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ABSTRACT Brain-derived neurotrophic factor
(BDNF) is a polypeptide that is secreted from
neurons. Although there is mounting evidence
that BDNF regulates neuronal development and
synaptic plasticity, BDNF secretion has remained
unclear due to lack of appropriate methods for
the analysis of its dynamics. To visualize BDNF
secretion from neurons, here we have developed
a cell-based fluorescent indicator for BDNF. We
showed that the present cell-based fluorescent
indicator, named “Bescell”, has high selectivity
to BDNF and detects picomolar concentrations of
BDNF (detection limit of 60 pM). Bescell has visu-
alized endogenous BDNF secreted from hip-
pocampal neurons. It thus provides a powerful
tool for the analysis of BDNF secretion from liv-
ing neurons.

C ells secrete a wide variety of bio-
logical substances that regulate cel-
lular functions, including growth

factors, cytokines, hormones, and neuro-
transmitters. Brain-derived neurotrophic fac-
tor (BDNF) is a polypeptide that is secreted
from neurons. BDNF plays a key role in the
regulation of growth and survival of neurons
(1). Decreased expression of BDNF is in-
volved in pathophysiology of the brain, in-
cluding Alzheimer’s disease and Parkin-
son’s disease (2). In addition to the long-
term effects, BDNF contributes to a rapid
modulation of neuronal functions such as
activity-dependent synaptic plasticity, which
is a cellular basis for learning and memory
(1). For understanding the biological func-
tions of BDNF, it is essential to reveal the dy-
namics of BDNF secretion from living neu-
rons. However, convincing methods are not
available that provide the spatiotemporal in-
formation about BDNF secretion.

BDNF has so far been analyzed by
enzyme-linked immunosorbent assay
(ELISA) as well as other growth factors, cyto-
kines, hormones, and neurotransmitters
(3). However, because ELISA is a destruc-
tive method, it provides no spatiotemporal
information about BDNF secretion. In the
present study, we have developed a cell-
based indicator that detects picomolar
concentrations of BDNF with fluorescence
readout. Using the present cell-based fluo-

rescent indicator, named “Bescell” (BDNF
sensor cell), we visualized BDNF secretion
from hippocampal neurons.

RESULTS AND DISCUSSION
A cell-based indicator is a living cell that is
engineered to have functional proteins for
recognition of an analyte, for signal amplifi-
cation and transduction, and for detection of
the amplified signal. To develop Bescell,
we expressed a chimeric receptor protein ki-
nase and a fluorescent indicator for protein
phosphorylation in a living cell (Figure 1). An
extracellular domain of the chimeric recep-
tor binds with BDNF at the surface of the
cell-based indicator (Figure 1). The binding
of BDNF triggers activation of an intracellu-
lar kinase domain of the chimeric receptor,
which transduces the signal (Figure 1). The
activation of the kinase domain is detected
with the fluorescent indicator for protein
phosphorylation (Figure 1). Bescell thus de-
tects physiological concentrations of BDNF
with fluorescence readout. We first con-
structed the chimeric receptor tyrosine ki-
nase and the fluorescent indicator for pro-
tein phosphorylation, respectively.

We constructed the chimeric receptor ty-
rosine kinase that binds with BDNF and
transduces the signal to its kinase activa-
tion in Bescell. Tropomyosin receptor kinase
B (TrkB) is a receptor for BDNF that is lo-
cated at the surface of cells (4). We used
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the extracellular BDNF binding domain of
TrkB for the chimeric receptor (5). TrkB is a
receptor tyrosine kinase. BDNF induces
dimerization of TrkB and thereby activates
the intracellular kinase domain of TrkB.
Among receptor tyrosine kinases, EGF recep-
tor (EGFR) is reported to show much higher
kinase activity than others (6). Therefore, we
constructed the chimeric receptor tyrosine
kinase for BDNF using the intracellular ki-
nase domain from EGFR (EGFR catalytic do-
main: ECat) and the extracellular BDNF bind-
ing domain of TrkB (BDNF binding domain:
BBD). We expected that this chimeric recep-
tor tyrosine kinase, named BBD-ECat,
specifically binds to BDNF and exhibits
high kinase activity.

We examined whether BBD-ECat is effi-
ciently expressed and activated in living
cells. We constructed cDNA encoding BBD-
ECat as shown (Figure 2, panel a). The cDNA
encoding BBD-ECat was transfected into cul-
tured MCF-7 cells. The cells were stimu-
lated with 1.1 nM BDNF for 15 min. After
the semipurification of the receptor proteins

from the cell lysate with WGA-agarose, im-
munoblot analysis was performed using
anti-V5 antibody or anti-phosphotyrosine
antibody (pY20). The lower part of panel b
(Figure 2, panel b) shows that BBD-ECat is
efficiently expressed in the cells. The upper
part of panel b (Figure 2, panel b) shows that
BBD-ECat is efficiently autophosphorylated
upon stimulation with BDNF. These results
indicate that the extracellular domain of
BBD-ECat binds to BDNF and the intracellu-
lar domain of BBD-ECat is then activated as
expected. We used BBD-ECat for Bescell.

We have previously reported a genetically
encoded fluorescent indicator for visualiz-
ing protein phosphorylation based on fluo-
rescence resonance energy transfer (FRET)
(7). This approach has been applied to vari-
ous protein kinases, including Akt (8), ERK
(9), and Src (10). In the present study, we
constructed a fluorescent indicator for Bes-
cell based on the FRET approach. This fluo-
rescent indicator is composed of a substrate
domain that is phosphorylated by a protein
kinase, a recognition domain that binds to
the phosphorylated substrate domain, and
two green fluorescent protein mutants
(Figure 2, panel c). We used a 12 amino ac-
ids sequence derived from a substrate pro-
tein of EGFR known as Shc for the substrate
domain (amino acids 236�247 of Shc). The
substrate sequence contains tyrosine resi-
due 239 that is phosphorylated by EGFR
(11). For the recognition domain, we used
Src homology 2 (SH2) domain of growth fac-
tor receptor-bound protein 2 (Grb2) (11).
Upon phosphorylation of the substrate do-
main, the recognition domain binds to the
phosphorylated substrate domain in the
fluorescent indicator (Figure 2, panel c). This
conformational change in the indicator in-
duces FRET between the donor cyan fluores-
cent protein (CFP) and the acceptor yellow
fluorescent protein (YFP) that are tethered to
the N-terminus of the substrate domain
and the C-terminus of the recognition do-
main, respectively (Figure 2, panel c). We

named this FRET-based indicator “ECaus”
(ECat-phocus).

We constructed cDNA encoding ECaus as
shown (Figure 2, panel a). The cDNA encod-
ing ECaus was transfected into Chinese
hamster ovary cells expressing EGFR (CHO-
EGFR cells). Immunoblot analysis shows
that ECaus was expressed in CHO-EGFR cells
and phosphorylated when the cells were
stimulated with EGF (Figure 2, panel d). We
observed the CHO-EGFR cells expressing
ECaus with a fluorescence microscope. The
fluorescence of ECaus was observed uni-
formly from the cytosol of the cells (Figure 2,
panel e). When we added EGF to the cells,
an emission ratio of CFP to YFP, which is a
measure for FRET, immediately decreased
and reached a plateau within 150 s
(Figure 2, panels f and g). From these re-
sults, we confirmed that ECaus emits FRET
signals when phosphorylated in living cells.

To construct Bescell, we expressed both
BBD-ECat and ECaus in MCF-7 cells. BDNF
binds to BBD-ECat at the surface of Bescell.
The binding of BDNF induces the dimeriza-
tion of BBD-ECat and activates the kinase
domain of BBD-ECat inside Bescell. The ac-
tivated BBD-ECat phosphorylates ECaus.
The resultant conformational change in
ECaus induces FRET signals through CFP
and YFP. As expected, Bescell actually ex-
hibited a FRET response when stimulated
with BDNF (Figure 3, panel a). This response
is much larger than that of the cell express-
ing TrkB and ECaus (Figure 3, panels a and
b). The result demonstrates that using ECat
in place of the kinase domain of TrkB is ef-
fective for highly sensitive detection of
BDNF.

We examined the reversibility of Bescell.
When BDNF dissociates from BBD-ECat, the
activation of BBD-ECat is terminated. Then
endogenous phosphatases in the cell can
dephosphorylate ECaus, resulting in a re-
versible change in the conformation of
ECaus. Indeed, the FRET response of Bes-
cell recovered to the basal level after BDNF

Chimeric
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Ligand
binding
domain

Kinase domain

BDNF

Fluorescent indicator for 
protein phosphorylation

P

BDNF

Neuron

Cell-based fluorescent indicator for BDNF (Bescell)

Figure 1. Schematic diagram of Bescell. BDNF
secreted from neurons is received by the li-
gand binding domain of chimeric receptor at
the surface of Bescell. The binding of BDNF in-
duces dimerization of the chimeric receptor
and thereby activates the kinase domain of
the chimeric receptor. The activated kinase
domain of the chimeric receptor phosphory-
lates the fluorescent indicator for protein
phosphorylation in Bescell. The phosphory-
lated fluorescent indicator emits fluorescence
signals. Bescell thus detects BDNF with
fluorescence readout.
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was removed (Figure 3, panels c and d).
The result indicates that Bescell is the re-
versible indicator for BDNF.

We next examined the selectivity of Bes-
cell to biological substances that neurons
secrete. Nerve growth factor (NGF) is a neu-

rotrophic factor that binds to TrkA but not
to the BDNF receptor TrkB (5). Upon addi-
tion of NGF, Bescell showed no response as
expected (Figure 3, panels e and f). Next
we added acetylcholine (Ach) or L-glutamate
(L-Glu), which are major neurotransmitters

that neurons release. Also, no FRET
response was observed to these
neurotransmitters (Figure 3, pan-
els e and f). These results indicate
that Bescell is highly selective to
BDNF.

To examine the dose�response
curve, we added various concentra-
tions of BDNF to Bescell. Figure 3,
panel g, shows the averaged re-
sponse of Bescell to each BDNF
concentration. The result indicates
that it detects picomolar concentra-
tions of BDNF (detection limit of
60 pM).

In addition to BDNF, neuro-
trophin-4 (NT-4) and neurotrophin-3
(NT-3) are also endogenous ligands
for TrkB receptor. We added various
concentrations of NT-4 and NT-3 to
Bescell, respectively. It showed only
a slight response to NT-3 (Figure 3,
panel g). This is due to the weak
binding affinity of NT-3 to the extra-
cellular domain of TrkB (12). On the
other hand, NT-4 exhibited a com-
parable dose�response curve to
that of BDNF (Figure 3, panel g). This
is because the binding affinity of
NT-4 to the extracellular domain of
TrkB is equivalent to that of BDNF
(12). However, the expression level
of NT-4 is 100 times lower than that
of BDNF in hippocampal neurons
(13). Thus, both NT-3 and NT-4 are
not considered to interfere with the
response of Bescell to BDNF that is
secreted from hippocampal
neurons.

We cocultured Bescell with hip-
pocampal neurons to visualize
BDNF secretion from the neurons.

We observed Bescell adjacent to a hip-
pocampal neuron with a fluorescence mi-
croscope (Figure 4, panel a). We added 10
�M glutamate, an excitatory neurotransmit-
ter, to activate the hippocampal neurons.
Immediately after the stimulation of hip-
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Figure 2. Construction of BBD-ECat and ECaus. a) Schematic representation of domain structure of BBD-
ECat and ECaus: Kz, Kozak sequence; Ln, GGNNGNNGGNNGGNNGGNNGGNN; nes (nuclear export signal),
LPPLERLTL. b) Autophosphorylation of BBD-ECat. MCF-7 cells expressing BBD-ECat were stimulated with
1.1 nM BDNF for 15 min at 25 °C. The whole-cell lysates were purified with WGA column, and immuno-
blot analysis was performed with anti-V5 antibody or anti-phosphotyrosine antibody (pY20). c) Principle
of ECaus for visualizing protein phosphorylation by the kinase domain of EGFR (ECat). CFP and YFP are
different-colored mutants of GFP. Upon phosphorylation of the substrate domain by ECat, the adjacent
phosphorylation recognition domain binds with the phosphorylated substrate domain, which induces
FRET from CFP to YFP. d) Phosphorylation of ECaus. CHO-EGFR cells expressing ECaus were stimulated
with 100 ng mL�1 EGF for 15 min at 25 °C. The whole-cell lysates were immunoprecipitated with anti-GFP
antibody, and immunoblot analysis was performed with anti-phosphotyrosine antibody (pY20) or anti-
GFP antibody. e) Fluorescence imaging of ECaus upon EGF stimulation. Pseudocolor images of the CFP/
YFP emission ratios before (time 0 s) and at 20, 40, and 190 s after the addition of 100 ng mL�1 EGF.
f) Representative time courses of the CFP/YFP emission ratios from the cytosol of the cells expressing
ECaus. At time 0 s (dashed line), the cells were stimulated with 100 ng mL�1 EGF or vehicle. g) Averaged
emission ratio change with standard deviations of the cells expressing ECaus when stimulated with EGF
(n � 5) or vehicle (n � 5). Triple asterisks indicate p < 0.001 (t test).
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pocampal neurons with glutamate, a
gradual FRET response of Bescell was ob-
served (Figure 4, panel b, and Supplemen-
tary Figure 1). The FRET response of it disap-
peared in the presence of a quenching anti-
BDNF antibody (Figure 4, panels c and d).

The results indicate that Bescell detects
BDNF that is secreted from hippocampal
neurons. Its concentration was estimated
to be 230 � 70 pM from the dose�

response curve of Bescell (Figure 3, panel g,
and Figure 4, panel d). Also, because it ex-

hibits the reversible response to BDNF
(Figure 3, panel c), the gradual FRET re-
sponse of Bescell (Figure 4, panel b) indi-
cates that hippocampal neurons continu-
ously secrete BDNF for about 500 s when
stimulated with glutamate.
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Figure 3. Development and character-
ization of Bescell. a) Response of Bes-
cell for BDNF. Representative time
courses of the CFP/YFP emission ra-
tios from Bescell, MCF-7 cell express-
ing TrkB and ECaus, or MCF-7 cell ex-
pressing ECaus. At the time indicated
with the dashed line, 3.7 nM BDNF
was added to the cells. b) Averaged
emission ratio change with standard
deviations of Bescell (n � 3), MCF-7
cell expressing TrkB and ECaus (n �
3), or MCF-7 cell expressing ECaus (n
� 3). Triple asterisks indicate p <
0.001 and double asterisks indicate p
< 0.01 (t test). c) Reversibility of
Bescell. Bescell was stimulated with
3.7 nM BDNF at the time indicated
with the dashed line. After the re-
sponse of Bescell reached a steady
level, BDNF was washed out at the
time indicated with the hatched bar.
This result is a representative of three
independent experiments. d) Aver-
aged emission ratio change with stan-
dard deviations of before or after
washout of BDNF (n � 3). Double as-
terisks indicate p < 0.01 and NS indi-
cates not significant compared to
before stimulation with BDNF (paired t
test). e) Selectivity of Bescell. Repre-
sentative time courses of FRET re-
sponses of Bescell when Bescell was
stimulated with BDNF, NGF, Ach, or
Glu. Each stimulation was done at the
time indicated with the black dashed
line. f) Averaged emission ratio
change with standard deviations of
Bescell stimulated with 3.7 nM BDNF
(n � 5), 3.8 nM NGF (n � 3), 25 �M
Ach (n � 4), or 50 �M Glu (n � 3).
Triple asterisks indicate p < 0.001
and NS indicates not significant com-
pared to before stimulation (paired t
test). g) Dose�response curves of
Bescell for BDNF, NT-4, and NT-3. The
results are the means with standard
deviations from five independent
experiments.
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Next we stimulated hippocampal neu-
rons with glutamate in the presence of tetro-
dotoxin (TTX), which blocks voltage-gated
Na� channels and thereby inhibits action
potential generation. The TTX treatment re-

sulted in disappearance of the FRET re-
sponse of Bescell upon stimulation of hip-
pocampal neurons with glutamate (Figure 4,
panels e and g). Also we incubated hip-
pocampal neurons with APV and CNQX,

which are antagonists of the ionotropic glu-
tamate receptors, NMDA receptor and AMPA
receptor, respectively, to block glutamater-
gic synaptic transmission. This treatment
with the antagonists blocked the FRET re-
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Figure 4. Visualization of BDNF secretion
from hippocampal neurons. a) Phase
contrast (left) and pseudocolor fluores-
cence ratio (right) images of cocultured
hippocampal neurons and Bescell.
b) Representative time course of a FRET
response of Bescell located adjacent to
the hippocampal neuron. The dashed
line indicates the time when 10 �M Glu
was added to the hippocampal neuron.
c) Representative time course of a FRET
response of Bescell when hippocampal
neurons were incubated with a quench-
ing antibody for BDNF. In the presence of
10 �g mL�1 anti-BDNF antibody, hip-
pocampal neurons were stimulated with
10 �M Glu at the time as indicated with
the first dashed line. After washout of
the antibody, 3.7 nM BDNF was added at
the time as indicated with the second
dashed line. d) Averaged emission ratio
change with standard deviations of Bes-
cell when hippocampal neurons were
stimulated with 10 �M Glu in the ab-
sence (n � 5) or presence (n � 3) of anti-
BDNF antibody. Triple asterisks indicate
p < 0.001 (t test). e) Representative time
course of a FRET response of Bescell
adjacent to the hippocampal neuron in
the presence of TTX. The hippocampal
neurons were incubated with 1 �M TTX
during the observation. Ten micromolar
Glu and 3.7 nM BDNF were added at the
time as indicated with the dashed lines,
respectively. f) Representative time
course of a FRET response of Bescell in
the presence of APV and CNQX. The hip-
pocampal neurons were treated with
100 �M APV and 20 �M CNQX during
the observation. Ten micromolar Glu and
3.7 nM BDNF were added at the time as
indicated with the dashed lines, respec-
tively. g) Averaged emission ratio change
with standard deviations of Bescell when
hippocampal neurons were stimulated
with 10 �M Glu in the presence of TTX
(n � 4) or APV and CNQX (n � 3). Triple
asterisks indicate p < 0.001 compared
to no inhibitor (t test).
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sponse of Bescell (Figure 4, panels f and g).
These results indicate that Bescell detects
BDNF secretion from hippocampal neurons
that is provoked in a neuronal activity-
dependent manner. Thus, the present cell-
based fluorescent indicator, Bescell, pro-
vides a powerful tool for the analysis of
BDNF secretion from hippocampal neurons.

In the present study, we have developed
a cell-based fluorescent indicator for BDNF
based on a chimeric receptor tyrosine ki-
nase and a FRET-based indicator for protein
phosphorylation. The signal amplification
by the enzymatic activity of the chimeric re-
ceptor allowed the detection of picomolar
concentrations of BDNF. Bescell has actu-
ally visualized picomolar concentrations of
BDNF secreted from hippocampal neurons
after stimulation with glutamate. Because
Bescell is much larger than synapse, the de-
tected BDNF is considered to reflect the
sum of BDNF diffused from many synapses
in close proximity to Bescell. Thus, Bescell is
a suitable method for visualization of BDNF
diffused from neurons in a paracrine
fashion.

Kojima et al. have previously developed
a fusion protein of BDNF and GFP (BDNF-
GFP) (14). They and other groups introduced
BDNF-GFP into hippocampal neurons and vi-
sualized how BDNF-GFP is transported in ax-
ons and dendrites of the neurons (14–16).
In contrast to this existing method, Bescell
detects endogenous BDNF secreted out of
neurons. It has allowed us to reveal to what
extent and how endogenous BDNF is se-
creted from living hippocampal neurons.

BBD of the present chimeric receptor
BBD-ECat plays a key role in the selective
detection of BDNF in Bescell. The specific
binding of BDNF with BBD induces the
dimerization of BBD-ECat, which activates
the kinase activity of ECat. A wide variety of
peptide ligands including growth factors
and cytokines also have their specific recep-
tor tyrosine kinases or receptors associated
with tyrosine kinases. The binding of ligand
with its receptor induces the dimerization of

the receptor tyrosine kinases. Therefore, re-
placement of BBD in the present chimeric re-
ceptor with ligand binding domains derived
from the receptors may create chimeric re-
ceptors that lead to the development of cell-
based fluorescent indicators for growth fac-
tors and cytokines such as EGF, PDGF, NGF,
and interleukins.

METHODS
Plasmid Construction. To construct cDNAs of

ECaus and BBD-ECat, fragment cDNAs of CFP,
YFP, substrate domain, phosphorylation recogni-
tion domain, BBD, and ECat were generated by
PCR and cloned into pBlueScript. All PCR frag-
ments were sequenced with an ABI310 genetic
analyzer (Applied Biosystems). The amino acid se-
quence of the substrate domain is DHQYYNDF-
PGKE, which is phosphorylated by EGFR (11). The
phosphorylation recognition domain is derived
from Grb2 (amino acid residues 58�153). The
BBD is an extracellular domain of rat TrkB (amino
acid residues 1�410). The ECat contains a trans-
membrane domain and an intracellular kinase do-
main of human EGFR (amino acid residues
628�1211). ECaus was subcloned into pcD-
NA3.1(�). BBD-ECat was subcloned into pcD-
NA3.1(�) His-V5-A to be tagged with V5 epitope
tag.

Cell Culture and Transfection. CHO-EGFR cells
were cultured in Ham’s F-12 medium supple-
mented with 10% fetal calf serum, 100 U mL�1

penicillin, and 100 �g mL�1 streptomycin at 37 °C
in 5% CO2. Human breast adenocarcinoma cells
(MCF-7 cells) were cultured in Eagle’s minimal es-
sential medium supplemented with 10% fetal calf
serum, 100 U mL�1 penicillin, 100 �g mL�1 strep-
tomycin, 1 mM sodium pyruvate, and 0.1 mM
MEM non-essential amino acids at 37 °C in 5%
CO2. Primary hippocampal neurons were prepared
from Wistar rat embryos (embryonic day 17) and
cultured in Neurobasal medium supplemented
with 2% B-27 and 0.5 mM L-glutamine at 37 °C in
5% CO2. Plasmid transfection was performed us-
ing FuGENE HD transfection reagent (Roche Ap-
plied Science). For the construction of Bescell,
MCF-7 cells were transfected with the plasmids of
BBD-ECat and ECaus at the ratio of 1:1. The trans-
fected cells were plated 5�24 h post-transfection
onto plastic culture dishes or glass-bottom dishes
for immunoblot analysis or fluorescence imaging.

Imaging of Cells. Twenty-four hours after the
transfection, the culture medium was replaced
with a starvation medium (Ham’s F-12 medium
supplemented with 0.2% bovine serum albumin,
100 U mL�1 penicillin, and 100 �g mL�1 strepto-
mycin) in which the cells were incubated for 2�4
h at 37 °C in 5% CO2. After the starvation, the me-
dium was replaced with Hank’s balanced salt so-
lution. The cells were imaged at 25 °C on a Carl
Zeiss Axiovert 200 microscope with a cooled CCD
camera CoolSNAP HQ (Roper Scientific), controlled
by MetaFluor (Universal Imaging). Upon excitation

at 440 � 10 nm, fluorescence images were ob-
tained through a 480 � 15 nm filter for CFP and
535 � 12.5 nm filter for YFP with a 40� oil immer-
sion objective (Carl Zeiss). The fluorescence inten-
sities of CFP and YFP were measured from the cy-
tosol of the cells. After baseline measurements,
the cells were stimulated with neurotrophins or
neurotransmitters. The emission ratio (CFP/YFP)
was normalized to the baseline value. The added
stimulants were not removed from glass-bottom
dishes in all experiments, except for the washout
experiments to examine the reversibility of Bescell.
To examine a dose�response curve, Bescell was
stimulated with 3.7 pM, 37 pM, 185 pM, 460 pM,
1.1 nM, or 3.7 nM BDNF. We added BDNF to the ex-
ternal solution of Bescell cultured in a glass-
bottom dish, and then observed a FRET response
of Bescell. Each Bescell was stimulated only once
with each concentration of BDNF. The obtained
change in the normalized emission ratio was plot-
ted against each concentration of BDNF. The detec-
tion limit of Bescell was obtained from the concen-
tration that gives a fluorescence signal equal to
the background plus three times the standard de-
viation of the background.
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