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Simple Summary  

Airway smooth muscle (ASM) adjusts airway diameter in response to an ample variety of stimuli. 
To really comprehend a complex pathological state like ASM hypertrophy and hyperplasia in 
asthmatics and its relation to airway hyperresponsiveness, ASM basic physiology needs to be 
thoroughly understood. Agonists (histamine, acetylcholine, hydroxitriptamine, etc.) activate well 
known cell signaling, while KCl is used because of its capacity to depolarize the ASM membrane 
and induce contraction by bypassing agonist-induced second messenger signaling cascades. In vitro, 
KCl-induced ASM depolarization activates receptor tyrosine kinases (RTKs). RTKs are single 
subunit receptors and ligands binding to their extracellular domain induce receptor dimerization, 
initiating downstream signal transduction pathways, such as the MAP kinase signaling cascade. In 
this sense, KCl-induced RTKs stimulation is a handy strategy to dissect signaling pathways 
involved in ASM contraction. Their study contributes to uncover a potential therapeutic approach 
for chronic respiratory diseases like asthma. Therefore, we theorized that, in ASM, KCl activates 
RTKs and their downstream signaling cascades (i.e., MAPK and ROCK) and studied if these 
cascades participate in the KCl-induced ASM contraction 

Abstract 

We found that, in guinea pig airway smooth muscle, the pharmacological inhibition of RTKs 
significantly decreased the contraction induced by 20 mM KCl. We observed that MEK 
pharmacological inhibitors also diminished the contraction. On the other hand, an ERK or a MLCK 
inhibitor did not alter the contraction generated by 20 mM KCl. When a ROCK inhibitor was tested, 
we found that it also significantly inhibited the KCl-induced contraction. These results were 
complemented with Western blot experiments, and a decrease in ERK phosphorylation was noticed 
when the RTKs were inhibited. When MEK and ERK inhibitors were used, we observed a decrease 
in ERK phosphorylation only. In the case of MYPT1, its phosphorylation decreased when RTKs, 
MEK and ROCK inhibitors were used. In conclusion, we found that, in guinea pig airway smooth 
muscle, the contraction induced by 20 mM KCl includes the activation of RTKs and in turn the MEK 
and ROCK kinases.  
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1. Introduction 

Airway smooth muscle (ASM) adjusts airway diameter in response to an ample variety of 
stimuli including neurotransmitters, inflammatory mediators, inspired air volume and temperature, 
stress and strain, airborne particles and other factors [1,2]. Conceivably, to really comprehend a 
complex pathological state like ASM hypertrophy and hyperplasia in asthmatics and its relation to 
airway hyperresponsiveness, ASM basic physiology needs to be thoroughly understood. Regarding 
ASM contraction physiology, terms like pharmacomechanical and electromechanical coupling are 
common lingo. Although not strictly independent in a real time contraction event, they have been 
conceptualized as pharmacomechanical: a membrane potential-independent, but second 
messenger-dependent contraction, and electromechanical: a membrane potential-dependent, but 
second messenger-independent contraction [3]. Because these couplings were considered 
independent, certain pharmacological tools were employed in vitro to study each contraction mode. 
Agonists activating their cognate Gαq-coupled receptor (i.e., histamine to activate H1 receptors, 
carbachol to activate M3 receptor, etc.) were employed to study pharmacomechanical coupling, 
while KCl was used to investigate electromechanical coupling, allegedly because of its capacity to 
depolarize the ASM membrane and induce contraction by bypassing Gαq-activated second 
messenger signaling cascades. Continuous and systematic research throughout many years, 
revealed that KCl can activate the RhoA/Rho kinase (ROCK) pathway [4,5], inducing the calcium 
sensitization phenomenon. In most smooth muscles, Ca2+ sensitization is carried out by the 
monomeric G protein RhoA and its downstream effector, ROCK. The latter phosphorylates myosin 
light chain phosphatase (MLCP) on its targeting subunit (MYPT1), inhibiting its activity and 
promoting sustained contraction without noticeable changes in intracellular Ca2+ concentrations [3]. 
Besides, it has been demonstrated that, by modifying ASM membrane potential, both 20 mM and 60 
mM KCl contribute to enhance contraction responses to cholinergic stimulation [6]. Seemingly, ASM 
membrane depolarization through high K+ addition contributes to open L-type voltage dependent 
Ca2+ channels (L-VDCC), induces calcium sensitization and facilitates contractile responses to 
cholinergic agonists. Meaningfully, these findings suggest that, not only are both coupling modes 
interdependent, but that a slightly depolarized ASM membrane might predispose airway to 
hyperresponsiveness, a cardinal asthma symptom.  

Notwithstanding, in vitro KCl-induced ASM depolarization remains a useful pharmacological 
approach to study ASM contraction. In this regard, it has been found, that depolarization triggers 
mitogen and protein-activated kinases, that in turn, phosphorylate other transducer proteins like 
TRPV1 [7]. TRPV1 is expressed on ASM [8], and recent studies point out that its blockade 
significantly diminishes airway hyperresponsiveness, airway inflammation, and ASM remodeling 
in a chronic murine asthma model [9].  These findings imply that KCl-induced depolarization is not 
a simple phenomenon and might be considered a complex signaling cascade that deserves abundant 
and rigorous investigation. In this regard, research carried out in rat caudal arterial smooth muscle, 
indicates that this depolarization triggers a genistein-sensitive tyrosine kinase involved in ROCK 
activation [10]; furthermore, genistein has been used as an unspecific inhibitor for receptors tyrosine 
kinase (RTKs) [11,12]. Most RTKs are single subunit receptors and ligands binding to their 
extracellular domain induce receptor dimerization, initiating downstream signal transduction 
pathways, such as the MAP kinase signaling cascade [13] and in accordance with available literature, 
they are activated by high potassium solutions [14,15]. Their activation triggers signaling cascades 
that regulate key cellular processes such as proliferation, differentiation, migration, and survival. 
Among the downstream signaling pathways of RTKs, the MAPK/ERK [13,16] and RhoA/ROCK [17] 
pathways stand out. MEK kinase is a central component of the MAP kinase pathway, responsible for 
phosphorylating and activating ERK1/2. This cascade is involved in ASM hyperplasia, hypertrophy, 
and remodeling [18], phenomena frequently observed in asthma. On the other hand, ROCK kinase, 
activated by RhoA, directly regulates ASM contraction through the inhibition of MLCP, promoting 
the maintenance of contraction through calcium sensitization mechanisms [3]. Furthermore, ROCK 
is involved in cytoskeletal reorganization, cell migration, and the expression of genes related to the 
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contractile phenotype [19]. The integration of signals from RTKs and the activation of pathways such 
as MEK/ERK and RhoA/ROCK represent a key point in understanding the molecular mechanisms of 
ASM contraction, inflammation, and tissue remodeling. In this sense, KCl-induced RTKs stimulation 
is a handy strategy to dissect signaling pathways involved in ASM contraction; surely, their study 
would offer knowledge to uncover a potential therapeutic approach for chronic respiratory diseases 
like asthma. Therefore, we theorized that, in ASM, KCl activates RTKs and their downstream 
signaling cascades (i.e., MAPK and ROCK) and studied if these cascades participate in the 
KCl-induced ASM contraction. Our results show that, in guinea pig ASM, KCl stimulation activates 
MEK and ROCK through RTKs. We propose that, in this tissue, a low KCl concentration activates 
Ras and consequently MEK to induce immediate early genes (IEG), Rho and Rac to control actin 
cytoskeleton organization to aid contraction and RhoA/ROCK to induce Ca2+ sensitization. These 
findings warrant further and more detailed investigation. 

2. Materials and Methods 

Animals 

Male Harley guinea pigs weighing between 200 and 300 g were used. They were grown at the 
animal facility of the Instituto Nacional de Enfermedades Respiratorias under standard controlled 
conditions: filtered conditioned air, temperature of 21 ± 1°C, with 50-70% humidity, in a sterile bed, 
with free access to food and water, with a light and dark cycle of 12-12 h. 

Organ Bath Experiments 

The animals were sacrificed by an overdose of sodium pentobarbital (30 mg/Kg, i.p) and 
exsanguinated by an incision of the posterior vena cava. The trachea was immediately obtained, 
dissected of adipose and connective tissue with a stereoscopic microscope and eight segments, each 
containing four cartilage rings, were obtained. Each preparation was suspended in an isolated organ 
bath chamber containing 5 ml of Krebs Ringer solution with the following composition (mM): NaCl 
120, KCl 4.77, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, CaCl2 2 and glucose 11. The solution was 
continuously bubbled with a mixture of 95% O2 and 5% CO2 and kept at a pH of 7.4 at 37 °C. Each 
tissue was attached to an isometric tension transducer (Model FT03, Grass Instruments, Rhode 
Island, USA) connected to a programmable signal amplifier-conditioner (CyberAmp 380, Axon 
Instruments, California, USA), which in turn was connected to an analog digital converter (Digidata 
1200a, Axon Instruments). Isometric tension was recorded and stored for later analysis on a 
computer, and the data were processed using an Axoscope v program. 7.0. 

The preparations were maintained at a tension of 1 g for 30 min before starting the experiments. 
Each tracheal segment was stimulated three times with 60 mM KCl for 30 min until its maximal 
contraction response was obtained. Afterwards, a 20 mM KCl stimulus lasting 30 min was given. 
The tissue was then washed 3 times with Krebs solution until a baseline was reached and 30 min 
later, a second 20 mM KCl stimulus was administered. 

In a set of experiments, tissues were incubated 30 min before the second response to 20 mM KCl 
with genistein or ST638 (RTK inhibitors: 10 μM, n=10 and 9, respectively); FR180204 (ERK 1/2 
inhibitor: 5 and 10 μM, n=10 each); PD98059 (MEK inhibitor: 5 and 10 μM, n=10 each); U0126 (MEK 
inhibitor: 5 and 10 μM, n=7 each); U0124 (inactive analog of U0126: 5 and 10 μM, n= 7 each); Y-27632 
(ROCK inhibitor: 5 and 10 μM, n=7 each) or  ML-7 (MLCK inhibitor: 5 and 10 μM, n=7 each) (Table 
1). 
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Table 1. Antagonists. 

Inhibitor 

name 

Target molecule Concentration 

(µM) 

Reference 

Genistein RTK 10 Sakai H, 2013  

ST638 RTK 10 Chopra L. 1997 

FR180204 ERK1/ERK2 5, 10 Ohori M, 2007 [21] 

PD98059 MEK 5, 10 Alessi D, 1995 [22] 

U0126 MEK 5, 10 Favata M, 1998 [23] 

U0124 Inactive analog of 

U0126 

5, 10 Favata M, 1998 

ML-7 MLCK 5, 10 Yayama K, 2014 [24] 

Y-27632 ROCK 5, 10 Ratz PH, 2005 [25] 

At the end of each experiment, tissues were placed in cryotubes and immediately frozen in 
liquid nitrogen. These samples were stored at −70°C until thawed for Western blot analysis.  

Western Blot Assays to Define ERK1/2 and MYPT1 Phosphorylation 

The frozen tissues obtained from organ baths experiments were thawed on an ice bed, and 
pooled: two tissues from the same experimental condition were considered as n=1. Smooth muscle 
from each sample was carefully dissected and placed in 400 μL of lysis buffer solution (1% Triton, 50 
mM Tris at pH 7.4, 150 mM NaCl, 1 mM EDTA, 5 mM NaF, 1 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 2 mM sodium orthovanadate, 1% sodium deoxycholate, 0.1% SDS) and a 
protease inhibitor cocktail (Protease Inhibitor Cocktail Set III, Calbiochem® Cat No. 539134, 1:200 
v/v) and finely cut with scissors; afterwards, it was allowed to rest for 30 min at 4° C. Each sample 
was then mechanically homogenized (Omni Tip Plastic Homogenizer Probes, OMNI International, 
USA, Kennesaw, GA) and centrifuged at 2000 rpm for 5 min at 4° C; the supernatant was then 
recovered by using a micropipette. Subsequently, the supernatant was concentrated by 
centrifugation at 3000 rpm for 20 min at 4° C using an Amicon ® Ultra-4 membrane (30,000 
Molecular Weight Cutoff; Millipore Cat. No.: UFC803096). The protein determination was carried 
out by the bicinchoninic acid (BCA) method using a commercial kit (PierceTM BCA Protein Assay 
Kit, Cat. No. 23225). 

To separate the proteins through electrophoresis, 10 μg of protein per sample were used. 6 μL 
of loading solution (2X Laemmli Sample Buffer, Cat No.: 1610737) were added to each sample, and 
then heated at 100°C for 5 min in a water bath. Subsequently, protein separation was carried out 
using sodium dodecyl sulfate polyacrylamide gels 8% with a buffer solution (0.025 M Tris, 0.192 M 
glycine and 0.1 SDS %), for 2 hr at 100 V at 4°C. The proteins were transferred to a nitrocellulose 
membrane with a transfer buffer (0.025 M Tris, 0.192 M glycine and 20% methanol) for 1 hr at 100 V 
at 4°C. Afterwards, each membrane was blocked using 7% non-fat dry milk reconstituted in a 
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saline-Tris buffer containing 0.5% Tween-20 (TBS-T) for 1 hr at room temperature. The membranes 
were washed with TBS-T and incubated overnight at 4°C with the corresponding rabbit polyclonal 
antibody (primary antibody) listed on Table 2.  

Table 2. Primary antibodies. 

Antibody Dilution Purchased from  

ERK 1/ERK 2 1:3000 Cell Signaling 

Technology 

 

p-ERK 1/ERK 2 1:3000 Cell Signaling 

Technology 

 

MYPT 1 1:1000 Cell Signaling 

Technology 

 

pThr-696-MYPT1 1:1000 Cell Signaling 

Technology 

 

The next day, membranes were washed with TBS-T and incubated with the secondary 
anti-rabbit antibody conjugated with peroxidase (HRP) that allowed the detection of the primary 
antibody (Anti-rabbit IgG HRP; 1:2000v/v, Merck Millipore). Protein detection was performed using 
a chemiluminescent substrate (Super Signal West Femto Maximum Sensitivity Substrate, cat. 34096; 
Thermo Scientific, Rockford, IL, USA) through in Molecular Imaging ChemiDoc XRS+, Model 
Universal Hood II, U.S.A 

Densitometry Analysis 

The relative levels of ERK1/2 and MYPT1 phosphorylation were normalized to total ERK and 
total MYPT1, respectively. Data are expressed as a percentage of the control response (20 mM KCl) 
and are represented as the mean +/- standard error of the mean (n = 3). The "n" corresponds to 3 
separated WB. In all cases, an ad hoc Dunett's test was used to analyze the differences in ERK and 
MYPT1 expression during contraction induced by 20 mM KCl. *p < 0.05 and **p < 0.01 were 
considered significant. 

3. Results 

In guinea pig trachea, KCl-induced contraction includes the participation of RTKs as can be 
seen in Figure 1. RTKs inhibitors genistein and ST638 significantly diminished the contraction. Both 
antagonists were used at a 10 μM, a concentration in accordance with former reports [14,20].  
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Figure 1. RTKs inhibitors diminish the contraction response induced by KCl. Genistein (GEN) and ST638 (10 
μM, n= 10 and n= 9, respectively) significantly diminished the contraction induced by 20 mM KCl in guinea pig 
tracheas. Symbols represent mean ± standard error of the mean. **p<0.01. 

Because RTKs are coupled to the MEK-ERK signaling pathway, we further explored if 
KCl-induced contraction was dependent on these kinases. Our results pointed out that, in guinea pig 
trachea, KCl-induced contraction does not depend on ERK, since its pharmacological inhibition with 
FR180204 did not alter it (Figure 2).  
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Figure 2. Effect of an ERK inhibitor on the contraction response induced by KCl. FR180204 (5 µM, 10 µM, n=10 
each) showed no effect on the contraction induced by 20 mM KCl in guinea pig trachea. Symbols represent 
mean ± standard error of the mean. 

To further explore if MEK, in contrast, could be involved in this phenomenon, we employed 
PD98059 (a MEK inhibitor) and appreciated a significant decrease of the KCl-induced contraction 
(Figure 3.)  

 

Figure 3. MEK inhibition reduced the contraction induced by KCl. PD98059 (5 µM, 10 µM, n=10 each) 
diminished the contraction induced by KCl 20 mM in guinea pig trachea. Symbols represent mean ± standard 
error of the mean, **p<0.01. 

This result was further corroborated by another set of experiments in which we used U0126, 
another MEK inhibitor, and its inactive analogue (U0124). Our results confirmed the participation of 
MEK in the KCl-induced contraction, since its inhibition through U0126 significantly reduced the 
contraction (Figure 4A), while its U0124 had no effect (Figure 4B). 
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Figure 4. MEK inhibition reduced the contraction induced by KCl. A) U0126 (5 µM, 10 µM, n=7 each) 
diminished the contraction induced by KCl 20 mM in guinea pig trachea. B) An inactive analogue of U0126 
(U0124, 5 µM, 10 µM, n=7 each) had no effect on the contraction. Symbols represent mean ± standard error of 
the mean, **p<0.01. 

On the other hand, we demonstrated that, in guinea pig trachea, ROCK plays a role in 
KCl-induced contraction, because Y-27632 (a ROCK inhibitor) significantly decreased the 20 mM 
KCl-induced contraction (Figure. 5).  

 

Figure 5. ROCK inhibition reduces the contraction induced by KCl. Y-27632 (5 µM, 10 µM, n=7 each), 
significantly decreased the 20 mM KCl-induced contraction in guinea pig trachea. Symbols represent mean ± 
standard error of the mean, **p<0.01. 

Meanwhile, MLCK inhibition did not modify the KCl-induced contraction (Figure 6). 
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Figure 6. MLCK inhibition did not modify the KCl-induced contraction. ML-7 (5 µM, 10 µM, n=7 each) had no 
effect on the contraction induced by KCl 20 mM in guinea pig trachea. 

On the other hand, RTK´s inhibition through the addition of its antagonists, genistein and 
ST638, significantly diminished ERK phosphorylation (Figure 7A) and MYPT1 phosphorylation 
(Figure 7B) in accordance with the findings illustrated in Figure 1. 

 

Figure 7. Densitometric analysis to define RTKs participation in the KCl-induced phosphorylation of ERK1/2 
and MYPT1 in guinea pig airway smooth muscle. A) Upper panel shows a representative Western Blot (WB) 
for KCl-induced phosphorylation of ERK1/2 and its modification by genistein (GEN, 10 μM) and ST638 (ST, 10 
μM). Below, bar graph showing mean ± standard error of the mean of 3 WB. Differences found were 
statistically significant *p <0.05. B) Upper panel shows a representative Western Blot (WB) for KCl-induced 
phosphorylation of MYPT1 and its modification by genistein (GEN, 10 μM) and ST638 (ST, 10 μM). Below, bar 
graph showing mean ± standard error of the mean of 3 WB. Differences found were statistically significant **p 
<0.01. 

ERK´s phosphorylation induced by KCl 20 mM was significantly diminished by FR180204 
(Figure 8A), while MYPT1 was not altered by this antagonist (Figure 8B). This finding points out that 
ERKs phosphorylation state seemingly does not alter KCl-induced contraction in guinea pig airway 
smooth muscle (Figure 2). 
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Figure 8. Densitometric analysis to define ERK1/2 and MYPT1 phosphorylation induced by KCl in guinea pig 
airway smooth muscle. A) Upper panel shows a representative Western Blot (WB) for KCl-induced 
phosphorylation of ERK1/2 and its modification by FR180204 (FR, 5 μM and 10 μM). Below, bar graph 
showing mean ± standard error of the mean of 3 WB. Differences found were statistically significant **p <0.01. 
B) Upper panel shows a representative Western Blot (WB) for KCl-induced phosphorylation of MYPT1 and its 
modification by FR180204 (FR, 5 μM and 10 μM). Below, bar graph showing mean ± standard error of the 
mean of 3 WB. 

Meanwhile, MEK inhibition with PD98059 decreased both ERK phosphorylation (Figure 9A) 
and MYPT1 phosphorylation (Figure 9B) induced by KCl 20 mM. This result is congruent with the 
effect shown by PD98059 on the KCl-induced contraction depicted in Figure 3. 
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Figure 9. Densitometric analysis to define MEK participation in the ERK1/2 and MYPT1 phosphorylation 
induced by KCl in guinea pig airway smooth muscle. A) Upper panel shows a representative Western Blot 
(WB) for KCl-induced phosphorylation of ERK1/2 and its modification by PD98059 (PD, 5 μM and 10 μM). 
Below, bar graph showing mean ± standard error of the mean of 3 WB. Differences found were statistically 
significant **p <0.01. B) Upper panel shows a representative Western Blot (WB) for KCl-induced 
phosphorylation of MYPT1 and its modification by PD98059 (PD, 5 μM and 10 μM). Below, bar graph showing 
mean ± standard error of the mean of 3 WB. Differences found were statistically significant **p <0.01. 

Furthermore, the use of U0126, a specific MEK inhibitor, significantly reduced ERK´s 
phosphorylation induced by KCl 20 mM (Figure 10A) but did not alter MYPT1 phosphorylation 
(Figure 10B). Both U0126 concentrations tested (5 and 10 μM) reduced ERK´s phosphorylation, but 
only the highest lowered the KCl-induced contraction (Figure 4A). Finally, the addition of Y-27632 
(an inhibitor of the MLCP) did not modify the KCl-induced ERK phosphorylation (Figure 11A), but 
significantly diminished MYPT1-phosphorylation induced by the same procedure (Figure 11B). This 
result is in accordance with the effect produced by Y-27632 in the organ bath experiments (Figure 5). 

 

Figure 10. Densitometric analysis to define MEK participation in the ERK1/2 and MYPT1 phosphorylation 
induced by KCl in guinea pig airway smooth muscle. A) Upper panel shows a representative Western Blot 
(WB) for KCl-induced phosphorylation of ERK1/2 and its modification by U0126 (5 μM and 10 μM). Below, bar 
graph showing mean ± standard error of the mean of 3 WB. Differences found were statistically significant **p 
<0.01. B) Upper panel shows a representative Western Blot (WB) for KCl-induced phosphorylation of MYPT1 
and its modification by U0126 (5 μM and 10 μM). Below, bar graph showing mean ± standard error of the 
mean of 3 WB. NOTE that A and B have different scales in the Y axis. 
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Figure 11. Densitometric analysis to define ERK1/2 and MYPT1 phosphorylation induced by KCl in guinea pig 
airway smooth muscle. A) Upper panel shows a representative Western Blot (WB) for KCl-induced 
phosphorylation of ERK1/2 and its modification by Y27632 (Y-27, 5 μM and 10 μM). Below, bar graph showing 
mean ± standard error of the mean of 3 WB. B) Upper panel shows a representative Western Blot (WB) for 
KCl-induced phosphorylation of MYPT1 and its modification by Y27632 (Y-27, 5 μM and 10 μM). Below, bar 
graph showing mean ± standard error of the mean of 3 WB. Difference found was statistically significant **p 
<0.01. NOTE that A and B have different scales in the Y axis. 

4. Discussion 

For many years, KCl was considered a trustworthy pharmacological tool to study ASM 
contraction bypassing G protein-coupled receptor activation and their well-known second 
messenger signaling cascade. However, there is evidence pointing out that in this tissue, 
KCl-induced contraction can include activation of ROCK and other kinases [4,5,26–28]. In asthmatic 
airways, smooth muscle is slightly depolarized [29] a circumstance that could predispose to airway 
hyperresponsiveness, a hallmark of this ailment that might be related to a continuous activation of 
certain signaling pathways. In this sense, a sustained stimulation of RTKs could contribute to ASM 
hypertrophy, another characteristic of the asthmatic airway. To emulate such depolarized state, we 
used a low KCl concentration (20 mM) and, through a pharmacological approach, investigated if 
receptor tyrosine kinase (RTKs) participates in the airway smooth muscle contraction induced by 
this substance. We found that RTKs inhibition significantly diminished KCl-induced contraction 
(Figure. 1) in agreement with former studies carried out in vascular smooth muscle [10] and 
bronchial smooth muscle [14]. Furthermore, we observed that KCl induces ERK phosphorylation in 
ASM (Figure. 7A, 8A, 9A, 10A, 11A), and that this phenomenon was diminished by RTKs inhibition 
(Figure 7A). In this sense, abundant reports consistently support the fact that RTKs activation 
unleashes Ras/MAPK/ERK signaling pathway [16,30–32] mostly coupled to synthetic signaling. 

On the other hand, KCl-induced smooth muscle contraction implies the opening of L-type 
(long-lasting) voltage dependent Ca2+ channels (L-VDCC) [33–35]; in turn, Ca2+ entry through 
L-VDCC is followed by the formation of the Ca2+/calmodulin (CaM) complex that may directly 
activate Ras/MAPK/ERK signaling cascade [36]. Besides, it has been shown that CaMK regulates 
depolarization-induced MEK-ERK activity [37,38]. Nonetheless, this signaling pathway is mostly 
activated through RTKs stimulation, whether by its cognate agonist or, seemingly, by membrane 
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depolarization. This stimulation activates the GTP-binding protein Ras, which binds and activates 
Raf (mitogen activated protein kinase kinase), which phosphorylates and activates MEK, responsible 
of phosphorylating and activating MAPK/ERK [39].  

It has been observed that L-VDCC inhibition interrupts the generation of immediate early genes 
(IEG) [40]. In fact, its activation induces IEG in vascular smooth muscle [41], human ASM [42,43] and 
in airway epithelia [44]. IEG cipher for a variety of cytoplasmic enzymes, secreted proteins and 
transcription factors related to cell differentiation, metabolism and proliferation. They are typically 
stimulated by an extracellular signal (e.g., growth factors, mitogens, UV, toxins, etc.) [45,46] and 
their expression is rapid and transient [47]. For instance, peak expression of FOS is 30 to 60 minutes 
after stimulation [48]. As they do not require protein synthesis, translational inhibitors have no effect 
on their expression [47,49] that is known to be very low, partially due to mRNA instability and to 
efficient proteolytic degradation [50]. 

Conceivably, ASM depolarization with KCl activates Ras/MAPK/ERK signaling cascade 
through RTKs stimulation and to dilucidated if ERK participates in the KCl-induced contraction, we 
used FR180204, a selective ERK inhibitor. As illustrated in Figure. 2, this approach showed no effect 
on the contraction induced by 20 mM KCl in guinea pig trachea, pointing to the possibility that this 
kinase does not participate in the depolarization-induced contraction, even though WB assays 
showed that FR180204 significantly diminished KCl-induced ERK phosphorylation (Figure 8A). 
Based on the described results above, we employed PD98059, a potent and selective MEK inhibitor 
[51], which significantly decreased KCl-induced contraction (Figure 3) and ERK phosphorylation 
(Figure 9A). Since the primary kinase upstream of ERK is MEK, the latest is probably participating in 
the KCl-induced contraction in ASM. Furthermore, this finding was corroborated by another set of 
experiments using U0126 (another MEK inhibitor), and U0124 (a useful negative control for MEK 
inhibitors). Again, results shown in Figure. 4 A demonstrated that MEK´s inhibition diminishes 
KCl-induced contraction, while the inhibitor´s negative control had no effect (Figure 4B). 
Meanwhile, ERK phosphorylation was also reduced by U0126 (Figure 10A). 

We also observed that, in KCl-stimulated guinea pig trachea, RTK inhibition diminished 
myosin phosphatase targeting subunit (MYPT1) phosphorylation (Figure 7B), a phenomenon closely 
related to the decrease in the tissues´ contraction seen during the same proceeding (Figure 1). In this 
sense, ROCK-phosphorylated MYPT1 participation in smooth muscle contraction has been reported 
before. In ASM, inhibition of the myosin light chain phosphatase is a key contributor to the 
sustained contraction phenomenon. This phosphatase is constituted by a catalytic subunit, a 
targeting, myosin-binding subunit (MYPT1) and a third subunit of unclear purpose. It has been 
established that MYPT1 phosphorylation by Rho kinase (ROCK) at T696 and T853 inhibits 
phosphatase activity [52]. 

Interestingly, a previous study carried out in bovine tracheal ASM, reports that KCl stimulation 
induced T853 and T696 phosphorylation, and that the latter is preferentially phosphorylated during 
the sustained contraction [53]. In comparison to these authors who employed 75 mM KCl, in the 
present work we used only 20 mM KCl in guinea pig ASM and also observed MYPT1 KCl-induced 
phosphorylation (Figure. 7B, 8B, 9B, 10B, 11B). Furthermore, by pharmacologically inhibiting RTKs 
with genistein and ST638, we observed a decrease in KCl-induced MYPT1 phosphorylation in T696 
(Figure 7B), a finding that could be related to the lesser contractile response observed in organ bath 
experiments (Figure 1) when following the same experimental protocol.  

On the other hand, MYPT1 phosphorylation state was not modified by the ERK´s antagonist 
FR180204 (Figure 8B), but was significantly diminished by the addition of PD98059, a MEK inhibitor 
(Figure 9B), and not by U0126, another MEK inhibitor (Figure 10B). In this regard, it has been 
reported that U0126 possesses greater potency than PD98059 [54], a fact that was also noticed in our 
experimental results for KCl-induced ERK phosphorylation. When comparing PD98059 effects on 
ERK phosphorylation (Figure 9A) against U0126 (Figure 10A), the inhibition induced by the latter is 
about 25% higher, illustrating its greater effect (note that both inhibitors were tested at 5 and 10 µM). 
Regarding U0126 inhibitory effects on KCl-induced MYPT1 phosphorylation, it did not modify it, 
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indicating that, when MEK is efficiently inhibited, its effect on MYPT1 is null.  As already 
mentioned, in ASM, MYPT1 phosphorylation is primordially carried out by ROCK; in this sense, 
when we employed a ROCK inhibitor (Y-27632), we observed a significant reduction in the 
KCl-induced contraction (Figure 5) and in the MYPT1 phosphorylation (Figure 11 B). This inhibitor 
had no effect on the ERK phosphorylation induced by KCl (Figure 11 A). Surprisingly, the inhibition 
of the myosin light chain kinase (MLCK) with ML-7 did not modify the KCl-induced contraction in 
ASM (Figure 6). In this sense, Saponara et al., [55] found, in rat vascular tissues, that ML-7 effects 
include inhibition of L-VDCC activity in a concentration-dependent manner and, moreover, its effect 
is voltage-dependent (its efficacy increased at more depolarized holding potential). Conceivably, the 
depolarization generated by the addition of 20 mM KCl in ASM was not high enough to generate a 
proper ML-7 inhibition of the MLCK. Notwithstanding, our results in Figure. 6 show a tendency 
regarding ML-7 concentration-dependency, since the addition of 10µM induced a lower 
KCl-induced contraction than 5µM. In accordance with these findings, caution in the results´ 
interpretation is recommended when using this kinase blocker. 

In summary, in guinea pig ASM, KCl stimulation activates MEK and ROCK through RTKs and, 
therefore, these kinases ‘triggering mechanisms might be connected. Indeed, both signaling 
pathways include an upstream small GTPase, Ras in the case of MEK and Rho for ROCK. Ras and 
Rho are classified as small GTPases, molecular switches that are inactive while bound to GDP and 
active in their GTP-bound state. In this sense, the Ras superfamily of small GTPases includes Ras, 
Rho, Ran, Rab, and Arf. Each family is further subdivided into subfamilies with a shared G domain 
that confers them GTPase and nucleotide exchange capacities [56] as, for instance, the Rho family of 
GTPases, that includes Rac, Rho, and Cdc42 [57]. Small GTPases are located in the plasma 
membrane, where they transit from the GDP-bound to the GTP-bound state as a consequence of the 
stimulation of cell surface receptors, as for instance, RTKs [13]. This transition from GDP to 
GTP-bound state is aided by guanine nucleotide-exchange factors (GEFs), while GTPase-activating 
proteins (GAPs) convert GTP-bound small GTPase back to GDP-bound state [58,59]. 

It has been recognized that Ras and Rho GTPases share some important convergent cellular 
responses like gene expression, cellular proliferation, and actin cytoskeleton regulation. 
Interestingly, it has been reported that, in ASM, RhoA-activated ROCK inhibits MLC phosphatase 
contributing to this tissue´s sustained contraction [3], but it also regulates F-actin dynamics and actin 
polymerization by activating the serine–threonine kinase Pak, which, in turn, mediates the 
activation of Cdc42 and neuronal Wiskott–Aldrich syndrome protein (N-WASp) that participate in 
the nucleation of actin filaments [60,61] In fact, cytoskeleton´s dynamics play a preponderant role in 
ASM contraction. In this sense, it is known that prompt actin polymerization is a response to growth 
factors like platelet derived growth factor and that the small GTPase Rac intervenes in the plasma 
membrane [62], while Rho modulates focal adhesions assembly and actin stress fibers formation 
[63]. 

5. Conclusions 

In conclusion, in ASM, RTKs stimulation with a low KCl concentration activates Ras and 
consequently MEK to induce IEG, Rho and Rac to control actin cytoskeleton organization to aid 
contraction and RhoA/ROCK to induce Ca2+ sensitization. The physiological importance of these 
signaling pathways and the crosstalk between membrane GTPases in this tissue seems highly 
relevant and therefore requires further and more detailed research. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ASM Airway smooth muscle 
CaM Calmodulin 
CaMK Calmodulin kinase 
GAP GTPase-activating proteins 
GEF Nucleotide-exchange factor 
IEG Immediate early genes 
L-VDCC L-type voltage dependent Ca2+ channels 
MLCK Myosin light chain kinase 
MLCP Myosin light chain phosphatase 
MYPT1 Myosin phosphatase targeting subunit 
ROCK Rho kinase 
RTKs Receptor tyrosine kinase 
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