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BDNF is produced from many transcripts that display distinct
subcellular localization, suggesting that spatially restricted effects
occur as a function of genetic and physiological regulation. Dif-
ferent BDNF 5’ splice variants give a restricted localization in the
cell body or the proximal and distal compartments of dendrites;
however, the functional consequences are not known. Silencing
individual endogenous transcripts or overexpressing BDNF-GFP
transcripts in cultured neurons demonstrated that whereas some
transcripts (1 and 4) selectively affected proximal dendrites, others
(2C and 6) affected distal dendrites. Moreover, segregation of
BDNF transcripts resulted in a highly selective activation of the
BDNF TrkB receptor. These studies indicate that spatial segrega-
tion of BDNF transcripts enables BDNF to differentially shape dis-
tinct dendritic compartments.
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Brain-derived neurotrophic factor (BDNF) is a neurotrophin
with multifaceted functions such as survival, neurite out-
growth, synaptogenesis, and synaptic plasticity (1-3). In addition,
BDNF induces dendritic sprouting in the presence of synaptic
activity (4, 5), causes local instability in dendrites (6, 7), and
increases spine density and dimension (8). Several levels of
regulation of BDNF, including proteolytic processing (9, 10) and
the use of distinct receptors and signaling cascades (11, 12), may
explain how this neurotrophin exerts so many different functions.
Another level of BDNF regulation is represented by the pro-
duction of multiple transcripts. In the rat bdnf gene (Fig. 14), 22
different transcripts are generated by 11 different 5’ untranslated
regions (UTRs) that are encoded by 9 exons. Each 5’ exon is
alternatively spliced to a downstream exon that contains the
coding region of BDNF with a 3'UTR containing two potential
polyadenylation signals (13). However, the functional conse-
quences of multiple transcripts that encode the same protein are
not understood.

We recently carried out a densitometric analysis of the sub-
cellular distribution of the most abundant BDNF transcripts in
the hippocampus and cortex during epilepsy. We found that
exons 2 and 6 localized into distal dendrites following 3 h of
status epilepticus, whereas exons 1 and 4 were restricted to the
soma even after this strong neuronal activation (14, 15). On this
basis, we proposed a hypothesis, the “spatial code hypothesis of
BDNF transcripts,” in which different BDNF splice variants,
through the spatial segregation of their mRNA, represent a code
to direct the protein to either the soma or proximal or distal
dendrites (14, 16). In this study, we have directly tested this
hypothesis by measuring the morphology of dendrites after si-
lencing or overexpressing specific BDNF splice variants to
change the local availability of BDNF.

Results

BDNF Transcripts and Protein Cosegregate. Because all BDNF
transcripts encode for the same BDNF protein, it is not possible
to assess by a simple immunohistochemical analysis whether the
protein generated by different transcripts displays different lo-
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calization in vivo. To address this question, we analyzed the
subcellular distribution of chimeric BDNF-GFP mRNAs and
that of the corresponding proteins in cultured hippocampal
neurons using previously described constructs with the coding
sequence (cds) of BDNF alone or preceded by one of the BDNF
5'UTR exons, 1, 2C, 4, or 6, without 3'UTR (17). Constructs
with exons 2C or 6 were previously shown to have a constitutive
distal dendritic localization, whereas those with exons 1 or 4
remain restricted in the cell soma and proximal dendrites (17).
To detect the localization of chimeric transcripts and proteins, in
situ hybridization and immunocytochemistry, respectively, were
carried out to label the common GFP domain in day in vitro
(DIV)7 neurons transfected at DIV4 or DIV18 neurons trans-
fected at DIV1S (Fig. 1 C-E). The different constructs with
exons 1, 2C, 4, or 6 showed equal levels of mRNA expression as
determined by densitometric analysis of the signals on cell so-
mata (Fig. 1B), and their subcellular localization matched that of
the corresponding GFP protein (Fig. 1C). To confirm these
results, the dendritic distribution of chimeric BDNF-GFP tran-
scripts and protein was quantified in two ways. First, we mea-
sured the distance (in microns) from the soma at which the in
situ or immunofluorescence signal reached and remained below
background levels for the remainder of the dendrite (maximal
distance of dendritic labeling; MDDL). Second, the relative
dendritic filling index (RDF) was determined by dividing the
MDDL by the mean length of the dendrites identified by MAP2
immunostaining (Fig. 1C and Fig. S14). The mean length of the
apical dendrites at DIV7 or DIV18 was not significantly affected
by transfection with any of the different BDNF-GFP chimera
(Fig. S1B). At both DIV7 and DIV1S, transcripts with exons 1
and 4 segregated within the first 40-50 pm from the soma (20—
30% RDF), whereas exon 2C or 6 or total BDNF mRNAs were
detected up to 70 pm from the soma at DIV7 (45% RDF) or to
95 pm (40% RDF) at DIV18 (Fig. 1 D and E). The chimeric
BDNF-GFP proteins showed a strikingly similar distribution to
that of their corresponding mRNAs, although the proteins were
slightly more distal than the mRNAs (Fig. 1 D and E). This effect
was general and may be due to a higher mobility of the secretory
vesicles containing chimeric BDNF-GFP versus their mRNAs.
Indeed, since BDNF contains very strong signal peptides, it is
entirely processed into the secretory pathway.

To evaluate whether the 3’'UTR sequence is relevant to the
expression of BDNF constructs, we determined the dendritic
distribution of selected constructs bearing a short or long BDNF
3'UTR sequence (18) (Fig. S1C). In DIV7 neurons under basal

Author contributions: G.B., M.V.C,, and E.T. designed research; G.B. and E.L. performed
research; M.V.C. contributed new reagents/analytic tools; G.B., E.L., and E.T. analyzed
data; and G.B., M.V.C,, and E.T. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. S.R.J. is a guest editor invited by the Editorial
Board.

To whom correspondence should be addressed. E-mail: tongi@units.it.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1014168108/-/DCSupplemental.

PNAS | October 4,2011 | vol. 108 | no.40 | 16813-16818



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014168108/-/DCSupplemental/pnas.201014168SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014168108/-/DCSupplemental/pnas.201014168SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014168108/-/DCSupplemental/pnas.201014168SI.pdf?targetid=nameddest=SF1
mailto:tongi@units.it
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014168108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014168108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1014168108

A RAT BDNF GENE STRUCTURE 15

o
w
B e - HIE T
Q
BDNF tran:crlph I'"
BONF 1 (oI BoNF & [ I Cl
BONF 2 Tfcos B BONF7 O <
sonF s (o= sonrs [Cfccs BN n:DO
sonF+ (NN sonro BN £ &
BoNF 5 Cicos N QLY
SFFEY

C mrnaGFP

GFP

anti-GFP

anti-MAP2

=—RNA_ 7DIV

== Protein
z

=
N

o3

MDDL (im) _,
'y

Fig. 1. BDNF transcripts and protein cosegregate. (A) Structure of rat bdnf
gene and transcripts. (B) Densitometric analysis of chimeric constructs in the
somata of transfected hippocampal neurons (n = 100 neurons per bar). (C)
(Left) In situ hybridization on 7DIV cultures of hippocampal neurons trans-
fected with 5'UTR-cdsBDNF-GFP constructs. (Center) Fluorescence of BDNF-
GFP proteins. (Right) MAP2 staining. Black arrows show the end point of
MDDL; white and red arrows show respectively the starting and ending
points of dendritic BDNF-GFP protein labeling. (D and E) Quantification of
maximal distance reached by BDNF-GFP mRNAs (black bars) and BDNF-GFP
protein (green bars) in dendrites (n = 40 neurons per bar; error whiskers
indicate SE) expressed both in MDDL and RDF in 7- (D) and 18-d-old (E)
neurons. (*P < 0.05; ANOVA.)

conditions, GFP-3'UTR short and GFP-3'UTR long mRNAs
were located in the soma and proximal dendrites (46, 42 pm from
the soma) and, in response to KCl, were both targeted to distal
dendrites (92, 86 pm). Chimeric exon 1 and exon 6 full-length
transcripts (with either the short or long 3'UTR) and proteins
were localized in proximal dendrites (Fig. S1C), but after stim-
ulation with 10 mM KCI for 3 h, exon 6, but not exon 1, mRNA
and protein were able to reach the distal dendrites (Fig. S1C).
These results indicate that (i) both the short and the long 3'UTR
could mediate activity-dependent dendritic localization of the
mRNA, and (i) the ultimate destination of BDNF mRNAs is
dictated by the presence of 5'UTR exons, with either dendritic
permissive (e.g., exon 6) or soma retention (e.g., exon 1) prop-
erties. The behavior of full-length constructs was identical to that
observed at both DIV7 and DIV18 (Fig. S1E) for the endoge-
nous BDNF mRNAs analyzed using transcript-specific probes
used previously in cortex (15) and hippocampus (14). Indeed,
endogenous BDNF transcripts with exon 1, 2, 4, or 6 were lo-
cated in the soma and proximal dendrites in unstimulated cul-
tures, and KClI depolarization for 3 h induced targeting in distal
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dendrites of only exons 2 and 6 or total BDNF (Fig. S1 D and E).
BDNF mRNA distribution in unstimulated cultures was similar
between DIV7 and DIV1S but, in younger neurons, all BDNF
transcripts were found in a more proximal location than in older
neurons, showing an MDDL range of 36-38 pm at DIV7 and 44—
78 ym at DIV18 (Fig. S1E). Of note, the chimeric protein de-
rived from the exon 6 construct without a 3'UTR had a distal
dendritic localization under basal conditions (Fig. 1 D and E),
similar to the protein derived from full-length exon 6 (with either
3’UTR short or long) after stimulation (Fig. S1C). We conclude
that truncated chimeric transcripts missing the 3'UTR are con-
stitutively segregated in different cellular domains and therefore
can be used to study the effects of different BDNF transcripts on
dendrite shape.

Demonstration of Local Translation of BDNF mRNAs in Dendrites. The
cosegregation of BDNF-GFP mRNAs and proteins suggests that
these proteins may be translated locally. However, a formal
demonstration that BDNF mRNA targeted to dendrites is locally
translated has been lacking. Therefore, we tested whether dif-
ferent BDNF-GFP constructs could be translated in dendrites
separated from the cell body in response to depolarization with
10 mM KCIl. For exon 1 BDNF-GFP, fluorescence puncta were
clearly visible in the cell soma at time 0 min (Fig. 24). Exon 1
BDNF-GFP fluorescence was nearly absent in severed dendrites
during 60 min of KCl treatment (Fig. 24). In contrast, in severed
dendrites, exon 6 BDNF-GFP fluorescence intensity displayed
a significant biphasic increase at 15-20 and 45-60 min of KCl
treatment (P < 0.01; Fig. 2 B and C). The increase of exon 6
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Fig. 2. Local translation of BDNF transcripts. Video time-lapse tracking of
fluorescence in the soma and dendrites severed from the cell body of hip-
pocampal neurons transfected with (A) exon1 BDNF-GFP and (B) exoné
BDNF-GFP and depolarized with 10 mM KCl. Images of dendrites show
a straightened 150 pm-long segment. Proximal stump on the left. (C)
Quantification of fluorescence in isolated dendrites depolarized with 10 mM
KCl for the indicated times (0-60 min). (D) Protein synthesis inhibitor cyclo-
heximide abolishes the fluorescence increase for exon6 BDNF-GFP in isolated
dendrites. (E) Video time-lapse tracking of a single spot of exon6 BDNF-GFP
fluorescence during KCl depolarization in a dendrite isolated from the soma,
and quantification of exon6 BDNF-GFP fluorescence of 10 different puncta
during KCl depolarization at the indicated time points (0-60 min). Quanti-
tative data are expressed as the mean of 10 dendrites or somata for each
condition. Error bars indicate SE. (*P < 0.05; **P < 0.01; Kruskal-Wallis one-
way ANOVA.)
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Fig. 3. BDNF transcripts produce local effects on the number of dendritic
branchings. Examples of 7-d-old neurons, visualized by GFP fluorescence 3 d
after transfection with (A) GFP or cdsBDNF-GFP, treatment with 50 ng/mL
BDNF or K252a, (B) the indicated BNDF-GFP transcripts, (C) siRNA against
endogenous BDNF transcripts, or GAPDH. (D) Expression dendrograms dis-
playing the complete Sholl analysis for exon4 BDNF-GFP (somatic) and exon6
BDNF-GFP (dendritic) constructs. (**P < 0.01 vs. control GFP; ANOVA; n = 50
neurons.) (E) A dendrogram showing the effects on dendritic crossings after
silencing of endogenous transcripts. (**P < 0.01 vs. control GFP; n = 50
neurons.) (F and G) Detail of crossing dendrites at 30 um (F) or 90 pm (G)
from the soma in neurons treated as indicated. (*P < 0.05; **P < 0.01 vs.
control GFP; n = 50 neurons.)

BDNF-GFP in dendrites was abolished by cycloheximide (Fig. 3D),
indicating that local translation was affected, rather than spatial
redistribution of preexisting protein. Similar results were ob-
served for exon 4 and 2C constructs (Fig. S2). When single
puncta of exon 6 BDNF-GFP were tracked in video time-lapse
experiments, we found little lateral displacement (Fig. 2E), in
agreement with previous studies on cdsBDNF-GFP (19). In-
dividual puncta showed more than a twofold increase in fluo-
rescence within 15 min of stimulation with KCI, followed by
a downturn, suggesting a release by secretion (Fig. 2F). These
results demonstrate that BDNF transcripts can be locally trans-
lated in dendrites.

Segregated BDNF Variants Regulate Dendrite Complexity Locally. To
test the impact of endogenous, full-length BDNF mRNA var-
iants on dendritic morphology, we analyzed the effects of down-
regulating BDNF splice variants by making use of transcript-
specific small interfering RNAs (siRNAs). The efficiency of
siRNAs directed to endogenous exons 1, 2C, 4, and 6 splice
variants ranged between 60 and 80% in DIV7 rat hippocampal
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neurons that were transfected at DIV4 (Fig. S3 A and B).
Neurons transfected with GFP only displayed a basal number of
6.81 + 1.15 crossing dendrites at 30 pm from the soma and 7.74 +
0.78 at 90 pm (Fig. 3 4, F, and G). Silencing of all endogenous
BDNF transcripts with siRNA against the cds reduced the
number and length of all dendrites (Fig. 3C), whereas silencing
of the housekeeping gene GAPDH had no detectable effect (Fig.
3C and Fig. S3 4 and C). Knockdown of endogenous exon 6
variant resulted in 30% reduction in the number of dendrites
(P < 0.01) 75-105 pm from the soma, but had no discernible
effect within 60 pm of the soma.

To test for the possibility of compensation due to cose-
gregation of different endogenous splice variants with similar
subcellular distribution, we simultaneously silenced the two so-
matic variants 1 and 4, or the dendritic variants 2C and 6 (Fig.
3C). Co-silencing of endogenous somatic exons 1 and 4 resulted
in a significant decrease (28% reduction) of dendrite crossings at
30 pm, but not at 90 pm, from the soma (Fig. 3 E-G), whereas
co-silencing of endogenous dendritic exons 2C and 6 showed the
opposite, that is, no effect at 30 pm and a 35% reduction of
crossings at 90 um (Fig. 3 E-G). To extend the findings obtained
with silencing of endogenous BDNF variants, we carried out
overexpression experiments using truncated BDNF-GFP chi-
meric constructs. Transfection with cdsBDNF-GFP led, 72 h
later, to a 75% increase in the number of dendrite crossings at 30
pm (11.81 + 1.7) and a 55% increase at 90 ym (11.97 + 1.2).
Similarly, treatment for 72 h with purified BDNF produced a
marked growth of the whole dendritic tree, whereas treatment
with the K252a Trk inhibitor produced a reduction (Fig. 34). In
neurons expressing somatic exon 1 and 4 BDNF-GFP constructs,
we found a higher number of primary, poorly ramified dendrites
(Fig. 3B) with a significant increase in the number of crossings at
30 pm from the soma (29% increase for exon 1, P < 0.05; 37%
for exon 4, P < 0.01; Fig. 3 D and F), but no effect beyond 60 pm
from soma (Fig. 3 D and G). In contrast, transfection of dendritic
exon 2C or 6 produced no effects up to 75 pm (Fig. 3 D and F),
but gave a significant increase of dendritic crossings at 90 pm
(20% increase for exon 2C, P < 0.05; 30% increase for exon 6,
P < 0.01; Fig. 3 D and G). Taken together, these results support
the conclusion that the dendritic BDNF splice variants regulate
dendritic complexity in the periphery, whereas somatic tran-
scripts do so in proximity to the soma. Sholl analysis provides
information about which region of the dendritic tree is affected,
but does not necessarily identify whether primary or secondary
branches are selectively involved. To assess the impact of single
BDNF variants on primary and secondary branching, neurons
were treated at DIV4 and analyzed after DIV7. In these cultures,
we found that the number of primary dendrites was influenced
only by somatic variants 1 and 4, but not by dendritic variants 2C
and 6 (Fig. 44). Indeed, siRNA against endogenous somatic
exons 1 and 4 induced a slight (—21%) but significant reduction
(P < 0.05) in the number of primary dendrites, whereas co-
silencing of dendritic transcripts 2 and 6 had no effect (Fig. 44).
Accordingly, the number of primary dendrites increased by 30%
in neurons transfected with somatic variant exon 4, but not with
the dendritic variant 6 (Fig. 44). By contrast, secondary den-
drites were unaffected by co-silencing of somatic exons 1 and 4
or up-regulation of exon 4, but were clearly regulated by den-
dritic exons 2C and 6 (Fig. 4B). GAPDH siRNA had no effect.
Other controls with K252a or cdsBDNF siRNA treatment pro-
duced a significant reduction of both dendrite orders. As positive
controls, treatment with extracellular BDNF or transfection with
a plasmid encoding cdsBDNF produced a strong increase of both
dendrite orders. Thus, at DIV7, somatic BDNF variants affect
the number of primary dendrites, whereas dendritic BDNF
variants affect the number of secondary dendrites. Because,
during development in vitro, maturation of the dendritic arbor-
ization occurs between 14 and 21 DIV (20), the effects observed
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Fig. 4. Primary and secondary dendrite modulation by BDNF variants in
young and mature hippocampal neurons. Quantification of primary (A) and
secondary (B) dendrites in young (7 d) hippocampal neurons in relation to
control GFP-transfected neurons (100%). White bars represent control
experiments using siRNA against GAPDH, or siRNA against cdsBDNF or
treatment with K252a. Gray bars represent experiments using silencing
or overexpression of BDNF variants. Black bars represent positive control
experiments using exogenous BDNF (50 ng/mL) or cdsBDNF overexpression.
Quantification of the number of primary (C) and secondary dendrites (D) in
mature neurons (18 d). (*P < 0.05; **P < 0.01 vs. control GFP; ANOVA.)

at DIV7 may not reflect plasticity in adult neurons. Therefore,
these experiments were repeated at DIV18. We found that the
number of primary dendrites was unaffected by silencing or
overexpression of any BDNF splice variants tested (Fig. 4C).
Conversely, the number of secondary dendrites was slightly in-
creased by up-regulation of somatic exon 4. Strikingly, expression
of the exon 6 dendritic splice variant produced a prominent in-
crease in the number of secondary dendrites (+38%, P < 0.01),
and co-silencing of endogenous exons 2C and 6 produced a 27%
decrease (Fig. 4D). These results provide evidence that the
number of primary dendrites in more mature neurons is not
modified by changes in BDNF expression. However, secondary
dendrites remain highly plastic in response to dendritic BDNF
exon 6 transcript, with smaller effects produced by exon 4.

Local Up-Regulation of BDNF Variants Results in Local Activation of
TrkB. Since BDNF is known to be secreted from dendrites (21),
we hypothesized that the selective effects of somatic/dendritic
splicing variants may be the result of a spatially restricted acti-
vation of the TrkB receptor in the same cellular domain. In our
cultures, TrkB is expressed in all neuronal compartments (Fig.
5A, Left). Using an antibody that selectively recognizes phos-
phorylated TrkB (pTrkB-Y816; Fig. 54, Right) (22), we first
confirmed that K252a, a potent inhibitor of Trk phosphorylation,
abolished pTrkB staining, whereas addition of 50 ng/mL of pu-
rified BDNF in the culture media led to increased pTrkB im-
munoreactivity over the entire dendritic tree (Fig. 5 4 and B).
Neurons transfected with a plasmid encoding only GFP showed
basal pTrkB immunoreactivity located mainly in the first 45 pm
from the soma, which can be accounted for by the higher
abundance of TrkB receptors in this domain (Fig. 5 4 and B).
Quantitative analysis of TrkB and pTrkB staining showed a
constant amount (ca. 20%) of TrkB activation throughout the
first 150 pm from the soma of neurons regardless of the local
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Fig. 5. Local up-regulation of BDNF variants results in local phosphorylation
of TrkB. (A) Immunofluorescence for full-length TrkB (green) and phos-
phorylated TrkB (red) in two similar hippocampal neurons treated for 3 h
with 50 ng/mL BDNF. (B) Straightened dendrites of neurons labeled with an
anti-TrkB (green) or transfected with the indicated GFP constructs and la-
beled with anti-pTrkB (red). Treatment with the TrkB inhibitor K252a abol-
ishes staining for pTrkB, whereas addition of 50 ng/mL BDNF led to labeling
for pTrkB throughout the entire dendrite length. (C) Semiquantitative
densitometric analysis of pTrkB fluorescence intensity in neurons transfected
with the different constructs. (**P < 0.01; ANOVA.)

abundance of TrkB receptors (Fig. 5C). Overexpression of exon
1 or 4 transcript led to phosphorylation of 80-100% of TrkB
receptors within the first 45 pm from the soma, 50% at 60 pm,
and close to background levels (20%) at 90 pm from the soma
(Fig. 5C). By contrast, in neurons overexpressing exon 2C or 6
BDNF variants, TrkB phosphorylation was 50% at 30 pm from
the soma, reached 80% at 80 pm from the soma, and persisted at
high levels beyond 100 pm from the soma (Fig. 5C). Thus, up-
regulation of individual BDNF splice variants resulted in a
striking, spatially restricted activation of TrkB receptors that
correlates with the site of morphological changes observed in the
dendritic tree.

Discussion

Our findings indicate that the differential localization of BDNF
transcripts, followed by their local translation and secretion,
leads to a spatially restricted increase in TrkB receptor phos-
phorylation in dendrites as well as spatially restricted effects
upon dendritic complexity. Accordingly, we propose that BDNF
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splice variants represent a spatial code used by neurons to se-
lectively target the effects of BDNF to distinct dendritic com-
partments. Generation of multiple transcripts with different 5’
and 3'UTR segments, but sharing a common coding region,
appears to be a general feature of neurotrophins (23, 24). Thus,
this strategy might represent a general mechanism used to dif-
ferentially regulate the levels of expression of a protein in dif-
ferent subcellular compartments.

In hippocampal pyramidal neurons, the spatial code for
BDNF variants shows two main features: (i) the results define
three principal regions, namely the cell soma (which includes the
dendritic hillock, up to 20-pm distance from the soma), the
proximal dendrites (i.e., primary dendrites up to 60 pm away
from the soma), and the distal dendrites (i.e., primary and
higher-order dendrites beyond 60 pm); and (ii) there is partial
redundancy in that splice variants 1 and 4 control the architec-
ture of the proximal compartment and exons 2 and 6 of the distal
one. A similar segregation of BDNF mRNA variants has also
been observed in hypothalamic (25) and cortical neurons (15),
suggesting that our model can be applied to several neuronal
types. A slight discrepancy in the actual distances or RDF values
between this and our previous studies (15, 17) does not affect the
general conclusions on the differential localization of BDNF
transcripts, and is accounted for by different culture conditions
and by the fact that only apical dendrites were measured here,
whereas previous studies also included basal dendrites, which are
generally shorter and tend to have a higher RDF. Our findings
also indicate that the differential segregation of BDNF tran-
scripts is able to generate localized changes in BDNF protein.
This inference is consistent with a growing consensus that BDNF
protein trafficking in dendrites is limited (19, 26), as opposed to
the situation in axons where a fast anterograde transport of
BDNF has been observed (19, 27). In this way, local translation
of BDNF transcripts in dendrites results in local BDNF protein
accumulation and secretion. This conclusion is corroborated by
our finding that overexpression of localized BDNF splice var-
iants results in local phosphorylation of TrkB. In this study, we
further demonstrate that the mRNA containing the coding re-
gion alone is transported in dendrites and the protein localizes
accordingly. This is important, because many previously pub-
lished studies (more than 50) have used a construct only with the
coding region of BDNF fused with GFP. One further aspect that
must be considered is that the translational regulation of each
transcript is expected to be different due to the intrinsic differ-
ences in the translatability of the different 5’UTRs. This issue,
which is beyond the purpose of the present study, warrants
further investigation.

BDNF Variants Regulate Local Dendritic Architecture. A large body of
evidence supports the view that BDNF is a major extracellular
cue involved in dendritic specification (28-30). However, it is
unclear how a molecule that is expressed in all neuronal com-
partments may promote selective effects in different dendritic
regions. Here we show that, in immature neurons, spatial seg-
regation of BDNF transcripts mediates differential regulation of
the number of primary and secondary dendrites in proximal and
distal dendritic compartments (Fig. 6). In more mature neurons,
which show limited changes in dendritic branching (31), we
found that distal dendrites of secondary order retain sensitivity
to local levels of BDNF determined by dendritic isoform exons 2
and 6 and, in part, by the exon 4 transcript. In contrast, proximal
dendrites become insensitive to changes in local BDNF levels. It
is worth noting that transfection for 24 h with the different
transcripts was not sufficient to induce any significant change in
the mean length of the primary dendrites or the dendrogram
(17). Here we show that overexpression or silencing for 72 h
of the different alternatively spliced BDNF transcripts affects
the relative number of primary/secondary dendrites or of their
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Fig. 6. Model of the BDNF spatial code in hippocampal pyramidal neurons.
Localization of morphological effects induced by up-regulation of segre-
gated BDNF transcripts. (A) Gradient of expression of the BDNF protein
generated by the different transcripts. (B) In young but not mature neurons,
proximal BDNF transcripts containing exons 1 and 4 affect dendrite archi-
tecture close to the soma. In green are shown dendrites induced by ex-
pression of BDNF transcripts containing exon 1 or 4. (C) In both young and
mature neurons, distal dendritic transcripts regulate the morphology of the
periphery of the dendritic tree. In orange are shown dendrites induced by
expression of exon 2C or 6 BDNF transcripts.

branching but not their length. The time course of this phenom-
enon is consistent with the molecular processes of dendritic re-
arrangements, which require several days (30). In addition, this
finding clearly indicates that up-regulation of a single BDNF iso-
form preferentially affects the relative number of dendrites,
rather than their length. During development, BDNF 1, 2, 4, and
6 splice variants increase rapidly from postnatal day (P)0 to P7 in
the rat hippocampus and reach a plateau at P14-P35, after which
exon 4 and 6 transcripts decrease (32). Significantly, exon 4 and 6
variants showed a prominent effect on secondary dendrites in
mature cultures (Fig. 4D), suggesting that limiting amounts of
these transcripts might regulate plasticity of distal dendrites
into adulthood. A study of conditional bdnf KO adult mice
found a significant decrease in dendritic complexity and num-
ber of mushroom spines on distal apical dendrites of hippo-
campal neurons (33). This finding can be reconciled by our data
showing that only distal, secondary dendrites, but not proximal
dendrites, on mature neurons (Fig. 4) are sensitive to changes
in BDNF levels.

Model of BDNF mRNA Trafficking. It is becoming increasingly clear
that mRNA transport in glial and neuronal processes depends
upon multiple dendritic targeting elements (34, 35). These tar-
geting elements were mainly found in the 3'UTR of the trans-
ported mRNAs but are also present in the coding region of some
dendritic messenger RNAs (36-38). We previously showed that
the coding region of BDNF contains a constitutively active den-
dritic targeting signal mediated by the RNA-binding protein
translin (17). Of note, a cis-recognition sequence for translin was
also found in the coding region of CaMKII-a. Moreover, translin
resulted to be directly involved in the dendritic targeting process
of CamKII-a mRNAs (37). In our previous studies, we provided
evidence that the 3'UTR long can be targeted to distal dendrites
in response to electrical activity (17). Here we further show that
even the 3'UTR short displays dendritic targeting in response to
KCl depolarization in vitro. However, we also demonstrate that
the conjunction of either the 3'UTR short or long with a non-
permissive 5'UTR sequence such as, for instance, exon 1 results
in a complete suppression of dendritic targeting. These results
suggest a need to revise a previously proposed hypothesis that all
BDNF mRNAs containing the 3'UTR short are segregated to
the soma, whereas those with the 3’'UTR long are targeted to
dendrites (18). This conclusion did not fully consider the effects
of neuronal activity or the role of the 5'UTR sequences. Hence,
the emerging unified model that takes into account both 5" and 3’
UTR elements in a spatial code can represent an activity-de-
pendent mechanism for dendritic targeting. This unified mech-
anism could include the role of constitutively active dendritic
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targeting signals in the cds and the use of different 5’UTRs
acting as “selectors” for the final subcellular destination.

Implications of BDNF Spatial Code for Neuropsychiatric Diseases.
Antidepressants, antipsychotic drugs, and physical exercise reg-
ulate transcription of selected BDNF splice variants in restricted
brain areas (39-41). The spatial code hypothesis predicts that
these treatments may specifically up-regulate BDNF transcripts
in one region of the dendritic tree. Since GABAergic, mono-
aminergic, and glutamatergic terminations form spatially segre-
gated synaptic contacts on the soma or proximal or distal den-
dritic compartments, respectively (42, 43), selective production
of specific BDNF splice variants may result in activation and
reinforcement of specific neural networks. Thus, defining the
BDNF splice variants that are critical for mediating the thera-
peutic effects of pharmacological or behavioral treatments may
provide key information about the neuronal circuits involved in
this response.

Materials and Methods

Hippocampal Cell Cultures. Dissociated primary cultures of hippocampal
neurons from embryonic day 18 (E18) rats were prepared from Sprague-
Dawley rats as described previously (44) and maintained in Neurobasal media
(Invitrogen) with B27 supplement (Invitrogen) and r-glutamine (0.5 mM;
Euroclone) (details in SI Materials and Methods).
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Cell Transfections and Treatments. Chimeric BDNF-GFP construct preparation
and transfections were described previously (17) (details in S/ Materials
and Methods).

RNA Interference. RNAi “pools” against each transcript of BDNF were gen-
erated using Silencer siRNA Mixture Kit (Ambion) (details in S/ Materials
and Methods). Primers and PCR program details are reported in Tables
S1-S3.

Riboprobe Preparation. GFP riboprobe preparation was performed as pre-
viously described (17) (details in S/ Materials and Methods).

In Situ Hybridization and Immunocytofluorescence. In situ hybridization on
cultures was performed as described (17). See SI Materials and Methods
for details.

Quantitative Imaging Analysis and Statistics. Images of labeled cultures were
acquired with a CCD camera (Nikon; ADX-1200) on a Nikon E800 microscope
and analyzed with Image-ProPlus (Media Cybernetics) or with a 63x oil ob-
jective on a Bio-Rad confocal system (MRC-1024) on a BX50WI Olympus
microscope. See SI Materials and Methods for details.
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