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ABSTRACT
Brain-derived neurotrophic factor (BDNF) is encoded by multiple
mRNA variants whose differential subcellular distribution constitutes
a ‘spatial code’ for local translation of BDNF and selective
morphological remodeling of dendrites. Here, we investigated
where BDNF translation takes place and what are the signaling
pathways involved. Cultured hippocampal neurons treated with KCl
showed increased BDNF in the soma, proximal and distal dendrites,
even in quaternary branches. This activity-dependent increase of
BDNF was abolished by cycloheximide, suggesting local translation,
and required activation of glutamate and Trk receptors. Our data
showed that BDNF translation was regulated by multiple signaling
cascades including RAS–Erk and mTOR pathways, and CaMKII–
CPEB1, Aurora-A–CPEB1 and Src–ZBP1 pathways. Aurora-A,
CPEB1, ZBP1 (also known as IGF2BP1), eiF4E, S6 (also known
as rpS6) were present throughout the dendritic arbor. Neuronal
activity increased the levels of Aurora-A, CPEB1 and ZBP1 in distal
dendrites whereas those of eiF4E and S6 were unaffected. BDNF-6,
the main dendritic BDNF transcript, was translated in the same
subcellular domains and in response to the same pathways as total
BDNF. In conclusion, we identified the signaling cascades controlling
BDNF translation and we describe how the translational machinery
localization is modulated in response to electrical activity.
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INTRODUCTION
Translation of a subset of dendritically localized mRNAs in close
proximity to activated synapses is a fundamental mechanism to
enable selective synaptic changes underlying learning and memory.
Among the mRNAs that are translated in dendrites, brain-derived
neurotrophic factor (BDNF) is of particular interest for its
implication in development, cell survival and plasticity of the
nervous system. Growing evidence indicates that local protein
synthesis of BDNF is a key event for an extensive reorganization of
dendrite arborization and spine morphology (An et al., 2008; Baj
et al., 2011; Kellner et al., 2014; Sun et al., 2014; Verpelli et al.,
2010; Xu et al., 2014). Translation of neuronal mRNAs localized in
dendrites is controlled by signaling cascades activated by glutamate
receptors and BDNF itself (Bramham and Wells, 2007; Leal et al.,
2014). Translation of BDNF mRNA requires interaction with the

binding protein HuD (also known as ELAVL4), which is mediated
by a protein kinase C (PKC)-dependent pathway (Lim and Alkon,
2012), and phosphorylation of the eukaryotic elongation factor
(eEF2) by the eEF2 kinase (eEF2K), two key pathways involved in
synaptic plasticity (Verpelli et al., 2010). However, it is still unclear
how the different signaling cascades controlling translation can
regulate BDNF and where these signaling pathways are active in the
different subcellular regions. The question of how and where protein
synthesis occurs in neurons is of general interest because neurons
have a distinctive, highly polarized cellular morphology, with
complex dendritic arborization characterized by primary, secondary
and higher order ramifications (Baj et al., 2014; Cáceres et al., 2012;
Fiala et al., 2007). Given that different types of synapses
(glutamatergic GABAergic, cholinergic, etc.) are differentially
distributed along the dendritic arbor (Megías et al., 2001), the
localization of the translational machinery is crucial because it can
specifically affect distinct neuronal networks. For instance, the
distal dendritic compartment contains >90% of the excitatory
synapses of a pyramidal neuron (Megías et al., 2001). However, it
has been suggested that BDNF translation might occur only in the
proximal segment of dendrites because some elements of the
translational machinery are supposedly excluded from the most
distal, high-order (tertiary and quaternary) dendritic branches (Lu
et al., 1991). In contrast to this view, protein translation and
glycosylation were demonstrated to occur even in distal dendritic
compartments (tom Dieck et al., 2015; Torre and Steward, 1992;
Torre and Steward, 1996).

Transcription of the Bdnf gene generates multiple mRNA splice
variants (Aid et al., 2007). We have previously proposed that the
BDNF mRNA variants provide a ‘spatial code’ for a segregated
expression within three neuronal compartments: the soma (BDNF
variants 1, 3, 5, 7, 8 and 9a), the proximal (BDNF variant 4) or the
distal dendrites (BDNF variant 2 and 6) (Baj et al., 2013, 2011).
Accordingly, we have shown that BDNF-6 trafficking to dendrites is
increased by physical exercise and chronic antidepressant
treatments (Baj et al., 2012). Moreover, we have demonstrated
that BDNF variant 2 and BDNF variant 6 are translated in dendrites
and are able to control the morphology of distal dendrites (Baj et al.,
2011). In this study, we investigated the sites of activity-dependent
translation of endogenous BDNF in dendrites, and identified the key
pathways driving activity-dependent translation of BDNF and their
subcellular localization under resting conditions and following
neuronal activity.

RESULTS
Sites of BDNF translation upon neuronal activity
To determine the specificity of the monoclonal antibody (B5050,
Sigma-Aldrich) used to investigate the sites of endogenous BDNF
protein synthesis, immunofluorescence was carried out in primary
cultures of hippocampal neurons from mice with a floxed BDNF-
coding sequence (BDNFlox/lox; Gorski et al., 2003). Anti-BDNF Accepted 31 May 2016

Department of Life Sciences, B.R.A.I.N. Centre for Neuroscience, University of
Trieste, Trieste 34127, Italy.

*Author for correspondence (tongi@units.it)

G.B., 0000-0002-2625-9454; V.P., 0000-0003-1754-6360; E.T., 0000-0003-
0485-0603

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

1

mailto:tongi@units.it
http://orcid.org/0000-0002-2625-9454
http://orcid.org/0000-0003-1754-6360
http://orcid.org/0000-0003-0485-0603
http://orcid.org/0000-0003-0485-0603


labeling was absent when BDNFlox/lox neurons were co-transfected
with GFP and Cre-lox recombinase to selectively knockout BDNF
(Fig. 1A, green neuron, white arrow; n=2 cultures, about 50 neurons
per culture), whereas untransfected neurons within the same culture
showed labeling for BDNF on soma and dendrites (Fig. 1A, black
arrows). Anti-BDNF antibody showed a residual fluorescence
intensity of ∼27±8% (mean±s.e.m., n=2 cultures, ∼50 neurons per
culture) with respect to the untransfected neurons (set as 100%). The
reactivity of this monoclonal antibody was further tested by western
blot analysis on homogenates from primary cultures of rat

hippocampal neurons at 14 days in vitro (DIV14). Anti-BDNF
antibody was able to recognize all BDNF isoforms, namely
proBDNF (32 kDa), truncated BDNF (also known as pro28,
28 kDa) and mature BDNF (14 kDa) (Fig. 1B). To induce an
activity-dependent increase in endogenous BDNF, DIV14 rat
neurons were stimulated either for 15 min or 3 h with high K+

(K+ solution, 50 mM KCl) and the total BDNF protein levels from
n=3 independent cultures was quantified by an ELISA assay which
recognizes both pro- and mature BDNF protein forms (Polacchini
et al., 2015, Fig. 1C). After 15 min KCl stimulation, total BDNF

Fig. 1. Anti-BDNF antibody specificity, BDNF translation and localization. (A) Hippocampal neurons from BDNFlox/lox mice stained for MAP2 (cyan), GFP
(green, positive control for transfection for recombinase) and BDNF (red). Neurons transfected with Cre-recombinase are BDNF-depleted (white arrow) whereas
untransfected neurons can produce BDNF (black arrows). Scale bars: 10 µm. (B) Left panel, western blot analysis, using anti-BDNF and anti-α-tubulin antibodies
(both from Sigma), of protein extracts from rat hippocampal neurons maintained for 14 days in vitro (14 DIV) and stimulated on the last day with 50 mMK+ solution
for 15 min and for 3 h, respectively. Control (ctrl) refers to untreated neurons. The black arrow points out BDNF isoforms. Positions of the molecular mass
markers (kD) are indicated. (C) ELISA assay quantification of BDNF in DIV14 rat hippocampal neurons following depolarization by KCl (50 mM K+ solution) for
15 min and for 3 h (n=3). (D) Representative GFP-transfected neuron showing the subcellular regions of interest (ROIs) designed for the densitometric
analysis. (E) Representative image of immunofluorescence labeling for BDNF in the ROIs for the subcellular domains D1, BP1, D2, and BP2, in control and
stimulated conditions. (F) Densitometric analysis of BDNF immunofluorescence in control conditions, when stimulated with K+ solution 50 mM for 3 h and in
presence of cycloheximide (50 µg/ml). The recorded staining in the different ROIs has been normalized for Map2 and on the ratio of BDNF to Map2 measured in
the soma of control neurons (set as 100%). Data are expressed as mean±s.e.m. (n=24 neurons from three cultures for each condition). ***P<0.001 (one-way
ANOVA followed by a multiple comparison versus control group procedure with Holm-Sidak’s method).
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was 176.25±8.36% and was 215.84±12.65% at 3 h, with respect to
control conditions taken as 100±12.36% (Fig. 1C). Given that there
was no statistically significant difference between 15 min and 3 h in
total BDNF levels all subsequent experiments were carried out at
3 h.
The local production of BDNF in the different somato-dendritic

compartments of rat hippocampal neurons was analyzed using
immunofluorescence and high-resolution confocal imaging
followed by densitometric quantification within regions of interest
(ROIs) whose design parameters are described in detail in
Fig. 1D. The seven subcellular domains defined by these ROIs
are soma, primary dendrites (D1), first branch points (BP1),
secondary dendrites (D2), second branch points (BP2), tertiary and
quaternary dendrites (D3&4), and third and fourth branch points
(BP3&4). The densitometry data were normalized to the BDNF
immunofluorescence level recorded in the soma of control cells.
Therefore, we were able to measure both the relative protein
distribution from soma to dendritic regions and the variations from
control to stimulated conditions. A significant increase in BDNF
immunofluorescence was observed after 3 h KCl treatment in all
regions of interest (Fig. 1E,F; P<0.001, n=24 neurons from 3
cultures for each condition). BDNF immunofluorescence
progressively declined with increasing distance from the soma
becoming less pronounced in tertiary and quaternary dendrites
although it remained elevated in the third and fourth branch points.
In particular, the greatest increase following KCl was seen in the
first branch points (+308.1±51.7%) when taking control conditions
for BP1 as 100% and in the tertiary and quaternary branch points
(+242.5±84.6%), when taking control conditions for BP3&4 as
100%. These findings indicate that in proximal dendrites BDNF
translation can equally occur in the dendritic shaft and branch points
whereas in the periphery of the dendritic arbor, BDNF translation is
preferentially localized at branching points. To verify whether these
phenomenawere a specific effect of increased BDNF translation, we
pre-treated neurons 30 min prior to KCl administration with the
protein translation inhibitor cycloheximide. In these conditions, the
KCl-induced increase in BDNF was abolished and no significant
differences in BDNF levels and distribution with respect to
untreated neurons was observable in any cellular district (Fig. 1F).

Signaling pathways activating endogenous BDNF mRNA
translation
Local translation in the dendritic compartment can be controlled by
multiple signaling cascades activated by glutamate receptors and
BDNF itself (Bramham and Wells, 2007). These signaling cascades
are known to regulate translation by modulating effector proteins
interacting with the 5′ or the 3′ untranslated regions (UTR) of
dendritic mRNAs (Bramham andWells, 2007). Fig. 2A shows some
of these pathways and the specific inhibitors that we used to study
how translation of endogenous BDNF is controlled in dendrites of
DIV14 rat hippocampal neurons. In the first set of experiments, we
tested the hypothesis that BDNF translation could be triggered by
activation of glutamate receptors. Incubation of DIV14 rat
hippocampal neurons with KCl for 3 h induced an increase in total
BDNF of +221±13% with respect to the endogenous basal levels
(100%)measured byELISA fromhippocampal culture homogenates
(Fig. 2B; mean±s.e.m, n=3 experiments from three cultures).
Inhibitors of glutamate receptors of the NMDA type (Kin Ac,
1 mM) or AMPA type (DNQX, 20 μM) were added to the medium
30 min prior to KCl-induced depolarization and both drugs alone, or
in combination, fully blocked the KCl-induced BDNF increase
(Fig. 2B). The KCl-induced increase in BDNF translation was also

blocked by K252a, an inhibitor of Trk receptors, indicating a role of
neurotrophins in the regulation of BDNF synthesis (Fig. 2B).

Having established that BDNF translation is induced by the
typical signaling cascades of excitatory synapses, (i.e. those
triggered by glutamate receptors and neurotrophins) we focused
on the downstream signaling cascades. Inhibition of signaling
mediated by the Ras, Erk 1 and Erk2 (Erk1/2, also known as
MAPK3 and MPAK1, respectively) and eukaryotic initiation factor
4E (eiF4E) (U0126 inhibitor), the phosphoinositide 3-kinase
(PI3K), mammalian target of rapmycin (mTOR) and S6K
(Rapamycin), or the phospholipase C (PLC), calmodulin (CaM)
and eEF2 (GF inhibitor) pathways, which all control translation
through 5′UTR-dependent mechanisms, caused a similar inhibition
of BDNF translation. Comparable results were also achieved by
inhibiting signaling cascades involving regulation at the 3′UTR,
namely that regulated by calmodulin-dependent protein kinase II
(CaMKII) and CPEB1 (KN62 inhibitor), Aurora-A and CPEB1
(AuA inhibitor PHA-680632), or Src and ZBP1 (also known as
IGF2BP1) (PP2 inhibitor). These assays were also performed using
UO124 (the inactive form of UO126), SU5402 (an FGFR inhibitor)
or SB505124 (an TGFβR inhibitor). These compounds did not
show any significant effect on BDNF translational regulation in our
experimental set-up, indicating that only the inhibition of specific
intracellular cascades is able to block BDNF translation (Fig. 2C).
Of note, treatments with the inhibitors in absence of KCl did not
modify the basal level of BDNF in hippocampal neurons lysates.
These results indicate that BDNF is translated in response to
multiple, but specific, signaling cascades.

Localization of signaling cascades activating BDNF
translation in vitro
To determine whether the signaling cascades involved in BDNF
translation are locally available in dendrites at resting conditions
and after KCl-induced depolarization, we analyzed the distribution
of the downstream effectors for each cascade in the different
dendritic compartments of DIV14 rat hippocampal neurons
(Fig. 3; for each condition, n=30 neurons from three cultures).
These downstream effectors are RNA-binding proteins that are
expected to interact with either the 5′UTR (eiF4E or S6, also
known as rpS6) or the 3′UTR (CPEB1, ZBP1 or Aurora-A) of
BDNF mRNA (Fig. 3A). We used antibodies previously validated
for immunofluorescence (see references in Materials and Methods).
However, the anti-Aurora-A antibody was only validated for
western blotting (Polacchini et al., 2016) and, therefore, we
provided further evidence that confirmed its specificity in
immunocytochemistry (Fig. S1D). Control experiments in which
the primary antibodies were omitted showed no relevant staining
of anti-rabbit-IgG, anti-mouse-IgG or anti-goat-IgG secondary
antibodies (Fig. S1A,B,C). Data were acquired and normalized to
MAP2 staining in the somata of control neurons as described for
BDNF staining. The global translational regulator eiF4E was mostly
concentrated in the soma and in the perisomatic area but could be
also detected, although to a lesser extent, in dendritic distal regions
(Fig. 3B). The staining levels for eiF4E remained constant even
after KCl stimulation. Conversely, the ribosomal protein S6 was
uniformly distributed throughout all dendritic domains in control
conditions and there was no change in soma and dendrites after 3 h
stimulation, besides a slight decrease in the proximal primary
dendrites (D1; Fig. 3C). Thus, the global regulators of translation,
eiF4E and the ribosomes identified by the S6 protein, are distributed
in the entire dendritic arborisation and their localization is not
modulated by activity.
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We next investigated the distribution of Aurora A, a kinase able to
relieve translational repression of mRNAs containing cytoplasmic
polyadenylation element (CPE) sequences that are bound by CPEB
proteins. In resting neurons, Aurora A was mostly concentrated in
the soma with low levels in dendrites (Fig. 3D). Upon 3 h KCl
stimulation, Aurora A expression showed a slight but significant
increase of 8–18±4% in all dendritic ROIs with respect to the
corresponding compartments in control conditions (P<0.001,
except for the first branch point BP1 in which P<0.05; Fig. 3D).
Finally, we investigated the subcellular distribution of ZBP1 and
CPEB1, two RNA-binding proteins (RBPs) which can control
translation of neuronal mRNAs in dendrites by interacting with their
3′UTR. Both RBPs already showed high levels of staining in distal
dendritic compartments at rest and KCl treatment induced no
variation in the soma but a particularly strong increase in distal

dendritic compartments (secondary, tertiary and quaternary
dendrites and branch points; Fig. 3E,F). Thus, 3′UTR-dependent
translational regulators are modulated upon electrical activity by
increasing their localization in the most distal dendritic
compartments.

Translational regulation of BDNF exon 6 transcript
The experiment described in the previous paragraphs identified the
subcellular compartments in which the different signaling cascades
regulating BDNF translation are activated by excitatory activity. To
further confirm that the different signaling cascades can control
BDNF translation in distal dendrites, we considered the BDNF
transcript encoding exon 6 which is the main variant located in
dendrites following activity (Baj et al., 2013, 2011). For these
experiments, we transfected rat hippocampal neurons with the

Fig. 2. Pharmacological analysis of the different signaling pathways that activate endogenous BDNF translation. (A) Model of control of dendritic protein
synthesis at excitatory synapses in the mammalian brain. Modified from Bramham andWells (2007). The illustration also reports the inhibitors (boxed) used in the
subsequent experiments shown in B and C and the effector proteins analyzed in Fig. 3 (circled). (B) Glutamatergic regulation of BDNF translation. ELISA assay
quantification of BDNF in DIV14 rat hippocampal neurons following depolarization by KCl in the presence of the glutamate receptor inhibitors kinurenic acid
(KinAc) and DNQX or the Trk receptor inhibitor K252a. (C) BDNF translational regulation. ELISA assay quantification of BDNF in DIV14 rat hippocampal neurons
following depolarization (50 mMKCl for 3 h) in the presence of control drug (UO124) or intracellular (UO126, Rap GF,KN62, AuroraA inhib, PP2) and extracellular
(SU5402, SB505124) inhibitors of pathways controlling translation. All inhibitors were added to neuronal cultures 30 min before KCl depolarization. Data are
expressed as mean±s.e.m. (n=3 experiments from three cultures). *P<0.05, **P<0.01 (one-way ANOVA followed by a multiple comparison versus control group
procedure with Holm-Sidak’s method).
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chimeric constructs denoted exon-6-CDS–GFP–3′UTRlong,
containing the 5′UTR (exon 6) and 3′ UTR long regulatory
sequences as well as a GFP sequence. Using a similar construct,
missing the 3′UTR long sequence, we have previously shown that
local protein synthesis of BDNF can occur in dendrites even when
they are mechanically severed from the soma (Baj et al., 2011). The
localization of the exogenous exon-6-BDNF–GFP mRNA and
protein was visualized by dual fluorescence for in situ hybridization
and immunohistochemistry, with an anti-GFP riboprobe or
anti-GFP antibody, respectively (Fig. 4A). Following 3 h KCl
stimulation, densitometric analysis revealed an increase in dendritic
localization of both exon 6 chimeric mRNA and protein in all
compartments whereas no change in protein or mRNA levels could
be observed in the soma (Fig. 4B,C; n=30 neurons from three
cultures for each condition). Given that no change was detected in
the soma, we concluded that the protein increase for this chimeric
construct could be accounted for by translation in dendrites. In a
subsequent set of experiments, we investigated the contribution of
each signaling cascades to the regulation of exon 6 transcript

translation in DIV14 rat hippocampal neurons. To this aim, the
experiments shown in Fig. 4C were repeated using the same panel
of drugs previously used to inhibit endogenous BDNF translation
(see Fig. 2C, for comparison). In these experiments (n=2 cultures,
10 neurons) we focused on BDNF regulation in proximal dendrites
(D1 and BP1, Fig. 4D, left panel) and distal dendrites (D2, D3, BP2
and BP3, Fig. 4D, right panel). Similar to the endogenous BDNF,
BDNF–GFP translation from BDNF 6 was also blocked by all drugs
in distal dendrites and by all drugs but not the Aurora kinase
inhibitor PHA-680632 in proximal dendrites. Importantly, no
effects on BDNF levels could be seen with the non-active control
drug UO124 or with inhibitors of the FGF and TGF-β pathways.
To confirm these results, we exploited a luciferase assay that we
previously described (Vaghi et al., 2014) in which translation
of BDNF is dictated by its 5′UTR and 3′UTR sequences and
the BDNF coding region has been replaced by the firefly
luciferase coding region (exon-6–Fluc–3′UTRlong; Fig. 4E).
Pharmacological inhibition of the individual signaling cascades
considered (shown in Fig. 2A), caused a complete suppression of

Fig. 3. Translation machinery localization following KCl depolarization. (A) Graphical representation of the investigated molecular interactors involved
in mRNA translational control, adapted from Huang et al., 2002 and Richter and Klann, 2009. (B–F) Upper panels, representative magnifications of
immunofluorescence staining for the indicated proteins in the subcellular domains D1, BP1, D2, and BP2, under control (ctrl) and stimulated conditions for
eiF4E (B), S6 (C), Aurora kinase A (D), ZBP1 (E) and CPEB1 (F). Bottom panels, corresponding densitometric quantification of the immunofluorescence staining
for the indicated proteins. Densitometric analysis of immunofluorescence in the different ROIs has been normalized to the intensity measured in soma of control
neurons. Data are expressed as mean±s.e.m. gray values (n=30 neurons from three cultures). *P<0.05, **P<0.01, ***P<0.001 (one-way ANOVA).
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translation induced by KCl stimulation (Fig. 4F, n=3). These results
indicate that translation of BDNF exon 6 requires activation of
multiple signaling cascades.

Localization of BDNF translation signaling cascades in vivo
The localization of the translational signaling cascades involved in
BDNF protein synthesis was also investigated in the rat
hippocampus in vivo (Fig. 5). To this aim, we quantified the
expression and localization of the same elements already studied
in vitro, in resting animals (saline injected) or after a 3 h-long
status epilepticus produced by pilocarpine, an in vivo model of
massive neuronal activation (Fig. 5; n=3 saline-injected and n=3

pilocarpine-treated rats, n=3–5 brain sections for each animal). The
in vivo densitometric analysis was carried out on the different
hippocampal layers of the CA1 namely, the stratum piramidalis
containing the somata; the proximal radiatum, the distal radiatum
and the stratum lacunosum-moleculare. In basal conditions, eiF4i
and Aurora A were preferentially accumulated in the stratum
piramidalis with low staining in the other layers investigated
(Fig. 5B,D). In contrast, S6, ZBP1 and CPEB1 staining was more
uniformly distributed across the different layers (Fig. 5C,E,F).
Subsequently, we measured the effects of a strong neuronal activity,
achieved through pilocarpine administration (300 mg/kg body
weight). After 3 h of pilocarpine treatment in vivo, a significant

Fig. 4. Exon6 BDNF transcripts translational
regulation. (A) Representative fluorescent in situ
hybridization (FISH) and immunostaining for GFP
(RNA and protein) in DIV14 rat hippocampal
neurons transfected with the exon6-BDNF–GFP–
3′UTR construct, in control (ctrl) and KCl (50 mM
for 3 h) conditions. (B,C) Densitometric analysis of
GFP mRNA (B) and GFP protein (C) in the
different ROIs normalized to the intensity
measured in the soma of control neurons. Data are
expressed as mean±s.e.m (n=30 neurons from
three cultures for each condition).
(D) Densitometric analysis of GFP protein in the
D1+BP1 area and in the D2, D3, BP2 and BP3
area in the presence of control drug (UO124) or
intracellular (UO126, Rap GF,KN62, AuroraA
inhib, PP2) and extracellular (SU5402,
SB505124) inhibitors of pathways controlling
translation. The staining in the ROIs has been
normalized for Map2 and to the ratio of BDNF to
Map2 measured in the soma area of control
neurons. Data are expressed as mean±s.e.m
(n=10 neurons from two cultures). (E) Firefly
luciferase reporter vector design for translational
analysis of BDNF exon6 5′UTR and 3′UTR short
or long (adapted from Vaghi et al., 2014).
(F) Quantification of luciferase assay results in
DIV14 rat hippocampal neurons transfected with
Exon6-FLuc-3′UTRlong vector in control,
stimulated with KCl 50 mM for 3 h, and stimulated
in the presence of inhibitors of the different
pathways controlling translation. Luciferase
assays were performed in primary cells
co-transfected with Renilla luciferase for
normalization. Data are expressed as mean±
s.e.m (n=2 experiments from two cultures).
*P<0.05; **P<0.01; NS, not significant (one-way
ANOVA).
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increase in CPEB1 fluorescence levels (up to +69±6%; P<0.05)
could be detected in the stratum piramidalis as well as in the
proximal, distal radiatum and stratum lacunosum-moleculare
(Fig. 5A,E). Aurora A staining was increased (from +88+4%
in proximal radiatum to +136±8% in stratum lacunosum-
moleculare, P<0.05) particularly in the layers containing the
apical dendritic regions (proximal and distal radiatum and stratum
lacunosum-moleculare), whereas ZBP1 was upregulated only in the
more distal layers (stratum lacunosum-moleculare, +36±15%,
P<0.05), whereas both proteins were unchanged in the stratum
piramidalis of the CA1. The analysis conducted on eiF4E and S6
showed that these elements were not significantly changed
following induction of status epilepticus in vivo.

DISCUSSION
In a previous study, we provided evidence that KCl induces a
marked increase in BDNF levels in dendrites that were mechanically
disconnected from the parental soma (Baj et al., 2011). Given that in
these conditions BDNF synthesized in the soma could not be
delivered to dendrites, we logically concluded that the observed
BDNF increase could only be due to a local translation of dendritic
mRNA (Baj et al., 2011). In the present study, we assume that even
in dendrites that have not been severed from the soma, some of the
increased levels of BDNF is due to local translation, although a
contribution from somatically produced BDNF cannot be excluded
(Lessmann and Brigadski, 2009). Aside from these limitations,
using a specific anti-BDNF antibody, we demonstrate that

Fig. 5. Translationmachinery inCA1hippocampal laminae upon pilocarpine treatment. (A) Representation of the CA1 hippocampal layers considered in the
densitometric quantification of fluorescent staining (upper panels), respectively, for eiF4E (B), S6 (C), Aurora A (E), CPEB1 (D) and ZBP1 (F) (all in red). The slices
were all immunostained also for Map2 (green). Bottom panels, quantification of the fluorescence recorded in the different CA1 hippocampal layers, stratum
piramidalis (S.Pyr), proximal radiatum (P.Rad), distal radiatum (D.Rad) and lacunosum-moleculare (Lac Mol).The data are mean±s.e.m. normalized to the
fluorescence intensity in somatic area of control condition (n=3–5 brain sections). Scale bar: 20 µm. *P<0.05 (one-way ANOVA).
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endogenous BDNF protein synthesis occurs in the entire dendritic
arbor, from primary to quaternary branchings. Activity-dependent
synthesis of endogenous BDNF is triggered by activation of
glutamate and Trk receptors and requires multiple signaling
cascades including both global translation regulators such as the
RAS–Erk and the mTOR pathways, as well as mRNA-specific
regulators such as the CaMKII, Aurora A–CPEB1 and the Src–
ZBP1 pathways. We also demonstrated that elements of the
translational machinery for these cascades, such as eiF4E, S6
ribosomal protein, Aurora A kinase, CPEB1 and ZBP1, are present
both in the soma and dendrites. Neuronal activity enhances the
presence in the distal dendritic compartments of mRNA-specific
regulators (Aurora A kinase, CPEB1 and ZBP1), whereas the levels
of the global regulators (eiF4E and S6) remain unaffected.
Importantly, we further show that a chimeric BDNF–GFP
transcript 6, which encodes the main dendritic BDNF mRNA, is
translated in the same subcellular domains and in response to the
same glutamatergic pathways as the endogenous BDNF. As a final
point, we confirmed the physiological relevance of these findings
by showing in vivo that the translational machinery elements
investigated are localized and regulated by neuronal activity in the
same way as observed in cultured hippocampal neurons.
Detection of endogenous BDNF has proven to be a challenging

issue, generating a considerable debate (Edelmann et al., 2014).
Therefore, we started by validating the anti-BDNF antibody used in
this study taking advantage of hippocampal neurons from
transgenic mice in which BDNF is floxed and can be selectively
ablated. In BDNF-knockout neurons (i.e. those transfected with
cre-recombinase), we were able to obtain specific deletion of
BDNF staining, whereas in untransfected neurons anti-BDNF
immunoreactivity was clearly detectable, thus demonstrating the
specificity of the antibody. We further showed that the antibody was
able to recognize the three BDNF forms in western blotting (pro-
BDNF, truncated BDNF and mature BDNF). The mature BDNF
(14 kDa), is obtained from intracellular or extracellular proteolytic
cleavage of the precursor pro-BDNF (32 kDa) (Mowla et al., 2001).
However, through a different cleavage, pro-BDNF can equally
produce another proteolytic BDNF isoform of 28 kDa called
truncated BDNF, which cannot be further cleaved and which has
been previously shown to be downregulated in serum and brain of
patients with cognitive deficits (Carlino et al., 2011; Garcia et al.,
2012; Seidah et al., 1999; Tongiorgi et al., 2012). The literature has
provided mixed results regarding the ability of neurons to secrete the
different BDNF forms, with a controversy in particular on whether
neurons can secrete only mature BDNF or also the proBDNF form
(Edelmann et al., 2014; Lessmann and Brigadski, 2009; Matsumoto
et al., 2008; Yang et al., 2009). Given that we used total cellular
homogenates, our data do not provide information on which BDNF
form is secreted. In our previous studies (Baj et al., 2011), we
showed an increased BDNF mRNA translation for BDNF and a
lasting protein concentration increase in response to KCl
stimulation. We are not able to rule out the hypothesis that the
strong depolarizing stimuli, used in our assays, might also modify
the overall protein stability. However, our immunofluorescence
quantification strategy (see Materials and Methods), based on
normalizing every signal in the soma and/or dendrites with the
parallel staining of the endogenous MAP2 should reduce, if not
eliminate, the risk of strong stability variations and subsequent
artefact in the measures.
In this study, we used primary cultures of hippocampal neurons at

14 days in vitro (DIV14), whose post-synapticmachinery is known to
be functionally mature (Baj et al., 2014; Prange and Murphy, 2001).

Neurons were stimulated with a high-K+ depolarization solution
(50 mM KCl solution), whose positive effects on neurotrophin
mRNAs expression levels arewell established (Lindholm et al., 1994;
Lu et al., 1991; Zafra et al., 1991). Moreover, this highly reproducible
model of massive neuronal activity allowed us to overcome the
inhibitory signaling that is predominant in lower K+ culture media
(Sala et al., 2005). The timecourse of stimulation (3 h), was based on
the Bramham’s laboratory studies on Arc synthesis (Messaoudi et al.,
2007). This timecourse is also consistent with previous studies from
our laboratory, showing an activity-dependent increase on BDNF
protein levels after 3 h stimulation in vitro and in vivo (Tongiorgi et al.,
2004, 1997).

The BDNF protein pattern that we observed in dendrites after 3 h
depolarization, follows a distribution and timecourse that closely
resembles that of its own mRNA (compare this study with
Chiaruttini et al., 2009). To further corroborate this observation,
we carried out experiments in which we visualized BDNF mRNA
and protein produced by an exogenous chimeric construct encoding
a BDNF–GFP exon 6 transcript at the same time. This transcript was
found to be mainly localized in dendrites (Baj et al., 2013) and to be
poorly translatable in absence of neuronal activation (Vaghi et al.,
2014). Using a similar construct, we have previously shown that the
local protein synthesis of BDNF can occur in dendrites even when
they are mechanically severed from the soma (Baj et al., 2011).
Accordingly, we demonstrated here, that depolarization induces a
strong increase in dendritic localization of both mRNA and protein
with no measurable changes in the soma. Taken together, these
experiments represent further evidence that BDNF can be locally
translated in dendrites. However, in resting cultures, the distribution
of BDNF mRNA in dendrites is generally more proximal than that
of the BDNF protein (An et al., 2008; Baj et al., 2011; Chiaruttini
et al., 2009; Tongiorgi, 2008). Thus, we cannot exclude that the
remarkable BDNF signal visible up to the fourth order dendrites
even in resting cultures, could be at least in part due to BDNF
protein transport from the soma. Previous studies have shown that
BDNF protein is transported from the soma to dendrites in vesicles
generated from the Golgi complex resident in the somata (Brigadski
et al., 2005; Dieni et al., 2012; Kuczewski et al., 2009; Lessmann
and Brigadski, 2009; Tongiorgi and Baj, 2008). It is worth noting
here, that the absence of a depolarization-induced increased BDNF
expression in the soma could be masked by the already strong basal
expression. In conclusion, it remains to be determined whether the
BDNF synthesized in dendrites has additive or different functions,
and same or different release sites, with respect to somatic BDNF.

The mechanisms leading to activation of the post-synaptic
translational machinery responsible for local protein synthesis in
dendrites are still poorly understood. To determine how dendritic
BDNF translation is regulated, we considered the main post-
synaptic pathways activated by glutamate (Bramham and Wells,
2007; Panja and Bramham, 2014). The signaling cascades involved
were dissected out by analyzing five major players of mRNA
circularization and translation. It is interesting that each inhibitor, in
our experimental conditions, produces an all or nothing response.
This suggests that BDNF translation is very strictly controlled and
that several aspects of translational control need to work in
combination to allow BDNF production. In addition, we
investigated the distribution pattern in resting and stimulated
conditions, of the cap-dependent eiF4E, the ribosomal protein S6
(S6), Aurora kinase A and the RBPs ZBP1 and CPEB1. This
approach was aimed at investigating their possible involvement on
BDNF translational regulation as well as their localization in
neuronal compartments.
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Initiation is considered themajor rate-limiting step of translational
regulation during which mRNA and ribosome start their interaction
and cap-dependent initiation factors are recruited (Gal-Ben-Ari
et al., 2012; Santini and Klann, 2014). We investigated eiF4E
because it is the main limiting factor of the cap-dependent initiation.
As predicted, specific eiF4E immunostaining was preferentially
detected in the somata (Lang et al., 1994; Lejbkowicz et al., 1992),
although its presence in dendritic distal portions was also visible
and remained constant in all the subcellular domains even after
neuronal activity induced by KCl or pilocarpine seizures. Previous
studies have reported the presence of eiF4E immunoreactivity at
postsynaptic sites, especially in structures underneath the
postsynaptic membrane in the spine, some of which are in close
proximity to post-synaptic densities (Asaki et al., 2003).
It has been previously established that mRNA transport to

dendrites is achieved through the formation of RNA granules, some
of which contain ribosomes aggregated with mRNAs (Kanai et al.,
2004; Knowles et al., 1996; Krichevsky and Kosik, 2001; Tang
et al., 2001). In particular, it has been shown that mRNA–ribosome
complexes can be transported in dendrites as transporting granules
in which translation is repressed and, therefore, ribosomal proteins,
such as the S6 protein that we studied here, are considered good
biomarkers of dendritic mRNA granules (Graber et al., 2013; Kim
et al., 2005; Sossin and DesGroseillers, 2006). In addition, the level
of the ribosomal protein S6 is a good marker of the amount of
ribosome and an indicator of the translational potential within
neurons (Costa-Mattioli et al., 2009). We found that S6 protein is
equally distributed between soma and dendrites and that its level did
not change upon electrical activity. This is a very new finding,
which suggests that ribosomes are not in limiting numbers in
dendrites. In conclusion, we present data concerning the global
regulators of translation eiF4E and S6 ribosomal protein and we
show that their levels are not affected by electrical stimulation
in vitro and in vivo.
RBPs such as ZBP1 and CPEB1 are now emerging as possible

specific regulators of translation, because of their ability to interact
with specific sequences in the 3′UTRof a selected group ofmRNAs.
The best known example is the polyadenylation-dependent
translation of CaMKIIα whose CPEB1-mediated translational
repression can be relieved though phosphorylation of CPEB1 by
either by Aurora A kinase (Huang et al., 2002; Wells et al., 2001) or
CaMKIIα itself (Atkins et al., 2004). Our densitometric analyses on
cultured hippocampal neurons and in hippocampus CA1 in vivo,
shows that Aurora A is mostly located in the somatic area in resting
neurons, but after 3 h of stimulation, it can be detected at great
distances in dendrites suggesting a key role of this kinase in
dendrites. Aurora-A-dependent translation of BDNF is possible
thanks to the presence of CPE-containing sequences in the 3′UTRof
BDNF mRNAs and the demonstrated binding of CPEB1 to it (Oe
and Yoneda, 2010). CPEB1 itself is strongly accumulated along the
entire dendritic arbor in response to activity both in vitro and in vivo,
in agreement with a role of this pathway in regulating BDNF
translation in dendrites. Interestingly, in our hands, ZBP1
immunofluorescence is upregulated by activity in the most distal
dendritic compartments, that is, from the secondary branching
points onward. ZBP1 has been shown to bind to β-actin mRNA in
fibroblasts and neurons where it plays a role in mRNA trafficking
(Tiruchinapalli et al., 2003), but it has also been shown to play a role
in translation. During mRNA trafficking, ZBP1 represses β-actin
translation, but its phosphorylation by Src kinase results in the
release of β-actin mRNA from ZBP1-containing granules and its
local translation (Hüttelmaier et al., 2005). A putative ZBP1 cis-

element is present in BDNF mRNA (data not shown) but a direct
association between ZBP1 and BDNF mRNA has not been proven
yet. In conclusion, these data suggest that BDNF translation in
dendrites is controlled by multiple RBPs, which are also involved in
its transport in dendrites. It is remarkable that the very same proteins
that are responsible for the translational repression occurring during
mRNA traveling in dendrites, are also involved in translational
activation in response to specific signaling cascades.

In conclusion, in this study, we describe the compartment and the
signaling cascades required for local BDNF translation in dendrites
in response to excitatory inputs that are known to be involved in
long-term plasticity mechanisms. These results add up to previous
evidence demonstrating that, in addition to transported BDNF from
soma, synthesis of this neurotrophic factor can occur in dendrites.

MATERIALS AND METHODS
Cell cultures and transfection
Animal use was approved by the Italian Ministry of Health under
authorization no. 185/2010-B. Primary hippocampal neurons were
prepared from postnatal day 1 Wistar rats as described by Aibel (Aibel
et al., 1998), with minor modifications. Cells were plated on coverslips
coated with 2% Matrigel (BD Biosciences) in 24-well plates at a density of
2×105 cells/ml per well and cultured in a 5% CO2 humidified incubator in
Neurobasal medium (Life Technologies) supplemented with B27 (Life
Technologies), 1 mML-glutamine (Euroclone), and antibiotics (Euroclone).
The medium was changed every 2 days from the second day in culture
onward. Neuron transfectionwas performed using Lipofectamine 2000 (Life
Technologies) following the manufacturer’s instructions. Specifically, for
the results presented in Fig. 1Awe co-transfected pEGFP-N1 (Clontech) and
CRE-recombinase-expressing vectors (1 μg each) (kindly provided by
Andres̀ Muro, ICGEB, Trieste, Italy) in hippocampal neurons from
BDNFlox/lox transgenic mice (The Jackson Laboratory, Bar Harbor, ME,
USA) at DIV6 and fixed at DIV12. The pExon6-BDNF-GFP-3′UTR-long
vector was as previously described (Baj et al., 2011) In all experiments, the
transfection mix was removed after 1 h and for in situ hybridization and the
luciferase assay cells were blocked at 24 h after transfection.

Cell treatment
Hippocampal neurons (HpN) at DIV14 were treated with a high-K+

concentration physiological solution (50 mM KCl, 1.8 mM CaCl2, 0.8 mM
MgSO4, 101 mM NaCl, 26 mM NaHCO3, 1 mM NaH2PO4, 0.7%
D-glucose, 15 mM HEPES, pH 7.4) (all from Sigma-Aldrich) for 3 h.
Hippocampal neurons were left in complete neurobasal medium for control
experiments. Specific translational blockade experiments were performed
by pre-treating neurons 30 min in advance with the following
pharmacological inhibitor: cycloheximide (50 µg/ml), extracellular
blocker:DNQX (20 µM), kinurenic acid (2 mM), K252a (467 nM), U0126
(50 μM) (Cavanaugh et al., 2001; Kanhema et al., 2006), rapamycin
(20 nM) (Beretta et al., 1996; Takei et al., 2004, 2001; Tang et al., 2002); GF
(50 nM) (Heikkila et al., 1993). KN62 (20 μM) (Hidaka and Yokokura,
1996), PP2 (20 μM) (Perkinton et al., 1999), UO124 (50 μM), SU5402
(50 μM), SB505124 (5 μM) (all from Sigma-Aldrich) and Aurora A
inhibitor (PHA-680632, 10 μM) (Soncini et al., 2006). PHA-680632 was
kindly provided by Nerviano Medical Sciences (Nerviano, Milano, Italy).

Immunofluorescence
After treatment, coverslips containing 14DIV hippocampal neurons were
washed in PBS and fixed in a 2% paraformaldehyde (PFA) solution for
15 min. Cells were permeabilized with PBS 0.5% Triton X-100 for 15 min
and blocked with PBS containing 2% bovine serum albumin (BSA) for
30 min. The following primary antibodies were diluted in blocking solution
and incubated overnight at 4°C: rabbit anti-Aurora A (AIK) 1:200 [Cell
Signaling, cat. 3092; specifity shown in Polacchini et al. (2016) and
Fig. S1D], mouse anti-BDNF 1:50 (Sigma-Aldrich, cat. B5050), rabbit anti-
eiF4E 1:200 (Sigma-Aldrich, cat. B5906; Dostie et al., 2000), goat anti-
ribosomal protein S6 1:200 (Santa Cruz Biotechnology, cat. sc13007;

2860

RESEARCH ARTICLE Journal of Cell Science (2016) 129, 2852-2864 doi:10.1242/jcs.177626

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

9

http://jcs.biologists.org/lookup/doi/10.1242/jcs.177626.supplemental


Kodiha et al., 2005), rabbit anti-MAP2 1:200 (Santa Cruz Biotechnology,
cat. sc20172), mouse anti-MAP2 1:200 (Sigma-Aldrich, cat. M1406), rabbit
anti-CPEB1 1:200 (Abcam, cat. AB73287; Vicario et al., 2015) and rabbit
anti-ZBP1 1:200 (IGF2BP1, Abcam, cat. AB82968; Song et al., 2013).
After a 3× rinse in PBS, the respective conjugates (all diluted 1:200 in PBS)
were incubated for 2 h at room temperature: goat anti-rabbit-IgG conjugated
to Alexa Fluor 488 (Life Technologies A11008 for Aurora kinase A, eiF4E,
CPEB1, ZBP1 and MAP2), goat anti-mouse-IgG conjugated to Alexa Fluor
568 (Life Technologies A11004 for BDNF and MAP2), donkey anti-goat-
IgG conjugated to Alexa Fluor 568 (Life Technologies A11057 for
ribosomal protein S6) and goat anti-mouse-IgG conjugated to Alexa Fluor
488 (Life Technologies A11001 for MAP2). Finally, the cell nuclei were
stained by incubating the coverslips with Hoescht 33258 (Sigma-Aldrich,
cat. B2883) at 1:1000 in PBS (10 ng/ml) for 10 min at room temperature and
the slides were closed using an anti-fade mountant (Mowiol® 40-88, Sigma-
Aldrich). Of note, in each experiment, we subdivided neurons extracted
from pooled hippocampi on different coverslips which then contained
virtually the same neurons and, therefore, results are comparable across the
different coverslips. Immunofluorescence was carried out simultaneously
within a 24-well plate containing all the coverslips from one neuronal
culture. This ensures that immunostaining can provide comparable results.
Each immunofluorescence signal within one culture was normalized to its
own internal control represented by the immunofluorescence values of
neuronal somata measured on two untreated coverlips, whose average value
is used as 100% for that culture. Given that every single individual culture is
normalized to 100%, every culture will have data expressed in the same,
perfectly comparable manner.

Fluorescence in situ hybridization
The riboprobe for GFP was generated from a coding sequence fragment
excised from the commercial vector pEGFP-N1 (restriction sites BamHI and
NotI) and cloned into pBLKS II vector (Fermentas, Life Technologies). The
template vector was used in conjunction with T7 RNA pol and Dig-RNA
labeling mix (Roche) to produce the antisense probe. The in situ
hybridization was performed as previously described (Tongiorgi et al.,
1997, 1998) with slight modifications.
The permeabilization and hybrization steps produced a strong bleaching

of the native GFP fluorescence; consequently, we retrieved the signal from
BDNF–GFP chimeric proteins by performing an immunostaining against
GFP. Amousemonoclonal anti-Dig antibody (1:500, cat. no. 11333062910,
Roche) was used in parallel with a rabbit polyclonal anti-GFP antibody
(1:250, cat. no. sc-8334, Santa Cruz Biotechnology). Staining for GFP RNA
and protein were achieved respectively with the secondary antibodies anti-
rabbit-IgG conjugated to Alexa Fluor 568 and anti-mouse-IgG conjugated
to Alexa Fluor 488.

Construction of luciferase vectors and translation assay
The luciferase constructs and translation assay presented in Fig. 4 were as
previously described (Vaghi et al., 2014). In brief, firefly and Renilla
luciferase coding sequences were subcloned respectively from pGL3
(U47295) and pRL (AF025845) vectors (Promega) and inserted into the
AgeI and NotI in pEGFP-N1 (U55762, Clontech) following excision of
GFP sequence. The two luciferase reporter genes are under the control of
CMVpromoter. The specific BDNF 5′UTR (exon 6, EF125680) and 3′UTR
(EF125675) were respectively inserted into the XhoI/AgeI and NotI/HpaI
sites of the firefly-luciferase-generated vector. Firefly luciferase and Renilla
luciferase vector were co-transfected at a 10:1 ratio (2 µg total). Transfected
cells (two wells of a 24-multiwell plate) were washed and directly harvested
and homogenized in the lysis buffer (Promega). The activity was measured
with the dual-luciferase reporter assay system (Promega) using a
Luminometer (GloMax, Promega). Luciferase readings were taken as
singlets. Ratios of Renilla luciferase readings to firefly luciferase readings
were taken for each experiment and duplicates were averaged. The values
were normalized to the activity of the empty construct (Firefly luciferase on
Renilla luciferase) in case of basal translatability. The treatments were
normalized to the activity of the target construct (5′UTR-FLuc-3′UTR on
Renilla luciferase) in control conditions. Luciferase activities are expressed
as the mean±s.e.m. from three independent experiments.

Animal treatments and immunohistochemistry
The animals were maintained with ad libidum access to food and water
under standard conditions: 22°C (±1°C), 50% relative humidity, and a 12-h-
light–12-h-dark cycle. For immunohistochemical experiments adult male
Sprague-Dawley rats were injected intra-peritoneally (i.p.) with 300 mg/kg
body weight pilocarpine for 3 h under urethane (Sigma-Aldrich) anaesthesia
(1 g/kg body weight i.p.). Control animals were treated with a physiological
solution containing 0.9% NaCl. Rats were placed under terminal anesthesia
and transcardially perfused with ice-cold 4% PFA in PBS (pH 7.4). The
brains were extracted, post-fixed in PFA for ∼4 h and afterwards
cryopreserved in 20% sucrose (Sigma-Aldrich) in PBS. Brains were
quickly frozen with CO2 and cut in serial 40-µm thick coronal sections with
the Histoslide 200R cryomicrotome (Leica). Free-floating slices were
washed 3×5 min in Tris-buffered saline (TBS; Tris-HCl 0.1 M, NaCl 0.5 M,
pH 7.4); then blocked in Tris-X solution (TBS with 0.3% Triton X-100 and
0.75% BSA) for 1 h; and finally they were incubated overnight with the
same antibodies used for immunocitochemistry. Afterwards, slices were put
at room temperature for 4 h, washed for 5 min three times in Tris-X solution,
and finally incubated with the respective Alexa Fluor conjugates (all diluted
1:200 in Tris-X solution) for 2 h. Slices were then washed 5 min three times
in Tris-Y solution (TBS with 0.3% Triton X-100 and 0.25% BSA). Finally,
the nucleus was stained by incubating with 1:1000 Hoescht 33258 for
10 min at room temperature. After that, slices were again rinsed and finally
mounted on gelatinized slides using the fluorescence anti-fade mountant.
All passages were performed in gentle shaking.

Data acquisition and analysis
Immunofluorescence experiments were evaluated with a Nikon C1si
confocal microscope (Nikon, Tokyo, Japan), containing a 488-nm argon
laser and 561-nm diode lasers. Light was delivered to the sample with an 80/
20 reflector. The system was operated with a pinhole size of one Airy disk
(30 nm). Electronic zoom was kept at minimum values for measurements to
reduce potential bleaching. 60× Plan Apo objectives were used, collecting a
series of optical images at 0.15 μm z-resolution step sizes. Images were
processed for z-projection by using ImageJ 1.43 m (NIH, Bethesda, USA).
Quantitative data were collected on all optical slices describing the selected
subcellular structure and normalized for the MAP2 staining stack by stack.
The specific neuronal area was measured using the MAP2 staining of soma,
dendrites and branch points. A common constant threshold was applied to
generate a mask of positive pixels, showing the neuronal morphology. The
staining quantification was performed on defined subcellular regions
(Fig. 1D) and analyzed by the ImageJ tool regions of interest (ROI)
manager. The staining intensity in the soma was measured using a circular
area with a diameter of ∼10–15 µm. Primary dendrite staining (D1) was
defined with a polygonal ROI (∼25×10 µm2) drawn within the first 50 µm
from the somatic area. The first branch point (BP1), defined as the first
intersection point between primary and secondary dendrites, typically at 30–
70 µm from the soma, was measured within a circular ROI with ∼8 µm
diameter. The secondary dendrite (D2), described as the dendritic part (with
a 2.5–5 µm diameter) between the first and second branch points, usually at
40–100 µm from the soma, was measured in a polygonal ROI (∼20×8 µm).
The staining intensity in the second branch point (BP2), defined as the
intersection point between secondary and tertiary dendrites, generally at 50–
100 µm from the soma, was quantified in a circular ROI of ∼5 µm. Tertiary
and quaternary dendrites (D3&4), dendritic structures with ∼2 µm diameter
present after the second branch points and up to 100 µm from the somatic
area, were here drawn as a polygonal ROIs of∼20×4 µm. The third and forth
branch points (BP3&4), intersection points located after the second branch
point and up to 7 µm from the soma, were selected as a circular ROIs with a
diameter ∼2–3 µm, and intersection points located after the second branch
point and up to 7 µm from the soma were selected as circular ROIs with a
diameter ∼2–3 µm. The detector gain was adjusted for each image in order
to record the background signal, taken outside the neurons, at the same level
of the noise signal. The noise signal is an intrinsic property of the
photomultiplier and for the Nikon C1Si was found to be at the intensity level
of 40–50 on the available 4096 intensity levels (12-bit). The signal intensity
for each target protein (BDNF, S6, eiF4E, AuA, CPEB1 or ZBP1) was
recorded and divided, stack by stack, with the signal for MAP2 coming from
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the corresponding channel. This ratio value is represented our densitometry
measurements. This approach allowed us to compensate for possible
fluorescence variations due to different efficiency of the immunostaining or
to different fluorophore quantum yield at the moment of picture gathering.
In brief, dividing each signal with its own MAP2 signal permitted an
endogenous normalization of the intensity levels.
Finally, the densitometry data were normalized to the value recorded in

soma of control cells in order to describe both the relative protein
distribution from soma to dendritic regions and the variations from control to
stimulated conditions. Quantitative analysis refers to at least three different
experiments in which about 100 measures per condition were made.

Western blotting and ELISA
Hippocampal neurons were plated at high density on a mw6 plate (500,000
cells/plate) andmaintained in culture. The cells were stimulated at DIV14with
control solution orwithKCl (50 mMfinal concentration) for 3 h, respectively.
Hippocampal neurons were lysed in 137 mM NaCl, 20 mM Tris-HCl pH
8.0,1% NP40, 10% glycerol, 1 mM PMSF,10 μg/ml aprotinin, 1 μg/ml
leupeptin and 0.5 mM sodium vanadate and stored at −80°. The cell lysates
were centrifuged (13,000 g, 4° C, 15 min). Pellet fractions of the cell lysates
were loaded for the subsequentwestern blot analysis. Control immunostaining
for α-tubulin (Sigma-Aldrich) was performed with primary antibody at 1:200
and secondary antibody at 1:10,000 all in PBS with 0.1% (v/v) Tween-20
(PBST) with 2% milk, and specific immunostaining for BDNF protein
isoforms (Sigma-Aldrich) was performed primary antibody at 1:200 and
secondary antibody at 1:5000 all in PBSTwith 2%milk. The immunoreactive
bands were detected using the X-ray films (Kodak) and ECL reagent
(Amersham, Pittsburgh, PA) and following the manufacturer’s instructions.
Western blot data refers to at least three different experiments, all quantified by
the Quantity One® 4.6.6. software (Bio-Rad). The BDNF endogenous
quantification was achieved through ELISA techniques performed using a
BDNF Emax immunoassay system (Promega) following the manufacturer’s
instructions and a compatible microplate reader.

Data representation and statistical methods
Bar graphs are represented the mean±s.e.m. of all measurements (see
Results). Possible outliners were analyzed by the GraphPad Software
(GraphPad Inc, La Jolla, CA, USA) online resource ‘Outlier calculator’,
using the standard 0.05 alpha value (http://www.graphpad.com/quickcalcs/).
All the statistical data analysis was performed with the Sigma Plot 11
software (Systat Software, Inc., San Jose, CA). Statistical significance
among groups was evaluated performing one-way ANOVA with Holm-
Sidak’s method and P<0.05 was considered significant.
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Supplementary Figure 1
A,B,C) Representative images of negative control staining. Hippocampal  neurons stained for Map2 and with all secondary antibodies used for 
immunocytochemistry and immunohistochemistry experiments.D) Immunofluorescence on SK-N-BE cells trasfected with a construct encoding for
 AuroraA-HA tagged. Green panel: staining with anti-Ha antibody (ABCAM AB18181, 1:500); red panel: anti-AuroraA staining (Cell Signaling n.3092,
1:200); blue panel: Hoechst staining used to highlight nuclei; bottom right panel: merge between the three channels. Scale bar = 50 microns.

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

14



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




