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Pro- and mature neurotrophins often elicit opposing biological
effects. For example, mature brain-derived neurotrophic factor
(mBDNF) is critical for long-term potentiation induced by high-
frequency stimulation, whereas proBDNF facilitate long-term de-
pression induced by low-frequency stimulation. Because mBDNF is
derived from proBDNF by endoproteolytic cleavage, mechanisms
regulating the cleavage of proBDNF may control the direction of
BDNF regulation. Using methods that selectively detect proBDNF or
mBDNF, we show that low-frequency stimulation induced predom-
inant proBDNF secretion in cultured hippocampal neurons. In
contrast, high-frequency stimulation preferentially increased ex-
tracellular mBDNF. Inhibition of extracellular, but not intracellular
cleavage of proBDNF greatly reduced high-frequency stimulation-
induced extracellular mBDNF. Moreover, high-frequency, but not
low-frequency stimulation selectively induced the secretion of
tissue plasminogen activator, a key protease involved in extracel-
lular proBDNF to mBDNF conversion. Thus, high-frequency neuro-
nal activity controls the ratio of extracellular proBDNF/mBDNF by
regulating the secretion of extracellular proteases. Our study
demonstrates activity-dependent control of extracellular proteolytic
cleavage of a secretory protein, and reveals an important mechanism
that controls diametrically opposed functions of BDNF isoforms.
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B rain-derived neurotrophic factor (BDNF) plays a critical role in
activity-dependent processes, such as synapse development and
plasticity (1-3). Synthesized as a precursor, proBDNF is then sorted
into one of the two secretory pathways: constitutive (passive) or
regulated (induced or active) (4-6). Until recently, only mature
BDNF (mBDNF) was considered biologically active. This view was
challenged by findings that exogenous proBDNF induces apoptosis
in peripheral neurons (7) and facilitates long-term depression
(LTD) in the hippocampus (8). ProBDNF, is believed to be cleaved
intracellularly by furin in #rans-Golgi or by pro-protein convertase
1/3 (PC1/3) in secretory granules (9, 10) to generate mBDNF.
Recently, Lee et al. demonstrated that proBDNF could be con-
verted to mBDNF by extracellular proteases, such as plasmin and
matrixmetalloprotease-7 (11). The physiological significance of ex-
tracellular proBDNF cleavage became evident when proBDNF —
mBDNF conversion through the tissue plasminogen activator
(tPA)/plasminogen cascade was shown to be essential for late phase
long-term potentiation (L-LTP) in the hippocampus (12). Given
the opposing biological effects of proBDNF and mBDNF, mech-
anisms controlling the cleavage of proBDNF have emerged as impor-
tant mechanisms in controlling the direction of BDNF regulation (13).

Neuronal release of endogenous proBDNF remains controver-
sial. While studies using neuronal cultures in absence of glial cells
and in the presence of cell impermeant 2 antiplasmin inhibitors
successfully detected proBDNF in the extracellular culture medium
(7), a recent study by Matsumoto et al. (14) failed to detect
proBDNF secretion in neurons derived from BDNF-myc knock-in
mice. We successfully detected both exogenous and endogenous
proBDNF and mBDNF from the culture medium in our experi-
mental system. Because BDNF is secreted by 2 different pathways,
it is unclear which of the 2 secretory pathways is responsible for

www.pnas.org/cgi/doi/10.1073/pnas.0807322106

proBDNF and mBDNF secretion, and how the extracellular levels
of these 2 isoforms are regulated. Most importantly, how neuronal
activity controls the extracellular levels of proBDNF and mBDNF
is a question of significant importance in understanding activity-
dependent synaptic potentiation and depression. These questions
were difficult to address because of the lack of sensitive biochemical
tools to distinguish proBDNF from mature BDNF. To circumvent
this problem, we have developed an antibody that specifically
recognizes mBDNF, without any cross-reactivity to uncleaved
proBDNF. Moreover, we have used field electrical stimulation to
measure regulated secretion of BDNF and tPA under more phys-
iologically relevant conditions. Our results demonstrate that both
low- and high- frequency neuronal activities increased proBDNF in
the extracellular milieu, and only high-frequency neuronal activity
induced tPA secretion, resulting in extracellular conversion of
proBDNF — mBDNF. These results demonstrate how high-
frequency neuronal activity controls diametrically opposite func-
tions of BDNF isoforms.

Results

Constitutive and Regulated Secretion of proBDNF and mBDNF. To
effectively detect proBDNF and mBDNF secretion, we expressed
epitope tagged human BDNF cDNA (HA and FLAG tags follow-
ing the signal peptide at the amino terminal, EGFP and V5 at the
carboxyl terminal) in rat/mouse hippocampal neurons (Fig. 14).
Two issues are of potential concern. First, epitope tags may mask
the cleavage site, preventing proBDNF cleavage. Western blot
analysis detected substantial amounts of intracellular mBDNF
following exogenous BDNF expression [Fig. S14, mBDNF-EGFP,
lane 4], suggesting that the epitope tags did not block intracellular
processing of exogenously expressed proBDNF. However, it should
be noted that the proBDNF-EGFP/mBDNF-EGFP ratio was
higher than that of endogenous proBDNF/mBDNF (see Fig. S14).
While more proBDNF-EGFP secretion is expected upon stimula-
tion, it was not the case (compare high KCl in Fig. 1C and Fig. 54,
see below). Second, over-expression may affect neurotrophin sort-
ing into constitutive or regulated secretory pathway. A lentiviral
vector with a minimal CMV promoter was used to express epitope-
tagged BDNF at moderate levels (30 = 8% of the endogenous
BDNF) (see Fig. S1A4) to alleviate this concern. All BDNF secre-
tion experiments were performed in mature neurons (=14 days in
culture). To determine the levels of BDNF secreted under consti-
tutive conditions, spontaneous action potentials and synaptic trans-
mission were completely blocked by the Na*-channel blocker
tetrodotoxin, the NMDA receptor antagonist APV, and the
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Fig. 1. Constitutive vs. regulated secretion of proBDNF and mBDNF. (A)

Western blot detection of proBDNF and mBDNF secreted from cultured hip-
pocampal neurons. Hippocampal neurons transfected with epitope-tagged
BDNF construct (Top) were treated with either TAC for 15 min or 12 h, or KCl
(50 mM) for 15 min. Culture media was immunoprecipitated using monoclonal
anti-GFP antibody followed by Western blotting using polyclonal anti-GFP
antibody. (B) Steady-state levels of proBDNF and mBDNF secreted under
constitutive conditionsin 15 min or 12 h. ProBDNF- and mBDNF-specificsignals
were normalized to total BDNF (sum of the two) in 12 h TAC, and presented
as % of total BDNF. (C) Quantification of proBDNF and mBDNF secreted from
neurons treated with TAC or KCI for 15 min. proBDNF and mBDNF specific
signals were presented as % of total BDNF. n = 4 independent experiments. Data
are presented as mean + SEM. P, proBDNF; M, mBDNF; ND, not detectable.

AMPA receptor antagonist CNQX (this medium is called TAC).
To measure regulated secretion, the cultures were depolarized with
high concentration of KCI (50 mM). Secretion of both proBDNF
and mBDNF was measured by immunoprecipitation of culture
media using monoclonal anti-GFP antibody to pull down total
BDNF through the C-terminal GFP tag, followed by Western
blotting using either anti-GFP polyclonal antibody to detect both
proBDNF and mBDNF (see Fig. 1.4, Bottom), or anti-HA antibody
(data not shown) to specifically detect proBDNF. For both consti-
tutive and regulated release, we set the total amount of BDNF (the
sum of signals from proBDNF and mBDNF bands) detected by the
GFP antibody as 100%, and then calculated the percentages of
proBDNF and mBDNF. Constitutive secretion of total BDNF was
extremely low, detectable from the culture medium only after 10 to
12 h, but not within 15 min of accumulation in TAC (Fig. 1B and
Fig. S1C). Quantitative analysis revealed that roughly equal
amounts of proBDNF and mBDNF was secreted (54.6 = 2.6% vs.
45.4 = 2.6%). Depolarization with 15-min KCl in the culture media,
resulted in ~6- to 8-fold increase in BDNF compared to 12 h of
constitutive secretion. Interestingly, more mBDNF (81.3 = 2%)
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than proBDNF (18.7 = 2.0%) was detected in the medium (see Fig.
1C). Thus, unlike in the resting conditions, membrane depolariza-
tion preferentially increased extracellular levels of mBDNF.

Specific Detection of mBDNF. To specifically detect mBDNF, we
devised a strategy based on the premise that cleavage of proBDNF
would generate a previously unexposed epitope, which could be
used to generate a specific antibody as illustrated in Fig. S24
(B-peptide). In a Western blot with purified recombinant proteins,
the B-peptide antibody detected only mBDNF but not proBDNF or
the pro-fragment (GST-pro) (Fig. S2B), which was visualized with
the anti-proBDNF antibody (Fig. S2C). Moreover, the B-antibody
specifically detected mBDNF, but not proBDNF, in wild-type
hippocampal lysates (Fig. S2D). mBDNF band was validated with
an alternate antibody raised against a completely different epitope
in the mature domain of BDNF (N-20) (Fig. S1D). A semiquanti-
tative analysis of mBDNF band detected by the B-antibody in
wild-type hippocampal lysates in comparison with known amounts
of recombinant mBDNF revealed the presence of ~0.6 to 0.8 pg of
mBDNF per pg of total soluble hippocampal protein (or 600—800
ng/g tissue wet weight) (see Fig. S1D), an estimate comparable to
previous reports. Neither mBDNF nor proBDNF was detectable in
lysates prepared from BDNF-/— animals (see Fig. S2 D and E). The
presence of both proBDNF and mature BDNF in the wild-type
hippocampal lysates were also confirmed using a rabbit polyclonal
antibody (Santa Cruz N-20) (Fig. S6A4, lane 2). Finally, immuno-
cytochemistry using the B-antibody detected specific immunoreac-
tive signals under cell permeabilizing conditions in hippocampal
neurons derived from wild type, but not in BDNF—/— animals (Fig.
S34). Henceforth, we will refer to B-antibody as mBDNF-specific
antibody.

mBDNF and proBDNF are positively charged under physiolog-
ical conditions (pI = 9.59 and 8.98, respectively) in the extracellular
space, and therefore likely to electrostatically interact with the
negatively charged cell membranes after their secretion, in a
manner similar to that of nerve growth factor (NGF) (15). We took
advantage of this property to measure the secretion of proBDNF
and mBDNF by surface immunostaining. Neurons transfected with
HA-tagged BDNF were treated with either TAC or KCl, fixed
briefly under nonpermeabilizing conditions, and double-stained
with the mouse anti-HA antibody and the rabbit mBDNF-specific
antibody. Similar techniques have been used previously to measure
the secretion of NGF in hippocampal neurons (15). This method
detected only cell surface proteins, because staining for intracellular
proteins [MAP2 (Fig. S3B) or Tau (not shown)] was negative. In
TAC, similar levels of proBDNF (red) and mBDNF (green) were
observed on the cell surface (Fig. 24). Depolarization with high
KCl increased the surface levels of mBDNF, particularly in distal
dendrites (see Fig. 24). While few punctae stained only for
proBDNF (see Fig. 24, arrowheads, red), many branches in the
distal dendrites stained exclusively for mBDNF (see Fig. 24,
arrows, green-only processes). When the fluorescence intensities of
proBDNF and mBDNF along the dendrites were quantified and
normalized to that of total BDNF in TAC, KCI treatment showed
a significant increase in proBDNF, as well as mBDNF on the
dendritic surface (Fig. 2B). Therefore, mBDNF-specific antibody
can be used to study the cellular distribution of mBDNF, which is
difficult with any other method.

Different Forms of Extracellular BDNF Induced by High- and Low-
Frequency Stimulation. To measure the ratio of proBDNF and
mBDNF under more physiologically relevant conditions, we ap-
plied field electrical stimulation to cultured hippocampal neurons
transfected with the BDNF construct (see Fig. 1.4), using a protocol
previously shown to reliably induce action potentials throughout the
culture dishes (16). For high-frequency stimulation (HFS), we used
theta burst stimulation (14,400 pulses, 60 min), and for low-
frequency stimulation (LFS), we delivered a 5-Hz train with the
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Fig. 2. Detection of constitutive and regulated secretion of proBDNF and

mBDNF by cell surface staining. BDNF transfected neurons (>14-days old)
treated with either TAC for 12 h or KCl (50 mM) for 15 min, fixed under
nonpermeabilizing conditions, and processed for surface immunolabeling
using the monoclonal anti-HA antibody for proBDNF (red) or the mBDNF-
specificantibody (green). (A) Representative micrographs of cell surface stain-
ing. Superimposed images are shown on the right. Arrows indicate mBDNF-
only signals and arrowhead indicate proBDNF-only signals. In this and all
micrographs, scale bar is 10 um. (B) Quantification of surface-bound proBDNF
and mBDNF in dendrites by immunostaining. The fluorescence intensity for
total BDNF (proBDNF + mBDNF) in the entire dendritic areas of a neuron in
TACwassetas 100%, and values for proBDNF and mBDNF in various conditions
were normalized to total BDNF. A total of 26 dendrites from 7 neurons (n =
7) in TAC and 33 dendrites from 8 neurons (n = 8) in high KCI conditions from
n = 3 independent experiments. In this and all other figures the data were
analyzed using InStat3. **, P < 0.001, paired two-tailed Student t test.

same number of pulses (14,400 pulses, 48 min). Longer HFS and
LES stimulation protocols were used compared with those used in
slice electrophysiology for the following reasons. First, HFS and
LES mimic continuous theta-burst firing during learning and the
low-frequency stochastic firings recorded in the hippocampus in
vivo, respectively. Thus, these protocols may be more relevant to
neuronal firings in vivo. Second, and more importantly, a longer
stimulation time is needed to accumulate enough secreted BDNF
for immunoprecipitation and Western analysis. Last, but not the
least, the efficiency of stimulating neurons in dissociated cultures is
not as high as that of stimulating the well-organized CA3-CA1l
Schaffer collateral circuits. Following stimulation, the culture me-
dia was immunoprecipitated using a monoclonal anti-GFP antibody
followed by Western blotting with a polyclonal anti-GFP antibody
(Fig. 34, Upper). Because the antibodies recognize the C-terminal
GFP tag, they detect both proBDNF and mBDNF with same
affinity. Constitutive secretion of BDNF in TAC was undetectable
in 1 h, but discernible after a 12-h period. While both LFS and HFS
induced a marked increase in BDNF secretion, HFS was more
effective (see Fig. 34). Neither the electrical stimulation nor high
K* resulted in cell death as measured by lactate dehydrogenase
(LDH) activity (Fig. S4). Two major differences were observed
when neurons in culture were stimulated with HFS and LFS. First,
LFES conditioned medium contained only ~66% of total BDNF
compared to HFS. Second, LFS induced predominant secretion of
proBDNF (pro-, 54.5 = 1.9%; mBDNF, 12.08 = 0.78%), compared
to mBDNF in HFS (pro-, 38.77 * 3.1%; mBDNF, 58.5 * 1.8%)
(see Fig. 34, Lower). Similar results were obtained when neurons
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Fig. 3. Western blot analyses of proBDNF and mBDNF secretion induced by
electrical stimulation at different frequencies. Rat hippocampal neurons (A) or
tPA-/- neurons (B) transfected with BDNF construct shown in Fig. 1A were
stimulated with the same number of electrical pulses (14,400) of HFS or LFS.
Secretion of proBDNF and mBDNF was detected from culture medium (1 ml
per well X 3 wells in a 12-well plate, with a plating density of 0.12 X 108
cells/well) by the method described in Fig. 1, using antibodies against the GFP
tag and quantified by normalizing all data to average total BDNF signal under
HFS condition (n = 3 independent experiments). ND, not detectable. Data are
presented as mean *= SEM and analyzed by 2-way ANOVA followed by
Bonferroni posthoc analysis. *, P < 0.01; **, P < 0.001.

were stimulated with LFS or HFS for the same amount of time (60
min, data not shown). Therefore, our results suggest that the ratio
of mBDNF to proBDNF (M/P) in the extracellular space may differ
depending on the frequency of neuronal activity.

To examine the release of BDNF isoforms from different
neuronal compartments (soma vs. dendrites), we performed sur-
face immunolabeling using the anti-HA antibody for proBDNF
(red) and the mBDNF-specific antibody (green) following different
frequencies of electrical stimulation. Negligible staining was de-
tected in control (TAC) condition (see Fig. 24 Upper) for both
proBDNF and mBDNF. Consistent with biochemical analysis, LFS
primarily increased proBDNF on neuronal surface, whereas HFS
increased mBDNF staining on neuronal surface (Fig. 44). The ratio
of proBDNF in LES vs. HFS was ~2, whereas the ratio of mBDNF

PNAS | January 27,2009 | vol.106 | no.4 | 1269

NEUROSCIENCE


http://www.pnas.org/cgi/data/0807322106/DCSupplemental/Supplemental_PDF#nameddest=SF4

=

>
o

WT 300

200

Relative to total BDNF
in TAC (%)
<]
o

150+
tPA

N

o

o
1

a
o
1

Frequency distribution

200

Fig. 4. HFS- and LFS-induced secretion of proBDNF
and mBDNF in wild-type and tPA-/- neurons re-
vealed by cell surface staining. Images of surface
stained wild-type (A) and tPA—/- neurons (B) follow-
ing 15 min stimulation. (C) Quantification of the
surface bound proBDNF and mBDNF on the den-
drites. Wild type, TAC: 30 dendrites from 10 neurons;
Wild type, HFS: 55 dendrites from 12 neurons; Wild
type, LFS, 37 dendrites from 9 neurons; tPA-/-, HFS,
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was ~0.35 (Fig. 4C). These results were further confirmed by
switching the primary-secondary antibody pairs (data not shown).
Interestingly, mBDNF staining was intense and more frequent
(=10-fold) in the distal dendritic regions (>40 um from soma) (see
Fig. 4D and inset) following HFS, compared to only a 2-fold
increase in the proximal dendritic region (<40 wm). The biochem-
ical (see Fig. 34) and immunostaining results together suggest that
HEFS is more effective than LFS in converting proBDNF to mBDNF.

Activity-Dependent Control of Extracellular proBDNF — mBDNF Con-
version. An increase in mBDNF staining on the dendritic surface in
response to HFS could be because of either increased dendritic
secretion of mBDNF or an increase in extracellular cleavage of
proBDNF by the tPA/plasmin system (12). To distinguish these
possibilities, we repeated the surface staining in neurons derived
from tPA knockout mice (tPA—/-). Similar to the wild-type neu-
rons, LFS predominantly induced the secretion of proBDNF in
both cell body and dendritic areas (Fig. 4B Lower). However, in
tPA—/— neurons, HFS no longer induced an increase in dendritic
surface mBDNF (see Fig. 4B and Fig. S5). Staining for proBDNF
and mBDNF along the dendritic surface was very similar to that
seen in wild-type neurons stimulated with LFS (see Fig. 4C).
Further analysis indicated that mBDNF was uniformly distributed
along the dendrites at barely detectable levels (see Fig. 4D), and
almost identical to that of wild-type LFS (see Fig. 4D inset). These
results support a model in which secretion of proBDNF is induced
by either HFS or LFS, but only HFS is capable of converting
proBDNF to mBDNF, possibly because of dendritic secretion of
tPA. The surface immunostaining results were further confirmed by
immunoprecipitation experiments using cultured tPA—/— neurons
transfected with epitope-tagged BDNF (as in Fig. 14). In TAC,
neither proBDNF nor mBDNF was detectable. Again, LFS pre-
dominantly induced the secretion of proBDNF in tPA—/- neurons
(Fig. 3B). Unlike the substantial increase in mBDNF induced by
HFS seen in wild-type neurons (see Fig. 34), proBDNF was the
major form detected after HFS in tPA—/— neurons, although trace
amounts of mBDNF were detectable (see Fig. 3B). Failure to detect
large amount of mBDNF in the medium of tPA—/- cultures after
HFS suggests that extracellular conversion of proBDNF to mBDNF
by tPA is a major contributor of extracellular mBDNF in response
to high-frequency neuronal activity.

To demonstrate that the frequency-dependent extracellular con-
version of proBDNF to mBDNF is not limited to exogenously
expressed epitope-tagged BDNF but applicable to the endoge-
nously synthesized BDNF as well, we measured endogenous BDNF
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secreted from wild-type neurons in response to different stimula-
tion paradigms in the absence or presence of protease inhibitors
that selectively inhibit either intracellular or extracellular proteo-
lytic processing of proBDNF. To inhibit furin and prohormone
convertase 1/3, the two major intracellular prohormone convertases
expressed in hippocampal neurons (17), we incubated the wild-type
neuronal cultures with furin inhibitor II (FIN-II, 13 uM) (4, 9). To
inhibit extracellular proteolytic processing of secreted proBDNF,
neurons were incubated with the membrane impermeable inhibitor
for tPA (18), plasminogen activator inhibitor-I (PAI-I). Neurons
were stimulated by high KCl, LFS, or HFS, and the secreted
proBDNF and mBDNF were measured by immunoprecipitation
and Western blotting. While both KCl and HFS predominantly
contained mBDNF in the extracellular milieu (75.6 = 1.1% and
74.75 = 4.75%, respectively), LFS primarily induced proBDNF
secretion (80.626 = 5.67%) (see Fig. 5A4). Inhibition of intracellular
proteases by FIN-II did not affect extracellular proBDNF to
mBDNF conversion (nBDNF — 76.4 * 3.67%), whereas PAI-I
significantly reduced its conversion (pro, 81.21 = 5.53%) (see Fig.
5A). These results, together with the finding that tPA—/— neurons
predominantly secreted proBDNF into the extracellular medium
under HES (see Fig. 3B), strongly suggest that proBDNF is the
major form secreted during HFS in the absence of extracellular tPA
or when its activity was blocked. There was still ~15 to 20%
mBDNF present in the medium of wild-type neurons containing
PAI-I (see Fig. 54, column 8) as well as in tPA—/- neurons (see Fig.
3B), suggesting a minor contribution of mBDNF from intracellular
conversion. Consistently, analysis of whole-cell lysates indicated
that a significant proportion of proBDNF may be cleaved inside
neurons (Fig. S6B, lane 1), and the absolute levels of intracellular
mBDNF were significantly reduced when the cells were treated
with FIN-II but not with PAI-I (see Fig. S6B, lane 3 and lane 2,
respectively). Thus, while proBDNF constitutes a small proportion
(=20%) of total BDNF intracellularly, it is the predominant
isoform secreted in response to neuronal activity, which is subse-
quently converted to mBDNF by extracellular cleavage. Together,
these results support the notion that majority of extracellular
mBDNF during HFS is derived from the conversion of proBDNF
to mBDNF by the extracellular tPA/plasmin system, rather than
from direct secretion of mBDNF from the intracellular pool.

Secretion of tPA Induced by HFS but not LFS. The most likely
explanation for the frequency-dependent cleavage of proBDNF by
tPA is the selective secretion of tPA by HFS. To test this possibility,
rat hippocampal neurons transfected with Venus-tagged rat tPA
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cDNA (19) was subjected to field electrical stimulation with dif-
ferent frequencies. tPA in the media was measured by immuno-
precipitation using a monoclonal anti-GFP antibody followed by
blotting with a polyclonal anti-GFP antibody. Indeed, HES, but not
LFS, induced the secretion of tPA (Fig. 5B Upper). Quantification
of the results showed that HFS increased tPA secretion by 6-fold
(see Fig. 5B Lower). Identity of the immunoprecipitated band was
confirmed using an anti-tPA antibody (see Fig. 5B Middle). Con-
sistent with studies by Lochner et al. (20), double immunostaining
under cell permeable conditions using antibodies against rat tPA-
Venus (anti-GFP), dendritic and synaptic marker proteins (MAP2
and Synapsin I, respectively) revealed that after HFS, intracellular
tPA localized to dendritic spines (Fig. S7), suggesting that tPA-
containing vesicles are mobilized into spines of active synapses in
response to HFS. Taken together, these results support the hypoth-
esis that the secretion of tPA in response to high-frequency
neuronal firing is responsible for the extracellular conversion of
proBDNF to mBDNF.

Discussion

BDNF, a neurotrophin that plays a key role in synapse development
and plasticity, is secreted in response to neuronal activity (4). Using
newly developed tools, we showed that when neurons are com-
pletely silent, very small amounts of proBDNF and mBDNF were
constitutively secreted. When neurons were depolarized with high
KCl to induce regulated secretion, there was a dramatic increase in
the amount of extracellular BDNF, suggesting that BDNF is
primarily secreted through the regulated pathway. Given that many
of our findings were based on exogenous epitope-tagged BDNF
expression, caution must be exercised during interpretation. How-
ever, the following results suggest that it did not significantly affect
our conclusion that most of the proBDNF — BDNF conversion
occurs outside, and is dependent on the extracellular protease
tPA/plasmin cascade. First, high KCI induced similar percent of
exogenous (see Fig. 1C) and endogenous (see Fig. 54, far Left)
proBDNF. Second, inhibition of intracellular proBDNF —
mBDNF conversion by FIN-II did not significantly affect
proBDNF/mBDNF ratio following HFS stimulation (see Fig. 54).
Together, these results suggest that irrespective of the intracellular
levels of proBDNF and mBDNF, the majority of BDNF secreted
by the regulatory secretory pathway is proBDNF and is extracel-
lularly converted to mBDNF.

Given that mBDNF enhances neuronal survival (21) and pro-
motes LTP (12, 22, 23), while proBDNF induces apoptosis (7) and
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sented as % of total BDNF (n = 4 independent experi-
ments). *, P < 0.001, 2-way ANOVA followed by
Bonferroni posthoc analysis; RP, recombinant proBDNF;
" rM, recombinant mBDNF. (B) Frequency-dependent se-
cretion of tPA. Cultured hippocampal neurons trans-
fected with tPA-Venus was stimulated for tPA secretion
exactly as described in Fig. 4. Representative Western
blots showing tPA-Venus detected by a polyclonal anti-
GFPantibody and a anti-tPA antibody. The relative values
for tPA-Venus release in HFS and LFS normalized to tPA
signals in TAC condition are presented as fold increase.
The data for the same condition in multiple experiments
(n = 3) were averaged and presented as mean= SEM. *,
P<0.001, 2-way ANOVA followed by Bonferroni posthoc
analysis.

HFS LFS

facilitates LTD (8), it is essential to determine the relative extra-
cellular levels of the 2 isoforms under various conditions. The most
striking finding of the present study is that LFS predominantly
induced proBDNF secretion, whereas substantial amount of
mBDNF was detected in the extracellular milieu in HFS. Thus, the
ratio of mBDNF and proBDNF, and hence the direction of BDNF
regulation, appears to be controlled by the frequency of neuronal
activity. HFS-induced increase in extracellular mBDNF occurred in
dendrites of wild-type neurons, but not in tPA—/- neurons, suggest-
ing that tPA is secreted only in response to high frequency, but not
low-frequency neuronal activity. These results support a model in
which high frequency neuronal activity triggers simultaneous se-
cretion of proBDNF and tPA to generate mBDNF in situ, whereas low
frequency stimulation induces the secretion of only proBDNF (Fig. S8).

A recent study by Matsumoto et al. reported that no proBDNF
was secreted from the cultured hippocampal neurons even when
neuronal activity was elevated (14). This result is at odd with the
present finding that BDNF is secreted primarily as proBDNF. The
following reasons may have contributed to this discrepancy: (i) We
used neuronal cultures free of glial cells to measure BDNF secre-
tion, whereas the Matsumoto study did not. Glial cells are a major
source of proteases such as uPA and tPA, and therefore could have
readily converted secreted proBDNF to mature BDNF in response
to stimuli. (i7) Including BSA as a competitor in the culture medium
allowed us to recover all of the BDNF released by immunopre-
cipitation by preventing its binding to membrane or receptors. (iif)
Inclusion of protease inhibitors in our study during the experimen-
tal procedure may have effectively prevented the conversion of
secreted proBDNF to mBDNF. Consistent with these reasons,
Yang et al. (24), using a BDNF-HA knock-in mice (HA-tag vs.
myc-tag at the C terminus of BDNF by Matsumoto et al, ref. 14),
showed that hippocampal neurons primarily secreted proBDNF in
response to high KCI when o2 anti-plasmin inhibitor was included
in the culture medium . Therefore, failure to detect proBDNF
secretion in the Matsumoto study may not necessarily reflect its
release from the neurons.

An important finding is that LFS predominantly triggered se-
cretion of proBDNF, but HFS resulted in substantial amounts of
extracellular mBDNF. Using conventional ELISA, previous studies
showed that while tetanic stimulation or TBS evoked the secretion
of BDNF, no extracellular BDNF could be detected after LES (5,
25-27). In contrast, we show that LFS reliably triggered the
secretion of proBDNF, as measured by both Western blot and by
cell surface staining. Several differences between the present and
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previous studies may explain this discrepancy. Most obviously, the
previous studies used an ELISA that could not distinguish between
proBDNF and mBDNF. Although this antibody should be able to
detect both proBDNF and mBDNF, the experimental conditions
used in the earlier study may not have allowed effective measure-
ment of proBDNF. The experimental conditions, such as brain
regions [perirhinal cortex (27) vs. hippocampus present study],
maturity of the neurons [3-d (5) vs. >14-d present study], magni-
tude of over-expression [10- to 20-fold using adenovirus (26) vs.
30% increase present study], and stimulation time [5 min (25, 26)
vs. 48 min present study] may also have contributed to this variation.

The present study may provide important insights into how
different and sometime opposite forms of synaptic plasticity can be
regulated by BDNF. Our previous studies demonstrate that
proBDNF to mBDNF conversion by the tPA/plasmin system is
important for hippocampal L-LTP (12). More recently, we have
shown that proBDNF, through activation of p75NTR, facilitate LTD
at the same hippocampal synapses (8). Is proBDNF secreted in
response to an LTD stimulus? If so, why not tPA/plasmin or other
extracellular enzymes convert proBDNF to mBDNF? We now
show that proBDNF is the predominant form secreted in the
extracellular milieu in response to LTD-inducing LFS, and that
HFS-induced secretion of tPA is critical for the elevation of
extracellular mBDNF. Taken together, we propose that proBDNF,
secreted in response to LFS during LTD, activates p75N'R, leading
to NMDA-dependent LTD. In addition to proBDNF secretion,
HEFS also induces the secretion of tPA, which converts the extra-
cellular proBDNF to mBDNF by activating the plasminogen at the
synapses in situ. Through activation of TrkB, mBDNF facilitates
L-LTP. Thus, activity-dependent secretion of proBDNF could be
involved in either LTD or LTP, depending on whether there is
extracellular cleavage. In addition to its temporal specificity, the
extracellular conversion of proBDNF to mBDNF at active synapses
offers an explanation for synapse specificity of L-LTP. In addition
to our scientific findings, we have developed new tools to selectively
detect mBDNF. Because recent studies have shown alterations in
BDNF levels in the brains of Alzheimer’s patients (28, 29), in
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cerebrospinal fluid after brain injuries (30), and in various neuro-
degenerative disorders (31-34), detecting the proBDNF/mBDNF
ratio may serve as a biomarker in neuropsychiatric and neuropatho-
logical conditions.

Materials and Methods

Neuronal Cultures, Nucleofection, and Electrical Stimulation. Neuronal cultures
were prepared and transfected with cDNA constructs by nucleofection as de-
scribed in SI Methods. Bipolar field stimulation was applied through a custom-
made lid with platinum wires immersed in the medium (1.3 ml). Each stimulation
pulse (1 msec, 2-8 V) was sufficient to elicit action potentials in these cultured
neurons (16). The whole procedure was done at 37 °C in a 5% CO; incubator.
Following are the 2 stimulation paradigms that we have used in this study: (/) HFS:
theta-burst stimulus consisting of four bursts, each with 5 biphasic pulses at 100
Hz (10-msec interval), separated by an interburst interval of 200 msec. One
episode was given every 5 sec, and stimulation continued for 60 min. (i) LFS: 5 Hz
applied continuously for 48 min to match the number of pulses used in HFS.

Surface Inmunofluorescence Staining. All staining procedures were performed
on ice. Neurons grown on cover slips were washed with PBS (PBS), fixed with 4%
paraformaldehyde in PBS containing 120 mM sucrose for 3 to 5 min, and then
incubated with 100-mM glycine for 5 min. Blocking was done using 3% BSA
(Pierce) in PBS for 60 min followed by primary antibody for 2 h, 3 X 5 min PBS
washes and secondary antibody (Alexa Fluor antibodies from Molecular Probes)
for 1 h. Following PBS washes, the cover slips were mounted on medium con-
taining Mowiol 4-88 and the anti-fade DABCO, and left overnight in dark for
curing. Images were acquired using a 63X oil plan Apochromat lens with the
numeric aperture of 1.4 and multitrack option in the Zeiss confocal LSM 510 Meta
for all samples under identical conditions (laser power, pinhole, gain and offset
for 2 different colors). Neurons that stained positive for both mBDNF and
proBDNF (HA-positive) were acquired. Fluorescence intensity values (in pixel, 0
minimum-255 maximum) for all of the stained spots along the entire length of
the dendrites were obtained using the region of interest tool in IP lab software
and subtracted for background before normalizing to total BDNF.
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