 s intervals. Fluorescence intensity was quantified and values expressed as percent of values measured at time
0 (t0). Results are means � SEM of three experiments (results from each experiments were averaged values determined
from 3–5 dendrites, 1–2 dendrites per neuron) from three independent culture preparations. ***p � 0.001 (compared to
control; one-way ANOVA followed by Tukey’s post-test analysis).
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with BDNF ranged between 2 and 15 min; GFP fluorescence recovery
therefore reflects both the rate of protein synthesis and maturation.

Statistical analysis. Statistical comparisons were made by using one-
way ANOVAs followed by Dunnett’s multiple comparison test or by

Tukey’s post-test and two-way ANOVA fol-
lowed by Bonferroni’s post-test analysis.
Results were generally calculated as means �
SEM from the indicated number of indepen-
dent experiments and expressed as fold of the
indicated control. p values �0.05 were re-
garded as not significant.

Results
Calpain activation is required for
BDNF-induced mTOR activation in
acute hippocampal slices, cortical
synaptoneurosomes, and cultured
neurons
Previous studies showed that BDNF in-
creases mTOR-mediated dendritic pro-
tein synthesis in acute rat hippocampal
slices and neuronal cultures (Takei et al.,
2004; Jourdi et al., 2009). To examine
whether calpain plays a role in BDNF-
induced mTOR phosphorylation, we pre-
treated acute hippocampal slices with
calpain inhibitor III (10 �M), and 30 min
later BDNF (100 ng/ml) was applied for
another 30 min. BDNF treatment signifi-
cantly increased mTOR phosphorylation
in acute hippocampal slices, and this ef-
fect was completely reversed by pretreat-
ment with calpain inhibitor III (Fig. 1A).
Calpain inhibitor alone did not signifi-
cantly change the phosphorylation state of
mTOR compared to vehicle-treated con-
trol. To confirm these effects, we treated
acute hippocampal slices with the am-
pakine CX614, which has been shown to
enhance endogenous BDNF release and
activate the mTOR pathway (Jourdi et
al., 2009). Bath application of CX614
(50 �M, 30 min) increased the phos-
phorylation of mTOR to a similar extent
as BDNF treatment. This effect was also
prevented by pretreatment with calpain in-
hibitor III (Fig. 1A). We further tested the
effects of BDNF and CX614 on mTOR ac-
tivation in a synaptoneurosomal prepara-
tion from rat cerebral cortices. Calpain
inhibition abolished both BDNF- and
CX614-induced increase in mTOR phos-
phorylation, without affecting the basal lev-
els of activated mTOR (Fig. 1B). In addition,
we evaluated mTOR activation in pri-
mary cultures of cortical neurons by
performing double-immunocytochemistry
for phospho-mTOR and for the postsynap-
tic marker PSD-95. Consistent with the
above data, treatment with BDNF strongly
enhanced phospho-mTOR immunostain-
ing within dendritic processes, and this ef-
fect was reversed by calpain inhibitor III
(Fig. 1C). BDNF treatment also increased

PSD-95 immunofluorescence, which was partially colocalized
with phospho-mTOR, and this effect was also blocked by cal-
pain inhibition.

Figure 5. Effects of calpain activation/inhibition on hamartin and tuberin levels. A, B, Acute hippocampal slices were pretreated
with calpain inhibitor III (CI; 10 �M) for 30 min and then incubated with BDNF (100 ng/ml) or CX614 (CX; 50 �M) for 30 min. Slices
were homogenized and processed for Western blot. Data are presented as the ratio of hamartin/tuberin over actin (fold of control)
and are means � SEM from 4 –10 independent experiments. ***p � 0.001 (compared to control); #p � 0.05, ##p � 0.01,
###p � 0.001 (compared to BDNF or CX614 alone; two-way ANOVA). C, D, Equal amount of proteins from brain homogenates were
treated with vehicle, 2 mM calcium chloride, calpain I or II and the combination of calcium and calpain-1 or calpain-2 (both at 2.4
unit) for 30 min. After incubation, samples were processed for Western blot. Data are presented as total levels of hamartin and
tuberin (fold of control) and are means � SEM from six to eight independent experiments. **p � 0.01; ***p � 0.001 (compared
to control; one-way ANOVA followed by Dunnett’s multiple comparison test). Note that a saturated (overexposed) blot is presented
on the left of D to show tuberin breakdown products, and the same nonsaturated blot is presented on the right of the panel
to show the differences in full-length tuberin among the treatments. E, To verify that the calcium effects on hamartin and
tuberin were mediated by activation of endogenous calpain, membrane fractions were preincubated with calpain inhibitor
III and then incubated in the absence or presence of calcium (2 mM) for 30 min. After incubation, samples were processed
for Western blot.
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Calpain inhibition suppresses mTOR-
dependent stimulation of the protein
translation machinery
Stimulation of dendritic protein synthesis
by BDNF involves the activation of differ-
ent translation factors, such as the eukary-
otic initiation factor 4E (eIF4E). Under
basal conditions, eIF4E activity is nega-
tively regulated by the eIF4E binding pro-
tein 1 (4EBP1). Phosphorylation at Thr37
by mTOR signaling causes 4EBP1 to disso-
ciate from eIF4E and allows the initiation of
cap-dependent protein translation. Thus,
we tested the effect of calpain inhibition on
BDNF-mediated increase in 4EBP1 phos-
phorylation in acute hippocampal slices.
Treatment with either BDNF or CX614 in-
creased the phosphorylation of 4EBP1, and
these effects were totally suppressed in the
presence of calpain inhibitor III (Fig. 2A). As
the antibody we used to label p-4EBP1 also
recognizes p-4EBP1/2/3, we cannot exclude
the role of other 4EBPs, in particular 4EBP2,
which is enriched in the brain (Bidinosti et
al., 2010), in the activation of mTOR and the stimulation of local
protein synthesis.

Another important step for BDNF-stimulated dendritic pro-
tein synthesis is the phosphorylation of p70S6K, which ultimately
activates the ribosomal protein S6 leading to 5�-oligopyrimidine
tract-containing mRNA translation (Takei et al., 2004). Two dif-
ferent phosphorylation sites within p70S6K (Thr389 and Thr421/
Ser424) regulate its activity, both being dependent on mTOR
signaling (Zhou et al., 2010). We thus tested the effect of calpain
inhibitor III on BDNF-mediated activation of p70S6K by using
antibodies that specifically recognize these phosphorylation sites.
Treatment of acute hippocampal slices either with BDNF or
CX614 enhanced p70S6K phosphorylation both at Thr389 and
Thr421/Ser424. Stimulation of Thr389 phosphorylation by
BDNF and CX614 was completely reversed by calpain inhibition
(Fig. 2B). In contrast, although calpain inhibitor III decreased
BDNF-mediated increase in Thr421/Ser424 phosphorylation,
this effect did not reach statistical significance (Fig. 2D). Besides
being regulated by mTOR activity, phosphorylation of p70S6K at
Thr421/Ser424 can also be mediated by the MAPK pathway
(Zhou et al., 2010). Furthermore, calpain activity is directly reg-
ulated by ERK1/2 phosphorylation (Zadran et al., 2010). Hence,
the lack effect of calpain inhibitor III against BDNF-induced
Thr421/Ser424 phosphorylation might be due to the fact that
MAPK activation is upstream of calpain. To directly test this
hypothesis, we examined the effect of calpain inhibition on
BDNF-induced ERK1/2 activation in acute hippocampal slices.
Pretreatment with calpain inhibitor III did not prevent the in-
crease in ERK1/2 phosphorylation caused by either BDNF or
CX614 (Fig. 2C).

Calpain activation is required for BDNF-induced dendritic
protein synthesis in acute hippocampal slices, cortical
synaptoneurosomes, and cultured neurons
BDNF stimulates dendritic Arc mRNA translation through
activation of mTOR-dependent signaling in primary cortical
neurons and in synaptoneurosomes (Takei et al., 2004; Jourdi
et al., 2009). Conversely, in vivo Arc synthesis in the dentate
gyrus is rapamycin insensitive but sensitive to MAPK inhibi-

tors (Panja et al., 2009). Thus, we sought to determine whether
the effects of BDNF on Arc expression were mediated by
mTOR or by MAPK activities in adult rat hippocampal slices.
Bath application of BDNF induced a significant increase in Arc
levels compared to vehicle-treated control, and this effect was
reversed by rapamycin (1 �M) as well as by the protein synthe-
sis inhibitor cycloheximide (25 �M). The MAPK inhibitor
U0126 (5 �M) also reduced the increase in Arc translation
caused by BDNF, although the effect did not reach statistical
significance (Fig. 3). In contrast, all three inhibitors com-
pletely suppressed the increase in �CaMKII levels induced by
BDNF (Fig. 3), indicating that activation of both mTOR and
MAPK is necessary to stimulate rapid protein synthesis in
hippocampal slices.

Since calpain activation is required for BDNF-induced mTOR
signaling, we determined whether calpain inhibition would ab-
rogate BDNF-induced Arc protein synthesis. Acute hippocampal
slices were pretreated with calpain inhibitor III, and subsequently
treated with or without BDNF, and Arc levels were determined by
Western blotting. BDNF-induced stimulation of Arc expression
was completely blocked by calpain inhibitor III (Fig. 4A),
whereas treatment with calpain inhibitor III alone did not modify
Arc levels. Likewise, we determined whether calpain activity was
also required for BDNF-mediated stimulation of Arc synthesis in
cortical synaptoneurosomes. As shown in Figure 4B, calpain in-
hibitor III blocked both BDNF- and CX614-induced Arc expres-
sion in this preparation.

We further examined the role of calpain in BDNF-induced
dendritic protein synthesis by using a GFP protein translation
reporter under the control of the UTR of �CaMKII (Aakalu et al.,
2001). In cultured hippocampal neurons, transfection with the
GFP-�CaMKII plasmid provides an efficient tool to analyze the
effects of BDNF on dendritic protein synthesis. As shown previ-
ously (Jourdi et al., 2009), BDNF rapidly stimulated GFP synthe-
sis/maturation in dendrites of cultured neurons. Pretreatment
with calpain inhibitor III completely inhibited BDNF-induced
increase in GFP protein synthesis/maturation, whereas it did not
modify the rate of protein synthesis/maturation under control
conditions (Fig. 4C).

Figure 6. A, B, Effect of calpain inhibitor III on BDNF-mediated tuberin (A) and Akt (B) phosphorylation. Acute hippocampal
slices were pretreated with calpain inhibitor III (CI; 10 �M) for 30 min and then incubated with BDNF (100 ng/ml) or CX614 (CX; 50
�M) for 30 min. Slices were homogenized and processed for Western blot. Data are presented as the ratio of phosphorylated
protein over total protein (fold of control) and are means � SEM from three to four independent experiments. *p � 0.05, **p �
0.01 (compared to control); ##p � 0.01, ###p � 0.001 (compared to BDNF or CX614 alone; two-way ANOVA).
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BDNF-mediated calpain activation leads to hamartin and
tuberin degradation
Our results indicated that calpain activation is a necessary step for
the initiation of dendritic protein synthesis. To identify the mo-
lecular targets of calpain involved in this process, we determined
the protein levels of several potential target proteins upstream of
mTOR. mTOR activity is negatively regulated by the protein

complex formed by hamartin and tuberin
(Inoki et al., 2002). We determined the
levels of these proteins after treatment
with BDNF and CX614 in acute hip-
pocampal slices. Stimulation with either
BDNF or CX614 caused a reduction in
both hamartin and tuberin levels, al-
though the effects only reached statistical
significance for the former. Furthermore,
pretreatment with calpain inhibitor III
reversed BDNF-mediated hamartin and tu-
berin downregulation (Fig. 5A,B). Similar
effects were observed in cortical synap-
toneurosomes (data not shown).

To confirm that hamartin and tuberin
are actual targets of calpain, we incubated
P2 membrane fractions prepared from
adult rat forebrain in the presence of 2
mM calcium and purified calpain-1 or
calpain-2 (both at 2.4 U/ml) for 30 min at
37°C. Treatment either with calpain-1 or
calpain-2 in the presence of calcium re-
duced the levels of both hamartin and tu-
berin in P2 membranes (Fig. 5C,D).
Furthermore, treatment with calcium
alone reduced hamartin and tuberin to a
similar extent as in the presence of
calpain-1 and calpain-2, suggesting that
endogenous calpain activation is suffi-
cient to cleave these proteins. Consistent
with this notion, calpain inhibitor III pre-
vented both hamartin and tuberin degra-
dation caused by calcium treatment (Fig.
5E). A single breakdown product [of an
approximate molecular weight (MW) of
90 KDa] was detected for hamartin after
calcium and calpain treatment (Fig. 5C).
Analysis of hamartin protein sequence by
using the calpain cleavage site predictor
tool (www.calpain.org) indicated that
Leu369 was the most likely truncation site
(score of 0.18) that would generate a C termi-
nus fragment of 88.015 KDa that matches the
apparent MW of the observed band.

An increase in several tuberin break-
down products was observed in brain ho-
mogenates treated with calcium and with
calcium plus calpain-1 or calpain-2, with a
band of �95 KDa and several bands of 30 to
60 KDa, which suggested the existence of
multiple cleavage sites within the protein.
Among all the potential truncation sites sug-
gested by the calpain cleavage site predictor
tool, Leu940 and Gly1259 (with scores of
0.19 and 0.14, respectively) are good candi-
dates, since truncation at these sites would

produce C-terminal fragments of 94.64 and 60.84 KDa, respectively,
which correspond to the two higher bands observed. The remaining
bands with MW 30–50 KDa might result from two sequential trun-
cations at different sites, including Met830 (0.22), Gly1157 (0.15),
Arg1731 (0.18), and again Gly1259 (0.14).

Tuberin activity is regulated by phosphorylation at Tyr1456,
which causes the protein to dissociate from hamartin and allows

Figure 7. Effects of calpain activation/inhibition on PTEN levels. A, B, Acute hippocampal slices were pre-treated with calpain
inhibitor III (CI; 10 �M) for 30 min and then incubated with BDNF (100 ng/ml) or CX614 (CX; 50 �M) for 30 min. Slices were
homogenized and processed for Western blot. Data are presented as the ratio of PTEN or phospho-PTEN over actin (fold of control)
and are means � SEM from four to nine independent experiments. ***p � 0.001 (compared to control); #p � 0.05, ##p � 0.01
(compared to BDNF or CX614 alone; two-way ANOVA). C, D, Equal amount of proteins from brain homogenates were treated with
vehicle (C), 2 mM calcium (Ca), calpain-1 (C1), or calpain-2 (C2), and the combination of calcium and calpain-1 or calpain-2 (both at
2.4 units or at the indicated concentrations) for 30 min at 37°C. After incubation, samples were processed for Western blot. Data are
presented as total levels of PTEN (fold of control) and are means � SEM from 5–12 independent experiments. **p � 0.01
(compared to control; one way- ANOVA followed by Dunnett’s multiple comparison test). E, Equal amounts of purified
human PTEN (4 �g) were incubated with vehicle (C) and with 2 mM calcium and calpain-1 (10 �g) or calpain-2 (10 �g) for
1 h at 37°C. After incubation, 1 �g of proteins from each sample was subjected to SDS-PAGE and the gel stained with
Coomassie blue (1 mg/ml).
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mTOR activation (Inoki et al., 2002).
Hence, we wondered whether phosphor-
ylation of tuberin at this site could be al-
tered by BDNF and CX614 treatment.
Although total levels of tuberin were re-
duced by BDNF and CX614 treatment, we
found a slight increase in tuberin phos-
phorylation in BDNF- and CX614-
stimulated hippocampal slices. The effects
were statistically different from control
conditions when expressed as a ratio of
phospho-tuberin/tuberin (Fig. 6 A). In-
terestingly, BDNF- and CX614-induced
tuberin phosphorylation were also blocked
by calpain inhibitor III, suggesting the
existence of another calpain substrate
upstream of the hamartin/tuberin pro-
tein complex. To investigate this possi-
bility, we determined the effect of calpain
inhibitor III on BDNF- and CX614-induced
Akt phosphorylation, as this kinase is re-
sponsible for the phosphorylation of tu-
berin at Tyr1456 (Inoki et al., 2002). BDNF
and CX614 treatment of hippocampal slices
resulted in increased Akt phosphorylation,
and these effects were completely blocked by
calpain inhibition (Fig. 6B).

BDNF and CX614 treatments cause
calpain-dependent PTEN degradation
PTEN negatively regulates protein synthesis through the inhibi-
tion of Akt. Therefore, we determined whether BDNF-induced
increase in mTOR signaling in hippocampal slices could be also
due to alterations in PTEN levels. BDNF and CX614 treatment of
hippocampal slices induced a small but significant decrease in
PTEN levels compared to control slices; this effect was blocked by
pretreatment with calpain inhibitor III (Fig. 7A). PTEN function
and stability are regulated by a number of posttranslational mod-
ifications, including protein phosphorylation (Torres and Pu-
lido, 2001; Barata, 2011). Therefore, we also assessed the levels of
phospho-PTEN after treatment with BDNF in the absence or
presence of calpain inhibitor III by using an antibody that
recognizes three phosphorylation sites in the C-terminal do-
main of PTEN (Ser380/Thr382/Thr383). No differences in
phospho-PTEN levels were found across the four treatment
groups (Fig. 7B).

As the previous results suggested that PTEN could be de-
graded as a result of calpain activation, we directly examined
whether or not PTEN was a substrate of calpain in brain. Thus, P2
membranes from brain homogenates were treated with purified
calpain-1 or calpain-2 as described above, and PTEN levels were
analyzed by Western blot. Interestingly, calcium alone or calcium
plus calpain-1 treatment did not significantly alter PTEN levels,
and only treatment with calcium and calpain-2 resulted in a sta-
tistically significant decrease in PTEN levels, compared with con-
trol conditions (Fig. 7C). We also used a monoclonal antibody
raised against PTEN and obtained similar results as with the poly-
clonal antibody. Nevertheless, we did not detect any increase in
lower MW fragments still recognized by either of the PTEN an-
tibodies following calcium plus calpain-2 treatment, suggesting
that the calpain truncation site might be closed to the epitope
recognized by the antibodies in the C terminus (Fig. 7C). To
confirm the differential effects of calpain-1 and calpain-2 on

PTEN truncation, we treated brain homogenates with increasing
concentrations of calpain-1 and calpain-2. Calpain-2 produced a
concentration-dependent reduction in PTEN levels in P2 mem-
branes, whereas calpain-1 did not affect PTEN levels in the same
concentration range (Fig. 7D). In contrast, calpain-1 caused a
concentration-dependent reduction of both hamartin and tu-
berin (data not shown).

We further tested the effects of calpain-1 and calpain-2 on
purified human PTEN. Coomassie blue staining detected a single
band for PTEN under control conditions (absence of calpain)
(Fig. 7E). Incubation of PTEN with calpain-1 plus calcium for 1 h
at 37°C did not affect the levels of PTEN, although it shifted the
band toward a slightly lower MW, suggesting that it may also
cleave human PTEN at the very end of the protein sequence. In
marked contrast, calpain-2 treatment strongly reduced the levels
of full-length PTEN, and several breakdown products were de-
tected at apparent MWs of 37, 23, 22 and 18 KDa, approximately,
indicating the existence of several truncation sites within PTEN
for this calpain isoform (Fig. 7E). The calpain cleavage site pre-
dictor tool suggests Thr319 and Tyr346 as the most probable
truncation sites (both with a score of 0.13). Truncation at these
sites would generate N-terminal fragments of 37.42 and 40.57
KDa, respectively, probably corresponding to the highest and
most intense of the bands observed. The remaining bands might
result from further proteolysis of these N-terminal fragments at
Leu182 (score of 0.11), which would produce three breakdown
products of 21.40, 19.19 and 16.03 KDa that match the observed
lower bands.

To determine whether there were any other targets of calpain
upstream of PTEN, we used an antibody that preferentially rec-
ognizes proteins containing phospho-tyrosine at the consensus
YXXM motif, such as receptor tyrosine kinases and adaptor pro-
teins that recruit and activate PI3K. Treatment of acute hip-

Figure 8. A, B, Effect of calpain inhibitor III on BDNF-mediated PI3K (A) and TrkB (B) activation. Acute hippocampal slices (A)
and cortical synaptoneurosomes (B) were pretreated with calpain inhibitor III (CI; 10 �M) for 30 min and then incubated with BDNF
(100 ng/ml) or CX614 (CX; 50 �M) for 30 min. Slices were homogenized and processed for Western blot. In A, data are presented as
the ratio of phosphorylated protein (at approximate size of 110 KDa) over actin (fold of control) and are means � SEM from four
independent experiments. In B, data are presented as the ratio of phosphorylated TrkB over total TrkB (fold of control) and are
means � SEM from three to five independent experiments. *p � 0.05; **p � 0.01 (compared to control; two-way ANOVA).
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pocampal slices with BDNF or CX614 increased the levels of Tyr
phosphorylation of a protein with an approximate MW of 110
KDa, which most likely corresponds to GAB1 [GRB2 (growth
factor receptor-bound protein 2)-associated binding protein 1],
an adaptor protein involved in TrkB receptor signaling to PI3K.
The effects of BDNF and CX614 on phospho-Tyr were not
blocked by calpain inhibition, suggesting that PI3K activity is not
affected by calpain (Fig. 8A). In addition, activation of TrkB re-
ceptor by BDNF and CX614 was unaltered by calpain inhibition
in cortical synaptoneurosomes (Fig. 8B).

Calpain-2 but not calpain-1 knockdown in cortical neurons
blocks the effect of BDNF on mTOR activation
Finally, we performed knockdown experiments to address which
of the calpain isoforms were involved in BDNF-mediated mTOR
activation. Thus, we transfected cortical neurons with siRNA
against either calpain-1 or calpain-2, or with scrambled siRNA.
Knockdown of calpain-1 did not prevent mTOR phosphoryla-
tion caused by BDNF or CX614, although there was a trend to-
ward a reduction. In contrast, downregulation of calpain-2
completely blocked the effects of both BDNF and CX614 on
mTOR activation (Fig. 9A). Transfection with siRNA for
calpain-1 specifically reduced calpain-1, but not calpain-2,
levels (Fig. 9B). Conversely, treatment with the siRNA for
calpain-2 only affected calpain-2, but not calpain-1, protein
levels (Fig. 9C).

Discussion
Our results indicate that calpain activation is necessary for
BDNF-induced stimulation of the mTOR pathway and the sub-
sequent increase in protein synthesis in hippocampal slices and
cortical synaptoneurosomes, as calpain inhibition blocked
BDNF-induced mTOR phosphorylation and Arc upregulation.
Moreover, the effects were also reproduced in cultured cortical
and hippocampal neurons, since calpain inhibitor III abrogated
BDNF-stimulated increase in dendritic phospho-mTOR immu-
nostaning, in PSD-95 synthesis and synthesis/maturation of
myrGFP. In addition, we identified the molecular mechanisms by
which BDNF stimulates the Akt–mTOR signaling pathway and
enhances dendritic protein synthesis, which involves calpain-
dependent degradation of PTEN, hamartin, and tuberin. Figure
10 schematically represents the involvement of calpain in mTOR
signaling pathway after TrkB receptor stimulation by BDNF. Our
results clearly showed that calpain and calcium treatment de-
creases PTEN, hamartin, and tuberin levels in brain homoge-
nates, indicating that these proteins are calpain substrates.
Interestingly, our results also revealed a calpain isoform specific-
ity for calpain-2 in the case of PTEN; to our knowledge, this type
of isoform preference has not been documented previously.
Hence, our studies provide strong evidence for a major role of
calpain-2, compared with calpain-1, in BDNF-mediated synaptic
plasticity, and this role was further confirmed with the results of
the knockdown experiments with specific siRNA for the two
main calpain isoforms in the brain. Also supporting this hypoth-
esis, we reported previously that BDNF specifically activates
calpain-2 but not calpain-1 within dendritic spines (Zadran et al.,
2010), and a previous study indicated that in vivo calpain-2 gene
silencing impairs LTP and learning and memory in mice (Zadran
et al., 2012).

Over the last decades, the hippocampus has been shown to
play a critical role in learning and memory for certain types of
information (Jarrard, 1993). LTP is now widely recognized as a
cellular mechanism of learning and memory, and current evi-

dence suggests that LTP induction is followed by periods of con-
solidation during which protein synthesis is critically involved
(Pfeiffer and Huber, 2006; Bramham, 2008; Sacktor, 2008). Ex-
ogenous BDNF application paired with weak burst stimulation
induces robust LTP induction (Kovalchuk et al., 2002; Kramár et
al., 2012) and facilitates LTP maintenance through activation of
the PI3K–Akt–mTOR signaling pathway and regulation of local
protein synthesis (Tang et al., 2002; Yang et al., 2008). BDNF
rapidly induces Arc expression within minutes, an effect blocked
by rapamycin, a specific inhibitor of mTOR, in neuronal cultures
and in synaptoneurosomes and by the MAPK inhibitor U0126 in
the dentate gyrus (Takei et al., 2004; Jourdi et al., 2009; Panja et
al., 2009). In our study, activation of protein translation by BDNF
in acute hippocampal slices involved both mTOR and MAPK
signaling and was also completely suppressed by the protein syn-
thesis inhibitor cycloheximide. Stimulation of Arc and �CaMKII
synthesis was consistently reproduced in hippocampal slices, cor-
tical synaptoneurosomes, and primary hippocampal and cortical
neuronal cultures, either by exogenous application of BDNF or
by stimulating the endogenous release of BDNF with the am-
pakine CX614 (Jourdi et al., 2009).

Calpains, a family of calcium-dependent proteases, have been
shown to be involved in synaptic plasticity as well as in patholog-

Figure 9. Knock-down of calpain-2 prevents BDNF-mediated mTOR phosphorylation. Pri-
mary cultured cortical neurons were transfected with scrambled siRNA (sc) or with siRNA for
either calpain-1 (C1) or calpain-2 (C2) for 3 h; 24 h later they were incubated with DMSO (Cnt),
BDNF (100 ng/ml), or CX614 (50 �M) for 30 min. Cells were homogenized and processed for
Western blot. A, Data are presented as the ratio of phospho-mTOR over total mTOR (fold of
control) and are means � SEM from six to seven independent experiments. ***p � 0.001
(compared to control); #p � 0.05, ###p � 0.001 (compared to cells transfected with sc siRNA;
two-way ANOVA). B, C, Data are presented as the ratio of calpain-1 or calpain-2 over actin (fold
of control) and are means � SEM from five independent experiments. ***p � 0.001 (com-
pared to cells transfected with sc siRNA; one-way ANOVA followed by Dunnett’s multiple com-
parison test).

Briz, Hsu et al. • Calpain, PTEN, and Dendritic Protein Synthesis J. Neurosci., March 6, 2013 • 33(10):4317– 4328 • 4325



ical conditions (Lynch and Baudry, 1984;
Vosler et al., 2008). Calpain activation has
been observed following LTP induction
(Vanderklish et al., 1995) and after BDNF
application in cultured neurons and hip-
pocampal slices (Shimizu et al., 2007;
Zadran et al., 2010). Shimizu et al. (2007)
found that a Ras inhibitor, suprachias-
matic nucleus circadian oscillatory pro-
tein (SCOP), was degraded by calpain
following BDNF treatment of cultured
neurons. Those results indicated that
BDNF-induced calpain activation positively
regulated the RAS–MEK–CREB signaling
pathway and participated in hippocampus-
dependent learning tasks. However, under
our experimental conditions, calpain inhi-
bition did not block BDNF-mediated
MAPK activation. The different timing of
treatment may account for the differences
between the two studies, since SCOP levels
were rapidly decreased, but returned to
basal levels within 30–60 min after BDNF
stimulation (Shimizu et al., 2007). In addi-
tion, BDNF-mediated calpain-2 activation
is triggered by ERK-dependent phosphory-
lation (Zadran et al., 2010), which suggests
that MAPK activation induced by BDNF
may be also upstream, and thus indepen-
dent, of calpain activity. In any event, the
existence of the calpain–SCOP–CREB cas-
cade provides a plausible link between calpain activation and tran-
scriptional regulation of genes that participate in synaptic plasticity
and memory formation. Our results indicate that calpain is involved
in synaptic plasticity and learning and memory through another
signaling cascade, consisting of the regulation of local dendritic pro-
tein synthesis.

Acute blockade of PI3K was shown previously to impair LTP
in hippocampal slices (Sanna et al., 2002; Tang et al., 2002; Cam-
malleri et al., 2003; Opazo et al., 2003). Our results indicate that
calpain-2 cleaves PTEN, a phosphatase that inhibits Akt, and thus
allows BDNF to trigger PI3K–Akt signaling. It was reported pre-
viously that calpain negatively regulates Akt activity through
PI3K cleavage, under experimental conditions of serum starvation
(Beltran et al., 2011). This study also showed that the association
between calpain and PI3K was, however, reduced in the presence of
serum. Together with our results, these studies indicate that calpain
activity can bidirectionally regulate the PI3K–Akt signaling pathway
depending on the extracellular environment. The data presented
here also suggest that Akt activation by BDNF leads to hamartin/
tuberin complex degradation, in which both calpain-1 and calpain-2
might be involved. This, in turn would relieve mTOR inhibition and
facilitate local protein synthesis (Fig. 10). Overall, calpain activation
seems to play complex and multiple roles in LTP induction and
consolidation. In particular, it was proposed previously that initial
calpain activation might be critical for the regulation of the actin
cytoskeleton, which underlies the rapid enlargement of dendritic
spines (Lynch et al., 2007; Rex et al., 2007; Zadran et al., 2010). In a
second phase, we postulate that calpain activation, through PTEN,
hamartin, and tuberin degradation relieves mTOR inhibition and
stimulates protein synthesis, which might be critical for providing
long-term consolidation of modified spine structures.

PTEN-deficient neurons exhibit decreased synaptic transmis-
sion and synaptic plasticity at hippocampal CA3–CA1 synapses.
The different levels of PTEN in PTEN knock-out and PTEN
heterozygous mice contribute to different effects on LTP (Fraser
et al., 2008). Decreased PTEN expression results in increased
dendritic branching in developing hippocampal neurons (Jawor-
ski et al., 2005). However, little is known regarding the potential
links between calpain and PTEN. One previous study has shown
that calpain inhibitor I can block PTEN degradation and subse-
quent Akt activation after brain ischemia (Zhang et al., 2007).
PTEN function is regulated by various posttranslational modifi-
cations, including phosphorylation, although the significance of
these modifications is not completely clear at present (Barata,
2011). We did not detect a decrease in phospho-PTEN levels
following BDNF treatment of hippocampal slices using an anti-
body recognizing phosphorylated Ser380/Thr382/Thr383. One
possible explanation for this would be that calpain truncates
PTEN after Thr383. Analysis of the amino acid sequence of PTEN
in the C-terminal domain (which is the region recognized by the
two PTEN antibodies used here) indicates that His397 could be a
potential calpain truncation site. However, this is unlikely to ac-
count for all the observed effects involving calpain-2, as deletion
of the last six amino acids (from Ser398) does not affect PTEN
protein levels or its catalytic activity (Georgescu et al., 1999).
Alternatively, it is possible that PTEN phosphorylation protects it
from calpain-mediated truncation, as has been reported previ-
ously in nonneuronal cells (Torres and Pulido, 2001). Neverthe-
less, cleavage at His397 might be produced by calpain-1, as
calpain-1 treatment of purified human PTEN caused a slight de-
crease in MW, although this did not happen with rat brain ho-
mogenates. Noteworthy is that residue Ser398 in rat corresponds
to Thr398 in human, which may account for these differences.

Figure 10. Schematic representation of the signaling pathways involved in calpain-mediated regulation of dendritic protein
synthesis induced by BDNF. Activation of TrkB receptor by BDNF results in PI3K activation and subsequent phosphorylation of Akt,
leading to hamartin/tuberin complex dissociation and degradation by the proteosome (including calpain-1 and calpain-2). This in
turn relieves mTOR inhibition and stimulates dendritic protein synthesis. In parallel, BDNF receptor activation results in ERK-
mediated phosphorylation/activation of calpain-2, which cleaves PTEN and thus further stimulates the PI3K–Akt–mTOR pathway.
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The use of the calpain cleavage site predictor tool provides two
additional potential truncation sites for calpain-2 on PTEN,
namely, Thr319 and Tyr346, with higher scores (both 0.13) than
His397 (0.11). The resulting C-terminal fragments in all cases
would have MW under 10 KDa, which may explain why they
were not detected by Western blot. Instead, we were able to detect
N-terminal fragments of PTEN by Coomassie blue staining,
which most likely correspond to those generated by truncation of
PTEN at Leu182, Thr319, and/or Tyr346; these fragments would
not be detected by Western blot because they would not express
the epitopes recognized by the antibodies we used. Interestingly,
a stop codon mutation at Thr319 was shown to destabilize PTEN
and to suppress its phosphatase activity, and is the most frequent
site mutated in different primary tumors (Georgescu et al., 1999
and references therein). Additional experiments will be directed
at determining whether Thr319 and Tyr346 are actual phosphor-
ylation sites that could affect the susceptibility of PTEN to
calpain-2-mediated truncation.

Alterations in hamartin, tuberin, and PTEN, all regulators of
mTOR-mediated signaling, have been implicated in autism spec-
trum disorder (Bourgeron, 2009; Ehninger and Silva, 2011). In-
terestingly, a link between calpain and hamartin and tuberin has
been suggested previously (Benvenuto et al., 2000). Our results
directly confirm this finding and moreover suggest that a similar
link exists between calpain and PTEN. Hence, additional studies
are needed to evaluate the potential involvement of calpain in
autism spectrum disorder.

Overall, the present results improve our understanding of the
mechanisms underlying BDNF effects in neuronal signaling and
suggest that calpain activation is not only essential for LTP induc-
tion, but also plays a critical role in protein synthesis regulation. A
similar idea regarding the role of protein homeostasis in synaptic
plasticity was developed previously (Cajigas et al., 2010), and our
results suggest that multiple mechanisms linking protein synthe-
sis and turnover participate in this complex regulation.
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