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There is increasing recognition that neurotrophin (NT) signaling
occurs in non-neuronal tissues, including airway smooth muscle
(ASM). We recently demonstrated that NTs, such as brain-derived
neurotrophic factor (BDNF), enhance intracellular Ca21 ([Ca21]i)
and force regulation in human ASM. Increased NT expression has
been observed in airway diseases, such as asthma and allergy. In the
present study, we tested the hypothesis that NTs contribute to
inflammation-induced enhancement of ASM contractility. Using
human ASM cells and real-time fluorescence [Ca21]i imaging, we
examined the contribution of the high-affinity tropomyosin-related
kinase and low-affinity, pan-NT p75NTR receptors to [Ca21]i regula-
tion under control conditions and after exposure to the proinflam-
matory cytokine TNF-a (20 ng/ml). Exposure to TNF-a enhanced
[Ca21]i responses to agonist (acetylcholine, histamine). Exposure to
10 nM BDNF for even 30 minutes substantially and synergistically
enhanced TNF-a effects on [Ca21]i responses to agonist. Small
interfering RNA suppression of tropomyosin-related kinase substan-
tially blunted the effect of BDNF on [Ca21]i responses to agonist
(with greater effect on Ca21 influx via store-operated Ca21 entry
compared with sarcoplasmic reticulum Ca21 release) in both control
and TNF-a–exposed cells. However, p75NTR suppression by small
interfering RNA had no significant effect on [Ca21]i responses in
either cell group. These novel data demonstrate that NTs influence
ASM contractility, and suggest a potential role for NTs in airway
diseases.
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Airway inflammation characterizes a spectrum of diseases, includ-
ing asthma, allergy and emphysema. Increased airway smooth
muscle (ASM) contractility in the inflamed airway is responsible,
at least in part, for the pathological airway narrowing and increased
resistance to airflow in these diseases. ASM contractility is
normally determined by regulation of intracellular Ca21 ([Ca21]i),
which, in turn, involves several mechanisms, including sarcoplas-
mic reticulum (SR) Ca21 release and Ca21 influx (1–3). With
airway inflammation induced by cytokines such as TNF-a, several
of these regulatory mechanisms may be altered, thus contributing
to increased ASM contractility (4–8).

An exciting, new investigative theme in airway physiology
and pathophysiology is neurotrophins (NTs), the family of
growth factors that includes brain-derived neurotrophic factor
(BDNF), NT-3, and NT-4. NTs are well known to be involved in
neuronal cell differentiation, morphology, and function (9–11).

There is now increasing recognition that NTs and their recep-
tors are expressed and functional in non-neuronal tissues, in-
cluding ASM (12–17). Altered NT and NT receptor expression
have been observed in asthma, allergy, and even in lung cancer
(12, 14, 17–19). NTs may be derived from several sources within
the lung, such as airway nerves, immune cells, and even ASM
itself (15, 17, 20). However, the role of NTs in the lung is still
under investigation. We recently reported that exogenous
administration of BDNF potentiates agonist-induced [Ca21]i

and force responses in human ASM cells (16), suggesting that
ASM is a potential target of NTs. Accordingly, NTs may play
a role in enhanced ASM contractility with inflammation. In
the present study, we examined the effect of TNF-a on NT
signaling in human ASM. Using BDNF as a model NT, we
determined expression and function of BDNF receptors (high-
affinity tropomyosin-related kinase [TrkB] versus low-affinity
p75NTR) with TNF-a, and alterations in [Ca21]i regulation.

Some of the results in this article were presented in pre-
liminary form at the 2007 American Thoracic Society Interna-
tional Meeting (San Francisco, CA).

MATERIALS AND METHODS

Human ASM Cells

The techniques for isolating human ASM cells have been previously
described (21). Briefly, human bronchi were obtained from waste lung
specimens incidental to patient surgery. Samples were immersed in ice-
cold Hanks’ balanced salt solution (HBSS) and the ASM layer
dissected under a microscope. ASM tissue was finely minced in ice-
cold Ca21-free HBSS (0 Ca21 HBSS) and cells isolated using collage-
nase (21). After ovomucoid/albumin separation, cell pellets were
resuspended in Dulbecco’s modified Eagles medium (DMEM)/F12
medium with 10% FBS (DMEM complete), centrifuged, resuspended,
and seeded overnight in culture flasks or four-well coverglass-bottomed
LabTek dishes (Thermo Fisher Scientific, Rochester, NY) in DMEM
complete maintained at 378C (5% CO2, 95% air). Cells were serum
deprived for at least 24 hours, and experiments performed within
48 hours thereafter (necessary for TNF-a or BDNF exposure).

The procedure for procurement of waste surgical specimens was
reviewed by the Mayo Clinic Institutional Review Board and de-
termined not to be human subjects research, and exempt from in-
stitutional review board review.

Immunoprecipitation and Western Analyses

Human ASM cells were rinsed twice with HBSS, harvested, and
subjected to sonication for 5 seconds in cell lysis buffer (Cell Signaling
Technologies, Beverly, MA) containing 1 mM PMSF, and the resultant
supernatant assayed for protein using the DC protein assay (Bio-Rad,
Hercules, CA). Lysates (200 ml) were adjusted to contain 200 mg
protein and 4 mg rabbit polyclonal anti-TrkB antibody (Abcam,
Cambridge, MA) or 4 mg rabbit polyclonal anti-p75NTR antibody
(Abcam) added overnight at 48C with gentle rocking. The antibody–
protein complex was then immunoprecipitated for 4 hours using
Protein A/G Plus-Agarose (Santa Cruz Biotechnology, Santa Cruz,
CA), the pellet washed four times in ice-cold PBS, and resuspended in
50 ml of cell lysis buffer and 16-ml 43 sample buffer. The supernatants
were denatured at 1008C for 3 to 5 minutes and 45 ml of sample
subjected to SDS-PAGE using the Criterion Gel System (Bio-Rad)
and a 4–15% gradient gel. The gels were run at a current of 200 V for
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60 minutes followed by transfer to PVDF membranes (Bio-Rad).
Membranes were blocked for 1 hour in 5% nonfat dry milk in Tris-
buffered saline containing 0.1% Tween 20, followed by incubation with
goat polyclonal anti-TrkB (1:1,000 dilution; Neuromics, Minneapolis,
MN) or mouse monoclonal anti-p75NTR (1:100 dilution) antibody
overnight, and horseradish peroxidase–conjugated secondary antibody
for 2 hours. Blots were then visualized by exposure to BioMax XAR
film (Eastman Kodak Co., Rochester, NY) using Supersignal West
Dura substrate (Pierce Biotechnology, Rockford, IL).

[Ca21]i Imaging

The techniques for [Ca21]i imaging of ASM cells have also been
previously described (16). Briefly, ASM cells were incubated in 5 mM
fura-2/AM (Invitrogen, Carlsbad, CA) and visualized using a real-time
fluorescence imaging system (MetaFluor; Universal Imaging, Down-

ingtown, PA) on a Nikon Diaphot inverted microscope. Images were
acquired using a Micromax 12-bit camera system (Princeton Instru-
ments, Trenton, NJ). Ratios of Fura 2 emissions at 510 nm when excited
at 340 and 380 nm were calculated approximately every 0.75 seconds
(1.33 Hz) and used to calculate [Ca21]I, as previously described (22).
Cells were perfused with HBSS and baseline [Ca21]i level established in
25 cells per chamber using software-defined regions of interest.

Small Interfering RNA Transfection

The techniques for small interfering RNA (siRNA) transfection in
human ASM cells has been previously described (21). Briefly, in 1st or
2nd passage human ASM cells grown to 40–50% confluence, negative
control or protein-specific (TrkB or p75NTR) siRNAs (50 nM;
Ambion) were permitted to form complexes with lipofectamine per
the manufacturer’s instructions. Culture media were removed and
replaced with fresh serum-free DMEM/F12. siRNA and lipofectamine
complexes were then added. After 24 hours, transfection medium was
removed and replaced with fresh DMEM/F12 containing 10% FBS for
an additional 24 hours. Finally, serum-free DMEM/F12 was used for an
additional 48 hours, after which experimental protocols were followed.
Specific protein suppression was confirmed by Western analysis.

TNF-a Exposure

ASM cells were exposed for 24 hours to either medium alone (control)
or 20 ng/ml recombinant human TNF-a (R&D Systems. Minneapolis,
MN) overnight. For cells transfected with siRNA, TNF-a was added
within the last 24 hours or the serum-free period (see above). Studies
on [Ca21]i regulation were performed in the continued presence of
medium alone or TNF-a.

[Ca21]i Responses to Agonists

ASM cells exposed to medium only (control) or TNF-a were loaded
with fura-2/AM and washed in HBSS for 2–3 minutes to verify cell

Figure 1. Expression of receptors for brain-derived neurotrophic factor

(BDNF) in human airway smooth muscle (ASM) cells. Under control

conditions, both tropomyosin-related kinase (TrkB) and p75NTR
receptors were expressed. Transfection of ASM cells with small in-

terfering RNA (siRNA) specifically decreased expression of TrkB and

p75NTR.

Figure 2. EffectofBDNF
on intracellular Ca21

([Ca21]i) responses of

ASMcells toacetylcholine
(ACh). Under unstimu-

lated conditions, expo-

sure to 10 nM BDNF

(but not lower concen-
trations) significantly in-

creased baseline [Ca21]i
levels. In the absence of

BDNF, ACh produced
a concentration-depen-

dent increase in peak

[Ca21]i responses. A 30-
minute, 1 nM BDNF ex-

posure had a significant

enhancing effect only on

[Ca21]i responses to high
agonist concentration.

Both peak and amplitude

of the [Ca21]i responses

were affected. In com-
parison, 30 minutes of

10 nM BDNF exposure

substantially enhanced

peak and amplitude
responses at different ag-

onist concentrations. Val-

ues are means (6SE).
*Significant effect of

1 nM BDNF (compared

with 0 nM); #significant

effect of 10 nM BDNF
(compared with 0 nM);

P , 0.05.
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stability. To evaluate the effect of TNF-a on agonist response, in one
set of experiments, cells were exposed to 10 nM, 100 nM, or 1 mM ACh,
whereas in a second set of experiments, cells were exposed to 100 nM,
1 mM, or 10 mM histamine.

To determine the effect of BDNF on [Ca21]i responses to agonists,
fura-2–loaded ASM cells exposed to medium only (control) or TNF-a
were further exposed to 1 or 10 nM BDNF for 30 minutes. Initial
studies examining the effect of BDNF on [Ca21]i response to agonist
was conducted with both NT concentrations. However, for additional
TNF-a exposure, based on pilot studies showing minimal effects of
30-minute exposure to 1 nM BDNF in TNF-a–exposed cells, further
studies examining interactions between BDNF and TNF-a were
conducted using only 10 nM BDNF. This substantially simplified the
combinations of drug exposures and interpretation of data. In the
continued presence of BDNF (and TNF-a, if appropriate), [Ca21]i

responses to acetylcholine (ACh) or histamine were determined (con-
centrations as above). Baseline and peak [Ca21]i levels were measured;
amplitudes were calculated as differences between these parameters.

To determine the role of TrkB versus p75NTR receptors, ASM cells
were first transfected with lipofectamine alone (transfection control) or
siRNA targeting TrkB or p75NTR. After the appropriate time period
(as above), cells were further exposed to serum-free medium only or to
TNF-a further overnight. Finally, cells were exposed to BDNF for
30 minutes and [Ca21]i responses to 1 mM ACh or 10 mM histamine
evaluated.

Effect on SR Ca21 Release

In separate experiments, cells were transfected with lipofectamine
alone, TrkB siRNA, or p75NTR siRNA. Each group of cells was
further exposed to serum-free medium or to TNF-a. All cells were then
loaded with fura-2, washed with HBSS, and baseline [Ca21]i measured.
Cells were then exposed to 10 nM BDNF for 30 minutes. Extracellular
Ca21 was subsequently removed by exposure to zero-Ca21 HBSS (5 mM
EGTA). Cells were then exposed to 5 mM caffeine in zero-Ca21 HBSS
to evaluate the effect of TNF-a and interactions with BDNF effects on
SR Ca21 release.

Effect on Store-Operated Ca21 Entry

The techniques for evaluating store-operated Ca21 entry (SOCE) in
ASM have been previously published (16, 22). ASM cells were
perfused with HBSS followed by removal of extracellular Ca21 by
exposure to zero-Ca21 HBSS for 5 minutes. Given non-SOCE Ca21

influx in ASM (e.g., L-type Ca21 channels) (23) cells were also exposed
to 1 mM nifedipine and 10 mM KCl (clamping membrane potential) in
zero-Ca21 HBSS. Cells were then rapidly exposed to 1 mM cyclo-
piazonic acid (CPA; inhibitor of the sarcoendoplasmic reticulum Ca21

ATPase) in zero-Ca21 HBSS (and nifedipine and KCl) to induce
passive SR depletion from continuing SR Ca21 leak. When [Ca21]i

eventually reached a plateau or started trending downwards (because
plasma membrane Ca21 efflux was not inhibited), HBSS (with 2.5 mM)
was rapidly reintroduced to trigger SOCE.

The above SOCE protocol was performed in fura-2–loaded ASM
cells that were transfected with lipofectamine, TrkB siRNA, or
p75NTR siRNA, with or without additional TNF-a exposure. BDNF
was added 30 minutes before the [Ca21]i measurements.

Statistical Analysis

Pair-wise comparisons were performed across groups using two-way
ANOVA with repeated comparisons and a Bonferroni correction. At
least 10 cells per group were used. Statistical significance was tested at
a P value of less than 0.05. Values are reported as means (6SE).

RESULTS

Expression of TrkB and p75NTR in Human ASM Cells

Western analyses of control ASM cells demonstrated expression of
both TrkB and p75NTR (Figure 1). siRNA transfection specifi-
cally decreased TrkB or p75NTR expression, whereas negative
control siRNAs (one each for TrkB and p75NTR) did not sub-
stantially change the expression of either protein (Figure 1).

Effect of BDNF on [Ca21]i Responses to Agonist

In control ASM cells (i.e., not exposed to TNF-a, BDNF, or
siRNA), baseline [Ca21]i levels ranged between 100 and
140 nM. In these cells, exposure to ACh or histamine resulted
in characteristic biphasic [Ca21]i responses, with an initial,
significantly higher peak followed by a sustained elevation
above baseline. Peak [Ca21]i response to ACh (Figure 2) or
histamine (Figure 3) increased progressively with increasing
agonist concentration, whereas plateau [Ca21]i stabilized at

Figure 3. Effect of BDNF on [Ca21]i responses of ASM cells to

histamine. As with ACh, histamine produced concentration-dependent

increases in peak [Ca21]i responses, reflected by increases in amplitude;
1 nM BDNF significantly enhanced [Ca21]i response to high histamine

concentration. In comparison, 10 nM BDNF substantially enhanced

peak and amplitude responses at different histamine concentrations.

Values are means (6SE). *Significant effect of 1 nM BDNF (compared
with 0 nM); #significant effect of 10 nM BDNF (compared with 0 nM);

P , 0.05.
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100–150 nM above baseline. The amplitude of [Ca21]i responses
(baseline subtracted from peak) also increased with agonist
exposure (Figures 2 and 3).

In ASM cells not exposed to TNF-a or siRNA, acute ex-
posure (30 minutes) to 10 nM (but not 1 nM) BDNF resulted in
a slow, significant increase in baseline [Ca21]i (135–179 nM; P ,

0.05 compared with no BDNF exposure; Figure 2). Subsequent
exposure to 100 nM or 1 mM ACh (Figure 2), or to any histamine
concentration (Figure 3), significantly increased peak [Ca21]i and
amplitude of [Ca21]i responses compared with cells not exposed
to BDNF. Plateau [Ca21]i responses were significantly increased
by 10 nM BDNF in the case of 1 mM ACh (control [142 6

21 nM] versus BDNF [221 6 28 nM]) and 10 mM histamine
(control [128 1 19 nM] versus BDNF [179 6 22 nM]).

Effect of TNF-a on [Ca21]i Responses to Agonist

Overnight exposure to TNF-a significantly increased baseline
[Ca21]i levels (P , 0.05; Figure 4). In TNF-a–exposed cells,
[Ca21]i responses to ACh (Figure 4) as well as histamine (Figure 5)
were significantly elevated, especially at higher agonist concen-
trations (P , 0.05 with repeated measures).

In ASM cells exposed overnight to TNF-a, 30-minute
exposure to 10 nM BDNF substantially enhanced [Ca21]i

responses to ACh and histamine compared with TNF-a or
BDNF alone. Even baseline [Ca21]i levels were substantially
enhanced, especially in the simultaneous presence of 10 nM
BDNF and TNF-a. Indeed, in the simultaneous presence of
TNF-a and BDNF, enhancement of baseline [Ca21]i as well as

[Ca21]i responses (especially at higher agonist concentration)
was higher than the sum of the individual enhancements by
TNF-a or BDNF alone (P , 0.05; Figure 4 for ACh; Figure 5
for histamine).

Effect of TrkB versus p75NTR siRNA on [Ca21]i Responses

to Agonist

Transfection of ASM cells with siRNA targeting TrkB or
p75NTR did not significantly alter baseline [Ca21]i in ASM
cells regardless of whether the cells were further exposed to
TNF-a or not. In TrkB siRNA-transfected cells not exposed to
TNF-a, exposure to 1 or 10 nM BDNF did not result in
substantial enhancement of [Ca21]i response to 1 mM ACh or
10 mM histamine (compared with nontransfected control cells,
which showed enhancement with BDNF; Figure 6). Further-
more, TrkB siRNA blunted TNF-a–induced enhancement of
BDNF effects on agonist responses (Figure 7).

In contrast to the effects of TrkB siRNA, p75NTR siRNA
had no significant effects on BDNF effects on [Ca21]i responses
(Figure 6), or on TNF-a–induced enhancement of BDNF
effects (Figure 7).

Effect of TrkB versus p75NTR siRNA on SR Ca21 Release

In cells not exposed to TNF-a or siRNA, exposure to 10 nM
BDNF for 30 minutes substantially enhanced the peak [Ca21]i

response to 5 mM caffeine in zero-Ca21 HBSS (Figure 8).
Additional overnight exposure to TNF-a resulted in greater

Figure 4. Effect of TNF-a on BDNF enhancement on [Ca21]i responses to ACh. In the absence of BDNF, overnight exposure to TNF-a alone slightly

increased baseline [Ca21]i and substantially enhanced [Ca21]i responses to ACh, especially at higher concentrations. With the additional exposure to
30 minutes of 10 nM BDNF, there was generally further enhancement of [Ca21]i responses, greater than that with TNF-a alone. Values are means

(6SE). *Significant effect of TNF-a compared with controls; #significant effect of 10 nM BDNF compared with TNF-a alone.
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enhancement of these responses. With TrkB siRNA (but
not p75NTR siRNA), BDNF effects were largely abrogated
(Figure 8).

Effect of TrkB versus p75NTR siRNA on SOCE

Substantial SOCE was observed in all cell groups, consistent
with our previous reports in human ASM (16, 22). In cells not
exposed to TNF-a or siRNA, exposure to 10 nM BDNF for 30
minutes substantially increased SOCE after SR Ca21 depletion
with CPA. Enhancement of SOCE was also observed with
TNF-a exposure alone (Figure 9). Combined exposure to TNF-
a as well as acute BDNF resulted in substantially greater
SOCE. Suppression of TrkB via siRNA blunted BDNF effects
altogether, whereas p75NTR siRNA had no significant effect.

DISCUSSION

In this article, we report novel data on interactions between the
proinflammatory cytokine, TNF-a, and acute BDNF exposure in
terms of [Ca21]i regulation in human ASM cells. Consistent with
previous studies by several groups, TNF-a by itself enhances
[Ca21]i responses to agonists, such as ACh and histamine. Our
results indicate that, in the presence of TNF-a, even brief
exposure to BDNF substantially and synergistically enhances
SR Ca21 release and Ca21 influx, thus potentiating [Ca21]i

responses to agonist. Such effects of BDNF appear to be
receptor specific in that suppression of the high-affinity TrkB
receptor abrogates BDNF enhancement of [Ca21]I, whereas
suppression of the low-affinity pan-NT receptor, p75NTR, does
not substantially affect either TNF-a or BDNF-induced in-
creases in [Ca21]i.

NT in Non–Smooth Muscle Tissues

NTs, a family of highly conserved polypeptide growth factors,
are well recognized to help with maintenance of different
neuronal populations, axonal guidance, synaptic plasticity, and
neuronal protection and repair after injury (9–11). Extensive
studies have established both short- and long-term NT effects on
multiple signaling cascades, generally contributing to cell sur-
vival and proliferation. In addition to relatively slow, likely
genomic effects of NTs, there is increasing evidence for more
rapid NT action (seconds/minutes), such as regulation of syn-
aptic transmission (11, 24–26). In this regard, BDNF-induced
transient [Ca21]i elevation, with Ca21 release from intracellular

Figure 5. Effect of TNF-a on BDNF enhancement on [Ca21]i responses

to histamine. As with ACh, TNF-a alone substantially enhanced [Ca21]i
responses to histamine. Additional exposure to 10 nM BDNF further
enhanced [Ca21]i responses, greater than that with TNF-a alone.

Values are means (6SE). *Significant effect of TNF-a compared with

controls; #significant effect of 10 nM BDNF compared with TNF-a

alone.

Figure 6. Effect of siRNA inhibition of expression of BDNF receptors

(TrkB and p75NTR) on [Ca21]i responses to ACh (top) and histamine
(bottom). TrkB siRNA substantially abrogated the enhancing effect of

BDNF on [Ca21]i responses to agonist. In contrast, p75NTR siRNA had

no substantial effect. *Significant siRNA (TrkB or p75NTR) effect
compared with BDNF only; #significant BDNF effect compared with

control (no BDNF). Values are means (6SE).
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stores (26) and increased Ca21 influx (27, 28) have been
demonstrated in neurons.

NTs exert their effects via two structurally unrelated recep-
tors: p75NTR, a member of the TNF receptor superfamily, and
Trk receptor tyrosine kinases (9–11, 29). Although p75NTR
binds to all NTs with equivalent (albeit low) affinity, BDNF and
NT-4 are preferred ligands for TrkB (29, 30). NT effects may
depend on the NT itself, the receptor(s) activated (p75NTR
versus Trk isoforms), and duration of exposure (short term or
acute versus prolonged) (26). Activation of full-length TrkB by
BDNF leads to tyrosine phosphorylation, which recruits several
downstream signaling enzymes and adaptor proteins (10, 11).
Although p75NTR has been identified in several tissues, its
role is somewhat uncertain. Initially thought to just augment
Trk signaling (31), as a member of the TNF receptor family,
p75NTR may modulate cell death or survival, depending on
concomitant Trk activation (31, 32). However, this likely occurs
with prolonged NT exposure. Overall these diverse findings in
neurons emphasize the broad influence of NTs on cell signaling.

NTs in the Lung

There is increasing evidence that NTs and Trk receptors are
expressed in non-neural tissues, including the lung (12–17).
Ricci and colleagues (13) first demonstrated NT and receptor
expression in different lung components in humans, including
lung innervation and ASM itself. NTs may be derived from
several other sources, including immune cells (20), suggesting

a role in airway inflammation. In a recent study, we found
immunocytochemical evidence for expression of BDNF, NT-3,
and NT-4, as well as their receptors (i.e., TrkB, TrkC) in human
ASM cells, indicating that, regardless of their source, NTs may
target ASM (16). The results of the present study showing an
effect of BDNF on [Ca21]i regulation in ASM cells support this
idea.

Effect of NTs on [Ca21]i Regulation

In ASM, agonist stimulations leads to SR Ca21 release that may
occur via both IP3 receptor channels (33) as well as RyR
channels (34). Typically, the plateau phase involves both
sustained Ca21 influx and continued SR Ca21 release (34, 35).
Ca21 influx occurs via voltage-gated (23) and receptor-gated
(36) channels, as well as in response to SR Ca21 depletion (i.e.,
SOCE) (22).

In a recent study (16), we demonstrated that, in human ASM
cells, exogenous application of BDNF (or NT-4) for even 30
minutes enhances peak [Ca21]i response to ACh, histamine, and
bradykinin, indicating NT enhancement of SR Ca21 release.
Furthermore, enhancement of ACh-induced sustained [Ca21]i

levels by BDNF was consistent with increased Ca21 influx.
Indeed, we also found that both BDNF and NT-4 enhance
CPA-induced SOCE in ASM. Therefore, our previous data

Figure 7. Effect of TrkB versus p75NTR siRNA on interactions between

TNF-a and BDNF in [Ca21]i responses to ACh (top) and histamine

(bottom). In the absence of BDNF, neither siRNA had substantial effects
on TNF-a–induced enhancement of [Ca21]i responses to ACh or

histamine. However, TrkB siRNA substantially blunted the enhancing

effect of BDNF, and p75NTR siRNA had no substantial effect on TNF-

a-BDNF interactions. *Significant siRNA (TrkB or p75NTR) effect
compared with BDNF only; #significant BDNF effect compared with

control (no BDNF). Values are means (6SE).

Figure 8. Effect of TrkB versus p75NTR siRNA on sarcoplasmic re-
ticulum (SR) Ca21 release. In ASM cells not exposed to TNF-a (top),

[Ca21]i responses to 5 mM caffeine were determined in the absence of

extracellular Ca21. Under these conditions, 10 nM BDNF enhanced SR

Ca21. TrkB siRNA, but not p75NTR, blunted the enhancing effect of
BDNF on the [Ca21]i response to caffeine. In cells exposed overnight to

TNF-a (bottom), [Ca21]i responses to caffeine were increased (com-

pared with non-exposed controls). Under these conditions, additional

exposure to BDNF substantially increased caffeine responses. TrkB siRNA
(but not p75NTR siRNA) blunted BDNF effects. *indicates significant

siRNA (TrkB or p75NTR) effect compared with BDNF only. #Significant

BDNF effect compared with control (no BDNF). Values are means 6 SE.

Values are means 6 SE.
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demonstrated direct effects of NTs (especially BDNF) on
[Ca21]i regulation. The data in the present study showing
BDNF enhancement of [Ca21]i responses to agonist are entirely
consistent with those of our previous report.

Although data from other cell types demonstrate that
cellular effects of NTs are mediated via Trk or p75NTR
receptors, the mechanisms by which NTs influence [Ca21]i in
ASM had not been examined. In our previous study, we found
that the effects of all BDNF, NT-4, and NT-3 are all signifi-
cantly blunted by the tyrosine kinase inhibitor, K252a, suggest-
ing a role for Trk receptors. The results of the present study,
showing that siRNA suppression of TrkB substantially blunts
the enhancing effect of BDNF on [Ca21]i regulation, are
consistent with this idea.

The role of p75NTR in ASM is currently unclear. The results
of the present study suggest that p75NTR may not be involved
in NT regulation of [Ca21]i itself, as siRNA suppression of
p75NTR expression had negligible effects on BDNF enhance-
ment of [Ca21]i responses to agonist. However, this does not
rule out other potential roles for p75NTR in ASM. For
example, p75NTR can modulate the activity of the GTPase
RhoA (37), which then activates Rho kinase. The relevance of
this pathway lies in the fact that, in addition to Ca21-dependent
regulation of force, Ca21-independent regulation (Ca21 sensi-

tization) also occurs (38, 39). Such sensitization involves RhoA
and its downstream target, Rho kinase (40, 41). Accordingly, it
is possible that NT activation of p75NTR activates RhoA and
Rho kinase, leading to alterations in force generation of ASM,
in addition to NT effects on [Ca21]i mediated via Trk receptors.
This scenario remains to be established.

TNF-a, NTs, and the Airway

Although diseases, such as asthma and chronic bronchitis, are
multifactorial in origin, their pathophysiology has been corre-
lated to an inflammatory process and structural changes of
both small and large airways, with infiltration by immune cells,
mucus hypersecretion, and collagen deposition, critical to de-
velopment of airway hyperreactivity and obstruction. In this
regard, the list of cytokines implicated increases at a steady
pace, only underlining the fact that airway diseases, such as
asthma, involve several mechanisms. One cytokine that is pro-
duced in considerable quantities in the airway, and that has been
well studied in airway inflammation, is TNF-a. Acting via its
receptor, TNFR1 (p55 receptor), TNF-a has been shown to
increase both agonist-induced [Ca21]i and force in ASM of
several species (6, 8, 42). TNF-a also increases second messen-
ger expression, increasing Ca21 release via RyR channels (4,
21). In other studies, we reported that TNF-a also enhances
SOCE in human ASM (6).

There are certainly data in neuronal tissues demonstrating
interactions between cytokines and NT or NT receptor expres-
sion (43, 44). However, given the relative novelty of NT findings
in the lung, there are currently limited data on such interactions
in ASM. In the ovalbumin-sensitized/-challenged mouse model
of airway hyperresponsiveness, TrkB levels in the lung (al-
though not specifically in ASM) have been reported to be
increased (17). In ongoing studies, we have found that TrkB
mRNA is increased in laser-captured microdissected samples of
ASM of such mice, compared with nonhyperresponsive control
mice (Y.S.P., M.A.T., and C.M.P., unpublished observations).
Other cytokines, such as IL-1b, have been shown to cause
a delayed increase in BDNF levels, whereas IFN-g has been
found to decrease BDNF in ASM (45). However, there are
currently no published data on the effect of TNF-a on NT
signaling in ASM. TNF-a may alter NT signaling by changing
expression of NT receptors, or by enhancing intracellular
cascades involved in NT signaling. We did not examine the
latter possibility in the present study. However, we did find that
exposure of human ASM cells to TNF-a increases the expres-
sion of TrkB as well as p75NTR receptor.

In the presence of TNF-a, the enhancing effect of BDNF on
[Ca21]i responses was potentiated. Indeed, in several instances,
the combined effect of TNF-a and BDNF was substantially
greater than that of TNF-a or BDNF alone, suggesting a syner-
gistic effect. These data highlight the importance of both TNF-a
in airway hyperresponsiveness and the role of BDNF in such
changes during airway inflammation. In this regard, the mech-
anisms by which synergism between TNFa and BDNF may
occur remain to be established. The finding that TrkB siRNA
blunted the enhancing effect of TNF-a on [Ca21]i response to
agonist, with and without additional BDNF exposure, suggests
that the BDNF/TrkB pathway is an integral component of the
intracellular cascades by which TNF-a can enhance ASM con-
tractility. It is interesting that, given the fact that the p75NTR
is a member of the TNF receptor superfamily, we would have
expected TNFa–BDNF interactions to actually involve this re-
ceptor. However, we found that, unlike TrkB, siRNA suppres-
sion of p75NTR minimally affected TNF-a enhancement of
[Ca21]i responses. Here, a caveat is that we examined only
[Ca21]i and not ASM contractility. It is already known that

Figure 9. Effect of TrkB versus p75NTR siRNA on store-operated Ca21

entry (SOCE). In ASM cells exposed to zero extracellular Ca21,

sarcoplasmic reticulum Ca21 stores were depleted using cyclopiazonic
acid, as described previously (16, 22). Reintroduction of extracellular

Ca21 was used to trigger SOCE. Exposure to 10 nM BDNF before

extracellular Ca21 enhanced SOCE; in cells transfected with TrkB siRNA,

but not p75NTR, this enhancing effect of BDNF on SOCE was absent. In
cells exposed overnight to TNF-a (bottom), SOCE was increased. BDNF

substantially increased SOCE. TrkB siRNA (but not p75NTR siRNA)

blunted the BDNF effect on SOCE in TNF-a–exposed cells. *Significant

siRNA (TrkB or p75NTR) effect compared with BDNF only; #significant
BDNF effect compared with control (no BDNF). Values are means

(6SE).
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TNF-a can activate RhoA/Rho kinase (46), and that inhibition
of Rho kinase decreases airway inflammation (47) as well as
airway hyperresponsiveness (48, 49). Accordingly, it is possible
that NT activation of p75NTR can modulate TNF-a effects (and
vice versa) on ASM sensitivity for force generation. Further-
more, in other cell systems, BDNF can activate a number of
signaling cascades (e.g., phosphatidylinositol 3 kinase, mitogen-
activated protein kinases), which overlap with the signaling
network activated by TNF-a (50–52). Whether synergistic
activation of these common mechanisms is involved in the
potentiation of [Ca21]i responses by TNF-a and BDNF remains
to be established.

In conclusion, the present study demonstrates that BDNF/
TrkB signaling (but not BDNF/p75NTR) in human ASM cells
regulates [Ca21]i responses to agonist in both normal ASM and
with inflammation induced by TNF-a. These effects suggest an
important role of NT signaling in inflammation-induced changes
in ASM contractility. Future studies should focus on the relative
roles of Trk versus p75NTR signaling in terms of other changes
in airway inflammation, including Ca21 sensitivity, as well as
cell proliferation and airway remodeling.
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