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Ca?" oscillations, Ca?* sensitization, and contraction activated
by protein kinase C in small airway smooth muscle

Seema Mukherjee,'? Jacquelyn Trice,"? Paurvi Shinde,"? Ray E. Willis,"? Thomas A. Pressley,’
and Jose F. Perez-Zoghbi'*?
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Protein kinase C (PKC) has been implicated in the regulation of smooth muscle cell (SMC) contraction and may
contribute to airway hyperresponsiveness. Here, we combined optical and biochemical analyses of mouse lung
slices to determine the effects of PKC activation on Ca®* signaling, Ca? sensitivity, protein phosphorylation, and
contraction in SMCs of small intrapulmonary airways. We found that 10 pM phorbol-12-myristate-13-acetate or
1 pM phorbol 12,13-dibutyrate induced repetitive, unsynchronized, and transient contractions of the SMCs lining
the airway lumen. These contractions were associated with low frequency Ca* oscillations in airway SMCs that re-
sulted from Ca®' influx through L-type voltage-gated Ca* channels and the subsequent release of Ca* from intra-
cellular stores through ryanodine receptors. Phorbol ester stimulation of lung slices in which SMC intracellular
Ca®" concentration ([Ca*'];) was “clamped” at a high concentration induced strong airway contraction, indicating
that PKC mediated sensitization of the contractile response to [Ca*];. This Ca®* sensitization was accompanied by
phosphorylation of both the PKC-potentiated PP1 inhibitory protein of 17 kD (CPI-17) and the regulatory myosin
light chain. Thrombin, like the phorbol esters, induced a strong Ca* sensitization that was inhibited by the PKC
inhibitor GF-109203X and also potentiated airway contraction to membrane depolarization with KCI. In conclu-
sion, we suggest that PKC activation in small airways leads to both the generation of Ca** oscillations and strong
Ca®" sensitization; agents associated with airway inflammation, such as thrombin, may activate this pathway to sen-
sitize airway smooth muscle to agonists that cause membrane depolarization and Ca?" entry and induce airway

hyperresponsiveness.

INTRODUCTION

The small intrapulmonary airways are the major site
of airflow limitation in both asthma and chronic ob-
structive pulmonary disease (Burgel, 2011; McDonough
etal., 2011). However, the small size and peripheral lo-
cation of these small distal airways, together with their
mechanical interactions with the lung parenchyma,
have made it challenging to determine the cellular
mechanisms that regulate their diameter in normal and
diseased lungs. Recent studies using customized imag-
ing techniques to assess dynamic changes in airway di-
ameter simultaneously with changes in smooth muscle
cell (SMC) intracellular Ca®" concentration ([Ca*];) in
lung slices, however, have begun to provide insight into
the processes that regulate small airway contraction
(Sanderson, 2011).

Stimuli that increase (contractile stimuli) or decrease
(relaxing stimuli) airway resistance regulate airway SMC
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contraction by modulating both [Ca*]; and the con-
tractile response of the SMC to a giving [Ca®']; (Ca®
sensitivity). Changes in smooth muscle Ca** sensitivity
are mainly caused by Ca*-independent regulation of the
myosin light chain phosphatase (MLCP) activity, result-
ing in alterations in phosphorylation of the regulatory
myosin light chain (rMLC), thereby in SMC contrac-
tion (Somlyo and Somlyo, 2003). Contractile stimuli,
including ligands of G protein—coupled receptors that
stimulate signaling via G,,11 (e.g., acetylcholine [ACh]
or serotonin [5-HT]) or membrane depolarization with
KCl, induce Ca** oscillations—repetitive transient increases
in [Ca*],—in airway SMCs (Bergner and Sanderson,
2002; Perez and Sanderson, 2005). The strength and
dynamics of airway SMC contraction correlate with the fre-
quency of these Ca®* oscillations (Perez and Sanderson,
2005). High frequency Ca*" oscillations are associated
with sustained and synchronized SMC contraction that
result in large reductions in airway lumen, whereas low
frequency Ca* oscillations are associated with transient
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and unsynchronized SMC contractions (SMC twitching)
that result in small reduction in airway lumen. Contrac-
tile stimuli also activate mechanisms that increase the
Ca” sensitivity (Bai and Sanderson, 2006b). Conversely,
B¢ agonists and nitric oxide induce airway relaxation by
decreasing the frequency of Ca** oscillations, the Ca** sen-
sitivity, or both (Delmotte and Sanderson, 2008; Perez-
Zoghbi et al., 2010).

The mechanisms underlying the generation and
maintenance of Ca®* oscillations in small airway SMCs
have been reasonably well characterized (Perez-Zoghbi
et al., 2009). High frequency Ca*" oscillations in re-
sponse to stimulation with contractile agonists such as
ACh or 5-HT are generated by cyclic Ca** release from
intracellular Ca** stores through inositol 1,4,5 triphos-
phate receptors (Bai et al., 2009). Ca* entry through
store-operated Ca*" channels replenishes the Ca®* stores,
thereby maintaining Ca* oscillations and sustained air-
way contraction during prolonged agonist stimulation
(Perez and Sanderson, 2005). In contrast, membrane
depolarization with KCI stimulates Ca®* entry through
L-type voltage-gated Ca*" channels (LVGCs), leading to
Ca” store overload and thereby to the release of Ca**
from intracellular stores. Localized Ca*" release events
are amplified by Ca*-induced Ca* release through
RyRs, resulting in Ca*" wave propagation and the simul-
taneous SMC twitching that characterize the small air-
way KCl response (Perez and Sanderson, 2005).

The mechanisms whereby contractile agonists in-
crease Ca® sensitivity (Ca®* sensitization) in small airways,
however, have not been well characterized. Experi-
ments with lung slices in which the SMCs have been
made permeable to Ca* indicate that the intrinsic
(basal) Ca®* sensitivity of the small airways is low and
that contractile agonists increase Ca®" sensitivity (Bai
and Sanderson, 2006b; Perez-Zoghbi and Sanderson,
2007). Most agonists that stimulate airway contraction
are ligands of G protein—coupled receptors that signal
through G,1; and Gig/13 and consequently activate both
PKC and RhoA kinase (ROK) in SMCs, respectively
(Wright et al., 2012). In the small airways, inhibitors of
PKC or ROK inhibit ACh-induced Ca* sensitization
(Bai and Sanderson, 2006b). However, the specific roles
of PKC and ROK in airway contraction and the mecha-
nism underlying Ca®' sensitization in small airways
have not been investigated.

The PKC family comprises a group of isoenzymes with
serine/threonine protein kinase activity that are ex-
pressed ubiquitously in mammalian cells (Sakai et al.,
2009). PKC activation by inflammatory mediators may
contribute to airway hyperresponsiveness in experimen-
tal asthma (Morin et al., 2012). The coagulation factor
thrombin, which is increased in the small airways and
the alveolar space of asthma patients compared with
those of controls (Gabazza et al., 1999; Kanazawa and
Yoshikawa, 2007) and causes airway hyperresponsiveness
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in experimental asthma (Wagers et al., 2004), also ap-
pears to be involved in the pathogenesis of asthma (de
Boer et al., 2012). Thrombin induces Ca*" sensitiza-
tion of the contraction mediated by stress fibers in reti-
nal pigment epithelial cells by activating PKC and
thereby promoting phosphorylation of PKC-potentiated
PP1 inhibitory protein of 17 kD (CPI-17) and rMLC
(Ruiz-Loredo et al., 2012). Here, we investigated the
role of PKC in small airway contraction by characteriz-
ing its contribution to: (a) the contractile response, (b)
Ca” signaling in SMCs, (c) changes in SMC Ca*" sensi-
tivity, and (d) the cellular mechanisms underlying Ca**
oscillations and Ca* sensitization. We found that PKC
activation induced airway SMC twitching that corre-
lated with low frequency Ca®* oscillations. These Ca*
oscillations were generated by repetitive intracellular
Ca* release through RyR after PKC-induced activation of
LVGCs. PKC activation also led to phosphorylation of
CPI-17 and rMLC, suggesting that MLCP inhibition
mediates PKG-induced Ca** sensitization. Finally, activa-
tion of PKC with phorbol esters or exposure of lung
slices to thrombin increased the contractile response of
the airways to membrane depolarization.

MATERIALS AND METHODS

Most reagents were obtained either from Invitrogen, Life Tech-
nologies, and Gibco, or Sigma-Aldrich. The PKC activators PMA
and phorbol 12,13-dibutyrate (PDBu) were purchased from LC
Laboratories. GF-109203X and cyclopiazonic acid (CPA) were
from Enzo Life Sciences, whereas Y-27632, nifedipine, and ry-
anodine were from Abcam. Thrombin, purified from bovine
plasma, was from Sigma-Aldrich. Hanks’ balanced salt solution
was prepared from a 10x stock solution (Invitrogen), supplemented
with 20 mM HEPES buffer, and adjusted to pH 7.4 (sHBSS). Ca*-
free sSHBSS was prepared from a 10x Ca**- and Mg**-free stock so-
lution (Invitrogen) and supplemented with 20 mM HEPES, pH
7.4, 0.9 mM MgCly, and 1.0 mM EGTA. PMA and PDBu were
prepared at 20 and 10 mM, respectively, in DMSO. Stock solu-
tions were diluted in sHBSS to the final concentration on the
same day of use; the concentration of vehicle (DMSO) never
exceeded 0.1%.

Preparation of lung slices

Mouse lung slices were prepared as described previously (Perez
and Sanderson, 2005; Perez-Zoghbi et al., 2010) with some modi-
fications. 8-12-wk-old male C3H inbred mice (Charles River)
were killed with IP sodium pentobarbital (40 mg/Kg) and trans-
ferred to a clean dissection board in a dedicated sterile environ-
ment. Each animal was rinsed with 70% EtOH, the chest cavity
was opened, and the trachea was exposed and cannulated with an
intravenous (IV) catheter tube containing two input ports (20G
Intima; BD), which was secured in position using tape. The lungs
were inflated with 1.4 + 0.1 ml of 2% agarose (low melting tem-
perature agarose; USB Corporation) in sHBSS, using a syringe
attached to one port of the IV catheter, and subsequently with
~(0.2 ml of air, using another syringe attached to the second port.
The air injection was used to flush the agarose out of the airways
and into the distal alveolar space. The agarose was gelled by cool-
ing the lungs with a cotton ball soaked in ice-cold sHBSS and



maintaining the mouse body at 4°C for 20 min. Lungs and heart
were removed from the animal and held in ice-cold sHBSS for
15 min. Lung lobes were separated and trimmed near the main
bronchus to create a base. Each lobe was transferred to the speci-
men syringe tube of a tissue slicer (Compresstome VF-300; Preci-
sionary Instruments), with the lobe base sitting on the tube. The
lung lobe was embedded first into ~1 ml of 2% agarose and then
fully covered with 6% gelatin. After the agarose and gelatin solidi-
fied, the block was cut into serial sections of 140 pm (or 220 pm
for Western blot experiments), starting at the peripheral edge of
the lung lobe. The entire procedure was performed in a safety
cabinet under sterile conditions. Lung slices were observed on an
inverted phase-contrast microscope and checked for the presence
of airways. The first few slices usually lacked well-defined airways
and were discarded. The subsequent 15-20 slices containing
small terminal airways were collected and stored briefly in sHBSS.
The slices were then incubated in low glucose Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) supplemented with 1x antibi-
otic solution containing L-glutamine, penicillin, and streptomycin
(Invitrogen) and 50 pg/ml gentamicin (Sigma-Aldrich) at 37°C
and 10% CO, in a cell culture incubator. We used lung slices
maintained for up to 48 h; no significant changes in airway con-
tractility in response to 0.5 pM 5-HT or 0.5 pM ACh were detected
during this period. For experiments, we only used lung slices that
contained airways with a lumen diameter of 100-300 pm, com-
pletely lined by active ciliated epithelial cells, and fully attached to
the surrounding lung parenchyma. The Texas Tech University
Health Sciences Center Institutional Animal Care and Use Com-
mittee approved our animal studies.

Measurement of airway contraction

Lung slices were mounted at the center of a 22 x 40-mm cover
glass in a custom-made perfusion chamber and held in place with
a small sheet of nylon mesh. A small hole was cut in the mesh and
centered over the selected airway. A second 11 x 30-mm cover
glass, edged with silicone grease, was placed over the mounted
lung slice to create a thin rectangular chamber. The lung slice was
perfused by adding solution at one end of the chamber and re-
moving it by suction at the opposite end by means of a gravity-fed,
computer-controlled perfusion system. The volume of the cham-
ber (~100 pl) and the perfusion rate (~800 pl/min) were kept
constant for the duration of each experiment. The chamber was
placed on the stage of an inverted phase-contrast microscope
(Diaphot TMD; Nikon), and lung slices were imaged with a 10x
objective. Digital images (640 x 488 pixels) were recorded to a
hard drive in time-lapse (0.5 Hz) using a CCD camera (KP-M1A;
Hitachi), frame grabber (Picolo; Euresys), and image acquisition
software (Video Savant; IO Industries). The area of the airway
lumen was calculated from each image using a custom-written
script in Video Savant, allowing us to distinguish the lumen from
the surrounding tissue by means of a series of image-processing
functions including filtering, smoothing, grayscale thresholding,
and binarization, followed by calculation of the lumen cross-sec-
tional area by pixel summation. The lumen area was normalized
to the area before stimulation using Excel (Microsoft), and the
changes in lumen area were plotted versus time using Origin
software (Microcal). Line-scan analysis of images was performed by
extracting a line of pixels from each image and placing them se-
quentially to form a time sequence in a single image. All experi-
ments were performed at room temperature.

Measurements of intracellular Ca®*

Approximately 10-12 lung slices were incubated for 50 min at
30°Cin 2 ml sHBSS supplemented with 20 pM Oregon green 488
BAPTA-1 acetoxymethyl ester (Invitrogen) dissolved in 20 pl
of dry DMSO plus 5 pl of 20% Pluronic F-127 (Sigma-Aldrich) in
DMSO. Slices were then transferred to 2 ml sHBSS and incubated

for 50 min at 30°C to allow for de-esterification of the acetoxy-
methyl group. Lung slices were mounted in the perfusion chamber
as described previously, and fluorescence imaging was performed
with a custom-made video-rate confocal microscope (Sanderson
and Parker, 2003). The sample was illuminated with a 488-nm laser
beam, and fluorescence emission (510-530 nm) was collected with
a photomultiplier tube (PMT C7950; Hamamatsu Photonics) and
frame grabber (Alta-AN; BitFlow, Inc.). Images were recorded at 15
Hz using Video Savant. Changes in fluorescence intensity were ana-
lyzed by selecting regions of interest (ROI) ranging from 25 to 49
pixels®. Average fluorescence intensities of an ROI were obtained,
frame-by-frame, using a custom-written script designed to track
the ROI within an SMC as it moved with contraction. Final fluo-
rescence values were expressed as a fluorescence ratio (F/Fy)
normalized to the initial fluorescence (F,). All experiments
were performed at room temperature.

Preparation of Ca**-permeabilized lung slices

To clamp the [Ca*];, airway SMCs were made permeable to exter-
nal Ca** without detergents or toxins, using a technique that does
not damage the cell membrane but instead exploits endogenous
Ca%-permeable ion channels (see Bai and Sanderson, 2006b, and
Perez-Zoghbi and Sanderson, 2007, for full details and valida-
tion). Lung slices were exposed to 20 mM caffeine and 25 pM
ryanodine for 4 min, followed by a washout with sHBSS for 10 min.
This treatment locks the RyR in the SR of airway SMCs in an open
state, thereby depleting intracellular Ca*" stores and, consequently,
increasing Ca* influx across the plasma membrane through store-
operated channels. In these caffeine- and ryanodine-treated lung
slices, the [Ca®']; of airway SMCs is proportional to the extracellu-
lar Ca®* concentration ([Ca*].). We exposed lung slices to sHBSS
containing 1.3 mM Ca?*, thereby clamping [Ca*]; at a high con-
centration. In all of these experiments, [Ca*']; was monitored by
confocal microscopy and did not change during the addition of
experimental compounds.

Measurement of CPI-17 phosphorylation by Phos-tag
SDS-PAGE and Western blot

For these analyses, we used lung slices that contained two or
three well-preserved airways and no accompanying arteries and
veins. The SMCs in these lung slices were almost exclusively air-
way SMCs, as confirmed by immunofluorescence with antibod-
ies directed against SMC « actin (see below). Three slices per
sample were washed with sHBSS and incubated with the indi-
cated drugs for the indicated times. Subsequently, the slices
were transferred to 1.2-ml tubes (Eppendorf) containing 100 pl
of stimulation solution and quickly frozen by adding 300 pl of
dry ice-cold acetone supplemented with 10% TCA and 10 mM
DTT. Samples were maintained at —20°C overnight before pro-
tein extraction. The next day, the samples were sonicated (three
cycles) and then centrifuged in Eppendorf tubes at 13,000 g for
10 min at 4°C. The supernatant was discarded, and the pellets
were washed two to three times with 400 pl of cold acetone
(—20°C) containing 10 mM DTT to remove residual TCA. The
remaining pellet was air dried, suspended in 50 pl Laemmli
buffer (Bio-Rad Laboratories), and boiled for 10 min at 95°C.
Samples were loaded (25 pl/well) in a 15% SDS/PAGE gel sup-
plemented with 50 pM Phos-tag ligand (AAL-107; NARD Insti-
tute, Ltd.) and two equivalents of MnCl, according to the
manufacturer’s instructions. Electrophoresis was run at 120 V
for 90 min. After electrophoresis, the gel was washed for 15 min
with transfer buffer (25 mM Tris, 192 mM glycine, and 20%
methanol, pH 8.3) supplemented with 100 mM EDTA (to re-
move the Mn?*) and then with transfer buffer without EDTA
(twice for 5 min each). Proteins were transferred electrophoreti-
cally to a PDVF membrane (0.2-pM pore size; Bio-Rad Laborato-
ries) using a Mini-Trans-Blot Cell (Bio-Rad Laboratories) for 1.5 h
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at 100 V and 4°C. Immediately after protein transfer, the mem-
brane was washed with PBS for 5 min followed by incubation in
4% paraformaldehyde (Sigma-Aldrich) in PBS for 45 min. This
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Figure 1. Contractile response of airway SMCs to 5-HT, KCI, and
phorbol esters. (A) Representative phase-contrast images showing
an airway before stimulation (1) and after stimulation with 0.5 pM
5-HT (2), 50 mM of isosmotic KCI sHBSS (3), and 10 pM PMA
(4), taken at the times indicated by arrows and corresponding
numbers in the trace shown in C. (B) Line scan obtained from
phase-contrast images at the region indicated by a line on image
1 in A, showing the movement of a few cells in the periphery of
the airway wall in response to stimulation. 5-HT induced a strong
and sustained movement of cells (light gray lines) toward the air-
way lumen (black), whereas KCI and PMA induced transient cell
movements (SMC twitching, observed as striated white lines) and

5-HT KClI

PDBu
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procedure reduces protein loss during subsequent Western
blot steps and improves the efficiency of protein detection
(Takeya et al., 2008). Subsequently, the membrane was blocked
with 5% Non-Fat Dry Milk (Bio-Rad Laboratories) for 1 h and
exposed overnight to the following primary antibodies, all di-
luted in blocking solution: mouse monoclonal anti-SMC « actin
antibody (diluted at 1:3,000; Santa Cruz Biotechnology, Inc.);
goat polyclonal anti-CPI-17 antibody (diluted at 1:500; Santa
Cruz Biotechnology, Inc.); rabbit polyclonal anti-rMLC anti-
body (diluted at 1:500; Santa Cruz Biotechnology, Inc.); and
rabbit polyclonal anti-phospho(ser19)-rMLC antibody (diluted
at 1:200; Cell Signaling Technology). Subsequently, the mem-
branes were washed and exposed for 6 h to the secondary anti-
bodies: goat anti-mouse IgG conjugated with IR-Dye 680,
donkey anti-goat IgG conjugated with IR-Dye 800 CW, or don-
key anti-rabbit IgG conjugated with IR Dye 800 CW (LI-COR
Biosciences). Bands were detected and quantified using an in-
frared imaging system (Odyssey; LI-COR Biosciences) and pseu-
docoloredinred (680 nm) and green (800 nm). Phosphorylation
of CPI-17 and rMLC was determined from the integrated band
intensities of unphosphorylated (U) and phosphorylated (P)
CPI-17 or rMLC bands according to the following relationship:
(R=(P/(U + P)) x 100). For rMLC, the mono- and bi-phos-
phorylated bands (labeled 1P-rMLC and 2P-rMLC, respectively)
were added to give total phosphorylated rMLC. Phosphorylation
of rMLC at serine 19 was quantified as the ratio calculated from
the integrated band intensities of total phosphorylated rMLC
(probed with the anti-phospho(serl9) antibody) divided by the
a-actin band.

Statistics
Statistical values are expressed as mean + SE. Student’s ¢ test was
used to evaluate the significance between means.

Online supplemental material

Two videos consisting of sequences of phase-contrast or confocal
fluorescence images were produced with “Video Savant” and are avail-
able at http:/ /www.jgp.org/cgi/content/full /jgp.201210876/DC1.

RESULTS

Phorbol esters induced airway SMC twitching

We characterized the contractile response of SMCs in
small airways to PKC activation with phorbol esters
(PMA and PDBu) and compared it to the responses to
5-HT and plasma membrane depolarization with KCIl
(Fig. 1). A typical lung slice with a small airway in cross

small sustained cell movements. (C) Trace showing the changes
in total airway lumen cross-sectional area during superfusion with
5-HT, KCI, and PMA (upper lines). Washout of stimuli was per-
formed by superfusion of lung slices with sHBSS. Sustained air-
way contraction induced by PMA was small and developed slowly
as compared with airway contractions induced by 5-HT and KCI.
(D) Summary of sustained airway contraction measured as the
decrease in lumen area at 8 min after the addition of 5-HT or KCI,
or at 30 min after the addition of PMA or 5 pM PDBu. Data are
means + SEM of seven airways (each from a different lung slice)
from three mice. *, different from baseline airway lumen area
(P < 0.01). A time-lapse movie showing the airway responses to
5-HT, KCl, and PMA from the representative experiment presented
here is shown in Video 1.



section before (rest) and after sequential stimulation
with 5-HT, KCl, and PMA is shown in Fig. 1 A. Superfu-
sion of such lung slices with 10 pM PMA elicited transient
and asynchronous contractions of the SMCs surround-
ing the airway lumen (SMC twitching) (Fig. 1 B and
Video 1). This PMA-elicited SMC twitching was accom-
panied by a small, slow decrease in airway lumen area
(Fig. 1 C) that was equivalent to 8.8 + 3.9% of the total
lumen area (mean + SEM; Fig. 1 D) at 30 min of PMA
stimulation. 1 pM PDBu also elicited SMC twitching and
a small decrease in lumen area (11.4 + 3.5%; Fig. 1 D);
however, the onset of SMC twitching was faster for PDBu
(4.4 £ 1.5 min) than for PMA (18 + 4.7 min). These PMA
and PDBu responses persisted for up to 1 h after the
phorbol esters were washed out by superfusion with
sHBSS. Stimulation with 50 mM of isosmotic, KCl-con-
taining sHBSS also resulted in SMC twitching and a small
decrease in airway lumen area (10.9 £ 3.9%). In contrast,
stimulation with 0.5 pM 5-HT produced a much larger
decrease in airway lumen area (49.7 + 7.3%) without ini-
tiating SMC twitching. Airway responses to KCl and 5-HT
were rapidly reversed by washout with sHBSS. These re-
sults suggest that PKC activation induces SMC twitching
in small airways.

Phorbol esters induce Ca®* oscillations in airway SMCs

We next characterized the Ca** signals associated with
airway SMC twitching induced by phorbol esters. We as-
sessed [Ca®']; in airway SMCs in lung slices using confo-
cal video microscopy (Fig. 2 A). Stimulation with PMA
induced Ca* oscillations in airway SMCs (Fig. 2 B).
These Ca®* oscillations started after ~20 min of PMA
superfusion and always persisted for several minutes
(up to at least 1 h) independently of whether PMA was
continuously being superfused or if it was removed by
superfusion with sHBSS. PMA induced low frequency
Ca” oscillations (1.6 + 1.1 cycles/min; eight SMCs from
six slices from three mice) that showed little change in
frequency for several minutes. They propagated along
the long axis of the SMC as a Ca®* wave (Fig. 2 B, LS1,
and Video 2) with an average velocity of 27.6 + 4.3 pm/'s.
Each Ca* oscillation was characterized by a fast increase
in Ca® (0.8 + 0.3 s to peak), a relatively wide peak (4.9 +
0.4 s), and a fast decrease to basal [Ca?']; (1.4 + 0.5 s).
Ca” oscillations in neighboring SMCs were unsynchro-
nized and occurred at different frequencies (Fig. 2 B,
LS2, and Video 2). These Ca®" oscillations were associ-
ated with transient SMC contractions that caused airway
cells to move transiently toward the airway lumen (SMC
twitching; Fig. 2 B, LS2). 1 pM PDBu activated similar
Ca* oscillations in airway SMCs with a frequency of 2.4 +
1.5 cycles/min; however, these Ca? oscillations started
at ~5 min of PDBu superfusion. These results indicate
that phorbol esters induce low frequency Ca*" oscilla-
tions in airway SMCs that appear to be synchronized
with SMC twitching.

Pharmacological inhibition of PKC blocks PMA-induced
Ca?* oscillations and SMC twitching

Next, we determined the effect on phorbol ester—in-
duced Ca*" oscillations and SMC twitching of the PKC
inhibitor GF-109203X and the ROK inhibitor Y-27632.

B 257 smc1

Time (min)

Figure 2. Simultaneous Ca®* signaling and contraction in airway
SMCs induced by phorbol esters. (A) Fluorescence confocal im-
age of an airway region in a lung slice showing epithelial cells
(EPC) lining the airway lumen (left, black area) and the underly-
ing SMCs (SMC1 and SMC2). A small (7 x 7-pixel) ROI within
SMCI and two lines (LS1 and LS2) indicate the areas selected
for the representative fluorescence trace and line scans presented
in B. (B; top) Fluorescence (F/F;) trace showing the Ca*" oscil-
lations stimulated by 10 pM PMA (added 30 min before the re-
cording started) in a single airway SMC. (B, middle) Line-scan
analysis from the longitudinal axes of the SMC1 (LS1) shows the
propagation of the Ca®" oscillations along the SMC as Ca*" waves
(near-vertical white lines). (B; bottom) Line-scan analysis from
an area (LS2) across SMCI1, SMC2, epithelial cells and part of the
airway lumen shows the Ca* oscillations in the SMCs (short verti-
cal white lines) and transient displacements of the epithelial cells
toward the airway lumen (arrow heads) caused by SMC twitching
occurring concomitantly with the Ca** oscillations in SMC1. Data
are representative of six experiments in lung slices from three
mice. A time-lapse movie showing the Ca* oscillations stimulated
by PMA in airway SMCs is shown in Video 2.
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Ca* oscillations and SMC twitching induced by PMA
were rapidly and completely blocked by 1 pM GF-109203X
but not by 10 pM Y-27632 (Fig. 3). These results further
suggest that PMA-induced Ca®' oscillations and SMC
twitching depend on PKC activation and indicate that
they are independent of ROK activity.

PMA-induced Ca?" oscillations and SMC twitching depend
on Ca?* entry and Ca?* release

Next, we studied the sensitivity of PMA-induced Ca** os-
cillations to manipulations that inhibit either Ca** entry
across the plasma membrane or Ca** release from inter-
nal stores (Fig. 4). Removal of extracellular Ca® or ex-
posure to the LVGC blocker nifedipine (10 pM) rapidly
blocked PMA-induced Ca*" oscillations (Fig. 4, A and
B), suggesting that PMA-induced Ca*" oscillations de-
pend on Ca** entry through LVGCs. The sarcoplasmic/
endoplasmic reticulum Ca** ATPase inhibitor CPA (10 pM)
elicited a slow block of the Ca®" oscillations (Fig. 4 C),
suggesting that Ca®" oscillations also depend on intra-
cellular Ca** stores. CPA also induced a sustained in-
crease in [Ca®*];, indicating that it caused a depletion of
the Ca® stores, which presumably stimulated Ca®* in-
flux through store-operated Ca®* channels. PMA-in-
duced Ca*" oscillations were also inhibited by 25 pM
ryanodine (Fig. 4 D), indicating that they depended on
Ca* release through RyRs. Collectively, these results
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suggest that PKC promotes LVGC activation in airway
SMCs, leading to Ca** influx into the cytosol followed by
its accumulation into and overloading of intracellular
Ca” stores. This leads to repetitive cycles of Ca®* release
through RyR and the generation of Ca* oscillations that
propagate along the SMC cytosol as Ca*" waves.

Because PMA-induced Ca*' oscillations and SMC
twitching were synchronous, we determined how ma-
nipulations that inhibit the Ca* oscillations affect SMC
twitching. We used phase-contrast microscopy for these
studies, which allowed us to record SMC twitching for a
longer time period. PMA-induced SMC twitching was
fully inhibited by removal of extracellular Ca*" or ex-
posure to nifedipine (Fig. 5, A and B), whereas CPA
and ryanodine not only blocked PMA-induced SMC
twitching but also elicited a sustained airway contrac-
tion (Fig. 5, C and D). The ryanodine-induced contrac-
tion was not reversible after 10 min of washout (n =3
experiments from two mice), consistent with the slow dis-
sociation kinetics of ryanodine from the RyR (Williams
and Tanna, 2004).

Phorbol esters increased Ca®* sensitivity of SMC
contraction in small airways

To determine whether PKC activity affects the Ca*
sensitivity of SMC contraction in small airways, we as-
sessed the effects of phorbol esters on airway contraction
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Figure 3. Sensitivity of PMA-induced Ca** oscillations and SMC twitching to inhibition of PKC or ROK. The effect of PKC inhibitor
GF-109203X (1 pM) or ROK inhibitor Y-27632 (10 pM) on (A and B) Ca** oscillations in single airway SMCs and (C and D) SMC twitching
in the airway wall induced by 10 pM PMA (added 30 min before the recordings started). Line scans showing SMC twitching were obtained
from a small region on the airway wall from phase-contrast images (as illustrated in Fig. 1). PMA-induced Ca* oscillations and SMC
twitching (striated white lines) were inhibited (straight white lines) by GF-109203X but not by Y-27632. Each experiment is representa-

tive of six airways in lung slices from three mice.
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in Ca®-permeabilized airway SMCs (Fig. 6). We ex-
posed lung slices to 20 mM caffeine and 25 pM ryano-
dine for 3 min and then superfused them with sHBSS
containing our standard Ca? concentration ([Ca*] =
1.3 mM). This treatment leads to depletion of Ca*
stores, activation of store-operated Ca** entry, and a sus-
tained increase in [Ca*]; that is maintained for more
than 1 h after washout of caffeine and ryanodine (Perez-
Zoghbi and Sanderson, 2007; Perez-Zoghbi et al., 2010).
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Figure 4. Effect of extracellular Ca® removal, nifedipine, CPA,
and ryanodine on PMA-induced Ca®* oscillations. Ca** oscillations
in single airway SMCs induced by 10 pM PMA (added 30 min be-
fore the recording started) and its inhibition by: (A) superfusion
with Ca*-free sHBSS, (B) 10 pM nifedipine, (C) 10 pM CPA, or
(D) 25 pM ryanodine. Each trace is representative of four experi-
ments in lung slices from three mice.

As expected, the addition of 5-HT to Ca*-permeabi-
lized lung slices induced a strong contraction of the air-
way, with the subsequent washout accompanied by
relaxation to the initial lumen area (Fig. 6, A and B).
This agonistinduced contraction occurred in the pres-
ence of a constant [Ca*],, demonstrating agonistinduced
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Figure 5. Effect of extracellular Ca*" removal, nifedipine, CPA,
and ryanodine on PMA-induced airway SMC twitching. Line scans
from airway wall regions obtained from phase-contrast images
(similar to that presented in Fig. 1) showing airway SMC twitch-
ing induced by 10 pM PMA (added 30 min before the recordings
started) and their sensitivity to: (A) Ca*free sHBSS, (B) 10 M nife-
dipine, (C) 10 pM CPA, or (D) 25 pM ryanodine. PMA-induced
SMC twitching was inhibited by removal of extracellular Ca*,
nifedipine, CPA, and ryanodine. Each line scan is representative
of three experiments in lung slices from two mice.
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Figure 6. Ca® sensitization induced by agonists and phorbol
esters. Ca®" sensitization of airway SMCs studied in Ca*-perme-
abilized lung slices with 20 mM caffeine plus 25 pM ryanodine.
(A) Representative phase-contrast images of a Ca2+—permeabilized
lung slice showing an airway before (1) and after stimulation with
5-HT (2) or PMA (3) at the times indicated by the corresponding
numbers in B. (B) Traces from two similar experiments showing
the changes in airway lumen area during perfusion of caffeine plus
ryanodine, 0.5 pM 5-HT, and 10 pM PMA (black trace) or 1 pM
PDBu (gray trace) at the times indicated by the upper lines.
(C) Summary of airway contractions induced by 5-HT, 50 mM of
isosmotic KCl, PMA, or PDBu (mean + SEM; eight airways from
slices from four mice) in Ca*-permeabilized lung slices obtained
from experiments similar to that shown in B. *, different from
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Ca®" sensitization (Perez-Zoghbi and Sanderson, 2007;
Perez-Zoghbi et al., 2010). Subsequent stimulation
with 10 pM PMA or 1 pM PDBu induced a contraction
similar in magnitude to that induced by 5-HT (Fig. 6,
B and C), whereas KCl-induced contraction, although
significant, was smaller (Fig. 6 C). In Ca*-permeabi-
lized lung slices, PMA-induced airway contraction oc-
curred in the absence of changes in [Ca®*]; or Ca*
oscillations (Fig. 6 D). These results suggest that PKC
activation by phorbol esters induces strong Ca** sensi-
tization in airway SMCs.

The role of PKC in Ca®* sensitization induced by PMA

and contractile agonists

We used caffeine- and ryanodine-treated lung slices and
the PKC inhibitor GF-109203X to evaluate the role of
PKC in Ca®* sensitization induced by PMA or by con-
tractile agonists with physiological or pathophysiological
roles in the lung (Fig. 7). The addition of GF-109203X
before (Fig. 7 A) or after (Fig. 7 B) PMA completely
blocked PMA-induced airway contraction. Thrombin in-
duced a strong airway contraction in Ca**-permeabilized
lung slices, indicating that thrombin causes Ca®* sensiti-
zation in this system (Fig. 7 C); thrombin-induced airway
contractions were attenuated by GF-109203X, suggesting
that thrombin-induced Ca®" sensitization was mediated,
at least in part, by PKC. In contrast, 5-HT- and ACh-
induced airway contractions were largely resistant to GF-
109203X, suggesting that Ca®* sensitization induced by
5-HT and ACh is not mediated by PKC (Fig. 7 D).

PMA and thrombin potentiated airway contraction

induced by membrane depolarization with KCl

Because PMA and thrombin elicited PKC-mediated Ca*
sensitization, we determined whether these agents in-
creased the contractile response of airways to KCl-induced
membrane depolarization. Both PMA and thrombin in-
duced weak airway contractions in normal (nonpermeabi-
lized) lung slices (Fig. 8); however, these agents more than
doubled the contractile response to KCI. These results
confirm that PKC activation with phorbol esters or throm-
bin induces Ca®* sensitization in small airways, thereby
potentiating the contractile response to stimuli that in-
duce membrane depolarization and increase [Ca%];.

PKC activity induces phosphorylation of CPI-17

and increases phosphorylated rMLC in small airways
CPI-17, a specific target of PKC, is almost exclusively ex-
pressed in smooth muscle; when phosphorylated, CPI-17

baseline airway lumen area (P < 0.01). (D) Simultaneous changes in
SMC [Ca®"]; (top trace) and airway lumen area (bottom trace) during
stimulation with caffeine plus ryanodine and after subsequent addi-
tion of PMA (added 20 s after washout of caffeine plus ryanodine).
Traces in D are representative of four lung slices from three mice.
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Figure 7. Effect of PKC inhibitor GF-109203X on Ca?" sensiti-
zation induced by PMA or contractile agonists. Lung slices were
first exposed to 20 mM caffeine plus 25 pM ryanodine (upper
bars) to induce Ca* permeabilization. (A) Representative experi-
ment showing the effect of airway exposure to 1 pM GF-109203X
before and during stimulation with 10 pM PMA. Contractile re-
sponse of the airways after Ca®* permeabilization was accessed
with 0.5 pM 5-HT before their exposure to GF-109203X and
PMA. This experiment is representative of six lung slices from
three mice. (B and C) Airway contraction induced by PMA or
0.1 U/ml thrombin and the subsequent relaxation induced by
GF-109203X. (D) Summary of the effect of GF-109203X on airway

inhibits MLCP (Wright et al., 2012). We used Western
blot analysis to detect and measure phosphorylation of
CPI-17 and rMLC in small airways. Samples were pre-
pared from Ca*-permeabilized lung slices (control) or
Ca*-permeabilized slices incubated with PMA and then
either exposed to GF-109203X or left unexposed to this
inhibitor (Fig. 9). Phosphorylated and unphosphory-
lated proteins were separated by Phos-tag SDS PAGE.
Whereas CPI-17 was mostly unphosphorylated in con-
trol slices, PMA induced marked CPI-17 phosphoryla-
tion (Fig. 9, A and D). A similar increase in CPI-17
phosphorylation (72 + 7%; three samples from two
mice) was apparent in nonpermeabilized lung slices
stimulated with PMA. The increase in CPI-17 phos-
phorylation in response to PMA was lost in slices sub-
sequently exposed to GF-109203X. Stimulation with
PMA also increased rMLC phosphorylation, and this
was also reversed by GF-109203X (Fig. 9, B and C),
although rMLC in unstimulated airways showed a
relatively high level of basal phosphorylation (~25%
of total rMLC). Phosphorylation of rMLC at serine 19
(Fig. 9 C), calculated as the ratio between total phos-
phorylated rMLC (determined with antibody directed
against phospho(ser19)-rMLC) and « actin, increased
from 1.2 + 0.2 in controls to 1.8 + 0.3 in PMA-treated sam-
ples, indicating that PMA-induced rMLC phosphoryla-
tion occurred at serine 19. In addition, the absence of
unphosphorylated rMLC bands in this last Western blot
confirmed that the phosphorylated and unphosphory-
lated rMLC isoforms were correctly identified as labeled
in Fig. 9 B. These results suggest that reversible phos-
phorylation of both CPI-17 and rMLC follows PKC acti-
vation in small airways.

DISCUSSION

We used phase-contrast video microscopy, confocal mi-
croscopy, Western blot analysis, and pharmacological
activators and inhibitors to investigate the role of PKC
in airway SMC contraction in lung slices and identify
the mechanisms involved. We found that: (a) activation
of PKC caused repetitive, unsynchronized, and tran-
sient contractions in the SMCs lining the airway lumen
that resulted in a small decrease in airway luminal area;
(b) this contractile activity correlated with low frequency
Ca?* oscillations in airway SMCs; (c) PKC activation with
phorbol esters or thrombin elicited Ca®* sensitization of
SMC contraction and increased the contractile response
of the airways to stimuli that increase Ca” and (d) finally,

contraction in Ca**-permeabilized airways precontracted with
10 pM PMA, 0.25 pM ACh, 0.5 pM 5-HT, and 0.1 U/ml thrombin.
Airway relaxation (mean = SEM; n =5 lung slices from 3 mice) was
obtained from experiments similar to that shown in B and C using
the appropriated contractile agonist or PMA.
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PKC activation led to the reversible phosphorylation of
CPI-17 and rMLC.

PKC activation induces small airway SMC twitching

Previous reports have shown that activation of PKC with
phorbol esters (phorbol 12,13-diacetate, PMA, or
PDBu) can have different effects on airway SMC tone de-
pending on: (a) the animal species studied, (b) location
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Figure 8. Sensitization of KClinduced airway contraction by

PKC activation and thrombin. (A and B) Representative experi-
ments showing the increase in KClinduced airway contraction
caused by the exposure of lung slices to 10 pM PMA or 0.1 U/ml
thrombin, respectively. (C) Summary of effects of sHBSS (con-
trol), PMA, and thrombin on airway contraction induced by 50 mM
of isosmotic KCI. The ratios were calculated by dividing the KCI-
induced airway contractions after and before the treatments from
experiments similar to those shown in A and B. *, significantly
higher than the first stimulation (P < 0.01).
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in the airway tree, or (c) the presence or absence of
stimuli that increase intracellular Ca®* (such as KCl).
For example, phorbol esters induce relaxation in guinea
pig trachea rings (Huang et al., 1987; Souhrada and
Souhrada, 1989; Morrison and Vanhoutte, 1991), initi-
ate a biphasic response (a transient relaxation followed
by a sustained contraction) in human bronchus (Yang
and Black, 1995), and stimulate the contraction of iso-
lated human bronchial SMCs (Rossetti et al., 1995).
There are no significant contractile responses to phor-
bol esters in rat tracheal smooth muscle (Peiper et al.,
1996) or mouse bronchial rings (Sakai et al., 2010).
PMA-induced airway contraction is significantly increased
by co-stimulation with KCI in all species studied, in-
cluding mice and rats (Sakai et al., 2010). Our results in
small airways show that exposure of mouse lung slices to
phorbol esters (PMA and PDBu) induced transient and
asynchronous small airway SMC contractions (SMC twitch-
ing) that resulted in a very small decrease in airway
lumen area. Similarly, thrombin produced a small decrease
in small airway lumen area. In accordance with Poiseuille’s
law, airway resistance is inversely proportional to the
square of the lumen cross-sectional area; therefore,
even a small (~9%) decrease in lumen area will lead to
a significant (~21%) increase in airway resistance. How-
ever, PKC activation or exposure to thrombin sensitized
airway SMCs to Ca*" and produced a marked potentia-
tion of the contractile response of airways to stimuli that
increase [Ca®']; (see below).

Airway SMC twitching correlates with low frequency Ca?*
oscillations induced by phorbol esters

Several lines of evidence support the hypothesis that
small airway contraction depends on the frequency of
Ca®" oscillations in SMCs. First, contractile agonists, in-
cluding ACh or methacholine, 5-HT, and endothelin-1,
induce a dose-dependent increase in the frequency of
the Ca® oscillations, which positively correlates with airway
contraction (Perez and Sanderson, 2005; Perez-Zoghbi
and Sanderson, 2007). At maximal concentrations, these
agonists induce high frequency Ca** oscillations (20-30
cycles/min) and strong airway contractions (50-80% re-
duction in airway lumen area). Second, cAMP-increasing
agents, such as the B, agonists isoproterenol, albuterol,
or formoterol, or the adenylyl cyclase activator forskolin,
decrease the frequency of Ca*" oscillations induced by
contractile agonists in rodent and human airways. This
decrease in Ca®" oscillation frequency is accompanied
by airway relaxation in all cases (Bai and Sanderson,
2006a; Delmotte and Sanderson, 2008, 2010; Delmotte
etal.,, 2010; Ressmeyer etal., 2010). Similarly, nitric oxide
inhibits Ca* release through IP; receptors, decreases
the frequency of agonistinduced Ca* oscillations, and
simultaneously causes airway relaxation (Perez-Zoghbi
et al., 2010). Third, plasma membrane depolarization
with KCl induces low frequency Ca* oscillations (one to



two cycles/min) and weak airway contraction that is char-
acterized by SMC twitching and a small (5-15%) de-
crease in lumen area (Perez and Sanderson, 2005). Here,
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Figure 9. Phosphorylation of CPI-17 and rMLC induced by PMA
and inhibited by GF-109203X. Separation of (A) phosphorylated
(p-CPI-17) and unphosphorylated (u-CPI-17) CPI-17 and (B and C)
mono-phosphorylated (1p-rMLC), bi-phosphorylated (2p-rMLC),
and unphosphorylated (u-rMLC) rMLC by SDS-PAGE with poly-
acrylamide-bound phosphate-binding tag (Phos-tag SDS-PAGE)
and detected by specific antibodies using Western blot. The West-
ern blots in B and C were obtained after stripping previous anti-
bodies and reprobing the membrane in A with antibodies directed
against total rMLC and subsequently against phosphorylated rMLC
at serine 19 (p-ser19-rMLC), respectively. Samples were prepared
from selected lung slices that contained airways but not arteries
and were incubated with 20 mM caffeine plus 25 pM ryanodine
for 5 min, washed with sHBSS, and then incubated for 40 min with
sHBSS (CTRL), 10 pM PMA, or PMA followed by 10-min exposure
to 1 pM GF-109203X (upper labels). The antibody against CPI-17
detected two CPI-17 splice variants (arrow pairs) along with a
nonspecific (nsp) band, as indicated by the manufacturer. Parallel
samples were separated in an SDS-PAGE without Phos-tag to iden-
tify the phosphorylated/unphosphorylated CPI-17 and rMLC by
verifying that each of these forms migrated in the same position in
the gel without Phos-tag. SMC « actin was detected in all samples.
(D) Ratio values (mean + SEM) of p-CPI-17 to total CPI-17 and
1p+2p-rMLC to total rMLC from three experiments similar to that
presented in A and B from three mice are shown.

we found that PKC activation with phorbol esters also in-
duced low frequency Ca* oscillations (0.5-2.5 cycles/
min) and airway SMC twitching with a small decrease in
lumen area (5-10%). Collectively, these results indicate
that low frequency Ca* oscillations in airway smooth
muscle are associated with airway SMC twitching and
support the hypothesis that airway SMC contraction is
regulated by the frequency of Ca** oscillations.

The mechanism of PKC-induced Ca®" oscillations

The low frequency Ca** oscillations induced by phorbol
esters propagated along the longitudinal axes of the
SMCs as Ca** waves. These Ca** oscillations were blocked
by inhibition of the sarco-endoplasmic reticulum Ca*"
ATPase with CPA or by inhibition of RyRs with ryano-
dine, indicating that they were mediated by Ca** release
through RyRs from intracellular stores. Similarly, previ-
ous studies have shown that the low frequency Ca*" os-
cillations stimulated by KCI propagate as Ca*" waves in
airway SMCs, are blocked by CPA and ryanodine or tet-
racaine (another RyR inhibitor), and were suggested to
be mediated by Ca®* release via RyR (Perez and Sander-
son, 2005; Bai et al., 2009). These studies also explored
the mechanisms whereby KCl induces Ca*" oscilla-
tions in airway SMCs. KCl stimulates Ca* influx in
SMCs by inducing plasma membrane depolarization,
thereby activating LVGGCs. Accordingly, KCl-induced
Ca®' oscillations were inhibited by removal of extra-
cellular Ca** or by LVGC blockers such as nifedipine
and verapamil (Perez and Sanderson, 2005). In airway
SMCs, Ca* influx through LVGCs could not be de-
tected by Oregon green fluorescence as a steady in-
crease in [Ca®*'];; rather, it was associated with repetitive,
localized, and small Ca®* transients that eventually gen-
erated Ca* waves. This activity was inhibited by CPA and
ryanodine, suggesting that Ca*" influx through LVGCs
results in overloading of intracellular Ca** stores and
the activation of Ca* release through RyR (Perez and
Sanderson, 2005).

Here, we found that PKC-activated Ca** oscillations,
like those induced by KCI, were inhibited by removal of
extracellular Ca* or by nifedipine, suggesting that acti-
vation of PKC results in an initial increase in Ca*" in-
flux through LVGCs. Indeed, activation of LVGCs by
PKC has been demonstrated in cardiac myocytes and in
systemic vascular SMC preparations. For example, elec-
trophysiological studies of mesenteric artery myocytes
have shown that activation of PKC with PDBu increases
LVGC conductance, decreases channel closing rate,
and shifts the voltage dependence of channel opening
to more negative potentials (Ren et al., 2010). Studies
in rat cerebral arteries using total internal reflection
fluorescence microscopy suggest that LVGCs organize
in clusters (Navedo et al., 2005, 2006). In these stud-
ies, PKC activity was suggested to increase the opening
of LVGCs in these clusters to induce localized Ca*" influx
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events called “Ca* sparklets,” whereas protein phos-
phatase activity opposed LVGC opening. This PKC-
regulated LVGC activity is thought to control the
steady-state [Ca®'];in these SMCs. Finally, LVGCs form
molecular association with several PKC isoforms in
cardiac myocytes, and channel activation may occur as
aresult of phosphorylation of a serine residue at the C
terminus of the LVGC « subunit (Yang et al., 2005,
2009). Our results in small airways support the hy-
pothesis that LVGC activity is regulated by PKC.

Phorbol esters and thrombin induce strong

Ca”" sensitization

Previous experiments with Ca*-permeabilized lung
slices suggest that mouse small airways have a low intrin-
sic (basal) Ca®* sensitivity because they remain relaxed
under conditions in which there is a sustained increase
in SMC [Ca?']; (Bai and Sanderson, 2006b, 2009; Perez-
Zoghbi and Sanderson, 2007; Delmotte and Sanderson,
2010). The addition of agonists to these Ca**-permeabi-
lized lung slices elicits a strong airway contraction, indi-
cating that they induce Ca®" sensitization. Here, we
show that phorbol esters induce a strong airway contrac-
tion in Ca®-permeabilized lung slices. This contrasts
with the SMC twitching and small decrease in lumen
area stimulated by phorbol esters in nonpermeabilized
lung slices and supports the hypothesis that airway con-
traction depends on both the [Ca*], and the degree of
Ca?" sensitization (Sanderson et al., 2008). Thus, to in-
duce a strong sustained airway contraction, a stimulus
must substantially increase both the [Ca®*]; and the Ca**
sensitivity. Although phorbol esters strongly increased
Ca® sensitivity, the low frequency Ca®* oscillations they
induce do not produce an increase in [Ca*]; sufficient
to induce a sustained airway contraction. Similarly, KCl
induces low frequency Ca* oscillations, weak Ca*" sensi-
tization, and, as a result, SMC twitching and weak sus-
tained contraction in mouse small airways.

Thrombin, a central protease in the coagulation
cascade that is now recognized to contribute to asthma
and other inflammatory lung diseases (de Boer et al.,
2012), elicits modest airway and pulmonary vascular
SMC contraction by stimulating proteinase-activated
receptor 1 (Hauck et al., 1999; Maki et al., 2010). We
found here that thrombin induced a weak airway con-
traction in nonpermeabilized lung slices. However, sim-
ilar to phorbol esters, thrombin induced a strong airway
contraction in lung slices with Ca*-permeabilized SMCs,
suggesting that it induces Ca®" sensitization. Ca®" sen-
sitization by both phorbol esters and thrombin was
also evident in nonpermeabilized lung slices, where
both PMA and thrombin markedly potentiated the
response to KCI. Consistent with our results, a poten-
tiation of phorbol ester—-induced airway contraction
by KCl-induced membrane depolarization was reported
previously (Sakai etal., 2010). We estimate that agonists
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that cause membrane depolarization will increase air-
way resistance four times more in airways that have been
exposed to agents like thrombin that activate PKC than
in airways that have not been exposed to such agents.
Thus, activation of PKC in airway SMCs by molecules
such as thrombin could sensitize the airways to contrac-
tile stimuli. Airways and alveoli are exposed to increased
thrombin levels in asthma and other inflammatory lung
diseases characterized by airway hyperresponsiveness
(Gabazza et al., 1999; Wagers et al., 2004; Kanazawa and
Yoshikawa, 2007), suggesting that these results may be
physiologically significant.

The mechanism of Ca?* sensitization and the role

of CPI-17 phosphorylation

In many experimental models, Ca** sensitization in smooth
muscle is initiated by activation of PKC and ROK (Somlyo
and Somlyo, 2003). These enzymes phosphorylate vari-
ous protein targets, resulting in inhibition of the MLCP
and a consequent increase in phosphorylation of rMLC
and contraction. Consistent with a role for PKC, we found
that PMA-induced Ca®" sensitization was prevented or
reversed by the PKC inhibitor GF-109203X. We also
found that thrombin-induced Ca* sensitization was in-
hibited by GF-109203X, suggesting that thrombin acti-
vates the PKC pathway in SMCs of the small airways.
This notion is supported by a recent study showing that
proteinase-activated receptor 1 stimulation with throm-
bin results in PKC activation, CPI-17 phosphorylation,
inhibition of MLCP, and rMLC phosphorylation during
assembly and contraction of stress fibers in retinal pig-
ment epithelium (Ruiz-Loredo et al., 2012).

The phosphoprotein CPI-17, mainly expressed in
smooth muscle, is a target for PKC that, when phos-
phorylated, binds to the PP1 subunit of MLCP to cause
its inhibition, thereby causing Ca** sensitization (Wright
et al., 2012). Here, we found that PKC activation in-
duces ~60% phosphorylation of CPI-17 in the airways
of “normal” and “Ca*-permeabilized” lung slices, sug-
gesting that CPI-17 is a mediator of PMA-induced Ca*
sensitization in small airways. CPI-17 phosphorylation
was rapidly reversed by GF-109203X, indicating that
phosphorylation of CPI-17 depends on continued PKC
activation. Our results also suggest that this signal is
quickly turned off upon termination of a stimulus, per-
haps through constitutive phosphatase activity. Finally,
we found that PKC activation caused a reversible in-
crease in rMLC phosphorylation, as expected if phos-
phorylated CPI-17 inhibits MLCP. Thus, our data
support a mechanism in which CPI-17 relays the signal
from PKC in the intracellular cascade that increases
rMLC phosphorylation and Ca** sensitization in small
airway SMCs.

In conclusion, we suggest that activation of PKC in
small airways promotes Ca** influx into SMC via LVGCs
and, subsequently, intracellular Ca* release via RyR to



generate low frequency Ca*" oscillations and SMC twitch-
ing. PKC activation also induces a strong Ca®* sensitiza-
tion mediated by CPI-17 and rMLC phosphorylation.
Finally, PKC activation by specific molecules, such as
thrombin, that are present in the airways in conjunc-
tion with inflammatory lung diseases, could conceivably
sensitize the airway SMCs to local agonists and contrib-
ute to airway hyperresponsiveness.
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