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To define activity-dependent release of endogenous brain-
derived neurotrophic factor (BDNF), we developed an in vitro
model using primary sensory neurons and a modified ELISA,
termed ELISA in situ. Dissociate cultures of nodose-petrosal
ganglion cells from newborn rats were grown in wells precoated
with anti-BDNF antibody to capture released BDNF, which was
subsequently detected using conventional ELISA. Conventional
ELISA alone was unable to detect any increase in BDNF concen-
tration above control values following chronic depolarization with
40 mM KCl for 72 hr. However, ELISA in situ demonstrated a
highly significant increase in BDNF release, from 65 pg/ml in
control to 228 pg/ml in KCl-treated cultures. The efficacy of the in
situ assay appears to be related primarily to rapid capture of
released BDNF that prevents BDNF binding to the cultured cells.
We therefore used this approach to compare BDNF release from

cultures exposed for 30 min to either continuous depolarization
with elevated KCl or patterned electrical field stimulation (50
biphasic rectangular pulses of 25 msec, at 20 Hz, every 5 sec).
Short-term KCl depolarization was completely ineffective at
evoking any detectable release of BDNF, whereas patterned
electrical stimulation increased extracellular BDNF levels by 20-
fold. In addition, the magnitude of BDNF release was dependent
on stimulus pattern, with high-frequency bursts being most ef-
fective. These data indicate that the optimal stimulus profile for
BDNF release resembles that of other neuroactive peptides.
Moreover, our findings demonstrate that BDNF release can en-
code temporal features of presynaptic neuronal activity.
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There is increasing evidence that brain-derived neurotrophic fac-
tor (BDNF) plays a trans-synaptic role in regulating transmission
between primary sensory neurons and second-order sensory relay
cells. BDNF is expressed by subsets of sensory ganglion cells
(Schecterson and Bothwell, 1992; Wetmore and Olson, 1995; Apfel
et al., 1996; Zhou et al., 1998; Brady et al., 1999), can be trans-
ported in the central projections of dorsal root ganglion (DRG)
neurons (Zhou and Rush, 1996; Tonra, 1999), and is localized to
dense-core vesicles within DRG central axon terminals (Michael et
al., 1997). Our studies demonstrated that survival of sensory neu-
rons that both express and depend on BDNF can be supported by
long-term exposure to elevated potassium, indicating that BDNF
can be released under depolarizing conditions in culture (Brady et
al., 1999). More recently we found that BDNF acutely inhibits
AMPA-mediated currents in second-order sensory relay neurons,
indicating that BDNF may modulate glutamatergic primary affer-
ent transmission (Balkowiec et al., 2000). In addition, Kerr et al.
(1999) demonstrated that BDNF can potentiate nociceptive spinal
reflexes by enhancing NMDA receptor-mediated responses. De-
spite these findings, little is known about activity-dependent re-
lease of endogenous BDNF, either from primary sensory neurons
or other neuronal cell types.

Analysis of regulated secretion of endogenous neurotrophins
from identified neurons has been hampered by the limited ability of
conventional assays to detect the relatively small quantities of these
factors released during physiological stimulation. Studies to date
have used ELISA to detect neurotrophin release either from tissue
slices or following neurotrophin overexpression in transfected cells
(Blöchl and Thoenen, 1995, 1996; Goodman et al., 1996; Heymach
et al., 1996; Canossa et al., 1997; Krüttgen et al., 1998; Griesbeck et

al., 1999). It is unknown, however, whether overexpression to very
high concentrations alters normal routes of BDNF trafficking and
release. Moreover, most studies of regulated neurotrophin release
have stimulated cells using continuous membrane-depolarizing
agents, including elevated extracellular potassium, veratridine, or
glutamate receptor agonists (Ghosh et al., 1994; Blöchl and
Thoenen, 1995; Androutsellis-Theotokis et al., 1996; Goodman et
al., 1996; Heymach et al., 1996; Griesbeck et al., 1999). It is well
established, however, that release of classical as well as peptide
transmitters depends on nerve impulse pattern (Lundberg et al.,
1989; Whim and Lloyd, 1994).

To address these issues, the present study compared the effects of
continuous chemical depolarization and patterned electrical stim-
ulation on BDNF release from primary sensory neurons, using a
modification of conventional ELISA methodology, termed ELISA
in situ. This technique, described by Beech et al. (1997) for mea-
suring cytokine release from T-cells, incorporates a substrate-
bound monoclonal antibody against the peptide of interest into the
cell culture system, so that the released peptide is immediately
captured for subsequent detection by colorimetric methods. We
found that, using this technique, we can readily detect release of
endogenous BDNF from newborn primary sensory neurons follow-
ing short-term patterned electrical stimulation. Moreover, we
found that short-term stimulation with high-frequency bursts is
strikingly more effective at releasing BDNF than KCl-induced
depolarization over the same time period.

MATERIALS AND METHODS
Cell preparation and culture. Newborn rats (Sprague Dawley strain; Zivic-
Miller, Zelienople, PA) were deeply anesthetized by hypothermia and
decapitated. Nodose and petrosal ganglia (NPG) were (1) aseptically
removed from the animals, (2) digested in 0.1% trypsin (Worthington
Biochemical, Lakewood, NJ) with 0.01% deoxyribonuclease I (Sigma, St.
Louis, MO) dissolved in Ca 21- and Mg 21-free HBSS (Mediatech, Hern-
don, VA) for 30 min at 37°C in a humidified atmosphere of 5% CO2 and
95% air, (3) rinsed in 0.1% soybean trypsin inhibitor (Worthington)
dissolved in Ca 21- and Mg 21-containing Dulbecco’s phosphate-buffered
salt solution (Mediatech), (4) transferred to culture medium, and (5)
triturated through siliconized, fire-polished Pasteur pipettes. Dissociated
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NPG neurons were plated in UV-sterilized, 96-well flat-bottom ELISA
plates (MaxiSorp; Nalge Nunc International, Naperville, IL) at a density of
one NPG per well. Cultures of NPG neurons were grown for 3 d in
Neurobasal-A medium supplemented with B-27 serum-free supplement,
0.5 mM L-glutamine, 0.025 mM glutamic acid, and 1% penicillin-
streptomycin-neomycin antibiotic mixture (Life Technologies, Gaithers-
burg, MD).

BDNF immunoassays. BDNF protein was measured with both a conven-
tional and a modified sandwich ELISA using the BDNF Emax immunoas-
say system (Promega, Madison, WI) according to the protocol of the
manufacturer, except that the concentrations of the anti-BDNF monoclo-
nal antibody and anti-human BDNF polyclonal antibody were 5 and 2
mg/ml, respectively, and the dilution of the anti-IgY-HRP antibody was
1:1000. All reagents used prior to cell plating were sterilized with 0.2 mm
Acrodisc syringe filters (Pall, Ann Arbor, MI).

Conventional BDNF ELISA. NPG cells were grown in uncoated 96-well
ELISA plates. In some control experiments, wells were precoated with an
irrelevant monoclonal antibody (anti-NGF; Promega) to rule out any
potential influence of antibody presence on BDNF release. These wells
were treated prior to cell plating as described below for anti-BDNF
monoclonal antibody. On the day of the assay, a standard curve was
generated for each plate using BDNF diluted in the same medium used for
cell culture. Standards (in duplicate) and undiluted fresh samples of
cell-conditioned culture medium (in duplicate or triplicate) were incubated
in ELISA plates precoated with anti-BDNF monoclonal antibody, accord-
ing to the manufacturer’s protocol. Following the incubation and washing
steps, anti-human BDNF polyclonal antibody was applied (see below).

BDNF ELISA in situ. Ninety-six-well ELISA plates were UV-sterilized
for 30 min and coated with anti-BDNF monoclonal antibody at 4°C for 16.5
hr. Next, plates were washed and blocked, followed by two 1 hr incubations
with culture medium to remove any residue of the ELISA washing solution.
Then the NPG neurons were prepared as described above, plated in
anti-BDNF-coated wells, and grown for 3 d under various experimental
conditions (see Results). BDNF samples used to generate the standard
curves were incubated in the same plate as the cells. At the end of the
culture period, plates were extensively washed to remove all cells and cell
debris, and the anti-human BDNF polyclonal antibody was applied, fol-
lowed by subsequent steps according to the manufacturer’s protocol. In
experiments designed to compare the conventional BDNF ELISA with
BDNF ELISA in situ, all steps of the protocol, beginning with the appli-
cation of the anti-human BDNF antibody, were performed simultaneously
for both assays. Absorbance values were read at 450 nm in a plate reader
(Vmax; Molecular Devices, Sunnyvale, CA). For control wells in which
anti-BDNF monoclonal antibody was omitted, absorbance values were not
significantly different from the absorbance of blank wells.

Electrical field stimulation of NPG neurons. NPG cultures were prepared
as described above for BDNF ELISA in situ. After an initial 3-d incuba-
tion, three adjacent culture wells were connected to each other in series
through thin strips of 1% agarose gel permeated with culture medium, and
to the stimulator (MultiStim System; Digitimer) through Ag:AgCl stimu-
lating electrodes (modified from the methods of Brevet et al., 1976;
McDonough et al., 1994). Three additional wells were also connected to
each other by agarose bridges but were not connected to the stimulator and
served as controls. The plate was put back to the incubator, and the
neurons were stimulated for 30 or 60 min with biphasic rectangular pulses
delivered at various patterns (see Results). In experiments comparing the
effects of patterned electrical stimulation with potassium-induced contin-
uous depolarization, KCl was added to three additional wells, to a final
concentration of 40 mM, at the beginning of the stimulation period. In
addition, BDNF standards were prepared in the same plate, also at the
beginning of the stimulation period. After stimulation, all wells were
vigorously washed prior to the ELISA steps described above.

Calculations and statistical analysis. BDNF levels were calculated from
the standard curve prepared for each plate, using SOFTmax PRO version
3.0 software (Molecular Devices). The standard curves were linear within
the range used (0–500 pg/ml), and the quantities of BDNF in experimental
samples were always within the linear range of the standard curve. Data are
expressed as mean 6 SE. Samples were compared using ANOVA followed
by Duncan’s multiple-comparison procedure, and p , 0.05 was considered
significant.

Immunocytochemistry. Cultures for immunocytochemical staining were
fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4,
for 30 min at room temperature. Protein gene product (PGP) 9.5 immu-
nostaining was performed as previously described (Brady et al., 1999). The
number of neurons in each culture was evaluated by counting all PGP9.5-
immunoreactive cells per well. Experiments were performed three times
with three cultures per experimental group. Values were compared using
ANOVA followed by Duncan’s multiple-comparison procedure, and p ,
0.05 was considered significant. TrkB and phospho-cAMP response
element-binding protein (P-CREB) immunostaining were performed as
previously described (Brady et al., 1999), using rabbit polyclonal anti-TrkB
(Chemicon, Temecula, CA) or rabbit anti-phospho-CREB IgG (Upstate
Biotechnology, Lake Placid, NY) and goat anti-rabbit biotinylated IgG
(Vector Laboratories, Burlingame, CA). Control cultures, in which pri-
mary antibody was omitted, were completely devoid of staining.

Anti-TrkB IgG1 (clone 47; Transduction Laboratories, Lexington, KY;
catalog #T16020, special order, without additives) was used to inhibit

binding of BDNF to TrkB receptors (see Results). We established that
5 mg/ml anti-TrkB was sufficient to inhibit survival of BDNF-dependent
embryonic day 16.5 NPG neurons (Erickson et al., 1996) grown in the
presence of 10 ng/ml BDNF. Survival of newborn NPG neurons, which are
not BDNF-dependent (Brady et al., 1999), was not affected by treatment
with 10 mg/ml antibody (1197.56 6 102.78 neurons per well in control and
1025.5 6 80.49 neurons per well with anti-TrkB; n 5 9; p 5 0.37578).

RESULTS
Initial studies sought to compare extracellular levels of BDNF in
cultures of newborn NPG neurons grown for 72 hr in the absence
(control) or presence of depolarizing concentrations of KCl (40 mM;
Brosenitsch et al., 1998; Brady et al., 1999) using a conventional
BDNF ELISA protocol. Using this approach, we were able to
detect only very low levels of BDNF in control cultures and saw no
significant change in BDNF concentration in KCl-treated groups
compared with controls (Fig. 1; control, 2.88 6 0.84 pg/ml; n 5 23;
KCl-treated, 4.92 6 0.81 pg/ml; n 5 21; p 5 0.88256). This result
was at odds with previous findings from our laboratory that endog-
enous BDNF can support survival of NPG neurons in culture
following chronic exposure to elevated KCl (Brady et al., 1999).
We therefore sought to improve detectability of BDNF in our
culture system using a modification of the conventional ELISA,
termed ELISA in situ, in which cells are grown in wells precoated
with a monoclonal antibody against the peptide of interest, which is
thus immobilized and subsequently detected using standard color-
imetric methods (Beech et al., 1997). Indeed, using BDNF ELISA
in situ, we were able not only to measure higher levels of BDNF in
control cultures but also to detect significant release of BDNF
following chronic depolarization. Specifically, the concentration of
BDNF averaged 65.34 6 5.29 pg/ml (n 5 23) in 72 hr control NPG
cultures and 228.16 6 19.47 pg/ml (n 5 21) following 72 hr
treatment with elevated KCl ( p 5 0.00011; Fig. 1). The increase in
BDNF levels detected in KCl-treated cultures was not attributable
to increased neuronal survival (1234.3 6 71.05 neurons per well in
control cultures vs 1429.6 6 91.22 neurons per well in KCl-treated
cultures; n 5 9; p 5 0.53294). Similarly, survival was not signifi-
cantly increased by the presence of the BDNF antibody during the
cell culture period (1234.3 6 71.05 neurons per well in the presence
of anti-BDNF vs 1197.56 6 102.78 neurons per well in the absence
of anti-BDNF; n 5 9; p 5 0.70989). To determine whether the
presence of the capture antibody by itself stimulated BDNF re-

Figure 1. Long-term exposure to elevated extracellular potassium induces
BDNF release from newborn NPG neurons in culture. Mean BDNF levels
were measured with standard ELISA and ELISA in situ in sister cultures
grown for 72 hr in the absence (Control, gray bars) or presence of 40 mM
potassium (KCl, black bars). n 5 21; ***p , 0.001; n.s., not significant.
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lease, sister cultures were grown in wells precoated with an irrel-
evant anti-NGF monoclonal antibody, in the presence or absence of
elevated KCl, and extracellular BDNF levels were measured using
conventional BDNF ELISA. The presence of the monoclonal
antibody had no effect on BDNF levels, either in control cultures
(0.67 6 0.45 pg/ml in the presence of anti-NGF vs 0.73 6 0.26
pg/ml in the absence of anti-NGF; n 5 8; p 5 0.97377) or KCl-
treated cultures (5.02 6 2.28 pg/ml in the presence of anti-NGF vs
4.76 6 1.46 pg/ml in the absence of anti-NGF; n 5 8; p 5 0.89129).
However, we cannot exclude the possibility that the presence of the
antibody stimulated release of low levels of BDNF, below the limits
of detectability by conventional ELISA. To rule out the possibility
that the observed increase in BDNF release was due simply to the
increased osmolarity of the KCl-supplemented medium, we com-
pared cultures grown in control medium with cultures supple-
mented with 40 mM NaCl and found that BDNF levels, measured
using ELISA in situ, were unchanged in the presence of elevated
NaCl (92.38 6 13.24 vs 76.76 6 7.38 pg/ml in control groups; n 5
9; p 5 0.46864).

These findings demonstrated that markedly higher levels of
BDNF were detected in control and KCl-treated NPG cultures
using ELISA in situ compared with conventional ELISA, and that
this difference could not be attributed to increased neuronal sur-
vival or other nonspecific effects. We hypothesized, therefore, that
the in situ assay protocol increased BDNF detectability by rapidly
capturing and immobilizing released BDNF and thereby protecting
the peptide from binding to cells and/or degradation. To test these
possibilities, 500 pg/ml exogenous human recombinant BDNF
(Promega) was added to culture wells containing either medium
alone or NPG dissociate cultures. Following 72 hr of incubation,
BDNF levels were compared in both groups using conventional
ELISA and ELISA in situ. No significant differences were found
between the levels of BDNF detected by standard ELISA
(310.83 6 39.31 pg/ml; n 5 17) and ELISA in situ (304.64 6 27.13
pg/ml; n 5 10; p 5 0.88643; Fig. 2) in wells containing culture
medium alone plus BDNF. This experiment demonstrated that
there are no intrinsic differences in the sensitivity of the two assays.
However, when compared among wells containing NPG neurons

plus BDNF, there was a highly significant ( p 5 0.00047) difference
between the levels of BDNF detected with the two assays. Specif-
ically, using standard ELISA, the BDNF concentration was only
32.12 6 5.42 pg/ml (n 5 19) after 72 hr, a value that was not
significantly different from BDNF levels in medium from control
NPG cultures grown without added BDNF ( p 5 0.30941; Fig. 2).
This result indicates that, in the presence of NPG cells, BDNF is
lost over time from the culture medium, perhaps through degrada-
tion or binding to the high-affinity BDNF receptor TrkB, which is
expressed by newborn NPG neurons (Zhuo and Helke, 1996;
present study, Fig. 3A). In fact, treatment of cultures with a func-
tion blocking anti-TrkB antibody (Transduction Laboratories; for
details, see Materials and Methods) significantly increased the
ability of conventional ELISA to detect BDNF added to standard
NPG cultures. Specifically, addition of the anti-TrkB antibody
increased detection of BDNF by conventional ELISA by nearly
threefold compared with control cultures grown without anti-TrkB
(with anti-TrkB, 211.58 6 62.71 pg/ml; n 5 5; vs controls, 68.36 6
11.44 pg/ml; n 5 13; p 5 0.00056; Fig. 3B). These data suggest that
the relative inability of conventional ELISA to detect BDNF re-

Figure 2. Detectability of exogenous BDNF by standard ELISA versus
ELISA in situ. BDNF (500 pg/ml) was added at plating to newborn NPG
cultures (hatched gray bars) and to culture medium (Med.) alone (hatched
white bars) and incubated for 72 hr in the absence (Standard ELISA) or
presence of anti-BDNF monoclonal capture antibody (ELISA in situ).
BDNF levels were also measured in control cultures (solid gray bars) to
which exogenous BDNF was not added. ***p , 0.001; n.s., not significant.

Figure 3. Inhibition of BDNF binding to cells increases BDNF detectabil-
ity by standard ELISA. A, Immunostaining with an antibody against the
extracellular domain of TrkB (Chemicon) in newborn NPG cultures grown
for 3 d in the absence (Control ) or presence of exogenous BDNF (1BDNF,
500 pg/ml). B, Mean levels of BDNF, detected with standard ELISA, in the
absence (Control ) or presence of anti-TrkB antibody (Anti-TrkB Ab, 10
mg/ml) in NPG cultures (hatched gray bars) and culture medium alone
(hatched white bars) 48 hr after addition of 500 pg/ml BDNF. BDNF levels
were also measured in control cultures (solid gray bars) to which exogenous
BDNF was not added. ***p , 0.001;*p , 0.05; n.s., not significant.

Balkowiec and Katz • Activity-Dependent Release of Endogenous BDNF J. Neurosci., October 1, 2000, 20(19):7417–7423 7419



lease in NPG cultures is attributable, in large part, to binding of
BDNF to TrkB on the cultured cells.

In contrast to the results obtained with standard ELISA, ELISA
in situ detected 337.33 6 25.93 pg/ml BDNF (n 5 18) after 72 hr,
a level not significantly different from that in wells to which BDNF
was added in the absence of cells ( p 5 0.92444; Fig. 2). These data
demonstrate that the substrate-bound anti-BDNF, which is present
throughout the culture period in the in situ paradigm, successfully
competes with BDNF binding to TrkB on cells, thereby enhancing
detectability of BDNF in the culture medium.

Previous studies of activity-dependent neurotransmitter release
demonstrated that chronic depolarization is markedly less effective
than high-frequency electrical stimulation at releasing both classi-
cal transmitters and peptide co-transmitters (Belai et al., 1987;
Agoston et al., 1988). To examine whether BDNF release is simi-
larly regulated, we compared the effects of patterned electrical field
stimulation for 30 min (50 biphasic rectangular pulses of 25 msec,
at 20 Hz, every 5 sec) with 30 min of continuous depolarization by
40 mM KCl, on BDNF release from newborn NPG neurons, using
ELISA in situ. To determine whether these stimulation protocols
were effective at activating NPG neurons, we performed immuno-
staining with an antibody against the phosphorylated form of
CREB, a marker of neuronal depolarization (Ghosh et al., 1994;
Moore et al., 1996). Both KCl treatment and patterned electrical
field stimulation led to marked increases in P-CREB staining in the
vast majority of cells (Fig. 4A), indicating that both protocols were
effective at activating neurons in these cultures.

BDNF levels were compared following 30 min of either control
conditions, patterned electrical stimulation, or KCl-induced chronic
depolarization. Patterned electrical stimulation at 20 Hz resulted
in a highly significant increase in BDNF release from NPG neurons
(62.95 6 4.19 pg/ml vs 2.87 6 1.11 pg/ml in control; n 5 16; p 5
0.00011; Fig. 4B). In contrast, KCl-induced chronic depolarization
over the same time period was completely ineffective at increasing
detectable BDNF release (21.35 6 3.58 pg/ml; n 5 20; p 5
0.87134; Fig. 4B). The release of BDNF induced by electrical
stimulation was abolished by treatment of cultures with 1.5 mM

tetrodotoxin (TTX), an inhibitor of voltage-dependent Na1 chan-
nels, before stimulation (1.50 6 0.70 pg/ml with TTX vs 35.12 6
0.94 pg/ml without TTX; n 5 4; p 5 0.0000001), indicating that
activation of voltage-gated sodium channels is required for this
release. To rule out the possibility that the enhanced BDNF release
was due to damage of cells by electrical activation, we compared
cell survival between control cultures and cultures stimulated for
30 min with bursts of 50 biphasic rectangular pulses of 25 msec, at
20 Hz, delivered every 5 sec. Twenty-four hours after stimulation,
there was no significant difference in the number of cells in control
and stimulated cultures (per well: control, 1575 6 60.35; stimu-
lated, 1480 6 57.15; n 5 9; p 5 0.28485).

It is well established that peptide neurotransmitter release can be
differentially regulated by distinct patterns of neuronal activity
(Lundberg et al., 1986, 1989; Whim and Lloyd, 1994; Vilim et al.,
1996). To examine the effect of stimulus pattern on the release of
BDNF from NPG neurons, we used a paradigm in which the
overall number of pulses, and consequently, average frequency, as
well as the number of pulses in individual bursts, remained con-
stant, whereas intraburst frequency and interburst interval were
varied. Specifically, BDNF levels were compared following 60 min
of either control conditions or electrical field stimulation with 50
biphasic rectangular pulses of 10 msec, delivered at 5, 10, 20, and 50
Hz, with interburst intervals, respectively, of 0 (tonic stimulation),
10, 15, and 18 sec (Fig. 5A). BDNF release was significantly higher
during stimulation with high-frequency bursts (20 Hz, 34.95 6 4.98
pg/ml; p 5 0.0144; 50 Hz, 48.07 6 7.18 pg/ml; p 5 0.0005)
compared with tonic stimulation at 5 Hz (18.09 6 2.79 pg/ml; n 5
10; Fig. 5B). When compared among different bursting patterns,
stimulation with 2 sec 50 Hz bursts delivered every 20 sec was most
effective, despite the short burst duration and long interburst in-
terval characteristic of this pattern (Fig. 5).

DISCUSSION
The present study demonstrates that primary sensory neurons can
release BDNF in an activity-dependent manner. The amount of
released BDNF is regulated by both stimulus frequency and pat-
tern, and high-frequency bursts are markedly more effective at
evoking release than either continuous depolarization with ele-
vated extracellular KCl or tonic electrical stimulation. Moreover,
our results demonstrate that the detectability of released BDNF by
ELISA in situ is greatly enhanced compared with conventional
ELISA. Thus, we are able to quantify release of endogenous BDNF
from dissociated neurons, without the need to enhance peptide
levels by genetic overexpression, as in other studies (Blöchl and
Thoenen, 1995, 1996; Goodman et al., 1996; Heymach et al., 1996;
Canossa et al., 1997; Krüttgen et al., 1998; Griesbeck et al., 1999).

Previous analyses of neurotrophin release have used continuous
depolarization, induced by elevated potassium, veratridine, or glu-
tamate agonists to activate cells (Ghosh et al., 1994; Blöchl and
Thoenen, 1995, 1996; Androutsellis-Theotokis et al., 1996; Good-
man et al., 1996; Heymach et al., 1996; Griesbeck et al., 1999).
Indeed, continuous depolarization is highly effective at inducing
calcium influx and activation of intracellular signaling pathways
required for both genomic and nongenomic responses (Sheng et al.,
1990; Ginty et al., 1991; Bito, 1998; Brosenitsch et al., 1998; Tao et

Figure 4. Patterned electrical stimulation is markedly more effective at
releasing BDNF from newborn NPG neurons than KCl-induced continu-
ous depolarization. A, P-CREB immunostaining of newborn NPG cultures
after 30 min electrical field stimulation (20 Hz; Electrical stimulation) or 30
min continuous depolarization (40mM KCl ) compared with unstimulated
controls. B, Mean levels of BDNF released in sister cultures of newborn
NPG neurons during 30 min of control conditions (no stimulation), elec-
trical field stimulation (50 biphasic rectangular pulses of 25 msec, at 20 Hz,
every 5 sec), or continuous depolarization with 40 mM KCl. Each value
represents the difference between the BDNF level measured after stimu-
lation and the level measured in sister cultures at the beginning of the
stimulus period. ***p , 0.001; n.s., not significant.
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al., 1998). In the present study, for example, short-term exposure to
40 mM KCl was sufficient to increase CREB phosphorylation, a
marker of neuronal depolarization and activation of multiple in-
tracellular signaling cascades (Sheng et al., 1990; Davis et al., 1996;
Deisseroth et al., 1996; Moore et al., 1996). Despite this, 30 min of
KCl depolarization was completely ineffective at evoking detect-
able release of BDNF. Similarly, Griesbeck et al. (1999) reported
that short-term KCl-induced depolarization was ineffective at re-
leasing BDNF from primary cultures of hippocampal neurons. In
contrast, we found that 30 min of patterned electrical stimulation
led to a marked 20-fold rise in the concentration of extracellular
BDNF. These data suggest that, rather than depolarization per se,

activation of specific signaling pathways by patterned stimulation is
required to evoke detectable BDNF release (see also Buonanno
and Fields, 1999).

We did find that exposure to KCl for 3 d evokes detectable
release of BDNF from NPG neurons, albeit much less than only 30
min of high-frequency electrical stimulation. However, such release
likely reflects multiple sequelae of long-term continuous depolar-
ization, including increased BDNF expression (Shieh et al., 1998;
Shieh and Ghosh, 1999), and is therefore probably not a useful
model for elucidating mechanisms that govern release of preexist-
ing BDNF pools.

Our results demonstrate for the first time that the amount of

Figure 5. Activity-dependent release of BDNF is regulated by the pattern of stimulation. A, Schematic representation of the stimulation patterns applied
to each group of cultures. B, Mean levels of BDNF released from newborn NPG neurons during 60 min of electrical field stimulation with 50 biphasic
rectangular pulses of 10 msec, delivered at 5, 10, 20, and 50 Hz, with interburst intervals, respectively, of 0, 10, 15, and 18 sec as shown in A. ***p , 0.001;
*p , 0.05; n.s., not significant.
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BDNF release depends on stimulus pattern, indicating that BDNF
can encode temporal features of presynaptic neuronal activity. This
finding may be of particular significance in light of the proposed
role of BDNF in activity-dependent mechanisms of neuronal de-
velopment and function (Cabelli et al., 1995; Thoenen, 1995;
Acheson and Lindsay, 1996; Bonhoeffer, 1996; Galuske et al., 1996;
Katz and Shatz, 1996; McAllister et al., 1996; Snider and Lichtman,
1996; Stoop and Poo, 1996; Cabelli et al., 1997; Marty et al., 1997;
Black, 1999; Lu and Chow, 1999; McAllister et al., 1999), including
homeostatic regulation of synaptic strength (Rutherford et al.,
1998; Turrigiano, 1999). For example, by encoding afferent firing
patterns, BDNF could provide a mechanism for distinguishing
among competing inputs during activity-dependent refinement of
synaptic connections. Once released from presynaptic terminals,
BDNF could act directly or, alternatively, by modulating responses
to classical neurotransmitters. We recently found, for example, that
BDNF, acting through TrkB, strongly inhibits AMPA responses of
developing sensory relay neurons (Balkowiec et al., 2000).

Studies of other peptide transmitter systems, such as neuropep-
tide Y, vasoactive intestinal polypeptide, or the small cardioactive
peptide, all indicate that the pattern of nerve impulses is critical for
coding peptide release (Lundberg et al., 1986; Agoston et al., 1988;
Lundberg et al., 1989; Pernow et al., 1989; Whim and Lloyd, 1994).
Specifically, high-frequency stimulation releases larger amounts of
neuropeptides compared with low-frequency stimulation. More-
over, KCl depolarization is significantly less effective, or even
completely ineffective, at stimulating the release of vasoactive
intestinal polypeptide compared with high-frequency electrical im-
pulses (Belai et al., 1987; Agoston et al., 1988). Therefore, in this
regard, activity-dependent BDNF release resembles that of other
peptide neurotransmitters. In addition, studies of the intracellular
distribution of BDNF have shown that the peptide is localized to
dense-core vesicles in sensory axon terminals (Michael et al., 1997),
as is typical of other sensory neuropeptides (Zupanc, 1996), and to
vesicles of the regulated secretory pathway in cortical neurons
(Fawcett et al., 1997; Haubensak et al., 1998). Thus, our current
findings provide functional data, consistent with the subcellular
distribution of BDNF, that support its role as a peptide neuro-
modulator at sensory synapses (Kerr et al., 1999; Balkowiec et al.,
2000) as well as other synapses (Lohof et al., 1993; Lessmann et al.,
1994; Kang and Schuman, 1995; Lessmann and Heumann, 1998;
Levine et al., 1998). Moreover, the stimulus frequencies applied in
the current study to evoke BDNF release from NPG neurons are
within the physiological range for these cells (Jaffe and Sampson,
1976; Thoren, 1976; Coleridge et al., 1987).

In conclusion, the present study shows that primary sensory
neurons can release endogenous BDNF in an activity-dependent
manner, and that the magnitude of release depends on the pattern
and frequency of stimulation. Given that transient, repetitive elec-
trical stimulation resembles patterns of nerve activity in vivo more
closely than continuous depolarization, we believe that this model
provides new opportunities for defining physiological mechanisms
of BDNF release and, consequently, BDNF roles in synaptic de-
velopment and function.
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