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The mechanisms underlying the subcellular localization of neu-
rotrophins and their receptors are poorly understood. We show
that in cultured hippocampal neurons, the mRNAs for BDNF
and TrkB have a somatodendritic localization, and we quantify
the extent of their dendritic mRNA localization. In the dendrites
the labeling covers on average the proximal 30% of the total
dendritic length. On high potassium depolarization, the labeling
of BDNF and TrkB mRNA extends on average to 68% of the
dendritic length. This increase does not depend on new RNA
synthesis, is inhibited by the Na1 channel blocker tetrodotoxin,
and involves the activation of glutamate receptors. Extracellular
Ca21, partly flowing through L-type Ca21 channels, is abso-
lutely required for this process to occur. At the protein level, a

brief stimulation of hippocampal neurons with 10 mM KCl leads
to a marked increase of BDNF and TrkB immunofluorescence
density in the distal portion of dendrites, which also occurs,
even if at lower levels, when transport is inhibited by nocoda-
zole. The protein synthesis inhibitor cycloheximide abolishes
this increase. The activity-dependent modulation of mRNA tar-
geting and protein accumulation in the dendrites may provide a
mechanism for achieving a selective local regulation of the
activity of neurotrophins and their receptors, close to their sites
of action.
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The neurotrophin BDNF (Leibrock et al., 1989; Barde, 1990) has
been involved in modulating synaptic plasticity (Thoenen, 1995;
Bonhoeffer, 1996). In particular, BDNF can increase synaptic
transmission (Lohof et al., 1993; Knipper et al., 1994a,b; Leß-
mann et al., 1994; Kang and Schumann, 1995; Levine et al., 1995;
Carmignoto et al., 1997) and has been implicated in hippocampal
LTP (Korte et al., 1995, 1996; Patterson et al., 1996). Further-
more, BDNF enhances synaptic transmission in the rat hip-
pocampus requiring local dendritic synthesis of proteins whose
identity was not determined (Kang and Schumann, 1996).

BDNF and its receptor TrkB are stored in the dendrites (Wet-
more et al., 1994; Dugich-Djordjevic et al., 1995; Cabelli et al.,
1996; Cellerino et al., 1996; Goodman et al., 1996), but the
mechanisms of targeting of these two proteins are largely
unknown.

The specific sorting of mRNAs is a possible mechanism to
localize proteins to the dendrites (Steward, 1994, 1997; Johnston,
1995). An increasing number of dendritic mRNAs have been
identified, including those encoding MAP2, ARC/arg 3.1, a-
CaMKinase II a-subunit, IP3-receptor, NMDAR1 subunit, gly-
cine receptor a-subunit, vasopressin, and dendrin (Garner et al.,

1988; Burgin et al., 1990; Furuichi et al., 1993; Link et al., 1995;
Lyford et al., 1995; Gazzaley et al., 1997; Herb et al., 1997;
Prakash et al., 1997; Racca et al., 1997). Recent studies demon-
strated the existence of a protein synthesis machinery in den-
drites, including ribosomes, tRNA, translation factors (Steward
and Levy, 1982; Tiedge and Brosius, 1996), endoplasmic reticu-
lum, and Golgi-like apparatus (Torre and Steward, 1996; Spacek
and Harris, 1997). Moreover, the local protein synthesis in fully
developed dendrites (Torre and Steward, 1992) and in isolated
growth cones (Crino and Eberwine, 1996) has been demonstrated
unequivocally.

TrkB and BDNF mRNAs have been amplified from den-
dritic growth cones (Crino and Eberwine, 1996); however, the
localization of these two mRNAs in the dendrites of mature
neurons is controversial. Most studies did not describe a
BDNF mRNA dendritic localization (Ernfors et al., 1990,
1992; Isackson et al., 1991; Kokaia et al., 1993; Miranda et al.,
1993; Ringstedt et al., 1993; Tinmusk et al., 1993; Castrén et
al., 1995; Lauterborn et al., 1996; Conner et al., 1997), whereas
a few others were suggestive of a very proximal dendritic
localization (Wetmore et al., 1990, 1994; Dugich-Djordjevich
et al., 1992; Schmidt-Kastner et al., 1996a,b). Recently, the
localization of TrkB mRNA in the dendritic compartment of
retinal neurons at the end of their development was shown
(Ugolini et al., 1995). However, other studies did not report a
similar localization (Ringstedt et al., 1993; Schmidt-Kastner et
al., 1996a,b).

In view of the role of BDNF and TrkB in synaptic plasticity
(Thoenen, 1995; Bonhoeffer, 1996), the clarification of this issue
is crucial. This study demonstrates that BDNF and TrkB mRNAs
are localized in the dendrites of hippocampal neurons in culture,
that depolarization extends these mRNAs to the distal dendrites,
and that a brief depolarization after blockade of dendritic trans-
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port increases the levels of BDNF and TrkB proteins in the distal
dendritic compartment.

MATERIALS AND METHODS
Cell cultures. Primary cell cultures were made from rat hippocampal
neurons according to Malgaroli and Tsien (1992), with slight modifica-
tions. Hippocampi were dissected from 2- to 4-d-old animals. Isolation
and slicing were performed in 200 mM kinurenic acid (Sigma, St. Louis,
MO) and 25 mM 2-amino-5-phosphonovalerate (Tocris Neuramin, Bris-
tol, UK). Tissue slices were digested with trypsin in the presence of
DNase, blocked with trypsin inhibitor on ice, and dissociated in medium
containing DNase. Cells were recovered and washed by two successive
centrifugations at 500 rpm and plated on glass coverslips coated with 50
mg/ml polyornithine and 2% Matrigel (Collaborative Research, Bedford,
MA) in 35 mm Nunc petri dishes. Cells were cultured for 7 d in a 5%
CO2 humidified incubator, in minimum essential medium with Earle’s
salts and Glutamax I (Life Technologies, Gaithersburg, MD) to which
5–10% fetal bovine serum, 6 mg/ml D-glucose, 3.6 mg/ml HEPES, 0.1
mg/ml biotin, 1.5 mg/ml vitamin B12, 30 mg/ml insulin, and 100 mg/ml
bovine transferrin were added. Proliferation of non-neural cells was
prevented by the addition of 2.5–5.0 mM cytosine b-D-arabinofuranoside
from the second day in culture onward.

Electrophysiology and KCl stimulation of cultured hippocampal neurons.
Whole-cell recordings were performed at room temperature (rt) (23–
25°C) on large pyramidal cells with an EPC 7 patch-clamp amplifier.
Patch pipettes were made from thin-wall glass (outside diameter 1.5 mm)
with 6–8 MV resistance and were filled with 110 mM potassium glu-
conate, 10 mM NaCl, 5 mM MgCl2 , 0.6 mM EGTA, 2 mM Na2-ATP, 49
mM HEPES, pH 7.2. Extracellular oxygenated control solution contained
3.5 mM KCl, 132 mM NaCl, 1 mM MgCl2 , 2 mM CaCl2 , 20 mM D-glucose,
10 mM HEPES, pH 7.4. Cells were depolarized for 30 min at rt with
oxygenated K-medium (10 mM KCl, 1.8 mM CaCl2z2H2O, 0.8 mM
MgSO4z7H2O, 101 mM NaCl, 26 mM NaHCO3 , 1 mM NaH2PO4z2H2O,
0.7% D-glucose, 15 mM HEPES, pH 7.4, or KK-medium (20 mM KCl, 1.8
mM CaCl2z2H2O, 0.8 mM MgSO4z7H2O, 110 mM NaCl, 26 mM NaHCO3 ,
1 mM NaH2PO4z2H2O, 0.7% D-glucose, 15 mM HEPES, pH 7.4.

For mRNA or protein localization experiments, cells were depolarized
for the indicated times, at 37°C, with the K or the KK high potassium
media described above. For pharmacological blockade experiments, cells
were incubated in normal culture medium or in K- or KK-medium,
supplemented with drugs, for the indicated times at 37°C. Drug concen-
trations were 1 mM kinurenic acid (Sigma), 1 mM nifedipine (Sigma), 0.5
mM tetrodotoxin (TTX) (Sigma), 5 mg/ml actinomycin-D (Sigma), 1 mM
cycloheximide (Sigma), and 1 mg/ml nocodazole (Sigma). When cyclo-
heximide or actinomycin-D were used, preincubation before depolariza-
tion was performed as described above for 30 min, whereas in the case of
nocodazole, preincubation at 37°C was 6 hr long. Ca 21-free experiments
were performed in Ca 21-free control medium containing 5 mM KCl, 1.8
mM MgCl2 , 0.8 mM MgSO4z7H2O, 116 mM NaCl, 26 mM NaHCO3 , 1 mM
NaH2PO4z2H2O, 0.7% D-glucose, 15 mM HEPES, pH 7.4, or in Ca 21-
free K-medium containing 10 mM KCl, 1.8 mM MgCl2 , 0.8 mM
MgSO4z7H2O, 101 mM NaCl, 26 mM NaHCO3 , 1 mM NaH2PO4z2H2O,
0.7% D-glucose, 15 mM HEPES, pH 7.4, supplemented with 10 mM
EGTA or BAPTA-AM.

Riboprobes and oligonucleotides. The 700-bp-long rat b-actin cDNA
(Nudel et al., 1983) cloned into Bluescript was kindly provided by Dr. R.
Possenti [Institute of Neurobiology, Consiglio Nazionale delle Ricerche
(CNR), Rome]. The rat BDNF cDNA pBCDPst (nucleotides 74–525)
(Maisonpierre et al., 1991) was kindly provided by Dr. A. Negro (Fidia
Research Laboratory, Padova). The rat TrkB cDNA clone was kindly
provided by Dr. Y. Bozzi (Institute of Neurophysiology, CNR, Pisa)
(Bozzi et al., 1995) and contained the first 238 bp of the region coding for
the tyrosine-kinase domain (nucleotides 2163–2401) (Middlemas et al.,
1991). The 480-nucleotides-long mouse TrkA clone pDM97 (Holtzman
et al., 1992) coded for part of the extracellular portion of the receptor
(kindly provided by Dr. C. K. Chen, Johns Hopkins University School of
Medicine, Baltimore, MD). After linearization of the plasmids, the
digoxigenin-labeled riboprobes were synthesized with a SP6/T7 DIG-
RNA labeling kit (Boehringer Mannheim, Mannheim, Germany) accord-
ing to the manufacturer’s instructions. To acquire an independent con-
firmation of the specificity of the labeling pattern obtained with the
riboprobes, oligonucleotides were designed from regions not overlapping
with the riboprobe sequences. The TrkB oligonucleotide probe was
complementary to the nucleotides 1360–1407 in the region encoding the
juxtamembrane cytoplasmic domain of the TrkB full length receptor

mRNA (Middlemas et al., 1991). The BDNF oligonucleotide probe was
complementary to the nucleotides 649–694 of the coding region of the
rat BDNF mRNA sequence (Maisonpierre et al., 1991). Both oligonu-
cleotide sequences have been used in previous studies for in situ hybrid-
ization (Ernfors et al., 1990, 1992; Merlio et al., 1993). To avoid any risk
of unspecific hybridization caused by the labeled tail, only a single
digoxigenin-labeled ddUTP was added with a terminal transferase at the
39 end of the oligonucleotides by means of a DIG-oligonucleotide 39-end
labeling kit (Boehringer Mannheim), according to manufacturer’s
instructions.

In situ hybridization on cultured hippocampal neurons. For in situ
hybridization with riboprobes, cells were fixed for 10 min at room
temperature in 4% paraformaldehyde in PBS, washed in PBS, and
permeabilized in ethanol for 15 min at 220°C. After rehydration with
decreasing ethanol concentrations in PBS at rt, cells were prehybridized
at 55°C for 90 min in the hybridization mix containing 20 mM Tris/HCl,
pH 7.5, 1 mM EDTA, 13 Denhardt’s solution, 300 mM NaCl, 100 mM
dithiothreitol, 0.5 mg/ml salmon sperm DNA, 0.5 mg/ml polyadenylic
acid, and 50% formamide. In situ hybridization was performed overnight
at 55°C in the hybridization mix to which 10% dextrane sulfate and the
riboprobes (50–100 ng/ml) were added. High-stringency washes were
performed in 0.1% SSC/0.1% Tween-20 at 60°C. Cells hybridized with
digoxigenin-labeled riboprobes were incubated overnight at 4°C with
anti-DIG Fab fragments coupled to alkaline phosphatase (Boehringer
Mannheim), diluted 1:500 in 10% fetal calf serum in PBS 1 0.1% Tween
20 (PBST). After a thorough wash in PBST, cells were reacted with
4-nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate in
100 mM Tris/HCl, pH 9.5, 50 mM MgCl2 , 100 mM NaCl, and 1 mM
Levamisol. Alkaline phosphatase development was performed for 16 hr
at 4°C to obtain reproducible results and to avoid saturation of the
reaction (Augood et al., 1991). In situ hybridization with digoxigenin-
labeled oligonucleotides was performed essentially as described above,
but the hybridization temperature and washing conditions were modified.
Briefly, hybridization was performed for 24 hr at 42°C, and then cells
were washed 15 min with 23 SSC at room temperature and 15 min in
0.23 SSC at 37°C. Anti-Dig antibody incubation and staining develop-
ment were performed as described above.

Antibody staining of cultured hippocampal neurons. Double staining of
cultured hippocampal neurons was performed with the same in situ
hybridization procedure described above, followed by anti-MAP2 immu-
nostaining. Cells were coincubated overnight at 4°C with the anti-MAP2
monoclonal antibodies (Boehringer Mannheim) diluted 1:2000 and the
anti DIG-alkaline phosphatase-coupled Fab fragments (Boehringer
Mannheim) diluted 1:500 in 10% fetal calf serum in PBST. After washes
in PBST, cells were incubated 1 hr at rt with biotinylated anti-mouse IgG
antibodies (Vector, Burlingame, CA) diluted 1:100 in 10% fetal calf
serum in PBST. Subsequently, cells were washed in PBST and reacted
with 4-nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate
in 100 mM Tris/HCl, pH 9.5, 50 mM MgCl2 , 100 mM NaCl, and 1 mM
Levamisol overnight at 4°C. Finally, cells were incubated 20 min at rt in
streptavidin–FITC (Sigma) diluted 1:500 in 10 mM HEPES, pH 8.2, 150
mM NaCl buffer, washed in PBS twice, and mounted in Vectashield
(Vector). Fluorescence was analyzed with a fluorescein filter under dark
field, on a Zeiss Axiophot microscope.

Immunohistochemistry on cultured hippocampal neurons was pre-
ceded by the same fixation and permeabilization steps used for in situ
hybridization described above. Fixed and permeabilized cells were pre-
incubated for 30 min at rt in 3% BSA in PBS, incubated 3 hr at rt with
an antibody recognizing the TrkB full length isoform (Santa Cruz Ab794,
made in rabbit, diluted 1:100 in 3% BSA in PBS), or anti-BDNF [(Pro-
mega, Madison, WI) made in chicken, diluted 1:100 in 3% BSA in PBS].
After they were washed in PBS, cells were incubated for 1 hr at rt with
biotinylated anti-rabbit IgG antibody (Vector) or biotinylated anti-
chicken IgG antibody (Promega) diluted 1:200 in 3% BSA in PBS, then
washed in PBS, incubated in streptavidin–FITC as described above, and
mounted in Vectashield (Vector).

Quantitative imaging analysis and statistics. Nonradioactive in situ hy-
bridization was analyzed by viewing stained cultures under bright-field
illumination with an Olympus microscope with DIC (Differential Inter-
ference Contrast) equipped lens (403 magnification). Stained neurons
were acquired with a Hitachi CCD camera and digitized with the image
analysis program Imageplus (Microsoft). The function “Trace” was used
to measure, starting from the base of the dendrites, the maximal distance
of dendritic labeling (MDDL). Dendrites were traced, in a conservative
manner, up to the point at which the in situ labeling was clearly distin-
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guishable from the background. The background level obtained in sister
cell cultures hybridized with the sense probes was used as a reference to
distinguish the actual labeling obtained with the antisense probes from
the background. The number of dendrites measured is indicated in Table
1. The individual preparations were coded and analyzed in a blind
manner. The data of the MDDL were normalized by dividing each single
measurement obtained in the different experimental conditions by the
mean of the controls, and they were statistically analyzed with unpaired
Student’s t tests.

Fluorescent immunocytochemistry was analyzed by confocal micros-
copy with a Molecular Dynamics MultiProbe 2001 (Sunnyvale, CA)
confocal device mounted on a Nikon microscope. The individual prep-
arations were coded and analyzed in a blind manner. Individual neurons
whose entire dendritic domains were distinguishable from those of
neighboring neurons were selected. For each neuron, five optical sections
0.7 mm thick were acquired and then were integrated in a single projec-
tion with the function “look-through” to ensure the visualization of the
entire width of the dendrites on the z axis. This function gives the same
results as the function “maximum intensity” used in similar studies
(Blöchl and Thoenen, 1996), but is more conservative because it is less
sensitive to background. Quantification of the fluorescence intensity and
area measurements was performed by using the program “Area” of the
Molecular Dynamics software package. Dendrites, longer than 100 mm,
were subdivided into two segments and contoured manually. The prox-
imal segment included the region up to 30 mm from the base of the
dendrites. The distal segment comprised the distal region of the den-
drites extending from 30 to 90 mm from the base of the dendrites. The
sum of the total pixel intensities for each segment was divided by the area
of the segment measured (fluorescence density). The data of the fluo-
rescence density were normalized by dividing each single measurement
by the mean of controls and were statistically analyzed with unpaired
Student’s t tests.

Differential extraction of tubulin. Soluble and polymerized tubulin was
extracted from control cell cultures or treated for 6 hr with 1 mg/ml
nocodazole, essentially as described (Fasulo et al., 1996). Briefly, soluble
proteins were extracted in microtubule stabilizing buffer M1 (80 mM
PIPES, 1 mM MgCl2 , 2 mM EGTA, 2 M glycerol, 1 mM GTP, 0.1 mM
PMSF, pH 6.9) for 12 min at 37°C. Thereafter, the same cells were
extracted under microtubule depolymerizing conditions in ice-cold M2

buffer (80 mM PIPES, 1 mM MgCl2 , 5 mM CaCl2 , 2 M glycerol, 0.1 mM
PMSF, pH 6.9) for 5 min. Cell extracts M1 and M2 were analyzed by
SDS-PAGE and Western blotting with the monoclonal anti-tubulin an-
tibody YOL1 (Kilmartin et al., 1982) diluted 1:2000. Bands were scanned
with an APPLE scanner and quantified by the National Institutes of
Health-Image software.

RESULTS
BDNF and TrkB mRNAs are localized in the dendrites
The subcellular localization of the mRNA for BDNF and TrkB
was studied by nonradioactive in situ hybridization in rat hip-
pocampal neurons in culture. An increasing number of laborato-
ries have published studies using nonradioactive probes for the
analysis of the subcellular localization of the mRNAs (Ainger,
1993; Hannan et al., 1995; Bian et al., 1996; Knowles et al., 1996).
This technique, although comparably or only slightly less sensitive
than radioactive in situ hybridization with 35S-labeled probes,
allows a better spatial resolution because the morphology of the
cell processes is more clearly distinguishable (for review, see
Emson, 1993).

Almost all of the neurons in the culture are labeled with the
BDNF and the TrkB riboprobes, with a prominent staining of the
cell body and proximal dendrites (Figs. 1A, 2B for BDNF; 1E, 3A
for TrkB). Interestingly, several cells show a strong labeling
corresponding to branching points, and a subpopulation of 3% of
the cells exhibit labeling corresponding to dendritic varicosities
(Fig. 1A,D,H, arrowheads). In double-labeling experiments, den-
dritic processes were identified with a monoclonal antibody
against the microtubule-associated protein MAP2, a specific
marker for the dendritic compartment (Caceres et al., 1984).
These experiments demonstrate that the processes labeled by the
BDNF and TrkB probes are dendrites (Fig. 1B,F). Axons, iden-
tified as cellular processes negative for MAP2, are never found to

Figure 1. Subcellular distribution of BDNF and
TrkB mRNAs in cultured hippocampal neurons.
Staining by nonradioactive in situ hybridization
with digoxigenin-labeled riboprobes and oligo-
nucleotides. Fields are viewed with Nomarski
optics, except immunofluorescence in B and F.
A, The BDNF riboprobe labels the cell soma and
a process identified as a dendrite in B by a
double-labeling with an anti-MAP2 monoclonal
antibody. C, No staining is observed with a
BDNF sense riboprobe. D, The BDNF antisense
oligonucleotide probe shows somatodendritic la-
beling. E, The TrkB riboprobe stains the cell
soma and a dendritic process identified as a
dendrite, in F, by the anti-MAP2 antibody. G,
No labeling is detected with the TrkB sense
riboprobe. H, The TrkB antisense oligonucleo-
tide probe labels the cell soma and a dendrite.
Arrowheads indicate labeling at dendritic branch-
ings or varicosities. Scale bar (shown in H ): 20
mm for A–H.
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be stained with the BDNF or the TrkB probes. Neither cell bodies
nor processes are stained with corresponding sense riboprobes
(Fig. 1C for BDNF; G for TrkB). The specificity of the dendritic
staining observed in hippocampal cultures was independently
confirmed by using digoxigenin-labeled oligonucleotide probes,
complementary to mRNA sequences nonoverlapping with those
recognized by the riboprobes (Fig. 1D for BDNF; H for TrkB).
These oligonucleotides were designed in accordance with previ-
ous studies (Ernfors et al., 1990, 1992; Merlio et al., 1993) and
were specific for the full length isoform of TrkB and for the exon
5 of BDNF, respectively (see Materials and Methods). Thus,
under our experimental conditions, the mRNA for BDNF and
TrkB can be detected unequivocally in the proximal portion of
dendrites in cultured rat hippocampal neurons.

KCl depolarization extends BDNF and TrkB mRNA
dendritic labeling
BDNF mRNA expression is upregulated by physiological stimuli
(Castrén et al., 1992) and by stimuli leading to hippocampal
long-term potentiation (Patterson et al., 1992; Castrén et al.,
1993; Dragunow et al., 1993; Lindholm et al., 1994). Moreover,
kainic acid- or pilocarpine-induced seizures lead to an upregula-
tion of the mRNAs for both BDNF and its receptor TrkB
(Dugich-Djordjevich et al., 1992; Kokaia et al., 1993; Merlio et al.,
1993; Wetmore et al., 1994; Schmidt-Kastner et al., 1996a; for
review, see Lindvall et al., 1994). To investigate whether depo-
larization would also influence the localization of BDNF and
TrkB mRNAs within the cells, cultures were gently depolarized
by increasing the extracellular KCl concentration from 3.5 mM to
either 10 or 20 mM. The electrical activity of the cultures was
verified electrophysiologically, by measuring the membrane po-
tential of pyramidal neurons under current clamp in a whole-cell
patch-clamp configuration (Fig. 2A). The resting potential in
control conditions is 265 mV. In 10 mM KCl, the membrane
potential is shifted to 255 mV, and an intense activity of action
potentials, persisting throughout the recording time, is elicited in
the cells (Fig. 2A, top). At 20 mM KCl, the membrane potential
further depolarized to 213 mV (Fig. 2A, bottom). The onset of
depolarization was initially associated with an increase in spike
frequency, after which action potentials disappeared, most likely
because of inactivation of voltage-dependent Na1 channels.

The depolarization of hippocampal cells with KCl affects the
subcellular localization of both BDNF and TrkB mRNAs. The in
situ staining for BDNF mRNA is found at much greater distances
from the cell body than in control cells after a 3 hr incubation
with 10 mM KCl (compare Fig. 2, B, control, and C, D, and E, 10
mM KCl) and 20 mM KCl (not shown). The increase in the
dendritic localization of BDNF mRNA was observed in cells of
different morphologies (compare Fig. 2, C and D). The mRNA for
BDNF is found in both large and thin caliber dendrites (Fig. 2E).
In the majority of the dendrites, regardless of their caliber, the
staining appears to be discontinuous, in the form of granules
localized, in some cases, to varicosities (Fig. 2B,E, large arrows).
These granules may correspond to the RNA-containing granules
described in living neurons (Knowles et al., 1996). It is undeter-
mined at present whether the absence of staining in some den-
dritic regions reflects a concentration of mRNA below the sensi-
tivity threshold of the method or is caused by an absence of
mRNA in these regions.

Similar results were obtained with hippocampal cultures la-
beled with the probe for the full length isoform of TrkB. Control
cells show labeling of the cell body and of proximal dendrites

(Fig. 3A). Similar to what is observed for BDNF, a strong in-
crease is also observed for TrkB in the extent of mRNA dendritic
staining on depolarization for 3 hr in 10 mM KCl (compare Fig.
3, A and B) and 20 mM KCl (not shown). In Figure 3B, one of the
two neurons shown displays TrkB mRNA labeling in the distal
regions of the dendrites, whereas the other does not. These
experiments demonstrate that neuronal depolarization is able to
increase the extent of dendritic localization of both BDNF and
TrkB mRNAs.

To determine whether the effect of KCl reflects an overall
change in the subcellular distribution of the mRNAs, rather than
a specific effect on the BDNF and TrkB mRNAs, we examined
the distribution of the b-actin mRNA, which in hippocampal
neurons is almost exclusively localized to the cell soma (Kleiman
et al., 1990, 1994), with the exception of occasional labeling of
proximal dendrites (Knowles et al., 1996). In control conditions,
the subcellular localization of the b-actin mRNA is restricted to
the cell body (Fig. 3C). Incubation for 3 hr in depolarizing
medium leads to a slight increase in the labeling intensity of the
soma but does not lead to the appearance of stained dendrites in
the culture (Fig. 3D). In agreement with the findings of Knowles
et al. (1996), some proximal dendrites occasionally display a weak
labeling, both in control and in depolarized cultures (not shown).
Thus, in contrast to BDNF and TrkB, no difference in the
subcellular localization of b-actin mRNA was induced by KCl
depolarization. Similar results were obtained when the subcellu-
lar distribution of the mRNA for the TrkA neurotrophin receptor
was analyzed. At variance with the TrkB mRNA, only a subpopu-
lation of the cultured hippocampal neurons expresses the TrkA
mRNA. In control conditions, the TrkA mRNA is localized
exclusively in the cell soma, extending only to the very proximal
portion of the dendrites, in some cells. Depolarization for 3 hr in
10 mM KCl does not change this: the mRNA remain restricted to
the cell soma (not shown) (our unpublished results). These re-
sults demonstrate that during the KCl depolarization, the in-
crease in dendritic localization observed for BDNF and TrkB
mRNAs does not reflect a generalized subcellular rearrangement
of the mRNAs.

After this first qualitative evaluation, a quantitative statistical
analysis was performed. The maximum distance from the cell
body at which labeled BDNF and TrkB mRNA could be detected
in individual dendrites (MDDL) was determined. An example of
this procedure is marked by the small arrows in Figure 2B,C. For
these measurements, cells with a well identified dendritic tree
were randomly chosen within the cell population. In control
cultures, the average MDDL for BDNF mRNA is 31.5 mm (Table
1). Incubation with 10 mM or 20 mM KCl for 3 hr leads to a 1.75-
and 1.47-fold increase of the MDDL, respectively (Fig. 4A, Table
1). After shorter incubation times in 10 or 20 mM KCl (30 min),
no significant variation could be observed. The quantitative anal-
ysis also confirmed that incubation for 3 hr in depolarizing media
leads to a great increase of the extent of TrkB mRNA dendritic
labeling (Fig. 4B). In control cultures the average MDDL for
TrkB mRNA was 24.5 mm (Table 1). After 3 hr stimulation in 10
or 20 mM KCl the MDDL increases by approximately twofold
(Fig. 4B, Table 1). At variance with BDNF, incubation in high
potassium for shorter times (30 min) leads to a small but statis-
tically significant ( p # 0.00001) increase of MDDL for TrkB
mRNA: 1.42-fold and 1.37-fold for 10 or 20 mM KCl, respectively
(Fig. 4B, Table 1). Thus, the subcellular localization of BDNF
and TrkB mRNAs is differentially regulated by KCl.

The previous results represent the average MDDL calculated
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on the total population of dendrites, including dendrites with very
different length. To put the extent of the dendritic labeling into
relationship with the length of the dendrites analyzed, each
individual MDDL measurement was plotted as a function of the
length of the corresponding dendrite. For this set of measure-
ments we selected the most isolated cells in the culture, in which
individual processes could be followed for their entire length.
The results of the correlation plots for BDNF and TrkB are
reported in Figure 4C–F. In control conditions, the correlation

between the MDDL and the length of the dendrites is 0.57 for
BDNF and 0.31 for TrkB. The regression lines have slopes of 0.30
and 0.26 for BDNF and TrkB, respectively. This slope corre-
sponds to the actual average value of dendritic “filling” with
BDNF and TrkB mRNA, ;30 and 26% of the entire dendritic
length, respectively. Depolarization of the cultures with 10 mM

KCl for 3 hr induces an increase in the slope as well as in the
correlation coefficient of the regression lines, for both BDNF
(slope 5 0.68; r 5 0.80) and TrkB (slope 5 0.67; r 5 0.72). On

Figure 2. High potassium increases the dendritic localization of BDNF mRNA in cultured hippocampal neurons. A, Whole-cell patch-clamp recordings,
under current-clamp conditions, after isotonic depolarization with 10 mM (top trace) and 20 mM KCl (bottom trace). The arrows mark the onset of the
depolarization. The arrowheads mark the last 3 min of a 30 min recording time. Calibration: 45 mV, 1 min. B, In situ hybridization on cultured
hippocampal neurons with BDNF riboprobe, viewed with Nomarski optics. Small arrows mark the maximal distance at which a dendritic labeling was
scored (MDDL). In the dendrites, staining appears granular (large arrows). C, D, Depolarization with 10 mM KCl for 3 hr increases the dendritic
localization of BDNF mRNA. E, At higher magnification, after 3 hr depolarization in 10 mM KCl, intensely labeled granules are detected within
varicosities at great distance from the cell body (large arrows). Scale bar (shown in E): 20 mm for B, C, D; 14 mm for E.
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average, BDNF and TrkB mRNAs label 68 and 67% of the total
dendritic length, respectively. It is worth noting here that under
depolarizing conditions several dendrites are stained for 100% of
their length (Fig. 4D,F). In general, under depolarizing condi-
tions staining extends to secondary and tertiary branchings, espe-
cially of large-caliber dendrites, but similar to MAP2 mRNA, was
rarely seen in the very fine, distal dendritic processes (Kleiman et
al., 1990). Thus, under depolarizing conditions, the mRNAs for
both BDNF and TrkB occupy a much greater proportion of the
total dendritic length than in control conditions, with several
dendrites being labeled throughout their total length.

The effects of KCl depolarization do not depend on
new mRNA synthesis
Previous studies have shown that depolarization of hippocampal
neurons in culture with high potassium concentrations (50 mM)
results in an increase of the total amount of BDNF mRNA that
peaks after 6 hr (Zafra et al., 1990, 1992). To determine whether
the increase of MDDL was secondary to an increase in mRNA

levels, cultures were depolarized in the presence of 5 mg/ml of
actinomycin-D to inhibit the synthesis of mRNA. At a qualitative
level, treatment of unstimulated cultures for 3.5 hr with
actinomycin-D results in only a small reduction of the staining
intensity for both BDNF and TrkB mRNAs with respect to
normal untreated cultures (Fig. 5A,C), showing that the mRNAs
for BDNF and TrkB do not turn over significantly during the time
of the experiment. The quantitative analysis shows that the extent
of MDDL in these conditions is also reduced, being 0.75- and
0.77-fold with respect to the controls for BDNF and TrkB mR-
NAs, respectively (Fig. 5E). However, when cells pretreated with
actinomycin-D for 30 min are depolarized in 10 mM KCl for 3 hr
in the continuous presence of actinomycin-D, the staining for both
the BDNF and TrkB mRNAs extends for a greater distance than
in the controls (Fig. 5B,D). The statistical analysis confirmed this
result to be highly significant (BDNF 5 1.48-fold; TrkB 5 1.45-
fold; p # 0.00001) (Fig. 5E). These results show that the increase
in the extension of the dendritic localization for the BDNF and
TrkB mRNAs does not require the ongoing synthesis of new
mRNA.

Role of Ca21 in the activity-dependent increase of
dendritic localization of BDNF and TrkB mRNAs
Ca21 is a fundamental second messenger through which electri-
cal activity can influence intracellular processes. To study the
Ca21 dependence of the activity-dependent targeting of BDNF
and TrkB mRNAs, cells were incubated with 10 mM KCl in

Figure 3. High potassium increases the dendritic localization of TrkB, but
not of b-actin, mRNAs in cultured hippocampal neurons. Nonradioactive
in situ hybridization on cultured hippocampal neurons viewed with Nomar-
ski optics. A, The TrkB riboprobe stains both cell bodies and dendrites. B,
On depolarization with 10 mM KCl for 3 hr, the dendritic labeling is
detectable at a much greater distance from the cell body. C, The b-actin
probe labels the cell bodies under control conditions and ( D) after 3 hr
depolarization in 10 mM KCl. Scale bar (shown in D): 20 mm for A–D.

Table 1. Maximal distance of dendritic staining

Mean
(mm) SE p n

BDNF
Control 31.5 60.7 403
309 K 30.9 60.8 #0.00001a 310
3h K 55.1 61.0 #0.00001b 310
309 KK 33.6 60.8 #0.00001c 386
3h KK 46.4 61.0 #0.00001a,b 350
3h K kinu 41.7 61.0 #0.00001a,b 276
3h K nife 43.4 60.9 #0.00001a,b 389
3h KK kinu 39.6 60.9 #0.00001b,c 324
3h KK nife 32.3 60.9 #0.00001c 273
3h K TTX 35.7 61.1 #0.01; 0.00001a,b 221
C act.D 23.6 61.5 #0.01b 74
3h K act.D 46.6 61.3 #0.00001b 146

TrkB
Control 24.5 60.5 451
309 K 34.7 60.8 #0.00001a,b 306
3h K 52.5 61.2 #0.00001b 301
309 KK 33.6 60.8 #0.00001b,c 313
3h KK 49.8 61.3 #0.00001b 318
3h K kinu 30.3 60.8 #0.00001a,b 321
3h K nife 41.1 61.0 #0.00001a,b 305
3h KK kinu 36.5 61.2 #0.00001b,c 176
3h KK nife 28.8 60.7 #0.00001b,c 304
3h K TTX 31.6 61.3 #0.00001a,b 72
C act.D 18.8 61.2 #0.01b 86
3h K act.D 35.6 61.2 #0.00001b 147

SE, Standard error; n, number of dendrites measured.
aRespect to 3h K; t test.
bRespect to control; t test.
cRespect to 3h KK; t test.

Tongiorgi et al. • BDNF and Trkb mRNA Dendritic Targeting J. Neurosci., December 15, 1997, 17(24):9492–9505 9497



Ca21-free medium supplemented with EGTA to block the exter-
nal Ca21 or with BAPTA-AM to block the internal Ca21. In
these Ca 21-free conditions, the general levels of staining are
much reduced in comparison with control cultures, and several
neurons appeared flattened and partially swollen (not shown).
Measurement of the MDDL in neurons having a normal mor-
phology shows that on depolarization with 10 mM KCl for 3 hr,
the MDDL for BDNF mRNA (Fig. 6A) or for TrkB mRNA (Fig.
6B) does not change with respect to controls. Interestingly, no
statistically significant difference can be observed when either
EGTA or BAPTA-AM are used. These results demonstrate that

extracellular Ca21 is absolutely required for the KCl-induced
increase in the dendritic targeting of BDNF and TrkB mRNA.

TTX, kinurenic acid, and nifedipine counteract the KCl-
induced increase in dendritic localization of BDNF and
TrkB mRNA
To further characterize the activity-dependent increase in
MDDL for the BDNF and TrkB mRNAs, the Na1 channel
blocker TTX was used. Depolarization with 10 mM KCl in the
presence of 0.5 mM TTX for 3 hr results in a strong inhibition of
the KCl-induced increase of MDDL, for both BDNF (81%
inhibition) and TrkB mRNA (75% inhibition) (Fig. 7A,C, Table
1). These results indicate that the increase in the dendritic local-
ization of BDNF and TrkB mRNAs observed in 10 mM KCl
requires Na1-dependent action potentials to occur.

Figure 4. Quantitative analysis of dendritic localization of BDNF and
TrkB mRNAs after depolarization of hippocampal neurons in culture.
Bars in A and B indicate the fold increase, with respect to controls, of the
mean maximal distance at which the in situ labeling in dendrites was
detectable (MDDL). A, BDNF mRNA. Depolarization with either 10 ( K )
or 20 mM KCl (KK ) increases the mean maximal distance of dendritic
labeling (MDDL) at 3 hr (3 h K and 3 h KK ) but not at 30 min (309 K and
309 KK ). The average MDDL measured with 10 mM KCl (3 h K ) is larger
than with 20 mM KCl (3 h KK ). B, TrkB mRNA. Both KCl concentrations
induce a significant increase in MDDL of TrkB mRNA after 30 min (309
K, 309 KK ) and a stronger increase at 3 hr (3 h K, 3 h KK ). E, Significantly
different with respect to the 3 h K-stimulated; L, significantly different
with respect to the 3 h KK stimulated; and *, significantly different with
respect to the control (no stimulation). Error bars represent SE. The
corresponding numerical values, number of dendrites measured, and
significance values are shown in Table 1. C, D, E, F, Correlation plots of
the MDDL versus dendritic length. Each point refers to one MDDL
determination, together with the length of the corresponding dendrite,
under the experimental conditions indicated. The scatter plots were fitted
by linear regression lines through the origin. C, Slope 5 0.30, correlation
coefficient r 5 0.57; D, slope 5 0.68; r 5 0.80; E, slope 5 0.26; r 5 0.31;
F, slope 5 0.67; r 5 0.72.

Figure 5. The effects of KCl depolarization do not depend on new
mRNA synthesis. Nonradioactive in situ hybridization on cultured hip-
pocampal neurons viewed with Nomarski optics. In control conditions,
cells were kept in the presence of actinomycin-D for 3.5 hr and then
stained with ( A) BDNF or ( C) TrkB riboprobes. After a pretreatment of
30 min with actinomycin-D, cultures were depolarized for 3 hr in 10 mM
KCl in the continuous presence of actinomycin-D and stained with (B)
BDNF or ( D) TrkB riboprobes. Scale bar (shown in D): 20 mm for A–D.
E, Quantitative analysis of the MDDL for BDNF and TrkB mRNAs with
actinomycin-D. Bars indicate the fold increase, with respect to controls, of
the mean maximal distance at which the in situ labeling was detectable
(MDDL). Results are similar for both BDNF and TrkB mRNAs: treat-
ment of control cultures with actinomycin-D for 3.5 hr (C act.D) reduces
the MDDL with respect to untreated controls ( C), whereas a strong
increase of MDDL induced by 3 hr in 10 mM KCl also occurs in the
presence of actinomycin-D (3h K act.D). Error bars represent SE. *,
Significantly different from controls. The corresponding numerical values,
the number of dendrites measured, and the significance values are shown
in Table 1.
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Hippocampal neurons express glutamate receptors of the
NMDA and AMPA types. To ascertain the contribution of glu-
tamatergic synaptic transmission to the KCl-induced increase in
dendritic localization of BDNF and TrkB mRNA, kinurenic acid
(1 mM), which blocks both NMDA and AMPA glutamate recep-
tors, was added to cell cultures. The addition of kinurenic acid to
either the 10 or 20 mM KCl medium partially counteracts the
increase in MDDL for BDNF mRNA: the resulting MDDL
increase is 1.32-fold (57% inhibition) for 10 mM KCl and 1.26-
fold (55% inhibition) for 20 mM KCl (Fig. 7A, Table 1). In
contrast, for TrkB mRNA, the inhibitory effect of kinurenic acid
is more effective at 10 mM KCl, resulting in an MDDL increase of
only 1.23-fold (80% inhibition), whereas at 20 mM KCl it has an
effect similar to that observed for BDNF mRNA (1.48-fold in-
crease; 53% inhibition) (Fig. 7C, Table 1). Thus, glutamatergic
synaptic transmission is involved in the KCl-induced increase in
MDDL at the two tested concentrations in a similar way for the
BDNF mRNA, and the TrkB mRNA is more relevant at 10 than
at 20 mM KCl.

Glutamate receptors of the NMDA type are known to be
important for the Ca21 influx in the neurons during synaptic
activity. Another important Ca21 entry route is represented by
the voltage-sensitive Ca21 channels, in particular those of the
L-type. To test the contribution of these channels to the regula-
tion of mRNA targeting, nifedipine (1 mM), a specific blocker of
the L-type voltage-dependent Ca21 channel, was used. When
nifedipine is added to the 10 mM KCl medium, the MDDL
increase is 1.38-fold for BDNF mRNA (50% inhibition) (Fig. 7B,
Table 1) and 1.67-fold (58% inhibition) (Fig. 7D, Table 1) for

TrkB mRNA. In contrast, the MDDL increase observed in 20 mM

KCl for both mRNAs is almost completely abolished by nifedi-
pine (96% and 83% inhibition for BDNF and TrkB, respectively)
(Fig. 7B,D, Table 1). Taken together, these data suggest that the
MDDL increase of BDNF and TrkB mRNAs observed in 20 mM

KCl is almost totally dependent on Ca21 entry through the
L-type voltage-sensitive Ca21 channels, whereas in 10 mM KCl
the MDDL increase appears to depend only partially on the
activation of these channels.

Dendritic TrkB and BDNF immunoreactivity is rapidly
increased by electrical activity
The finding that the dendritic targeting of TrkB and BDNF
mRNA is increased in hippocampal cultured neurons after KCl

Figure 6. Effects of Ca 21-free medium on the KCl-induced increase in
dendritic localization of BDNF and TrkB mRNAs. Quantitative analysis
of the MDDL for BDNF and TrkB mRNAs in nominally Ca 21-free
medium supplemented with 10 mM EGTA or BAPTA-AM. Bars indicate
the fold increase, with respect to controls, of the mean maximal distance
at which the in situ labeling was detectable (MDDL) for 80–150 dendrites.
A, In nominally Ca 21-free medium the MDDL for BDNF mRNA,
induced by depolarization with 10 mM KCl for 3 hr, does not change with
respect to controls. The effects are identical in the presence of either
EGTA or BAPTA-AM. B, MDDL for TrkB mRNA. At the level of p #
0.05 (Student’s t test), no significant variation in MDDL with respect to
controls can be observed when cultures are depolarized under Ca 21-free
conditions. Identical effects are seen with either EGTA or BAPTA-AM.
C, Unstimulated controls in normal medium. CEGTA, Unstimulated
controls maintained 3 hr in Ca 21-free medium containing EGTA;
CBAPTA-AM, unstimulated controls maintained 3 hr in Ca 21-free me-
dium containing BAPTA-AM; 3h K EGTA, neurons stimulated with 10
mM KCl in Ca 21-free medium containing EGTA; 3h K BAPTA-AM,
neurons stimulated with 10 mM KCl in Ca 21-free medium containing
BAPTA-AM. Error bars represent SE.

Figure 7. Effects of TTX, kinurenic acid, and nifedipine on the KCl-
induced increase in dendritic localization of BDNF and TrkB mRNAs.
Quantitative analysis of the MDDL for BDNF and TrkB mRNAs in the
presence of TTX, kinurenic acid, and nifedipine. Bars indicate the fold
increase, with respect to controls, of the mean maximal distance at which
the in situ labeling was detectable (MDDL). A, Continuous presence of
tetrodotoxin (TTX ) inhibits the increase in MDDL for BDNF mRNA,
induced by depolarization with 10 mM KCl for 3 hr (3h K TTX ). The
glutamate receptor antagonist kinurenic acid partially counteracts the
KCl-induced increase by either 10 (3h K kinu) or 20 mM KCl (3h KK
kinu). B, The L-type Ca 21 channel blocker nifedipine has distinct effects
at different KCl concentrations, with a partial inhibition at 10 mM KCl (3h
K nife) and an almost complete inhibition at 20 mM KCl (3h KK nife). C,
TTX strongly inhibits the MDDL increase for TrkB mRNA in 10 mM KCl
(3h K TTX ). The glutamate receptor antagonist kinurenic acid reduced
the 10 mM KCl depolarization effects (3h K kinu) more effectively than at
20 mM KCl (3h KK kinu). D, In contrast, nifedipine almost completely
abolishes the effects induced by 20 mM KCl (3h KK nife) and only partially
inhibits those induced by 10 mM KCl depolarization (3h K nife). Error
bars represent SE. E, Significantly different with respect to the 3 h
K-stimulated; L, significantly different with respect to the 3 h KK stim-
ulated; *, significantly different with respect to the control (no stimula-
tion). Also see Table 1.
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stimulation leads naturally to the question of whether the den-
dritic content of the corresponding proteins also would be sub-
jected to modulation by electrical activity. To answer this ques-
tion, the distribution of the BDNF and TrkB proteins in
hippocampal cells was studied by immunofluorescence and con-
focal microscopy analysis with anti-BDNF and anti-TrkB anti-
bodies, in control cultures and in cultures treated for 10 min with
10 mM KCl. For these experiments we used antibodies that were
shown in previous studies to detect BDNF (Goodman et al.,
1996) and TrkB (Cellerino et al., 1996) in the somatodendritic
compartment of neurons. In control cultures, BDNF immunore-
activity appears to be concentrated mainly in small spots distrib-
uted along the dendrites, with a prominent localization to the
proximal dendrites and the cell soma (Fig. 8A). When cells were
depolarized for 10 min with 10 mM KCl, larger and brighter spots
could be observed in the distal dendrites, whereas the cell soma
appeared to be stained similarly to controls (Fig. 8B). TrkB
immunoreactivity in control conditions appears to be distributed
more evenly along the whole cell (Fig. 8D). After incubation in 10
mM KCl for 10 min, a strong increase in the TrkB immunoreac-
tivity, restricted to the dendrites, is observed, whereas the cell
soma staining remains similar to that of controls (Fig. 8E).

A quantification of these results was performed with confocal

microscopy by measuring the immunofluorescence signal within
the dendrites. For these measurements only the principal den-
drites of the cells (i.e., .100 mm in length) were chosen. The
immunofluorescence signal was integrated over five different con-
focal sections taken across the entire width of the dendrites. The
integrated images of the dendrites were longitudinally subdivided
into two regions, which were contoured manually: a proximal
region (from the base of the dendrite up to 30 mm from the cell
soma) and a distal region (from 30 mm up to 90 mm from the cell
soma). In control conditions, the majority of dendrites .100 mm
in length contained BDNF and TrkB mRNAs in both the prox-
imal and distal regions described above (Fig. 4C,E). The fluores-
cence density (see Materials and Methods) over the proximal and
distal regions was quantified under different experimental condi-
tions. The 10 mM KCl depolarization induces in the proximal
region a 1.30-fold increase of the BDNF fluorescence density and
a stronger increase of 1.78-fold in the distal region (Fig. 9A). Also
for TrkB, after 10 min in 10 mM KCl an increase in fluorescence
density in the distal dendrites is found (1.75-fold), whereas no
significant variation is found in the proximal region (Fig. 9C).
These experiments demonstrate that electrical activity affects
BDNF and TrkB protein levels by rapidly increasing their amount
in the dendrites.

Figure 8. A short incubation in high potassium increases BDNF and TrkB protein levels in the dendritic compartment. Immunohistochemistry on
cultured hippocampal neurons. Each picture represents the integration in a single projection of a series of five optical sections obtained with a confocal
microscope, as described in Materials and Methods. A, Anti-BDNF immunostaining of control cultures. B, Anti-BDNF immunostaining after 10 mM KCl
depolarization for 10 min. C, Anti-BDNF staining after a preincubation with nocodazole for 6 hr followed by 10 min of 10 mM KCl depolarization in
the continuous presence of nocodazole. D, Staining with anti-TrkB antibody in control conditions. E, Staining with anti-TrkB antibodies after 10 min
depolarization in 10 mM KCl. F, Anti-TrkB staining after a preincubation with nocodazole for 6 hr followed by 10 min of 10 mM KCl depolarization
in the continuous presence of nocodazole. Scale bar (shown in F ): 20 mm for A–F.
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The activity-dependent increase in dendritic BDNF and
TrkB immunoreactivity requires protein synthesis
To determine whether new protein synthesis is involved in the
KCl-induced increase of BDNF and TrkB dendritic immuno-
staining, cultures were preincubated for 30 min with the protein
synthesis inhibitor cycloheximide, before the depolarizing stim-
ulus. Cultures were then incubated for 10 min either in 10 mM

KCl or in control medium, in the continuous presence of cyclo-
heximide. In unstimulated cultures, cycloheximide does not
change the basal levels of fluorescence density of BDNF or TrkB,
with respect to those of control conditions; the only exception is
a slight decrease of TrkB in the proximal dendrites (Fig. 9A,C).
This shows that under basal conditions the half-life of the BDNF
and TrkB proteins, in all compartments for BDNF and at least in
the distal dendrites for TrkB, is .40 min. In KCl-stimulated

cultures, cycloheximide completely prevents the increase in
BDNF and TrkB immunoreactivity in the distal dendritic com-
partment (Fig. 9A,C). For BDNF, the cycloheximide treatment
also fully inhibits the increase found in the proximal region.
Taken together, these results demonstrate that the electrical
activity-dependent increase in BDNF and TrkB immunostaining
observed in distal and proximal dendrites requires new protein
synthesis.

The activity-dependent increase in dendritic BDNF and
TrkB immunoreactivity occurs also under dendritic
transport blockade
The kinetics of fast protein transport in dendrites (Kiss et al.,
1977; Feig and Lipton, 1993) would allow, in principle, proteins
newly synthesized in the perikaryon to be transported into the

Figure 9. Quantitative analysis of BDNF and
TrkB protein levels in proximal and distal re-
gions of the dendrites. Immunofluorescence for
BDNF or TrkB was acquired by five confocal
sections and integrated in a single projection, in
control conditions and after 10 min depolariza-
tion with 10 mM KCl, in the presence or absence
of cycloheximide (A, C) and of nocodazole (B,
D). Fluorescent density of BDNF (A, B) and
TrkB (C, D) was determined in proximal and
distal regions of the projections of labeled den-
drites as described in Materials and Methods.
Bars represent the mean fold increase of the
fluorescence density of 45 dendrites, with respect
to the controls (51.0). Error bars represent SE.
A, Incubation of cells in 10 mM KCl for 10 min
leads to a strong increase of BDNF fluorescence
density in both proximal and distal regions
(109K ). Incubation of control cells with the pro-
tein synthesis inhibitor cycloheximide does not
alter the basal levels of fluorescence density for
BDNF in proximal and distal regions (C 1 Cy-
clo). Cycloheximide completely inhibits the in-
crease in fluorescence density induced by the 10
mM KCl stimulus (109K 1 Cyclo). B, After pre-
treatment of cells with nocodazole for 6 hr the
levels of BDNF fluorescence density in the prox-
imal dendrites depolarized for 10 min with 10
mM KCl in the continuous presence of nocoda-
zole (109K 1 Noco) were comparable to control
(C 1 Noco), whereas a significant fluorescence
density increase could be detected in the distal
dendrites (109K 1 Noco). C, Incubation of cells
in 10 mM KCl for 10 min led to a strong increase
of fluorescence density for TrkB in the distal
region (109K ) but not in the proximal region, and
this effect was abolished by cycloheximide (109K
1 Cyclo). Incubation of control cells with cyclo-
heximide reduces the basal levels of TrkB fluo-
rescence density in the proximal but not in the
distal regions (C 1 Cyclo). D, After pretreatment
of cells with nocodazole for 6 hr, followed by a
depolarization for 10 min with 10 mM KCl in
continuous presence of nocodazole, the TrkB
fluorescence density in the proximal dendrites
(109K 1 Noco) was comparable to the controls
(C 1 Noco), whereas a fluorescence density in-
crease could be detected in the distal dendrites
(109K 1 Noco). Significance with respect to con-
trols: op # 0.05; *p # 0.01; **p # 0.001. E,
Western blot for the soluble and microtubule
cellular pools of tubulin in hippocampal neurons
in culture. M1, Soluble tubulin fraction; M2, po-
lymerized tubulin fraction. After 6 hr incubation
with nocodazole, the soluble, unpolymerized tu-
bulin fraction is doubled.
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distal dendrites during the 10 min depolarization, leading to their
accumulation.

To ascertain whether the immunofluorescence increase ob-
served in the distal dendrites would reflect an accumulation
caused by transport of newly synthesized BDNF and TrkB pro-
tein from the perikaryon, cells were depolarized in the presence
of nocodazole (1 mg/ml), which inhibits the protein transport in
dendrites, by affecting the amount of polymerized tubulin (Dotti
and Banker, 1991; Cid-Arregui et al., 1995). In control experi-
ments, to confirm the effectiveness of the nocodazole treatment,
cells were preincubated with the drug for 6 hr. Thereafter, dif-
ferential extractions of soluble and microtubule fractions were
performed, and the relative amount of tubulin in the polymerized
and unpolymerized fractions was quantified by optical scanning of
the Western blot stained with anti-tubulin antibodies. Nocoda-
zole treatment leads to a decrease of polymerized tubulin (from
86% of the total tubulin amount in control conditions to 65%)
and a corresponding 2.5-fold increase of the unpolymerized tu-
bulin pool (from 14 to 35% of the total tubulin amount) (Fig. 9E).
Nocodazole-treated cells show an immunofluorescence signal for
both BDNF and TrkB localized in the cell body and in dendrites,
especially in dendritic varicosities. This beaded immunofluores-
cence distribution is even more evident in cultures stimulated
with 10 mM KCl for 10 min, in the continuous presence of
nocodazole (Fig. 8C,F). The quantitative analysis of the fluores-
cent density of cell cultures pretreated for 6 hr with nocodazole
shows that after 10 min stimulation in 10 mM KCl the BDNF and
TrkB fluorescence density is significantly increased in the distal
dendrites (1.34-fold for BDNF and 1.19-fold for TrkB) (Fig.
9B,D). No significant increase was seen in the proximal dendrites.
Thus, a local increase in the BDNF and TrkB protein amount can
be triggered by a brief depolarization independently of macro-
molecule transport from adjacent regions.

DISCUSSION
Neurotrophins are localized to the dendritic processes of neu-
rons, from which they can be secreted in an activity-dependent
way (Blöchl and Thoenen, 1996; Goodman et al., 1996). The
BDNF-receptor TrkB is also found in dendrites (Cabelli et al.,
1996; Cellerino et al., 1996). This study investigated whether the
mRNAs coding for BDNF and for its receptor TrkB are targeted
to dendrites, contributing to the final destination of the corre-
sponding proteins. Herein we demonstrated the following: (1)
BDNF and TrkB mRNAs are localized to the somatodendritic
compartment of cultured hippocampal neurons; (2) the KCl de-
polarization extends the localization of BDNF and TrkB mRNAs
to the distal portion of dendrites up to their end; (3) the enhance-
ment of the dendritic extent of BDNF and TrkB mRNAs by KCl
is not secondary to an increase in mRNA synthesis; (4) the KCl
effect depends on extracellular Ca 21; (5) a short KCl depolar-
ization stimulates the synthesis of BDNF and TrkB proteins,
which are accumulated in the distal portion of dendrites; and (6)
this accumulation still occurs, although at lower levels, when the
dendritic transport is inhibited. These results support the view
that synaptic activity can regulate the amount of dendritic pro-
teins by modulating the local translation of the corresponding
mRNA (Steward, 1994, 1997; Schumann, 1997). In addition, our
results, together with the results obtained by others for the ARC
mRNA (Lyford et al., 1995), extend this concept by suggesting
that electrical activity may also regulate the composition of the
dendritic pool of mRNAs, through a modulation of their trans-
port and/or of their half-life. The demonstration that BDNF and

TrkB mRNAs are subject to this form of regulation has implica-
tions for the proposed mode of action of the encoded proteins in
synaptic plasticity.

BDNF and TrkB mRNAs are widely expressed in the rat brain.
Notably, the majority of the previous studies did not specifically
examine the issue of the subcellular localization of these two
mRNAs, because they were focused on their overall expression
pattern in the brain, showing pictures at magnification too low to
detect the dendrites or lacking a clear identification of the den-
dritic processes. Only one study reported a dendritic localization
for TrkB mRNA (Ugolini et al., 1995), and a few others were
suggestive of a proximal dendritic localization of BDNF or TrkB
mRNAs (Wetmore et al., 1990, 1994; Dugich-Djordjevich et al.,
1992; Schmidt-Kastner et al., 1996a,b). Here, the application onto
isolated neurons in culture of a nonradioactive in situ hybridiza-
tion technique, having high resolution of the cell morphology, has
allowed us to detect unequivocally the presence of BDNF and
TrkB mRNAs in the dendrites. In control conditions the staining
extends on average to 31.5 and 24.5 mm for BDNF and TrkB
mRNAs, respectively. This staining has to be considered den-
dritic, similar to results of the detailed study by Martone et al.
(1996) showing that the a-Ca/Calmodulin kinase II mRNA,
which is dendritic, “could be followed for a distance of 30–40 mm
from the cell body,” whereas the nondendritic b-subunit mRNA
was restricted within the first 15 mm. Remarkably, in our study
electrical activity extends the localization of BDNF and TrkB
mRNAs to almost the entire dendritic length. In agreement with
this in vitro study, the mRNA for BDNF and TrkB, but not for
TrkA, is dendritically localized in vivo as well (Tongiorgi et al.,
1996a,b). This may reflect a basal level of electrical stimulation of
the labeled cells.

Theoretically, the KCl treatment might induce a general intra-
cellular reorganization, attributable to cytotoxic effects. Previous
studies on BDNF expression in cultured hippocampal neurons
(Zafra et al., 1990, 1992; Elliott et al., 1994) used a higher
concentration of KCl (50 mM), with respect to our study (10 or 20
mM), for a much longer time (up to 48 hr) than in our experi-
ments, without describing cytotoxic effects. The presence of den-
dritic varicosities is not a sign of cell suffering per se: in cortical
neurons, cytotoxic concentrations of the glutamate analog
NMDA induce a dramatic increase in the number of dendritic
varicosities, but a background level of varicosities was present in
control conditions as well (Faddis et al., 1997). Furthermore, in
spinal neurons, a physiological stimulation also can induce for-
mation of varicosities (Mantyh et al., 1995). In our experimental
conditions, the minor increase in the number of cells with stained
dendritic varicosities that was observed (from 3% for controls to
5% for stimulated) argues against a general cytotoxic effect of
KCl. The significance of the accumulation of grains of mRNA
staining in the varicosities is unclear, but it might reflect the
existence of preferential sites for protein synthesis, as suggested
by the accumulation of BDNF and TrkB proteins in varicosities of
nocodazole-treated cells.

Electrical activity increases the extent of dendritic BDNF and
TrkB mRNA localization, by and large, in a similar way. At both
KCl concentrations tested, the increase of the intracellular con-
centration of Ca21 emerges as one of the triggering events of the
cascade that modulates localization of both mRNAs. However,
the regulation of TrkB mRNA localization differs from that of
BDNF in some respects. First, for BDNF mRNA the effect of 10
mM KCl is stronger than that of 20 mM KCl, whereas for TrkB the
two KCl concentrations have a comparable effect. Second, the
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increase in dendritic targeting is more rapid for TrkB than for
BDNF mRNA. Third, the glutamatergic synaptic transmission
seems to be more important in regulating the dendritic localiza-
tion of TrkB than of BDNF mRNA. The increased localization of
BDNF and TrkB mRNAs induced by depolarization is a slow
process. It is not clear at present whether the limiting time step is
the transport process itself [the rate of mRNA transport in the
dendrites is on average 11 mm/hr, (Davis et al., 1990)] or the
signal transduction processes leading to the observed phenomena.
A precise analysis of the factors involved in the regulation of the
localization of mRNAs is beyond the scope of the present study
but is of high interest. Similar to results in our study, kainic
acid-induced seizures increase the dendritic localization of ARC
mRNA (Lyford et al., 1995), suggesting that similar mechanisms
also may operate in vivo. Whether the increased targeting of
BDNF and TrkB mRNAs, ensuing membrane depolarization, is
attributable to a stimulation of a specific transport mechanism or
to an increased half-life of the two mRNAs, is at the moment an
open question. In any event, the experiments with actinomycin-D

demonstrate that the extension of the BDNF and TrkB mRNAs
to the distal dendrites is not secondary to an mRNA synthesis
stimulation by KCl.

The modulation of BDNF and TrkB protein levels was studied
by using shorter KCl stimulation protocols (10 min). A consistent
picture emerges from these experiments: (1) the levels of BDNF
and TrkB protein in the distal dendritic regions increase as a
result of KCl-induced depolarization; (2) the basal levels of
BDNF and TrkB protein in control conditions are not affected by
a 40 min cycloheximide incubation; and (3) the KCl-induced
increase is totally inhibited by cycloheximide and thus protein
synthesis dependent. The increase in distal BDNF and TrkB
proteins may be caused, therefore, by an increased translation of
a preexisting pool of mRNAs and/or to a reduced degradation of
these proteins. The cycloheximide dependence of the observed
increase argues in favor of the first possibility, i.e., a translational
control. During the 10 min depolarization, the transport of
BDNF or TrkB proteins from the cell body may contribute to the
observed phenomenon, because the most rapid dendritic trans-
port of newly formed proteins in rat hippocampal cells is 50
mm/min (Kiss et al., 1977). However, after incubation of hip-
pocampal cells for 6 hr with nocodazole that fully inhibits, in a
reversible manner, the dendritic transport in hippocampal neu-
rons (Dotti and Banker, 1991; Cid-Arregui et al., 1995), a signif-
icant increase in dendritic proteins on depolarization could still
be detected. Taken together, these data suggest that BDNF and
TrkB protein might be synthesized in the periphery of the hip-
pocampal neurons, after KCl depolarization. The existence of
the complete machinery for protein synthesis in the dendritic
compartment of neurons is now well established (Steward, 1997).
Also, the requirement for dendritic protein synthesis in synaptic
plasticity phenomena has been postulated to form one of the
mechanisms whereby synapse specificity of potentiated synapses
is achieved (Kang and Schumann, 1996; Schumann, 1997).

Of note is the fact that in the culture system studied, the large
majority of the neurons express both BDNF and TrkB. In accor-
dance with previous studies in vivo (Kokaia et al., 1993; Miranda
et al., 1993), this has suggested the potential for an autocrine loop
at the cellular level (Miranda et al., 1993). Our results extend this
concept, suggesting the theoretical possibility for local dendritic
autocrine loops.

In conclusion, our data suggest that the dendritic transport
and/or half-life of the BDNF and TrkB mRNAs is selectively

enhanced by the electrical activity and that the mRNA localiza-
tion can contribute to the local synthesis of these two proteins in
response to enhanced synaptic activity.
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Activity dependent and hormonal regulation of neurotrophin mRNA
levels in the brain: implications for neuronal plasticity. J Neurobiol
25:136–1372.

Lindvall O, Kokaia Z, Bengzon J, Elmér E, Kokaia M (1994) Neurotro-
phins and brain insults. Trends Neurosci 17:490–496.

Link W, Konietzko U, Kauselmann G, Krug M, Schwanke B, Frey U,
Kuhl D (1995) Somatodendritic expression of an immediate early gene
is regulated by synaptic activity. Proc Natl Acad Sci USA 92:5734–5738.

Lohof AM, Ip NY, Poo MM (1993) Potentiation of developing neuro-
muscular synapses by the neurotrophins NT-3 and BDNF. Nature
363:350–353.

Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, Sanders LK,
Copeland NG, Gilbert DJ, Jenkins NA, Lanahan AA, Worley PF
(1995) Arc, a growth factor and activity-regulated gene, encodes a
novel cytoskeleton-associated protein that is enriched in neuronal den-
drites. Neuron 15:433–445.

Maisonpierre PC, Le Beau MM, Espinosa RI, Ip NY, Belluscio L, La
Monte S, Squinto S, Furth ME, Yancopulos GD (1991) Human and
rat BDNF and NT3: gene structures, distributions and chromosomal
localization. Genomics 10:558–568.

Malgaroli A, Tsien RW (1992) Glutamate-induced long term potentia-
tion of the frequency of miniature synaptic currents in cultured hip-
pocampal neurons. Nature 357:134–139.

Mantyh PW, DeMaster E, Malhotra A, Ghilardi JR, Rogers SD, Mantyh
CR, Liu H, Basbaum AI, Vigna SR, Maggio JE, Simone DA (1995)
Receptor andocytosis and dendrite reshaping in spinal neurons after
somatosensory stimulation. Science 268:1629–1632.

Martone ME, Pollock JA, Jones YZ, Ellisman MH (1996) Ultrastruc-
tural localization of dendritic messenger mRNA in adult rat hippocam-
pus. J Neurosci 16:7428–7436.

Merlio J-P, Ernfors P, Kokaia Z, Middlemas DS, Bengzon J, Kokaia M,

9504 J. Neurosci., December 15, 1997, 17(24):9492–9505 Tongiorgi et al. • BDNF and Trkb mRNA Dendritic Targeting
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