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abstract

 

The Ca

 

2

 

�

 

 signaling and contractility of airway smooth muscle cells (SMCs) were investigated with
confocal microscopy in murine lung slices (

 

�

 

75-

 

�

 

m thick) that maintained the in situ organization of the airways
and the contractility of the SMCs for at least 5 d. 10–500 nM acetylcholine (ACH) induced a contraction of the air-
way lumen and a transient increase in [Ca

 

2

 

�

 

]

 

i

 

 in individual SMCs that subsequently declined to initiate multiple
intracellular Ca

 

2

 

�

 

 oscillations. These Ca

 

2

 

�

 

 oscillations spread as Ca

 

2

 

�

 

 waves through the SMCs at 

 

�

 

48 

 

�

 

m/s. The
magnitude of the airway contraction, the initial Ca

 

2

 

�

 

 transient, and the frequency of the subsequent Ca

 

2

 

�

 

 oscilla-
tions were all concentration-dependent. In a Ca

 

2

 

�

 

-free solution, ACH induced a similar Ca

 

2

 

�

 

 response, except that
the Ca

 

2

 

�

 

 oscillations ceased after 1–1.5 min. Incubation with thapsigargin, xestospongin, or ryanodine inhibited
the ACH-induced Ca

 

2

 

�

 

 signaling. A comparison of airway contraction with the ACH-induced Ca

 

2

 

�

 

 response of the
SMCs revealed that the onset of airway contraction correlated with the initial Ca

 

2

 

�

 

 transient, and that sustained
airway contraction correlated with the occurrence of the Ca

 

2

 

�

 

 oscillations. Buffering intracellular Ca

 

2

 

�

 

 with
BAPTA prohibited Ca

 

2

 

�

 

 signaling and airway contraction, indicating a Ca

 

2

 

�

 

-dependent pathway. Cessation of the
Ca

 

2

 

�

 

 oscillations, induced by ACH-esterase, halothane, or the absence of extracellular Ca

 

2

 

�

 

 resulted in a relax-
ation of the airway. The concentration dependence of the airway contraction matched the concentration depen-
dence of the increased frequency of the Ca

 

2

 

�

 

 oscillations. These results indicate that Ca

 

2

 

�

 

 oscillations, induced by
ACH in murine bronchial SMCs, are generated by Ca

 

2

 

�

 

 release from the SR involving IP

 

3

 

- and ryanodine recep-
tors, and are required to maintain airway contraction.
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I N T R O D U C T I O N

 

Our understanding of hyper-reactivity associated with
asthma, which is the narrowing of airways induced by
smooth muscle cell (SMC)* contraction, is assimilated
from investigations of either whole airways (e.g., lung
function tests or isolated airways) or from investigations
of isolated single SMCs. Although studies with whole air-
ways provide data about airway contraction, they provide
little information regarding the underlying biological
processes. By contrast, studies of isolated SMCs provide
information regarding the cellular processes, but little
information regarding the functional properties of the
airway. The use of isolated SMCs has some additional
drawbacks, including the tendency of the cells to de-dif-
ferentiate and to lose contractility. For example, the re-
sponse of cultured airway SMCs to stimulation via the

muscarinic receptor subtype M3 that mediates SMC con-
traction by activating PLC and increasing intracellular
Ca

 

2

 

�

 

 concentration ([Ca

 

2

 

�

 

]

 

i

 

) is reduced (Widdop et al.,
1993; Hall and Kotlikoff, 1995).

To address some of these problems, we have refined
the experimental use of lung slices. Lung slices previ-
ously have been used to study a variety of lung re-
sponses including bronchial contractility (Dandurand
et al., 1993; Martin et al., 1996, 2000a,b, 2001; Salerno
et al., 1996; Minshall et al., 1997; Duguet et al., 2000),
vascular responses (Held et al., 1999), mucociliary
function (Kurosawa et al., 1995), and allergic responses
mediated by inflammatory cells (Dandurand et al.,
1994; Wohlsen et al., 2001). Although most studies
used video microscopy to document changes in airway
size, the thickness of the slices precluded the observa-
tion of single cells. For example, Placke and Fisher
(1987) and Dandurand et al. (1993) cut slices by hand
that were 1,000–2,000-

 

�

 

m and 500–1,000-

 

�

 

m thick, re-
spectively. Although Martin et al. (1996) reduced the
slice thickness to 

 

�

 

250 

 

�

 

m using a tissue slicer, these
slices remained unsuitable for single cell studies. With
the aid of a vibratome tissue slicer, we have further re-
duced the slice thickness to 

 

�

 

75 

 

�

 

m and, using confo-
cal microscopy, we were able to study individual cells in
the lung slice.
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Abbreviations used in this paper:

 

 ACH, acetylcholine; [Ca

 

2

 

�

 

]

 

i

 

, intra-
cellular Ca

 

2

 

�

 

 concentration; DMEM, Dulbecco’s modified Eagle’s me-
dium; EC, epithelial cell; IP

 

3

 

, inositol 1,4,5 trisphosphate;

 

 

 

IP

 

3

 

R, IP

 

3

 

 re-
ceptor; MCH, methacholine; ROI, region of interest; sHBSS, supple-
mented Hanks’ balanced salt solution; SMC, smooth muscle cell.
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Agonist-induced increases in [Ca

 

2

 

�

 

]

 

i

 

 frequently re-
sults in the stimulation of intracellular Ca

 

2

 

�

 

 oscilla-
tions, and the idea arising from this correlation is that
frequency-modulated Ca

 

2

 

�

 

 signals regulate cellular ac-
tivities (for reviews see Berridge et al., 2000; Bootman
et al., 2001). In isolated tracheal SMCs, acetylcholine
(ACH) has been found to induce an initial Ca

 

2

 

�

 

 tran-
sient that was associated with an increase in SMC ten-
sion (Shieh et al., 1991). In the continued presence of
ACH, this transient Ca

 

2

 

�

 

 increase appeared to be fol-
lowed by a reduced, but sustained, plateau in [Ca

 

2

 

�

 

]

 

i

 

that was sufficient for the maintenance of tension. Sub-
sequent studies have revealed that the ACH-induced
Ca

 

2

 

�

 

 transient was actually followed by Ca

 

2

 

�

 

 oscilla-
tions (Liu and Farley, 1996; Sims et al., 1996; Prakash
et al., 1997, 2000; Sieck et al., 1997). However, these
studies were performed on isolated tracheal SMCs, and
the relationship of these Ca

 

2

 

�

 

 transients and Ca

 

2

 

�

 

 os-
cillations to airway caliber was unknown. Therefore,
the correlation of the Ca

 

2

 

�

 

 signaling in bronchial SMCs
to airway contraction was the primary aim of the present
study.

Cellular mechanisms of agonist-induced Ca

 

2

 

�

 

 signal-
ing in SMCs involve G-protein mediated activation of
PLC, which hydrolyses phosphatidylinositol 4,5 bis-
phosphate to form diacylglycerol and inositol 1,4,5 tris-
phosphate (IP

 

3

 

). IP

 

3

 

 binds to specific receptors (IP

 

3

 

R)
within the SR and releases Ca

 

2

 

�

 

 from the SR (for review
see Bootman et al., 2001). However, the contribution of
CICR from the SR via RYR and Ca

 

2

 

�

 

 influx across the
cell membrane varies among SMCs with respect to cell
type and species (Savineau and Marthan, 2000). There-
fore, the present study is also focused on the mecha-
nisms involved in ACH-induced Ca

 

2

 

�

 

 oscillations in
murine SMCs of airways distal to the trachea.

In this study, we present a unique system using thin
lung slices and confocal microscopy to study both the
cellular Ca

 

2

 

�

 

 signaling events in airway SMCs and the im-
pact that this has on airway contraction. From our data,
we suggest that ACH-induced Ca

 

2

 

�

 

 oscillations in airway
SMCs are generated by Ca

 

2

 

�

 

 release from the SR involv-
ing IP

 

3

 

R and RYR and that these Ca

 

2

 

�

 

 oscillations are re-
sponsible for sustained SMC contraction and the associ-
ated reduced airway caliber. We also hypothesize that the
magnitude of the sustained contraction may be regu-
lated by the frequency of the Ca

 

2

 

�

 

 oscillations.

 

M A T E R I A L S  A N D  M E T H O D S

 

Materials

 

Cell culture reagents and plasticware were obtained from Invitro-
gen Life Technologies. Other reagents were obtained from
Sigma-Aldrich unless otherwise stated. In most cases, the Hanks’
balanced salt solution (sHBSS) was supplemented with 25 mM-
HEPES buffer but lacked phenol red, unless otherwise stated.

 

Lung Slices

 

To cut thin lung slices, it was first necessary to stiffen and stabilize
the soft lung tissue. This was achieved by inflating the lungs with
liquid agarose that was subsequently induced to gel by reducing
the temperature. A solution of 4% agarose (type VII-A: low gel-
ling temperature) in distilled water was prepared at 60

 

�

 

C, cooled
to 37

 

�

 

C, and mixed with 2

 

�

 

 concentrated sHBSS with phenol
red to give a 2% agarose-sHBSS solution at 37

 

�

 

C. Male BALB/C
inbred strain mice (42–77 d old; Charles River Breeding Labs)
were killed by intraperitoneal injection (12 ml/kg bodyweight
Nembutal). The fur was rinsed with ethanol and the trachea was
exposed. Sternotomy was performed and the chest wall was re-
moved. Care was taken not to injure the lungs. To fill the lungs
with agarose, the trachea was cannulated using an intravenous
catheter system (model 20G Intima; Becton Dickinson). The in-
ner needle was removed and the outer intravenous tube was se-
cured with suture thread (Dexon II, 4–0; Davis and Geck). To al-
low the air trapped in the intravenous tube to escape, the tube
was initially clamped next to the trachea and an unattached 20-
gauge needle was inserted into the tube, distal to the clamp.
Once the tube was filled with agarose-sHBSS using a syringe, the
clamp was removed and the lungs were slowly inflated with aga-
rose-sHBSS (

 

�

 

1 ml). To prevent premature gelling of the agarose,
the mouse and associated equipment were kept warm with a heat
lamp. Subsequently, 0.1–0.2 ml of air was injected to flush the
agarose-sHBSS out of the airways. The intravenous tube was
clamped again to prevent leakage. The lungs were rinsed with
4

 

�

 

C sHBSS and the mouse was placed at 4

 

�

 

C for 15 min. The
lungs were removed, placed in 4

 

�

 

C sHBSS, and cooled for an ad-
ditional 15 min to ensure the complete gelling of the agarose
within the lungs. After isolating single lung lobes, slices of 

 

�

 

75-

 

�

 

m thickness were cut at 4

 

�

 

C in sHBSS with a tissue slicer (model
EMS-4000; Electron Microscopy Sciences). Up to eight slices
were placed in one petri dish and cultured by floating them in 2
ml of DMEM supplemented with 10% FBS and antibiotics and
antimycotics at 37

 

�

 

C in 10% CO

 

2

 

. The actual slice thickness was
measured using a position servo controller (model LVPZT E-662;
Physik Instrumente) mounted on a confocal microscope.

 

Immunohistochemistry

 

Slices were washed in sHBSS, fixed for 5 min in 100% acetone,
and washed in sHBSS containing 10% FBS. Antibodies were di-
luted 1:100 in sHBSS with 10% FBS. The slices were incubated
for 1 h at room temperature with monoclonal mouse anti–

 

�

 

-smooth muscle actin (product number A-2547; Sigma-Aldrich)
or monoclonal mouse anti–pan cytokeratin (product number
C-2562) antibodies. Slices were washed in sHBSS with 10% FBS,
incubated for 1 h at room temperature with FITC-conjugated
anti–mouse IgG (1:100 in sHBSS with 10% FBS), embedded in
anti-fade solution (SlowFade; Molecular Probes), and inspected
on a confocal microscope.

 

Measurement of Airway Contraction or Relaxation

 

Experiments were performed on lung slices containing airways
cut in cross-section. Care was taken to select airways with a lumen
that was free of agarose and completely lined by epithelial cells
showing ciliary activity. The slices were placed on cover glasses
within a custom made Plexiglas chamber, held in position by a
nylon mesh (CMN-300-B; Small Parts Inc.) and observed with an
inverted microscope (model Diaphot 300; Nikon) using a 20

 

�

 

objective. The bathing solution for all experiments was sHBSS.
Phase-contrast images were recorded using a digital high speed
CCD camera (model TM-6710; Pulnix America), a digital camera
interface (“Road Runner”; BitFlow Inc.) and image acquisition
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software (“Video Savant”; IO Industries Inc.). Frames were cap-
tured in time-lapse (1 frame/s), stored in TIF stacks of several
hundred frames, and analyzed on a Pentium III computer using
the image analysis software “Scion” (Scion Corporation; free
download: www.scioncorp.com). After calibrating the image di-
mensions and setting an appropriate threshold to distinguish the
lumen from the surrounding tissue, the area of the airway lumen
was measured with respect to time by pixel summing. To emulate
a line-scanning analysis of airway contraction, a single row of pix-
els, aligned across the lumen of the airway, was extracted from
each frame within the image stack and aligned sequentially into a
single image. Each analysis was performed using custom written
macros.

 

Measurements of Intracellular Free Ca

 

2

 

�

 

 

 

Concentration

 

Slices were loaded for 1 h at room temperature with 20 

 

�

 

M Ore-
gon green (Molecular Probes) in sHBSS containing 0.2% plu-
ronic (Pluronic F-127; Calbiochem), 100 

 

�

 

M sulfobromophtha-
lein, and 3 mg/ml ascorbic acid. After loading, the slices were in-
cubated for at least 30 min in sHBSS containing 100 

 

�

 

M
sulfobromophthalein and 3 mg/ml ascorbic acid to allow for
complete dye deesterification. The bath solution for all experi-
ments was sHBSS containing 3 mg/ml ascorbic acid (antioxidant
to reduce bleaching).

Confocal microscopy was performed with a custom-built mi-
croscope (Sanderson and Parker, 2002) based on an inverted
microscope. Briefly, the 488-nm line from an argon laser is
scanned across the specimen with two oscillating mirrors (for
X- and Y-scan). The resultant fluorescence (

 

�

 

510 nm) is de-
tected by a photomultiplier tube. A video frame capture board
digitizes the photomultiplier signal to form an image that is re-
corded to hard disc using the recording software “Video Sa-
vant.” Images were recorded in time-lapse (1 or 4 frames/s, 420
pixels 

 

�

 

 400 lines) or at high speed (60 frames/s, 420 pixels 

 

�

 

200 lines) for the detection of rapid changes. Regions of inter-
est (ROI) of 10 

 

�

 

 10 pixels were defined in single SMCs. Aver-
age fluorescence intensities of an ROI were obtained, frame-by-
frame, using a custom written macro. Bleach correction was cal-
culated from the bleaching rate during a period of 15–30 s be-
fore the addition of drugs. Raw data were corrected with the
bleach correction before a rolling average of three frames was
calculated. Final fluorescence values were expressed as a fluo-
rescence ratio (F/F

 

0

 

) normalized to the initial fluorescence
(F

 

0

 

). Because the confocal system was not capable of recording
transmitted phase-contrast images simultaneously with confocal
fluorescence images, airway contraction was analyzed by mea-
suring the area of the part of the airway lumen that was visible
in the confocal images.

 

Drug Application

 

ACH chloride, ACH-esterase, and halothane were dissolved in
sHBSS. A 10

 

� 

 

solution was diluted to the final concentration by
addition to the volume of the bath solution (e.g., 10 

 

�

 

l of 10

 

�

 

5

 

 M
ACH was added to 90 

 

�

 

l bath solution for a final concentration
of 10

 

�

 

6

 

 M ACH). BAPTA-AM, xestospongin (Calbiochem), ryan-
odine, and thapsigargin were dissolved in DMSO and diluted in
sHBSS to the final concentrations used.

 

Statistics

 

Statistical analysis was performed using the one way repeated
measurements analysis of variance (all pair-wise multiple compar-
ison procedures 

 

	

 

 Student-Newman-Keuls method). A 

 

P

 

 value of

 

P

 

 

 




 

 0.05 was considered statistically significant.

 

R E S U L T S

 

Lung Slice Morphology and Properties

 

Agarose-filled murine lungs were cut into slices with a
thickness of 73.3 

 

�

 

 22.8 

 

�

 

m (mean 

 

�

 

 SD, 

 

n

 

 

 

	

 

 10) using
a vibratome tissue slicer. The slices were maintained by

Figure 1. Phase-contrast images of a lung slice, �75-�m thick,
cut from agarose-filled murine lungs. (A) A low magnification im-
age of a single airway in the lung slice. The airway is cut in cross-
section and has a clearly visible lumen (AL). Several adjacent thin-
walled alveoli (AV) are also evident. (B) A higher magnification
view of the area outlined by the rectangle in A showing the epithe-
lial cells (EC) that line the airway lumen. (C) A higher magnifica-
tion of the area outlined by the rectangle in B showing the cilia
(Ci) of the epithelial cells facing toward the airway lumen. Bars:
(A) 50 �m; (B) 20 �m; (C) 8 �m.
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floating them in culture medium to prevent adhesion to
the dish and were found, as judged by conventional
phase-contrast microscopy, to retain the normal mor-
phological appearance and arrangement of the alveoli,
blood vessels, and airways. Airways, cut in cross-section,
could be easily identified and distinguished from blood
vessels and alveoli based on a number of criteria. In con-
trast to blood vessels, the lumens of the airways were de-
void of blood cells and were lined with cuboidal epithe-
lial cells (ECs) that had clearly visible beating cilia (Fig.
1). The airways were relatively thick-walled in compari-
son to the numerous alveoli that formed thin-walled
structures surrounding air spaces. Because of the exten-
sive branching of the respiratory tract, airways were fre-
quently cut at oblique angles. In the extreme case, a lon-
gitudinal section of an airway could be obtained. How-
ever, the same criteria, as described above, were applied
to identify these airways.

To verify the morphological observations and to as-
sess the spatial distribution of ECs and SMCs in the
airways, we performed immunocytochemistry with an-
tibodies specific for cytokeratin and 

 

�

 

-smooth muscle
actin, respectively. SMCs could be identified by their
fusiform shape and were in many cases found around
the whole circumference of the airway. However, in
some airways, only parts of the circumference con-
tained SMCs. SMCs were found to be closely associ-
ated with ECs, and were often separated from the
airway lumen by just one layer of ECs (Fig. 2 A). By
contrast, ECs showed a typical cobblestone-like ap-
pearance and completely lined the airway lumen
(Fig. 2 B).

Because many airways were not cut precisely perpen-
dicular, the cross-sections of the airways were not simple
circular shapes (Fig. 1). As a result, the cross-sectional
area is perhaps a more reliable measurement of airway
size than the use of the diameter of the airway. The size
of the airways in slices was measured with a CCD camera
and image acquisition software. After the appropriate
image calibration and the setting of a threshold to dis-
tinguish the lumen from the surrounding tissue, the
cross-sectional area of the airways was calculated by
pixel summing. The mean cross-sectional area of the
airways found within a slice was 44,260 

 

�

 

 6656 

 

�

 

m

 

2

 

(mean 

 

�

 

 SD, 

 

n

 

 

 

	

 

 48) with a minimum value of 8,475

 

�

 

m

 

2

 

 and a maximum value of 112,088 

 

�

 

m

 

2

 

. If a circular
shape was assumed for all airways measured, the mean
diameter would be 124 

 

�

 

 92 

 

�

 

m (mean 

 

�

 

 SD, 

 

n 

 

	

 

 48)
with an airway diameter range from 52 to 189 

 

�

 

m.
Morphology and contractility remained stable for at

least 5 d in culture. Ciliary activity showed no apparent
change for at least 10 d. After 10 d (without a change of
culture medium), contractility decreased markedly and
ciliary activity began to slow. As a result, experiments
were performed only on slices 2–5 d old.

For the first few days after slice preparation, sponta-
neous airway contractions could be randomly observed
(Fig. 3, before the addition of ACH). Unfortunately, a
full systematic investigation of this phenomenon was
hindered by its unpredictability. In lung slices of some
mice, spontaneous contractions occurred in many air-
ways, whereas in slices from other mice, no spontane-
ous activity could be observed at all. Similarly, the con-
tractions ranged from “twitches” of parts of the airway
wall without substantial change in airway lumen to con-
tractions of the whole circumference, resulting in re-
duction of airway lumen of up to 50%. However, confo-
cal microscopy did reveal that the spontaneous contrac-
tions occurred simultaneously with Ca

 

2

 

�

 

 transients in
SMCs. Whereas exposure to ACH-esterase (

 

n

 

 

 

	 

 

4) or
apyrase (

 

n

 

 

 

	 

 

3) did not stop the contractions, exposure
to a Ca

 

2

 

�

 

-free solution immediately stopped the sponta-
neous contractions (

 

n

 

 

 

	 

 

4; unpublished data). These
results suggest that an influx of external Ca

 

2

 

�

 

 may play
a role in the mechanisms responsible for spontaneous
contractions. A detailed analysis of this phenomenon is
beyond the scope of this work and will be the focus of
future studies.

Figure 2. Confocal microscopy images of immunocytochemical
stainings of airways in lung slices using FITC-conjugated secondary
antibodies. (A) The wall of an airway, cut in cross-section, after stain-
ing with anti–�-actin antibodies. Several smooth muscle cells (SMC)
stained brightly, show an elongated fusiform cell shape, and are in
close spatial proximity to epithelial cells (EC) and airway lumen
(AL). (B) A slice stained with anti–pan cytokeratin antibodies show-
ing the typical cobblestone-like appearance of epithelial cells. In this
case, the plane of the section has passed obliquely through the air-
way to provide near longitudinal section at the top left. Bars: 15 �m.
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Figure

 

 3. The change in the cross-sectional area of an airway in response to acetylcholine (ACH). An airway was monitored with phase-
contrast microscopy and recorded in time-lapse at 1 frame/s in response to 1 

 

�

 

M ACH and 85 U/ml ACH-Esterase. (top, 1–4) Four images
of the airway at different times (indicated by the dotted lines) showing the change in lumen size over 15 min. (middle) The cross-sectional
area of the lumen was calculated and plotted against time. The airway displayed a number of spontaneous contractions followed by a large
contraction in response to the application of ACH (bar). 1 

 

�

 

M ACH induced an airway contraction of 

 

�

 

50%. An initial steep phase of fast
narrowing was followed by an asymptotic phase. The addition of 85 U/ml ACH-Esterase (bar) led to a short transient contraction followed
by a relaxation of the airway back to baseline. (bottom) A line-scanning analysis of the airway responses induced by ACH and ACH-Esterase.
Gray values of a single line across each image (black line in phase images 1–4) were sequentially aligned (vertically) to produce a 1-D tempo-
ral image of the activity. Trace is representative of eight experiments performed in eight different airways in eight different slices from two
different mice. Bar: 50 

 

�

 

m. 

 

ACH-induced Airway Contraction

 

Airway activity in slices was recorded in time-lapse at 1
frame/s using phase-contrast microscopy and the cross-
sectional area was calculated for each frame. The addi-
tion of ACH, at concentrations 

 

�

 

10 nM, induced air-
way contraction that reached a maximum contraction
(or minimum cross-sectional area) within 5–10 min
(Fig. 3). The effects of ACH were reversible by the deg-
radation of ACH with ACH-esterase. A concentration
dependence of the ACH-induced airway contraction
could be observed in the range of 10–500 nM (Fig. 4).

ACH-induced airway contraction was initiated by con-
centrations 

 

�

 

10 nM, whereas concentrations 

 

�

 

500 nM
did not further decrease airway cross-sectional area (in-
creased airway contraction). A complete closure of an
airway was never observed. The addition of sHBSS
alone had no effect on airway cross-sectional area.

ACH-induced Ca2� Signaling

To load airway SMCs with sufficient dye, a high load-
ing concentration (20 �M) of Oregon green was re-
quired in conjunction with the organic anion transport
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blocker sulfobromophthalein (Di Virgilio et al., 1990).
Using a custom-built confocal microscope (Sanderson
and Parker, 2002), we were able to record and analyze
Ca2� signaling in contractile airway SMCs in the lung
slices for 5 d after preparation. ROIs of 10 � 10 pixels
were defined in SMCs and analyzed for Ca2� changes.

The Ca2� response to ACH consisted of an initial tran-
sient increase in [Ca2�]i followed by Ca2� oscillations
(Figs. 5 and 6 A). By contrast, the [Ca2�]i in ECs did not
change in response to ACH. The addition of sHBSS
alone had no effect. To evaluate the concentration de-
pendence of the Ca2� response, five SMCs in different
slices were exposed to 10�8, 10�6, and 10�3 M ACH; a
washout and a 20-min recovery period was allowed be-
tween each ACH exposure. The increase in [Ca2�]i dur-
ing the initial Ca2� transient (the percent difference be-
tween the F/F0 measured immediately before and at
maximum value of the Ca2� transient) was concentra-
tion-dependent from 10 nM to 1 mM (8.9 � 15.2% for
10�8 M, 33 � 31.8% for 10�6 M, and 73.1 � 19% for
10�3 M; increase in percent of baseline, mean � SD,
P 
 0.05, Fig. 6 B). The frequency of the Ca2� oscilla-
tions (the average period of 10 sequential oscillations)
at 10�6 M (25.2 � 16.2 min�1, mean � SD) was higher
than at 10�8 M (16.1 � 17.5, P 
 0.05) but did not differ
between 10�6 and 10�3 M (28.4 � 23.3; Fig. 6 C).

High speed recording of Ca2� oscillations (60
frames/s) revealed that the oscillations spread as repet-
itive intracellular Ca2� waves across the SMCs. The
propagating velocity of the waves was calculated by de-

Figure 5. (A) A series of confocal pseudocolor images showing
that epithelial cells (EC) separate the airway lumen (AL) from sev-
eral adjacent smooth muscle cells (asterisks). In response to 1 �M
ACH, the [Ca2�]i is increased in the SMCs but not in the epithelial
cells. Each SMC responds with a different time course. Time after
the addition of ACH is indicated under each panel. White lines in-
dicate the estimated cell boundaries. (B) A line-scan analysis of the
effect of ACH. Intensity values from a single row (black line in im-
age “500 ms”) for each image recorded during 25 s were aligned
into a single image. The arrow indicates the addition of ACH.
ACH-induced airway contraction occurred simultaneously with the
[Ca2�]i increase.

fining 2 ROIs in the same cell and measuring the delay
between the Ca2� oscillations (velocity 	 distance be-
tween ROIs divided by delay between Ca2� oscillations;
Fig. 7 A) and was found to be 47.6 � 9.2 �m/s (mean �
SD, n 	 3). When the ROIs were defined in adjacent
SMCs, the Ca2� oscillations were asynchronous, indicat-

Figure 4. The concentration-response curve of ACH-induced air-
way contraction. Airways in lung slices were exposed to ACH and
the minimum cross-sectional area was determined. A decrease in
cross-sectional area occurs in the range of 10–500 nM. Concentra-
tions of 1 �M or higher did not further decrease the minimum
cross-sectional area, resulting in a plateau of contraction equal to
�80%. Each point represents five to eight experiments (mean �
SD) using a different airway in a different slice for each experiment.
For each point, slices from at least two different mice were used.
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ing that adjacent SMCs have independent Ca2� re-
sponses to ACH (Fig. 7 B).

To address the question, if Ca2� influx from the extra-
cellular space was involved in the generation of Ca2� oscil-
lations, we exposed airway SMCs to 10 �M ACH in a Ca2�-
free solution containing 5 mM EGTA. ACH induced Ca2�

oscillations, but these oscillations ceased after 1–1.5 min
(Fig. 8 A). The inhibition of SR Ca2�-ATPases with 10 �M
thapsigargin for 30 min to empty intracellular Ca2� stores
prevented the Ca2� increase in response to 10 �M ACH

Figure 7. (A) Ca2� oscillations as intracellular Ca2� waves. Using
confocal microscopy, ACH-induced Ca2� oscillations were re-
corded at 60 frames/s. Two ROIs in the same SMC (21.6 �m
apart) were analyzed, and ACH-induced Ca2� oscillations dis-
played simultaneously. The Ca2� oscillations of the two ROIs were
phase-shifted, indicating a Ca2� wave propagating through the
cell. The temporal difference between the ROIs was 0.49 � 0.11 s,
giving a propagating velocity of the Ca2� wave of 45.7 � 11.1 �m/s
for this cell (n 	 5 consecutive oscillations, mean � SD). Three
similar experiments in three different SMCs in three different
slices revealed an average propagating velocity of 47.6 � 9.2 �m/s.
(B) Ca2� oscillations in ROIs in two adjacent cells were recorded
and displayed simultaneously. The oscillations were asynchronous,
indicating independent Ca2� responses to ACH.

Figure 6. (A) Ca2� signaling induced by ACH in airway SMCs in
lung slices. ROIs were defined in SMCs and Ca2� changes in re-
sponse to 1 �M ACH (bar) expressed as a fluorescence ratio. The
Ca2� response consisted of an initial Ca2� transient, followed
by Ca2� oscillations. (B and C) Concentration dependence of the
Ca2� response to ACH. Five SMCs in airways of different slices
were exposed to 10�8, 10�6, and 10�3 M ACH with a washout and a
20-min recovery period between each exposure (*, P 
 0.05). (B)
The magnitude of the Ca2� increase of the initial Ca2� transient
(the percent difference between the F/F0 measured immediately
before and at maximum value of the Ca2� transient) was concen-
tration-dependent. (C) The frequency of the oscillations (the aver-
age period of 10 sequential oscillations) at 10�6 M was higher than
at 10�8 M, but did not differ between 10�6 and 10�3 M.
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(Fig. 8 B). Similarly, a 45-min incubation with 10 �M xes-
tospongin or with 200 �M ryanodine inhibited the ACH-
induced Ca2� signaling (Fig. 8, C and D).

Correlation between Ca2� Signaling in SMCs and 
Airway Contraction

A comparison of the Ca2� response in SMCs with the
corresponding airway contraction indicated that the
Ca2� transient occurred simultaneously with the initial
contraction, whereas the Ca2� oscillations occurred dur-
ing the maintenance of the reduced airway lumen (Fig.
9). To test for the possibility that ACH may induce air-
way contraction by a Ca2�-independent pathway, the in-
tracellular Ca2� was buffered by 1-h incubation with 1
mM BAPTA-AM. Upon exposure to 10 �M ACH, both
the Ca2� signaling and the airway contraction were abol-
ished (Fig. 10 A). To investigate the relationship of the
Ca2� oscillations to sustained contraction, three differ-
ent approaches were applied to inhibit ongoing Ca2� os-
cillations without substantially changing the baseline
[Ca2�]i. First, the degradation of ACH by 85 U/ml ACH-
esterase abolished the Ca2� oscillations and simulta-
neously relaxed the ACH-contracted airway (Fig. 10 B).
Second, after the cessation of ACH-induced Ca2� oscilla-

Figure 8. Mechanisms of ACH-induced Ca2� oscillations. Traces
are representative of four to five experiments performed in differ-
ent airways of different slices obtained from at least two different
mice. (A) In Ca2�-free solution containing 5 mM EGTA, ACH-
induced Ca2� oscillations were initiated, but ceased after 1–1.5
min. (B) Incubation with 10 �M thapsigargin for 30 min abolished
the Ca2� response to ACH. (C) After a 45-min incubation with 10
�M xestospongin, no Ca2� response to ACH could be detected.
(D) Incubation with 200 �M ryanodine for 45 min also prevented
the ACH-induced Ca2� response.

Figure 9. Correlation of ACH-induced Ca2� signaling and air-
way contraction. ROIs were defined in single SMCs, and the Ca2�

changes in response to 10 �M ACH were expressed as a fluores-
cence ratio (top trace). The change in the part of the cross-sec-
tional area of the airway that was visible in the confocal images was
measured and displayed simultaneously as the delta area (bottom
trace). The initial Ca2� transient correlates with the airway con-
traction. The occurrence of the Ca2� oscillations correlates with
the maintenance of the reduced airway lumen. Representative
traces of five experiments of five different airways in five different
slices obtained from two different mice are shown.
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tions by Ca2�-free solution, the contracted airway re-
laxed (Fig. 10 C). Finally, the addition of 1.7 mM
halothane stopped the Ca2� oscillations, and this re-
sulted in a relaxation of the airway (Fig. 10 D).

D I S C U S S I O N

The understanding of airway SMC physiology is ham-
pered by the inaccessibility of the cells and it is often
necessary to study isolated or cultured cells. Unfortu-
nately, this approach has several disadvantages. These
include a relatively rapid change in phenotype and a
loss of the SMCs contractility, the isolation of cells from
central airways (e.g., trachea), rather than distal air-
ways, and a lack of extracellular connective tissue that
serves to modulate cell contraction and relaxation. In

addition, it is very difficult to directly correlate changes
in isolated SMC contraction with airway caliber.

To address some of these difficulties, we have refined
the use of lung slices. We found that SMCs within the
slice maintained the ability to perform multiple con-
tractions for at least 5 d. These slices required minimal
maintenance and appeared healthy without any special
culturing conditions. Healthy lung slices also were indi-
cated by the presence of active cilia on the airway epi-
thelial cells. The morphology of the slice appeared, as
discernible with the light microscope, unaltered with
the airway epithelial cells remaining cuboidal and the
SMCs remaining elongated. Obviously, some connec-
tive tissue has been disrupted at the surface of the
slices, but for cells in the middle of a slice, which are ac-
cessible with confocal microscopy, their environment

Figure 10. Ca2� oscillations maintain airway contraction. ROIs were defined in single SMCs and the Ca2� changes in response to ACH
expressed as fluorescence ratio (top). The change in the part of the cross-sectional area of the airway that was visible in the confocal im-
ages was measured and displayed simultaneously as the delta area (bottom). Traces are representative of four to five experiments per-
formed in different airways of different slices obtained from at least two different mice. (A) Buffering intracellular Ca2� by incubation with
1 mM BAPTA-AM for 1 h prevented both, the Ca2� signaling and the airway contraction in response to 10 �M ACH (bar). (B) During on-
going ACH-induced Ca2� oscillations, the addition of 85 U/ml ACH-Esterase (bar) abolished the Ca2� oscillations without substantially
changing baseline [Ca2�]i and relaxed the airway. (C) In a Ca2�-free solution containing 5 mM EGTA, the addition of 10 �M ACH (bar)
induced Ca2� oscillations and airway contraction. However, after 1–1.5 min, the Ca2� oscillations ceased and the airway relaxed. (D) 1.7
mM halothane abolished ongoing Ca2� oscillations and simultaneously relaxed the airway.
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approaches that of in situ. Thus, slices would appear
ideal for the investigation of interactions, not only be-
tween SMCs, but also between SMCs and epithelial cells
as well as the activity of individual SMCs and the re-
sponse of the associated airway.

Despite these advantages, the lung slice is not without
some difficulties. For example, lung slices do not adhere
to the substrate and are easily displaced by experimental
protocols. We have found that a piece nylon mesh can
be used to hold slices in position. Lung slices also are not
easily loaded with indicator dyes. This may be because
the surface area of the cells in a slice that is accessible to
the dye is significantly reduced by surrounding cells and
connective tissue, but an increase in dye concentration
and incubation time and the addition of an organic an-
ion transporter blocker appeared to compensate for a
low dye-loading rate. The process of obtaining a slice
may be considered traumatic, but the process of cell iso-
lation involves an enzymatic modification of the cell sur-
face, a loss of cell contacts, and a lack of the connective
tissue forces that mediate relaxation.

We used a higher concentration of agarose (2%) to
stiffen the compliant lung tissue as compared with
Dandurand et al. (1993) and Martin et al. (1996), 1%
and 0.75%, respectively. The stiffer lung and the use of
a precision tissue slicer or vibratome, in place of man-
ual or hand cutting, enabled us to obtain thin slices
that allow the study of single cells within the slice with
confocal microscopy.

ACH-induced Airway Contraction

Many studies on airway contraction have been per-
formed using methacholine (MCH), a chemical ana-
logue of ACH acting via muscarinic receptors that may
vary in subtype selectivity depending on species and tis-
sue (Tulic et al., 1999). The choice to use MCH may
have been based on the slower metabolism of MCH
and the widespread use of MCH in clinical lung func-
tion tests. However, we choose to use ACH because
ACH is readily metabolized by esterases for reversibil-
ity of experiments, contracts airway smooth muscle
cells through activation of muscarinic receptors (Hall,
2000), narrows airways in lung parenchymal strips (Sa-
lerno et al., 1996) and induces Ca2� oscillations in iso-
lated tracheal SMCs (Liu and Farley, 1996; Sims et al.,
1996; Prakash et al., 1997, 2000; Sieck et al., 1997).

A concentration dependence of ACH-induced airway
contraction was observed in the range of 10–500 nM.
At concentrations �500 nM, ACH induced maximal
airway contraction, which was, on average, �80% of
the initial area. However, these results contrast to
MCH-induced narrowing in thicker lung slices where
increasing concentrations of MCH led to a reduction in
airway lumen to 
20% and complete airway closure in
up to one third of the airways (Dandurand et al., 1993;

Martin et al., 1996; Minshall et al., 1997). One explana-
tion for this difference could be our use of a higher
concentration of agarose to fill the lungs as compared
with the previous studies because of our effort to cut
thinner slices for the use with confocal microscopy.
This could have increased the stiffness of the surround-
ing agarose-filled tissue. However, Dandurand et al.
(1993) reported that 16% of the airways closed in rat
lung slices when using 2% agarose. The slices used in
the present study were thinner and likely to have fewer
SMCs per airway. Consequently, the number of SMCs
may have been insufficient to generate the force re-
quired to narrow or close airways to the same extent.

ACH-induced Ca2� Signaling

The Ca2� response of airway SMCs to ACH showed a bi-
phasic pattern consisting of an initial transient followed
by Ca2� oscillations. ACH-induced Ca2� oscillations
also have been reported to occur in isolated tracheal
SMCs (Liu and Farley, 1996; Sims et al., 1996; Prakash
et al., 1997, 2000; Sieck et al., 1997). The oscillation fre-
quencies in this study (�20–30 per minute) were com-
parable to those found for isolated tracheal SMCs (Pa-
belick et al., 2001b) although Sieck et al. (1997) re-
ported slower frequencies for bronchial SMCs. We also
found, like Prakash et al. (2000), a concentration de-
pendence of the frequency of the oscillations. This con-
centration dependence matched that of airway contrac-
tion, and this will be addressed later.

The Ca2� oscillations were found to spread through
the SMCs as intracellular Ca2� waves. The propagation
velocity (�48 �m/s) of the Ca2� waves was higher than
reported by Prakash et al. (2000), who found a velocity
of 25 �m/s in isolated porcine tracheal SMCs. Differ-
ences in species, airway generation, and/or the differ-
ent culture form may be responsible. A comparison of
the Ca2� oscillations in adjacent SMCs indicated that
the Ca2� oscillations occurred asynchronously. If SMCs
in slices communicated (e.g., via gap junctions), this
did not lead to a synchronization of the Ca2� oscilla-
tions. However, all the cells may have been stimulated
simultaneously with extracellular ACH, and communi-
cation between cells would not be required to initiate a
response in each cell. Future experiments with stimula-
tion of single cells will be required to explore the role
of cell–cell communication.

Although ACH induced Ca2� oscillations in the ab-
sence of extracellular Ca2�, these oscillations subse-
quently ceased. This indicates that an influx of external
Ca2� is not directly required for ACH-induced Ca2� sig-
naling, but may be necessary to refill internal Ca2� stores
and compensate for Ca2� losses across the cell mem-
brane. Emptying of the internal Ca2� stores using thapsi-
gargin prevented the ACH-induced Ca2� response, con-
firming the essential role of internal Ca2� release. The
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abolishment of the Ca2� signaling with the IP3R antago-
nist xestospongin indicates that, in murine bronchial
SMCs, Ca2� release from the SR occurs in part via the
IP3R. Because the role of Ca2� release via the RYR in ago-
nist-induced Ca2� signaling varies among SMCs of differ-
ent origins (Savineau and Marthan, 2000), we tested the
role of the RYR in murine bronchial SMCs using ryano-
dine. The ACH-induced Ca2� response was blocked by
ryanodine, a result indicating that in these cells Ca2� re-
lease also occurs via the RYR. Taken together, we suggest,
for the mechanism of ACH-induced Ca2� signaling in
murine bronchial SMCs, an initial small IP3-induced
Ca2� release from the SR that is amplified by CICR via
RYR with external Ca2� influx occurring to compensate
for Ca2� losses to the extracellular space.

Correlation between Ca2� Signaling in SMCs and 
Airway Contraction

Ca2� contraction coupling in SMCs involves the Ca2�–
calmodulin complex that activates the myosin-light-chain
kinase, which in turn phosphorylates the myosin-light-chain
leading to crossbridge cycling and cell contraction. How-
ever, Ca2�-independent pathways for agonist-induced
contraction exist and these may involve diacylglycerol,
CPI-17, or Rho-kinases to inhibit myosin-light-chain phos-
phatase, and thereby increase myosin-light-chain phos-
phorylation (for reviews see Somlyo and Somlyo, 2000;
Pfitzer, 2001). Because we were able to inhibit the ACH-
induced airway contraction with intracellular BAPTA,
the ACH-induced Ca2� signaling appears to directly me-
diate contraction in murine bronchial SMCs.

The purpose of the present study was to correlate the
Ca2� signaling that occurs in SMCs with airway contrac-
tion. Previously, Shieh et al. (1991) observed Ca2� sig-
naling in isolated SMCs and found that an initial Ca2�

transient was followed by a lower plateau of [Ca2�]i at a
steady state, and suggested that the Ca2� transient es-
tablishes tension and that the [Ca2�]i steady state main-
tains tension. Subsequently, Prakash et al. (2000) found
that the steady state of [Ca2�]i, in fact, consists of Ca2�

oscillations, and this led them to suggest that Ca2� os-
cillations may provide a mechanism to regulate or inte-
grate increases in global [Ca2�]i. However, evidence for
different contractile states at different frequencies of
Ca2� oscillations was not available. In our study, the
ACH-induced initial Ca2� transient in the SMCs oc-
curred simultaneously with ACH-induced airway con-
traction, and this was followed by Ca2� oscillations. It is
important to note that these Ca2� oscillations persisted
during the maintained airway contraction.

To stop ongoing ACH-induced Ca2� oscillations, we
used ACH-esterase to degrade ACH, we inhibited the
refilling of the Ca2� stores using Ca2�-free solution, or
we added halothane to the bath. Pabelick et al. (2001a)
could show that halothane reduces SR Ca2� content by

increased “leak” through IP3- and RYR channels. In our
study, halothane abolished ACH-induced Ca2� oscilla-
tions after a short Ca2� transient. However, in all cases,
airway relaxation could be observed upon cessation of
the Ca2� oscillations without a substantial change in
baseline [Ca2�]i, suggesting an essential role of Ca2� os-
cillations in the maintenance of airway contraction.

The concentration response curves for ACH-induced
Ca2� oscillation frequency and airway contraction were
very similar and these data may indicate a close relation-
ship between the extent of airway contraction and the
frequency of the Ca2� oscillations. Similarly, in other sys-
tems, increases in the frequency of Ca2� oscillations
were induced by increasing concentrations of agonists
and this led to the idea that frequency-encoding rather
than the average [Ca2�]i regulates cellular activities (for
reviews see Berridge et al., 2000; Bootman et al., 2001).
The hypothesis for the implementation of frequency-
modulated control is that the process in question has
different activation and inactivation kinetics. For exam-
ple, the Ca2� oscillation may serve to quickly activate the
phosphorylation of the myosin-light-chain via interme-
diaries while inactivation via dephosphorylation may
take longer. As a result, intermittent Ca2� pulses could
maintain a prolonged response. In conclusion, we pro-
pose that Ca2� oscillations are essential for maintaining
the contractile state of the airway SMCs and, thereby,
the airway contraction. Further, we hypothesize that this
maintenance may be frequency-modulated.
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