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Summary
Increased airway responsiveness occurs in normal young individuals compared to adults. A
maturation of airway smooth muscle (ASM) contractility is likely a mechanism of this juvenile airway
hyperresponsiveness. Indeed, we showed in guinea pig tracheal smooth muscle (TSM) that maximum
shortening velocity decreases dramatically after the first 3 weeks of life. Because the phosphorylation
of the 20-kDa myosin light chain (MLC20) was shown to be a key event in ASM contractility, in the
present work we sought to investigate it during ontogenesis. In three age groups (1-week-old, 3-
week-old, and adult guinea pigs), we assessed the amount of MLC20 phosphorylation achieved either
in TSM crude protein homogenates exposed to Mg2+·ATP·CaCl2 or in tracheal strips during electrical
field stimulation (EFS). Phosphorylated and unphosphorylated MLC20 were separated on
nondenaturing 10% polyacrylamide gels, and the ratio of phosphorylation was obtained by
densitometric analysis of chemiluminescent Western immunoblots. Maximum MLC20
phosphorylation (% of total MLC20) in TSM tissue homogenate was, respectively, 32.6 ± 5.7, 32.2
± 5.7, and 46.8 ± 5.8 in 1-week, 3-week, and adult guinea pigs. Interestingly, in nonstimulated intact
tracheal strips, we found a substantial degree of MLC20 phosphorylation: respectively, 42.2 ± 5.8,
36.5 ± 7.8, and 46.4 ± 4.7 in 1-week, 3-week, and adult guinea pigs. Maximal EFS-induced
MLC20 phosphorylation (% increase over baseline) in the 3-week age group was attained after 3 sec
of EFS, and was 161.2 ± 17.6, while in 1-week and adult guinea pigs, it was attained at 1.5 sec of
EFS and was, respectively, 133.3 ± 9.3 and 110.2 ± 3.9 (P<0.05). We conclude that MLC20
phosphorylation in guinea pig intact tracheal strips correlates with ontogenetic changes in shortening
velocity and changes in myosin light chain kinase content. These results further suggest that the
maturation of ASM contractile properties plays a role in the greater airway responsiveness reported
in children and young animals.
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INTRODUCTION
Airway responsiveness, i.e., the extent to which a given contractile stimulus constricts the
airway lumen, is elevated in young healthy individuals and declines toward adulthood.1–3 This
change in normal airway physiology may contribute to the age differences reported for diseases
characterized by airway hyperresponsiveness, such as asthma. Indeed, the incidence of this
disease has a peak during infancy and early childhood, and its prevalence decreases in
adulthood.4–7 Mechanisms potentially involved in the ontogenetic modification of airway
responsiveness include neural, pharmacological, and structural factors.8–10 A crucial role
might be played by a maturation of the response of airway smooth muscle (ASM),11–13 as
shown by the change with age of several ASM factors involved in contractility.14–16 Whereas
ample evidence suggests an important role of ASM in pathological airway hyperresponsiveness
in adults,17–20 little is known on the role of ASM function in the ontogenesis of airway
responsiveness.21 To elucidate the mechanisms behind the maturation of ASM function is
essential for revealing the possible role of ASM in the onset of diseases characterized by airway
hyperresponsiveness during childhood.

While the ability of ASM to generate force has not shown a consistent correlation with in vivo
airway responsiveness, accumulating data suggest that shortening velocity may closely
resemble the dynamics of airway responsiveness.22–24 It is worth mentioning that airway
myocytes from mild asthmatic subjects reveal a substantial increase of shortening velocity and
shortening capacity compared with normal control volunteers.19 We used the guinea pig
trachealis as a maturational model for ASM, and showed that maximum shortening velocity
decreases after age 3 weeks, without a parallel change in force generation. This decrease is
associated with an increase of internal resistance to shortening.25 On the one hand, this
reduction in shortening velocity may be explained by a downregulating effect of mechanical
resistive components, e.g., higher tissue stiffness, in adult guinea pigs. On the other hand, it
might arise from differences in the biochemical pathway that lead to activation of the
actomyosin ATPase.26

The phosphorylation of the 20-kDa myosin light chain (MLC20) activates the actomyosin
ATPase, with subsequent recruitment of fast-cycling cross-bridges and the generation of
muscle contraction. The regulation of MLC20 phosphorylation occurs by the counteracting
action of myosin light chain kinase (MLCK) and myosin light chain phosphatase. We recently
reported that the content of MLCK in guinea pig tracheal smooth muscle significantly increases
during the first 3 weeks of life, and later declines to the levels observed in 1-week-old tissue.
27 We suggested that this transient increase in MLCK content is one of the mechanisms
responsible for the increased shortening velocity we previously reported at 3 weeks in the same
animal model.

In the current study, we sought to further investigate the mechanisms responsible for smooth
muscle hyperresponsiveness at 3 weeks of age. We therefore studied MLC20 phosphorylation
in tracheal smooth muscle from 1-week-old, 3-week-old, and adult guinea pigs. To evaluate
the inducible activity of MLCK in tracheal smooth muscle of different ages, MLC20
phosphorylation was studied, using an in vitro assay in tracheal smooth muscle tissue
homogenates. To evaluate the involvement of MLC20 phosphorylation in maturational changes
in contractility, we measured it in intact tracheal strips either at rest or during electrical field
stimulation.
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MATERIALS AND METHODS
Animals and Tissue Preparation

We employed Hartley guinea pigs (Charles River Laboratories, Inc., Wilmington, MA) of three
different ages: 1 week old (1 wk, n = 42, 140.1 ± 21.3 (SD) g, 7.0 ± 1.2 days old), 3 weeks old
(3 wk, n = 22,280.8 ± 24.8 g, 23.2 ± 3.0 days old), and 3 months old (adult, n = 16, 699.7 ±
121.2 g, 86.3 ± 26.6 days old). Only male animals were used for the 3-week and adult groups.
The animal protocol was approved by the Duke University Institutional Animal Care and Use
Committee.

Anesthesia was achieved with an intraperitoneal injection of 200 mg/kg Na-pentobarbital
(Abbot Laboratories, Chicago, IL). When all reflexes observed in response to a toe-clamping
were completely abolished, the trachea and lungs were exposed, excised, and immediately put
into ice-cold Krebs-Henseleit buffer solution (K-H), aerated with 95% O2 and 5% CO2. The
composition of K–H was the following (mM): 115 NaCl, 25 NaHCO3, 1.38 NaH2PO4, 2.5
KCl, 2.46 MgSO4, 1.9 CaCl2, and 5.55 dextrose. After cleaning away loose connective tissue,
either tracheal strips or tracheal smooth muscle (TSM) tissues were obtained under a dissecting
stereomicroscope (model SZH10, Olympus, Lake Success, NY). All procedures were
performed in K-H solution buffered to pH 7.35–7.45 by continuous aeration with 95% O2/5%
CO2.

MLC20 Phosphorylation Assay in Homogenated TSM
We previously showed that smooth muscle is only about 18% of the tissue forming the guinea
pig paries membranaceus trachea.25 Therefore, after cleaning away loose connective tissue, a
more careful dissection was carried out in order to obtain a preparation predominantly
composed of smooth muscle. Cartilage rings were cut ventrally along the longitudinal axis of
the trachea. The inner surface was exposed by mounting the trachea in a dissection Petri dish
with stainless-steel insect pins (size 00, Ward’s, Rochester, NY), and the epithelium was gently
removed with the smooth edge of curved forceps. The trachea was then flipped in the dissection
dish, and the layer of connective tissue on the external surface of the trachea was removed.
Finally, the muscle was detached from the edges of the cartilage, weighed (after removing the
excess liquid with absorptive paper), frozen in liquid nitrogen, and stored at −80°C until used
for the phosphorylation assay. The average quantity of tissue isolated from a single trachea
was, respectively, 2.3, 4.0, and 7.9 mg for 1-week, 3-week, and adult animals. Histological
analysis confirmed that the tissue isolated according to this procedure was primarily smooth
muscle.

TSM tissue from different animals was pooled to prepare crude protein homogenates. We
obtained, respectively, 4, 3, and 4 homogenate samples (average weight = 22.5 mg) from 1-
week (n = 37), 3-week (n = 17), and adult (n = 12) guinea pigs. Each 1-week, 3-week, and
adult sample was composed of TSM tissue from 6–11, 4–7, and 2–4 animals, respectively. The
homogenate was dissolved in a buffer containing 60 mM KCl, 20 mM imidazole, 10 mM
sodium azide, 1 mM L-cysteine, 1 mM MgCl2, 1 mM ouabain, 1 mM dithiothreitol, 0.25 mM
phenylmethylsulfonyl fluoride, and 0.001% leupeptin. The suspension of each sample was then
split into five aliquots of equal amounts, in which MLC20 phosphorylation was induced with
0.1 M Mg++-ATP/5 mM CaCl2 and stopped after 0, 10, 20, 40, and 60 sec with 50%
trichloroacetic acid. After spinning at 13,000g, at 4°C, for 30 min, a solution of 10% TCA and
10 mM DTT in acetone was added to the pellet and stored overnight at −80°C. To extract
proteins, the solution was replaced with 10 mM DTT in acetone for 1 hr at room temperature,
and then the pellet was resuspended in urea sample buffer and shaken at room temperature on
a tube rotator for 90 min. The composition of urea sample buffer was: 6.4 M urea, 29 mM
glycine, 27 mM tris, 10 mM DTT, 10 mM EGTA, 1 mM Na2EDTA, 5 mM NaF, and 1 mM

Chitano et al. Page 3

Pediatr Pulmonol. Author manuscript; available in PMC 2008 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phenylmethylsulfonyl fluoride. Then, phosphorylated and unphosphorylated MLC20 were
separated by electrophoresis, and the ratio of phosphorylation was obtained by densitometric
analysis of chemiluminescent immunoblots.

Electrical Field Stimulation-Induced Phosphorylation in Intact Tracheal Strips
For this set of experiments, we used, respectively, 5, 5, and 4 animals of the 1-week, 3-week,
and adult groups. From each animal, five parallel–fibered tracheal strips (2–3 mm in width)
were obtained from transverse sections of the trachea and were dissected with ~2-mm
cartilaginous attachments at both ends. The two cartilaginous ends were used to mount the
strip, with 4-0 braided silk surgical thread, in a 1-ml organ bath filled with K-H solution,
prepared as above (PO2 600 mmHg, PCO2 40 mmHg, pH 7.4, 37°C) and to connect it to a
force transducer. The organ bath was specifically designed for the quick-freeze procedure
needed to obtain phosphorylation measurements at any given time during a contraction. This
apparatus allows a solution of acetone at dry-ice temperature to replace the K-H in the bath,
so that the strip freezes and the phosphorylation reaction is arrested within 300 msec from the
trigger time.28

In the presence of 10−5 M indomethacin, after equilibrating for 60 min, supramaximal electrical
field stimulation (EFS: 18 V, 60 Hz, 400 mA/cm2) was elicited by plate platinum electrodes
positioned on both sides of the strip. A partial length-tension curve was obtained by stretching
the strips to increasing length and recording the isometric response to EFS until the optimal
length was attained. Then the strip was frozen at a given time after onset of electrical
stimulation. The five different strips obtained from each trachea were frozen, respectively, at
0, 0.7, 1.5, 3, and 9 sec during a stimulus. Frozen strips were quickly removed from the organ
bath, transferred to acetone containing 10% TCA and 10 mM DTT at dry-ice temperature, and
stored at −80°C. To perform protein extraction, the solution was replaced first with 10 mM
DTT in acetone for 1 hr at room temperature, then with urea sample buffer (described above),
and put on a tube rotator for 90 min. To quantify MLC20 phosphorylation, electrophoresis and
Western immunoblotting were then performed.

Electrophoresis and Immunoblotting
Phosphorylated and unphosphorylated MLC20 were separated by nondenaturing 10%
polyacrylamide gel electrophoresis, according to a modification of the method of Hathaway
and Haeberle.29 Gels were subjected to 1 hr of pre-electrophoresis at 400 V, before loading
equal amounts of each sample and performing electrophoresis at 400 V, at 10°C, for 14 hr.
Lower chamber buffer contained (in mM) 22 glycine and 20 tris, while upper chamber buffer
contained 22 glycine, 20 tris, 3 dithiothreitol, and 1 L-cysteine. Proteins were then transferred
to nitrocellulose membrane at 1.5 A for 1.5 hr, using a 25-mM Na2HPO4 transfer buffer.
Nonspecific binding sites were blocked by incubating the membrane for 2 hr at room
temperature in tris-base saline (TBS) containing 5% nonfat dry milk. Western immunoblots
were developed using, in sequence, a monoclonal mouse antibody to smooth muscle MLC20
(1:1,000, Clone MY-21), biotinylated anti-mouse-specific IgG (1:1,000), and streptavidin-
horseradish peroxidase conjugate (1:5,000). Before and after incubation with anti-MLC20
antibody, membranes were rinsed three times in TBS containing 1% nonfat dry milk and 0.1%
Tween-20. After incubation with anti-IgG and streptavidin-horseradish peroxidase,
membranes were rinsed three times in TBS containing 0.1% Tween-20. Enhanced
chemiluminescence (ECL+) was employed to detect MLC20 bands on X-OMAT AR film
(Kodak, Rochester, NY). Densitometric quantification of Western immunoblots was then
obtained with NIH Image 1.62 analytical software.
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Drugs and Chemicals
Monoclonal antibodies anti-myosin light chain 20K (clone MY-21), leupeptin, imidazole,
ouabain, phenylmethylsulfonyl fluoride, EGTA, Na2EDTA, NaF, L-cysteine, and
indomethacin were purchased from Sigma Chemical Co. (St. Louis, MO); biotinylated anti-
mouse-specific IgG, streptavidin-horseradish peroxidase, nitrocellulose membrane, and ECL
+ were obtained from Amersham Pharmacia Biotech (Piscataway, NJ); dithiothreitol was from
ICN Biomedicals (Aurora, OH); sodium azide was from Fisher Scientific (Fair Lawn, NJ);
glycine, tris, and tricloroacetic acid were from EM Science (Gibbstown, NJ); and urea was
from Mallinckrodt Chemicals (Paris, KY).

Data Analysis
Data are expressed as mean ± standard error of the mean, except where otherwise indicated.
Statistical analyses performed were analysis of variance (ANOVA), and the post hoc least
significant difference (PLSD) Fisher’s test to find out which groups were responsible for
differences shown by ANOVA. The software employed was Statistix (Analytical Software,
Tallahassee, FL). P <0.05 was considered significant.

RESULTS
MLC20 Phosphorylation Assay in Homogenated TSM

MLC20 phosphorylation induced in TSM tissue homogenate was significantly greater in
samples from adults than in samples from both 1-week and 3-week animals. A typical
chemilumigram showing phosphorylated and unphosphorylated MLC20 bands is shown in
Figure 1A. The results of densitometric analysis of the bands expressed as phosphorylation
ratio, i.e., phosphorylated MLC20 as fraction of total MLC20, attained at different time points
of the in vitro assay, are shown in Figure 1B. The phosphorylation ratio was higher in
homogenates from adult tissue than in homogenates from both 1-week and 3-week tissue (P
<0.05 by ANOVA). As revealed by the absence of the related band, no MLC20 phosphorylation
was observed in tissue homogenate prior to the addition of Mg++-ATP-CaCl2 (time 0).

Electrical Field Stimulation-Induced Phosphorylation in Intact Tracheal Strips
When we measured it in intact strips, we found an elevated ratio of MLC20 phosphorylation
in the absence of any stimulation (Fig. 2). A similar degree of phosphorylation was present in
strips from all age groups. Strips were incubated with 10−5 M indomethacin, a concentration
that inhibits the guinea pig ASM characteristic intrinsic tone, suggesting that baseline
phosphorylation may not be related to spontaneous smooth muscle tone. As a control, we also
measured baseline phosphorylation in TSM from adult swine, a species in which no intrinsic
tone is present. In this preparation, we found a similar extent of MLC20 phosphorylation, i.e.,
37 ± 10.3%.

In strips frozen during EFS, MLC20 phosphorylation rapidly increased and reached its
maximum at 1.5 sec in 1-week and adult animals, while it increased further and reached a
maximum at 3 sec in 3-week animals. Maximal phosphorylation in 1-week, 3-week, and adult
strips was, respectively, 56.6 ± 4.0%, 60.1 ± 4.5%, and 51.9 ± 4.8% of total MLC20. We used
level of phosphorylation at rest as a baseline to express MLC20 phosphorylation induced by
EFS, i.e., for each age group, phosphorylation at rest was set as the baseline (100%), and
phosphorylation levels reached during EFS were expressed as percentage of baseline in that
group. The increase in phosphorylation produced by EFS was significantly higher in 3-week-
old guinea pigs than in strips from younger and older animals (Fig. 3, P <0.01 by ANOVA).
Similar results were obtained by expressing EFS-induced phosphorylation as a percentage of
total MLC20 in each sample. Using this form of normalization, a maximal phosphorylation
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increment of 14.4%, 23.6%, and 5.5% was found in 1-week, 3-week, and adult samples,
respectively. At 9 sec of EFS, MLC20 phosphorylation was noticeably reduced in all three age
groups. No significant difference from baseline was found at this time point.

In each strip used for these experiments, we performed a partial length-tension curve in order
to freeze them at their optimal length. Therefore, we could compare the level of MLC20
phosphorylation found in each strip with the tension generated in the same strip during EFS at
the time when the strip was frozen. This time course of EFS-induced tension is given in Figure
4 and shows no correlation between MLC20 phosphorylation and tension development.

DISCUSSION
In the present study, we investigated the phosphorylation of the 20-kDa MLC20 in 1-week-old,
3-week-old, and 2–3-month-old guinea pigs. We assessed the level of MLC20 phosphorylation
induced either in tracheal strips by EFS or in TSM crude protein homogenates by
Mg2+·ATP·CaCl2. We found that a substantial MLC20 phosphorylation occurs in basal
conditions in intact strips of all ages, and that EFS induces a greater increase of MLC20
phosphorylation in 3-week-old animals. These results show that the amount of EFS-induced
phosphorylation of the regulatory MLC20 at a given age reflects the measure of shortening
velocity and the content of MLCK, as we previously reported in TSM for the same age.25,
27 By contrast, the phosphorylation assay showed a greater ratio of phosphorylation in
homogenates from adults compared to younger animals, suggesting that maturational changes
of other factors may contribute to determine MLC20 phosphorylation in intact tissue during
ontogenesis.

We previously showed that ASM contractility varies during ontogenesis,25 with a trend that
parallels airway responsiveness.1–3 We used guinea pigs at different stages of maturation, and
showed that maximal shortening velocity decreases significantly after the third week of life,
but maximal force production per unit cross-sectional area of tracheal smooth muscle does not
change significantly. In order to integrate the results of the present study with our previous
findings and suggest a role for MLC20 phosphorylation in the maturation of ASM contractility,
we must consider three distinct issues that may affect our results and/or their interpretation. A
first point to consider is how different factors may participate in regulating the level of
MLC20 phosphorylation in different experimental conditions and tissues. Second, one has to
ponder to what extent the level of MLC20 phosphorylation influences ASM shortening velocity.
Finally, factors not related to the level of MLC20 phosphorylation may also contribute to ASM
shortening velocity. These three issues may all be essential in understanding the relevance of
MLC20 phosphorylation in the ontogenesis of ASM contractility.

The phosphorylation of MLC20 is mainly regulated by the activity of MLCK and myosin light
chain phosphatase. Both these enzymes are in turn regulated by protein kinases, with
consequent further modulation of MLC20 phosphorylation. Among those potentially
responsible for increased MLC20 phosphorylation, the content of MLCK is the only factor that
was shown to be increased in sensitized dogs.30 An increased content of MLCK was also
reported in sensitized human airways.17 We recently showed in guinea pig tracheal smooth
muscle that MLCK content increases significantly during the first 3 weeks of life and later
declines to the levels observed in tissue from 1-week-old animals.27 Therefore, MLCK protein
content is conceivably an important factor in determining the level of MLC20 phosphorylation
in hyperresponsive ASM. In the present investigation, we used an in vitro MLC20
phosphorylation assay to evaluate MLCK activity in TSM of different ages. The assay is based
on the measurable ratio of induced phosphorylation in tissue homogenate, and was successfully
used in canine ASM to show that the MLCK content and MLC20 phosphorylation in the in
vitro phosphorylation assay have a similar increment in sensitized compared to control animals.
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30 This observation indicates that, although the amount of MLCK was altered by allergen-
sensitization, its specific activity was not. In our study, we found that the homogenate of adult
tissue generated a higher ratio of phosphorylation upon activation than tissue from younger
animals. It is therefore possible that MLCK-specific activity is lower in 3-week animals, in
which MLCK protein is more abundant. We also found that the level of MLC20 phosphorylation
was higher in intact tracheal strips than in tissue homogenates. This suggests that factors
affecting MLCK and/or phosphatase activity may have a different degree of effect in
homogenate compared to intact strips. The lower level of phosphorylation in homogenized
tissue could be due to competition among different kinases for the same substrate, and
consequent insufficient ATP available for MLCK. However, this is unlikely because the
concentration of Mg++ ATP used in the present study was chosen to provide a sufficient
substrate for maximum phosphorylation of MLC20. An alternative explanation of our result
derives from the notion that MLCK can be phosphorylated by different kinases, resulting in a
reduction of its activity.31 The activation of these kinases cannot be ruled out in the activity
assay we employed. If these inhibitory kinases are activated in the homogenates, our result
would suggest that the inhibitory effect in reducing MLC20 phosphorylation varies with age
and is more pronounced in younger animals. More conceivably, the negative regulation of
phosphatase activity normally occurring in intact tissue26 is reduced in tissue homogenate,
therefore reducing the level of phosphorylation. Indeed, we performed the assay in the absence
of phosphatase inhibitors for consistency with the experiments in intact strips. In intact cells,
myosin light chain phosphatase is regulated by the action of small GTPase Rho32 on Rho
kinase, which in turn increases MLC20 phosphorylation by phosphorylating, and thus
inhibiting, myosin light chain phosphatase.33 If this inhibitory regulation is reduced or absent
in tissue homogenates, our results could be explained by a greater myosin light chain
phosphatase inhibition in young animals compared to adults. The removal of this inhibition in
the homogenate would have a stronger effect in young tissue, allowing a more pronounced
MLC20 dephosphorylation and therefore a lower maximal ratio of phosphorylated MLC20.
Whether a change in phosphatase activity, produced by a variation of either its content or its
negative regulation, occurs in our maturational model is not known, and calls for further
investigation.

MLC20 phosphorylation in intact strips is of course also affected by neurohumoral components
involved in ASM activation. A nonadrenergic noncholinergic, as well as an adrenergic,
innervation is present in guinea pigs.34,35 Both components indirectly affect MLCK activity
by inducing cyclic nucleotide generation.36 Indeed, the main nonadrenergic noncholinergic
mediator in guinea pigs is nitric oxide, which induces cGMP elevation and in turn lowers the
intracellular concentration of Ca++, thus reducing MLCK activity. The adrenergic response is
instead mediated by cAMP, which reduces MLCK activity through protein kinase A-dependent
phosphorylation of MLCK. Although it would be important to reveal to what extent these two
components participate in the regulation of MLC20 phosphorylation during ontogenesis, we
designed our experiments to maintain both of them active. Our aim was to evaluate the level
of MLC20 phosphorylation in minimally altered strips, i.e., with intact epithelium and without
pharmacological inhibitions. The use of indomethacin was justified by the unstable resting tone
characteristic of guinea pig, which would not have allowed us to obtain reproducible shortening
velocity data in our previous investigation.25 As discussed below, shortening velocity
correlates better than force with MLC20 phosphorylation, and we needed to maintain the same
experimental conditions in order to compare these two parameters. Moreover, although
indomethacin may affect MLC20 phosphorylation, we showed that this cyclooxygenase
inhibitor increases relaxation in younger animals, hence reducing age differences in relaxation.
37 This suggests that indomethacin might also reduce MLC20 phosphorylation in younger
animals, and that the actual age differences could be stronger than those shown in the present
paper. Therefore, we are confident that our results reflect physiologically relevant differences
that can be related to ASM function and airway responsiveness.
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A key relationship upon which we base the interpretation of our results is the notion that
MLC20 phosphorylation is a major contributor to ASM shortening velocity. Several studies
suggested a linear correlation between MLC20 phosphorylation and shortening velocity, but
not force generation, in ASM.38,39 However, a few studies showed that this is not always the
case,40–43 suggesting that other factors, e.g., the inhibitory action of thin filament proteins on
actomyosin ATPase activity,40,41 may reduce the velocity of shortening. Dissociation
between the two parameters was recently shown in canine TSM during the first 2–3 sec of
stimulation.42 Similar to our study, a quick freeze at different times during EFS was used.
Nonetheless, while in dog strips maximal phosphorylation was attained at 7 sec after the onset
of stimulation, we found that it is reached at 1.5–3 sec of EFS in guinea pig strips. Therefore,
one would expect that the dissociation of shortening velocity and MLC20 phosphorylation
observed in canine TSM to be at least less pronounced in guinea pigs. The difference between
the two studies may be dependent on species or on the presence of epithelium in our strips.
Indeed, in our study, the preservation of an intact tracheal strip was preferred because removal
of the epithelium was shown to increase phosphorylation,44 and our aim was to compare
phosphorylation with our previous mechanical data obtained in intact strips. In the present
study, we show that the increase in MLC20 phosphorylation produced by EFS in juvenile strips
is significantly higher than in infant and adult strips. We previously showed that maximal EFS-
induced tension in guinea pig tracheal strips does not change with age, and that the maximal
rate of tension development slightly and progressively increases with age.25 We now show
that the time course of force development during EFS is similar at all ages, despite the strong
age differences in EFS-induced MLC20 phosphorylation. By contrast, we showed that
shortening velocity at 2.5 sec during EFS increases, although not significantly, from 1-week
to 3-week and later decreases significantly. We find now that EFS-induced MLC20
phosphorylation follows the same age trend. More specifically, one can infer by interpolation
of the MLC20 phosphorylation curve at 2.5 sec that shortening velocity and MLC20
phosphorylation closely correlate.

Although our study showed that the ontogenesis of MLC20 phosphorylation induced by EFS
parallels the maturation of shortening velocity, other factors may play a role in the ontogenesis
of shortening velocity. Indeed, it was observed that, in response to different agonists or in
smooth muscle from different origins, the same level of phosphorylation may be associated
with a different velocity of shortening.43 The regulation of shortening velocity in different
tissues may derive from changes in both contractile and cytoskeletal proteins, such as those
reported during development and remodeling.45 The insertion of a seven-amino-acid domain
in the myosin heavy chain seems responsible for the differences in shortening velocity between
vascular and intestinal smooth muscle.46 Moreover, the alteration of either the external load
or the internal resistance to shortening may modify shortening velocity. Indeed, we showed a
conspicuous increase of the internal resistance to shortening in adult tracheal strips,25 and we
suggested that this is a mechanism to reduce the shortening velocity toward adulthood. In light
of our present results, we suggest that the reduction of shortening velocity with maturation
originates from the concomitant reduced level of MLC20 phosphorylation and increased
resistance to shortening.

The high baseline phosphorylation in unstimulated tracheal strips was partially unexpected,
since a phosphorylation not exceeding 30% of the total MLC20 was reported in unstimulated
intact tissue. However, data reported in the literature are extremely variable both among and
within species. In species that do not show smooth muscle intrinsic tone, MLC20
phosphorylation at rest varies from 4.0–14.4% in healthy dog trachealis,30,42 to 29% in bovine,
47 and 31.5% in allergic dog tracheal smooth muscle.30 Assuming that the characteristically
elevated intrinsic tone of guinea pig ASM would have affected the basal level of MLC20
phosphorylation, we performed stimulation and quick freeze of tracheal strips in a solution
containing the cyclooxygenase inhibitor indomethacin, which abolishes intrinsic tone in this
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species. Nonetheless, we found about 40% phosphorylation in the absence of EFS, although
no age difference was observed. As a control, we measured basal phosphorylation in TSM
from adult swine, a species in which no intrinsic tone is present, and found a similar degree of
MLC20 phosphorylation. It is therefore possible that either intrinsic tone is not the result of
basal level of MLC20 phosphorylation, or an uncoupling of MLC20 phosphorylation and tone
occurs in given species or conditions. In the first case, a function of MLC20 phosphorylation
other than the activation of actomyosin ATPase should be hypothesized. In the second case,
the administration of a stimulus and the consequent signaling cascade would reestablish the
required coupling of MLC20 phosphorylation and tension, thus allowing smooth muscle to
contract. Further studies will be required to test these hypotheses. An important implication of
elevated baseline MLC20 phosphorylation is that the smooth muscle contractile response could
be determined more by the portion of phosphorylation attained after stimulation than by its
total level. In our results, only a 10.2% increase in MLC20 phosphorylation was observed in
adult strips in response to EFS. This is a particularly low value, which fits the observation that
shortening velocity at that age is also dramatically reduced compared to the other two age
groups. Similarly, in the canine allergic model, maximum phosphorylation produced by EFS
in control tracheal smooth muscle (32.6%) was similar to the MLC20 phosphorylation in
sensitized strips at rest (31.5%), suggesting once again that the total level of phosphorylation
does not reflect the level of activation.

In conclusion, we showed that the MLC20 phosphorylation induced by EFS in intact tracheal
strips is greater in 3-week-old than in younger and older guinea pigs. The ontogenetic variation
in the amount of EFS-induced phosphorylation correlates with changes we previously reported
in both the MLCK content of TSM and the maximal shortening velocity of guinea pig
trachealis. The present results give further evidence that ASM undergoes maturational changes,
and strengthen our suggestion that the ontogenesis of ASM responsiveness contributes to
maturational changes in airway responsiveness and potentially to determine the higher
susceptibility of young individuals to develop obstructive airway diseases.
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Fig. 1.
A: Typical chemilumigram with unphosphorylated and phosphorylated MLC20 bands at
different times after activation with Mg++-ATP-CaCl2. Lowest band is phosphorylated
MLC20, and is not present at time 0. B: Average values of MLC20 phosphorylation, expressed
as % of total MLC20, in tracheal smooth muscle from 1-week-old (1 wk, n = 4), 3 week-old (3
wk, n = 3), and adult guinea pigs (n = 4). Values are means ± SE. MLC20 phosphorylation was
significantly higher in adult compared to 1-week and 3-week samples (P<0.05 by ANOVA;”,
seconds).
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Fig. 2.
Phosporylated MLC20, expressed as % of total MLC20, in unstimulated tracheal strips from
guinea pigs of different ages. Values are means ± SE.
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Fig. 3.
Phosporylated MLC20, expressed as % of level of MLC20 phosporylated at rest (% baseline),
in tracheal strips from guinea pigs of different ages quick-frozen at different time points after
onset of electrical field stimulation. Values are means ± SE. Increment of MLC20
phosphorylation over baseline was significantly higher in 3 wk (n = 5) compared to 1 wk (n =
5) and adult (n= 4) strips (P<0.01 by ANOVA).
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Fig. 4.
Tension produced in response to EFS by same tracheal strips as in Figure 3 at time points when
strips were frozen. Values are means ± SE, and are expressed as % of maximal tension produced
in each strip at optimal length (%P0).
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