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Key points

� The extent of myosin regulatory light chain phosphorylation (RLC) necessary for smooth
muscle contraction depends on the respective activities of Ca2+/calmodulin-dependent myosin
light chain kinase and myosin light chain phosphatase (MLCP), which contains a regulatory
subunit MYPT1 bound to the phosphatase catalytic subunit and myosin.

� MYPT1 showed significant constitutive T696 and T853 phosphorylation, which is predicted to
inhibit MLCP activity in isolated ileal smooth muscle tissues, with additional phosphorylation
upon pharmacological treatment with the muscarinic agonist carbachol.

� Electrical field stimulation (EFS), which releases ACh from nerves, increased force and RLC
phosphorylation but not MYPT1 T696 or T853 phosphorylation.

� The conditional knockout of MYPT1 or the knockin mutation T853A in mice had no effect on
the frequency-maximal force responses to EFS in isolated ileal tissues.

� Physiological RLC phosphorylation and force development in ileal smooth muscle depend
on myosin light chain kinase and MLCP activities without changes in constitutive MYPT1
phosphorylation.

Abstract Smooth muscle contraction initiated by myosin regulatory light chain (RLC)
phosphorylation is dependent on the relative activities of Ca2+/calmodulin-dependent myo-
sin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP). We have investigated
the physiological role of the MLCP regulatory subunit MYPT1 in ileal smooth muscle in
adult mice with (1) smooth muscle-specific deletion of MYPT1; (2) non-phosphorylatable
MYPT1 containing a T853A knockin mutation; and (3) measurements of force and protein
phosphorylation responses to cholinergic neurostimulation initiated by electric field stimulation.
Isolated MYPT1-deficient tissues from MYPT1SM−/− mice contracted and relaxed rapidly with
moderate differences in sustained responses to KCl and carbachol treatments and washouts,
respectively. Similarly, measurements of regulatory proteins responsible for RLC phosphorylation
during contractions also revealed moderate changes. There were no differences in contractile or
RLC phosphorylation responses to carbachol between tissues from normal mice vs. MYPT1 T853A
knockin mice. Quantitatively, there was substantial MYPT1 T696 and T853 phosphorylation
in wild-type tissues under resting conditions, predicting a high extent of MLCP phosphatase
inhibition. Reduced PP1cδ activity in MYPT1-deficient tissues may be similar to attenuated
MLCP activity in wild-type tissues resulting from constitutively phosphorylated MYPT1. Electric
field stimulation increased RLC phosphorylation and force development in tissues from wild-type
mice without an increase in MYPT1 phosphorylation. Thus, physiological RLC phosphorylation
and force development in ileal smooth muscle appear to be dependent on MLCK and MLCP
activities without changes in constitutive MYPT1 phosphorylation.
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Introduction

Diverse cell signalling pathways increase smooth muscle
cell [Ca2+]i, leading to Ca2+ binding to calmodulin.
Ca2+/calmodulin then binds and activates myosin light
chain kinase (MLCK), which phosphorylates myosin
regulatory light chain (RLC) to initiate smooth muscle
contraction (Kamm & Stull, 1985a; Hartshorne, 1987;
Kamm & Stull, 2001; Somlyo & Somlyo, 2003). MLCK
appears to be the only kinase phosphorylating RLC physio-
logically in intestinal (He et al. 2008), airway (Zhang et al.
2010), mesenteric arterial (He et al. 2011), aortic (Gao
et al. 2013) and urinary bladder smooth muscles (Gao
et al. 2013). Additional regulation of activation occurs
by the subsequent Ca2+-dependent phosphorylation of
MLCK, which diminishes its activity, thereby fine tuning
the RLC phosphorylation response (Stull et al. 1990;
Kamm & Stull, 2001; Tsai et al. 2012).

Myosin light chain phosphatase (MLCP) dephos-
phorylates RLC, and induces relaxation after a decrease
in [Ca2+]i returns MLCK to an inactive state. MLCP
is a holoenzyme composed of three distinct subunits: a
38 kDa catalytic subunit (PP1cδ), a large 110–130 kDa
regulatory subunit (MYPT1) and a small 20 kDa sub-
unit of unknown function (Matsumura & Hartshorne,
2008; Grassie et al. 2011). Biochemically, MYPT1 binds
PP1cδ and myosin, and thus functions as a scaffolding
protein. Signalling pathways may converge to inhibit
MLCP activity by distinct mechanisms, thereby increasing
RLC phosphorylation without changing elevated [Ca2+]i

(Ca2+ sensitization) (Somlyo & Somlyo, 2003; Hartshorne
et al. 2004; Dimopoulos et al. 2007; Matsumura &
Hartshorne, 2008; Kitazawa, 2010; Grassie et al. 2011).
Studies in many types of smooth muscles, including
intestinal smooth muscle, indicate that agonist-mediated
Ca2+ sensitization involving decreased MLCP activity is
the result of two major signalling pathways, including
phosphorylation of MYPT1 T853 by a RhoA-associated
kinase (ROCK) pathway and phosphorylation of a small
inhibitor protein CPI-17 at T38 by protein kinase C
(PKC) (Kitazawa et al. 2000; Hirano et al. 2003; Somlyo
& Somlyo, 2003; Murthy, 2006; Mizuno et al. 2008;
Eto, 2009). Additionally, constitutive phosphorylation of
MYPT1 at T696 as well as T853 inhibits MLCP activity
(Khromov et al. 2009; Tsai et al. 2014). Thus, the extent

of RLC phosphorylation is determined by the relative
Ca2+/calmodulin-dependent MLCK and MLCP activities,
each of which is modulated by phosphorylation involving
different cell signalling pathways.

Although pharmacological, biophysical and bioche-
mical approaches have identified generic components of
signalling modules that may act on smooth muscle RLC
phosphorylation, the physiological relationships among
these signalling molecules in many cases are not well
understood in different types of smooth muscles. For
example, the importance of distinct signalling modules
and pathways appears to be different in the vascular bed for
large conduit arteries vs. resistance arteries (Cole & Welsh,
2011; Kitazawa & Kitazawa, 2012; Gao et al. 2013). Thus,
the relative importance of individual components in the
general scheme for the regulation of RLC phosphorylation
needs to be understood in the context of various smooth
muscles and their physiological contractile responses.

MYPT1, similar to MLCK, was expected to play a central
role in signalling to RLC phosphorylation in smooth
muscle tissues (Hartshorne et al. 1998; Somlyo & Somlyo,
2000; Grassie et al. 2011). The conditional knockout of
MLCK in smooth muscle cells in adult mice is lethal
because of contractile failure (He et al. 2008; Zhang et al.
2010; He et al. 2011; Gao et al. 2013). Furthermore,
inactivation of one MYLK allele in humans induces
aortic dissections as a result of the selective sensitivity
of limiting MLCK activity in aortic smooth muscle cells
(Wang et al. 2010; Gao et al. 2013). Genetic approaches
for investigating the functions of MYPT1 as a scaffolding
protein and substrate for ROCK recently provided new
insights into our understanding of its physiological role
in smooth muscle contraction. Surprisingly, the knockout
of MYPT1 specifically in smooth muscle cells (He et al.
2013; Qiao et al. 2014; Tsai et al. 2014) did not result in
smooth muscle failure in intact mice, and was associated
with modest changes in agonist- and KCl-induced contra-
ctile and relaxation responses of isolated ileal (He et al.
2013), mesenteric arterial (Qiao et al. 2014) and bladder
(Tsai et al. 2014) tissues. An apparent compensation for
MYPT1 loss may be attributed to one of several findings.
First, in wild-type tissues, MLCP activity is diminished
by constitutive phosphorylation of MYPT1. Knockout
of MYPT1 results in a reduction of PP1cδ protein,
rendering the reduced MLCP activity to be similar to the
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constitutively inhibited MLCP in wild-type tissues (Tsai
et al. 2014). Second, PP1cδ not bound to MYPT1 may also
contribute to the dephosphorylation of RLC in smooth
muscle tissues from either wild-type or MYPT1 knockout
mice (Tsai et al. 2014). Additionally, the expression of
another closely related MYPT family member, MBS85,
may provide some compensation because of a greater level
of expression in smooth muscle compared to other family
members (MYPT2 and MYPT3) (Tsai et al. 2014).

In the present study, we have extended investigations
involving genetically modified mice on the physiological
regulation of RLC phosphorylation/dephosphorylation in
ileal smooth muscle tissues (He et al. 2013). We have
also investigated biochemical and contractile responses
to the electrical field stimulation that releases neuro-
transmitter ACh for physiological contractions compared
to pharmacological muscarinic stimulation. We used a
new method to quantify phosphorylation of MYPT1 T696
and T853 in addition to using established quantitative
measurements for CPI-17 and RLC phosphorylation. The
results from these studies led to the conclusion that physio-
logical RLC phosphorylation and force development in
ileal smooth muscle appear to be dependent on MLCK and
MLCP activities without changes in constitutive MYPT1
phosphorylation.

Methods

Ethical approval

Experiments were performed in accordance with the
National Institutes of Health and Institutional Animal
Care and Use Guidelines. The Institutional Animal
Care and Use Committee at the University of Texas
Southwestern Medical Centre approved all procedures and
protocols in compliance with The Journal of Physiology
guidelines. Animals were killed by I.P. administration of a
lethal dose of tribromoethanol (250 mg kg−1) for tissue
collection.

Generation of genetically modified mice

Mice containing floxed Mypt1 alleles (Mypt1f/f) (He
et al. 2013) were crossed with a SMMHC-CreERT2 trans-
genic mouse line expressing a fusion protein of the
Cre recombinase with the modified oestrogen receptor
binding domain (CreERT2) under the control of the
smooth muscle myosin heavy chain (SMMHC) promoter
(Wirth et al. 2008). Cre-mediated recombination occurred
robustly and exclusively in smooth muscle cells in tissues,
although only after tamoxifen treatment (Wirth et al.
2008). Mice were bred and screened as described pre-
viously (Wirth et al. 2008; He et al. 2013; Tsai et al.
2014). Male mice (8–10 weeks old) were injected I.P.
with tamoxifen or vehicle for five consecutive days
each week for 2 weeks at a dose of 1 mg day−1 (Tsai

et al. 2014). Ileal tissues were harvested 6–7 weeks
after starting tamoxifen treatment from transgenic mice
containing Mypt1f/f, Cre+ alleles (denoted MYPT1SM−/−
mice) and age-matched vehicle-treated male littermate
mice (denoted as MYPT1SM+/+ mice). Mice containing
the MYPT1 T852A mutation (numbering based on mouse
MYPT1 sequence) with alanine substituted for threonine
852 (Chen et al. 2015) were also used for experiments
on isolated ileal tissue strips. For consistency with pre-
vious biochemical investigations on the phosphorylation
properties of MYPT1 phosphorylation by ROCK (Somlyo
& Somlyo, 2003; Hartshorne et al. 2004; Grassie et al.
2011), we refer to this mutation as MYPT1T853A with the
human isoform numbering sequence, which is also used
for the MYPT1 T696 and T853 phosphorylation sites.

Measurements of ileal smooth muscle contraction

Maintained MYPT1SM+/+ or MYPT1SM−/− or
MYPT1T853A mutant mice were killed with a lethal
dose injection of tribromoethanol. The small intestine
was completely removed and immediately immersed
in cool physiological salt solution (PSS) (in mM: 118.5
NaCl, 4.75 KCl, 1.2 MgSO4, 1.2 KH2PO4, 24.9 NaHCO3,
1.6 CaCl2 and 10.0 D-glucose, aerated with 95% O2–5%
CO2 to maintain pH 7.4). A 5–6 cm segment from the
distal ileum, located ±1 cm away from the ileocecal
transition was removed. Segments from ileum (5–6 mm)
were mounted with surgical silk to the small hook in a
longitudinal orientation on a water-jacketed 8 ml organ
bath in PSS pre-gassed with 95% O2–5% CO2 at 37°C.
After mounting, a resting force of 0.9 g was applied
and tissue was allowed to equilibrate for at least 45 min
followed by pre-contraction with alternating treatments
with 65 mM KCl twice and 90 mM KCl once every 10 min
to establish viability. At the end of the equilibration,
90 mM KCl (pretreated with 1 μM atropine 10 min) or the
muscarinic agonist 6 μM carbachol (Sigma, St Louis, MO,
USA) were added to initiate contractile responses. Strips
were also pretreated with the Rho kinase inhibitor H-1152
(1 μM) (Calbiochem-EMD Biosciences, San Diego, CA,
USA) or protein kinase C inhibitor GF-109203X (3 μM

(Enzo Life Sciences, Farmingdale, NY, USA). After 20 min
of pre-incubation, 6 μM carbachol was applied to initiate
contractile responses.

Nerve-mediated smooth muscle contractions were
elicited by electric field stimulation (EFS) using a pair
of electrodes mounted in the tissue bath in parallel
to the ileum strip in a similar manner to previous
studies (Ding et al. 2009; Tsai et al. 2012). Pulses of
0.5 ms in duration were delivered in trains of increasing
frequencies (0.5–80 Hz) by a DC power amplifier (HP
6824A; Hewlett-Packard, Palo Alto, CA, USA) driven
by a Grass S88 stimulator at 20 V (Grass Instrument
Co., Quincy, MA, USA). Isometric force development
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in response to KCl, CCh and EFS was recorded with
a Grass FT03 force transducer connected to Powerlab
8/SP data acquisition unit (AD Instruments, Colorado
Springs, CO, USA). Force measurements were normalized
as grammes of developed force per milligram tissue wet
weight. Force responses to EFS were inhibited 75 ± 0.04%
and 78 ± 0.04% with 1 μM atropine, a cholinergic
muscarinic antagonist. These results show the prominent
role of the muscarinic-mediated contractile response with
EFS, similar to the airway (Kamm & Stull, 1985b) and
urinary bladder responses (Tsai et al. 2012).

At the indicated times after specific treatments, tissues
were quick frozen by clamps pre-chilled in liquid nitrogen,
and were processed as described previously (Gao et al.
2013). Briefly, frozen tissues were stored at –80°C until
they were added to frozen slurry of acetone with 10%
trichloroacetic acid and 10 mM dithiothreitol, and slowly
thawed at room temperature. Tissues were rinsed with
ether (three times for 10 min each), dried (1 h) and
suspended in urea sample buffer containing 8 M urea,
18.5 mM Tris (pH 8.6), 20.4 mM glycine, 10 mM

dithiothreitol, 4 mM EDTA and 5% sucrose. Proteins were
then solubilized in a the Bullet Blender with the addition
of urea crystals to saturation (Next Advance, Inc., Averill
Park, NY, USA) (with 2 mm zirconium oxide beads, four
spins × 3 min each at setting 9). Protein content was
determined by a Bradford assay (Bio-Rad, Hercules, CA,
USA) with BSA as the standard. Bromophenol blue was
added to 0.004% and the sample was stored at –80°C.

Western blot analysis

Tissue extracts solubilized in urea sample buffer were
added to 0.25 volumes of SDS sample buffer containing
250 mM Tris (pH 6.8), 10% SDS, 50 mM dithiothreitol,
40% glycerol and 0.01% bromophenol blue, and
boiled for SDS-PAGE (8–18% polyacrylamide gradient).
Proteins were transferred onto a nitrocellulose membrane
and visualized by immunoblot staining using anti-
bodies to MYPT1 total (mouse monoclonal; BD Trans-
duction Laboratories, Lexington, KT, USA), pan-MYPTs
(from Dr Masumi Eto, Thomas Jefferson University,
Philladelphia, PA, USA), PP1cα (rabbit polyclonal; Milli-
pore, Billerica, MA, USA), PP1cδ (rabbit; Upstate
Biotechnology, Lake Placid, NY, USA), PP1cγ (goat;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), MLCK
(mouse, K36; Sigma, St. Louis, MO, USA), phospho-
MLCK S1760 (rabbit; ProSci, Poway, CA, USA),
ROCK1 (rabbit; BD Biosciences, San Jose, CA, USA),
CPI-17 total (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), phospho-MYPT1 T853 (rabbit; Upstate
Biotechnology, Lake Placid, NY, USA), phospho-MYPT1
T696 (rabbit; Upstate Biotechnology, Lake Placid, NY,
USA), phospho-CPI-17 Thr38(rabbit; Bioworld, Dublin,
OH, USA). The pan-MYPTs antibody recognizes the

conserved autoinhibitory sequence in MYPT1, MYPT2
and MBS85. GAPDH was stained with anti-GAPDH
antibody (rabbit polyclonal; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) as a loading control. Total
protein blots for MYPT1, PP1cα, PP1cδ, PP1cγ, MBS85,
ROCK1, MLCK and CPI-17 were expressed as ratios
relative to the immunoblot of GAPDH loading control.
The phosphorylation of MYPT1 (T853 or T696) were
expressed as a ratio of phospho-MYPT1 to MYPT1
total and then normalized with the average values
response to calyculin A (LC Laboratories, Woburn,
MA, USA). The phosphorylation of MYPT1 T696 and
T853 in calyculin A-treated ileal strips was quantitated
by comparison with purified GST-MYPT1 (654-880)
maximally phosphorylated by ROCK1 in vitro (PV3691;
Life Technologies, Grand Island, NY, USA) (Khromov
et al. 2009; Tsai et al. 2014). Purified GST-MYPT1
(654-880) was prepared as described previously (Tsai et al.
2014). The phosphorylation of CPI-17 was obtained as a
ratio of phosphorylated CPI-17 to CPI-17 total and was
normalized to the phosphorylation response to phorbol
12,13-dibutyrate (PDBu) (Tsai et al. 2014). MLCK and
MBS85 phosphorylation were normalized to the response
obtained with calyculin A. Quantification of western
blots was determined by quantitative densitometry using
the ImageQuant software package (Molecular Dynamics,
Sunnyvale, CA, USA).

Measurement of RLC phosphorylation

RLC phosphorylation was measured by urea/glycerol-
PAGE as described previously (Kamm et al. 1989;
Gao et al. 2013). Muscle proteins in 8 M urea
sample buffer were subjected to urea/glycerol-PAGE to
separate non-phosphorylated and monophosphorylated
RLC. Following electrophoresis, proteins were trans-
ferred to nitrocellulose membranes, and probed with
mouse monoclonal antibodies against smooth muscle
RLC. The ratio of monophosphorylated RLC to total RLC
(non-phosphorylated plus monophosphorylated) was
determined by quantitative densitometry and expressed
as mol phosphate per mol protein.

Histology and immunohistochemistry

The small intestines from MYPT1SM+/+ or MYPT1SM−/−
mice were immersed in cool PSS. The ileum was isolated,
fixed in 4% (w/v) paraformaldehyde overnight, embedded
in paraffin and transversely sectioned at a thickness of
6 μm. After dewaxing and hydration, the sections were
stained with standard haematoxylin & eosin (H&E).
Quantification of the area of longitudinal and circular
smooth muscle layers was determined using ImageJ (BIH,
Bethesda, MD, USA). For immunohistochemistry, fresh
ileum sections were embedded with OCT and blocked
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with phosphate-buffered saline containing 0.1% Triton
X-100, 0.1% Tween 20, 1% BSA and 5% non-immune
goat serum for 1 h at room temperature, and then
incubated with primary antibody: anti-rabbit MYPT1
(BD Transduction Laboratories, Lexington, KY, USA),
anti-mouse smooth muscle α-actin (Sigma) overnight
and incubated with secondary antibodies conjugated with
either Alexa Fluor 488 (Life Technologies, Gaithersburg,
MD, USA) for smooth muscle α-actin or 569 (Life
Technologies) for MYPT1. Microscopy was performed
using an Eclipse 400 fluorescence microscope (Nikon,
Tokyo, Japan) or a confocal microscope (Olympus, Tokyo,
Japan).

Statistical analysis

All data are presented as the mean ± SEM Statistical
comparisons were performed by Student’s t test for
comparison between the control and treatment groups.
For multiple comparisons, one-way ANOVA followed by
Dunnett’s post hoc test or two-way ANOVA with Tukey’s
post hoc test was used. Data analyses were performed with
Prism, version 6.0 (GraphPad Software, San Diego, CA,
USA). P < 0.05 was considered statistically significant.

Results

Effect of conditional MYPT1 gene deletion in adult
mice on myosin regulatory protein content in ileal
tissue

In our initial study, Mypt1 expression was ablated early
in development specifically in smooth muscle cells by
crossing Mypt1 floxed mice with SMA-Cre transgenic
mice, which express non-inducible Cre recombinase under
the control of the α-smooth muscle actin promoter, with
no change in PP1cδ expression in ileal tissues (Wu et al.
2007; He et al. 2013). However, the conditional knockout
of MYPT1 in adult mice resulted in a 70% decrease in
PP1cδ in bladder smooth muscle (Tsai et al. 2014). For
these reasons, the expression of signalling proteins acting
on smooth muscle RLC phosphorylation was examined
with the conditional knockout of MYPT1 in ileal smooth
muscle of adult mice, including PP1cδ and MBS85.
Expression of MYPT1 protein decreased by 90% (Fig. 1A
and B). Using an antibody raised to a common sequence in
MYPT1 and MBS85, the amount of MBS85 was 15 ± 1%
compared to MYPT1 in wild-type tissue, which is similar
to the results obtained in bladder smooth muscle (Tsai
et al. 2014). By contrast, MBS85 expression increased
three-fold in tissues from MYPT1SM−/− mice compared
to MYPT1SM+/+ mice. Thus, the amount of MBS85 in
MYPT1-deficient ileal tissues was 45% of the amount of
MYPT1 found in ileal tissues from wild-type mice.

Expression of PP1 isoforms showed different responses
to MYPT1 knockout, with no significant changes in α

and γ isoforms, whereas δ decreased by 57% (Fig. 1C and
D). The decrease in PP1cδ in ileal tissues is similar to
previous results obtained with bladder smooth muscle,
ruling out tissue-specific responses. In any event, this
difference in PP1cδ expression did not result in any
apparent changes in expression of other signalling proteins
relevant to RLC phosphorylation in isolated ileal tissue
contractile properties or in the phenotype of adult mice.
Similar to the results obtained with bladder smooth muscle
(Tsai et al. 2014), 50% of the total PP1cδ isoform was
soluble in ileal tissues from wild-type animals. Although
MYPT1-deficient tissues showed a decrease in the total
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Figure 1. Effect of conditional MYPT1 gene ablation on
content of myosin regulatory proteins in ileal tissues
The relative contents of proteins were measured by immunoblotting
extracts of ileal smooth muscle tissues from MYPT1SM+/+ and
MYPT1SM–/– mice. Representative immunoblots (A, C and E) and
quantified results (B, D and F) are shown for MYPT1, MBS85 and
PP1C (α, γ ,δ), as well as RLC, MLCK, CPI-17 and ROCK1 for ileal
tissues from MYPT1SM+/+ (open bars) and MYPT1SM-/- (solid bars)
mice with GAPDH as a loading control. MLCP component proteins
MYPT1 and MBS85 were normalized to the MYPT1 content in ileal
tissues from MYPT1SM+/+ mice. MYPT1 and PP1cδ contents were
similar in ileal tissues with or without mucosa in both MYPT1SM+/+
and MYPT1SM–/– mice (data not shown). Data are presented as the
mean ± SEM from �10 animals in each group. ∗∗∗P < 0.001
compared to MYPT1SM+/+.
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amount of PP1cδ, the relative amount that was soluble did
not change.

The expression of other relevant proteins in the
RLC signalling module, including MLCK, Rho-kinase
(ROCK I), RLC and CPI-17, was comparable in ileum from
MYPT1SM+/+ and MYPT1SM−/− mice (Fig. 1E and F).

Thus, the conditional ablation of MYPT1 in ileal
smooth muscle tissues from adult MYPT1SM−/− mice was
associated with a partial reduction of soluble and bound
PP1cδ and an increased expression of MBS85.

Mypt1 ablation results in MYPT1 deficiency
specifically in ileal smooth muscle cells

At necropsy, the digestive tract appeared normal, including
the small intestine (data not shown), which is similar to
previously reported results (He et al. 2013). Histological

examination revealed a normal ileal structure with some
hypertrophy of the smooth muscle layer (Fig. 2A–C). The
hypertrophy response in ileal tissues from MYPT1SM−/−
mice may be an adaptive response associated with the
loss of the ICC cells, diminution of peristalsis and
infiltration of inflammatory cells in the mucosal lamina
propria as described previously (He et al. 2013). Immuno-
fluorescence co-staining for smooth muscle α-actin and
MYPT1 showed deficiency of MYPT1 in smooth muscle
cells but not mucosal cells in ileal tissue from Mypt1SM−/−
mice (Fig. 2D). These results are consistent with the
smooth muscle-specific expression of the fusion protein
Cre recombinase under the control of the SMMHC
promoter (Wirth et al. 2008). Additionally, the results
show that residual MYPT1 in ileal tissue from Mypt1SM−/−
mice (Fig. 1A and B) is primarily in non-smooth muscle
cells.
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A, H&E stained transverse sections of ileum
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mice (right). Scale bars = 400 μm. B,
quantified results for total and longitudinal
muscle areas are presented as the
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MYPT1SM+/+ mice. C, normal histological
structure of ileum from MYPT1SM–/– mice
with H&E staining. Scale bars = 100 μm
(top) and 20 μm (bottom). D,
immunofluorescence staining of MYPT1 in
ileal smooth muscle tissue from
MYPT1SM+/+ and MYPT1SM–/– mice. Green,
smooth muscle α-actin; red, anti-MYPT1.
Scale bars = 20 μm.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



J Physiol 594.12 Physiology of MYPT1 phosphorylation 3215

MYPT1-deficient ileum exhibits enhanced RLC
phosphorylation and force in the sustained phase
of contraction

We found reduced and variable spontaneous force
amplitudes from 2.8 ± 0.08 g/mg tissue × 100 for
MYPT1SM+/+ mice to 0.8 ± 0.04 g/mg tissue × 100
for MYPT1SM−/− mice without a loss in frequency of
contractions. These results were associated with a decrease
in immunostaining for c-Kit and a decreased amount
of c-Kit by western blotting (data not shown). These
results are similar to those reported previously (He et al.
2013), indicating that MYPT1 knockout in ileal tissue is
associated with impairment of the interstitial cells of Cajal
in the myenteric plexus, thereby affecting peristalsis.

Maximal force development and RLC phosphorylation
responses to KCl or carbachol were similar in iso-
lated ileal tissue strips from both Mypt1SM−/− and
Mypt1SM+/+ mice (Fig. 3). However, the sustained
responses to both treatments were enhanced in tissues
from Mypt1SM−/− compared to Mypt1SM+/+ mice.
Additionally, the relaxation responses obtained on
washout of carbachol from both types of mice were rapid
(Fig. 3A). The half-time for relaxation was slower for
tissues from Mypt1SM−/− (t1/2 = 11.8 ± 0.7) compared

to tissues from Mypt1SM+/+ (t1/2 = 6.0 ± 0.4) mice
(P < 0.001, n = 20). Thus, isolated smooth muscle strips
from MYPT1-deficient mice show modest differences in
RLC phosphorylation and contractile responses compared
to control tissues. The lack of contractile impairment is
consistent with the phenotype of knockout animals that
display normal bowel motility, food consumption and
defaecation (He et al. 2013).

Constitutive and agonist-induced MYPT1
phosphorylation were reduced in MYPT1-deficient
tissues proportional to the reduction in MYPT1
protein

We previously developed a method to quantify the extent
of phosphorylation of MYPT1 T696 and T853 (Tsai
et al. 2014). This method was applied to isolated ileal
tissues as shown in Fig. 4A, where an expressed GST
fragment of MYPT1 (residues 654–880) containing both
T696 and T853 was diphosphorylated by purified ROCK.
We used this fragment as a standard to quantify the
extent of MYPT1 T696 and T853 phosphorylation in ileal
tissues treated for 30 min with the MLCP phosphatase
inhibitor, calyculin A. The MYPT1 antibody raised to
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Figure 3. MYPT1-deficient ileum exhibits
increased force and RLC phosphorylation
during the sustained phase of contraction
A, representative force tracings (above) of
MYPT1SM+/+ (grey trace) and MYPT1SM–/− (black
trace) and quantified force responses (below) for
ileal strips from MYPT1SM+/+ (open circles) and
MYPT1SM–/− (solid circles) mice are shown for
90 mM KCl (top) or 6 μM carbachol (CCh) (bottom)
treatments. Data are the mean ± SEM (n � 20).
∗P < 0.05 and ∗∗∗P < 0.001 compared to
MYPT1SM+/+ mice for the same time. The SEM bars
are smaller than the symbols. B, representative
immunoblots (above) following glycerol/urea-PAGE
for RLC phosphorylation and quantified RLC
phosphorylation (below) responses are shown for
90 mM KCl (top) and 6 μM carbachol (CCh)
(bottom) with symbols as in (A). RLC,
non-phosphorylated, pRLC, monophosphorylated.
Data are the mean ± SEM from n � 10
measurements each. ∗∗P < 0.01 and ∗∗∗P < 0.001
compared to MYPT1SM+/+ at the same time. The
SEM bars may be smaller than the symbols for the
means.
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the MYPT1 sequence 723–840 allowed measurement of
the total amount of the tissue MYPT1 relative to the
GST-MYPT1 fragment and calculation of the extent of
MYPT1 phosphorylation with calyculin A treatment.
The results show complete phosphorylation of T696

with calyculin A treatment, whereas T853 was 60%
phosphorylated (Fig. 4A).

Based on this quantitative procedure, MYPT1 T696
and T853 sites were both found to be significantly
phosphorylated under resting conditions in tissues from
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at T696 per total T696 and MYPT1 phosphorylated at T853 per total T853 are shown as ratios. B and C,
representative MYPT1 immunoblots (top) and quantitative phosphorylation results (bottom) are shown for the
response to 90 mM KCl (B) and 6 μM carbachol (CCh) (C) in ileal tissues from MYPT1SM+/+ (open circles) and
MYPT1SM–/– (solid circles) mice normalized to the amount of MYPT1 protein in tissues from wild-type mice. More
protein was applied to SDS-PAGE for tissues from MYPT1SM–/− mice. MYPT1 phosphorylation was calculated
relative to values obtained with calyculin A as described in (A). Data are presented as the mean ± SEM (n �10
animals in each group). There were no differences in the relative phosphorylation responses for MYPT1 in tissues
from MYPT1SM+/+ and MYPT1SM–/– mice. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001 compared to values at 0 s. The
SEM bars may be smaller than the symbols for the means.
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Mypt1SM+/+ mice (Fig. 4B and C). Additionally, the
extent of MYPT1 T696 phosphorylation was substantially
greater (50%) than MYPT1 T853 phosphorylation (22%).
Treatment of isolated ileal tissues with KCl or carbachol
increased the extent of phosphorylation in T696 and
T853 sites by �20%, which declined slowly by 300 s.
These results show quantitatively that there is significant
constitutive MYPT1 phosphorylation predicted to inhibit
the activity of PP1cδbound to MYPT1, and concentrations
of KCl and carbachol that elicit maximal contractile
responses result in increases in the extent of T696 or T853
phosphorylation.

The residual amount of MYPT1 remaining in tissues
from MYPT1SM−/− mice was also phosphorylated
constitutively and with KCl and carbachol treatments
(Fig. 4B and C). However, because this residual MYPT1
appears to be present in non-smooth muscle cells
(Fig. 2D), it probably plays no role in regulating smooth
muscle contraction.

MBS85 was phosphorylated in ileal tissues treated
with KCl and carbachol

MBS85, the 85 kDa MYPT family member, has a
phosphorylation site (T560) corresponding to T696 in
MYPT1 but lacks the T853 phosphorylation site (Grassie
et al. 2011). Similar to MYPT1 T696, there was significant
constitutive phosphorylation of MBS T560 in resting
tissues (Fig. 5). MBS85 basal phosphorylation both

diminished and stimulated responses to KCl and carbachol
in tissues from MYPT1SM−/− mice. This diminution may
be a result of the increased expression of MBS85 (Fig. 1)
leading to more substrate for an unidentified kinase
activity. Although the extent of MBS85 phosphorylation
was lower in tissues from MYPT1SM−/− mice, there may be
a greater inhibitory effect because of the three-fold greater
expression of MBS85 protein. Thus, MBS phosphorylation
(constitutive and agonist-induced) may inhibit MLCP
phosphatase activity in ileal tissues from MYPT1SM−/−
and also MYPT1SM+/+ mice.

Signalling mechanisms leading to phosphorylation
of MLCK and CPI-17 appear intact in MYPT1-deficient
smooth muscles

Under resting conditions, the extent of MLCK and
CPI-17 phosphorylation was low and both increased
in response to treatment with KCl or carbachol in
ileal tissues from both MYPT1SM−/− and MYPT1SM+/+
mice (Fig. 6). Phosphorylation of MLCK was enhanced,
whereas CPI-17 phosphorylation decreased in tissues
from MYPT1SM−/− mice. The enhanced MLCK
phosphorylation may be related to the decrease in PP1cδ
that dephosphorylates phosphorylated MLCK (Nomura
et al. 1992). Additionally, the phosphorylation of MLCK
diminishes its ability to be activated by Ca2+/calmodulin
and thus acts to dampen RLC phosphorylation (Tsai et al.
2012).
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Effects of ROCK and PKC inhibitors on RLC
phosphorylation and developed force responses to
carbachol are attenuated in MYPT1-deficient mice

Pre-treatment of ileal smooth muscles from MYPT1SM+/+
mice with ROCK inhibitor H-1152 or PKC inhibitor
GF109203X decreased force responses, as well as RLC
phosphorylation to carbachol (Fig. 7A and B). However,
there were no significant effects to either inhibitor
with tissues from MYPT1SM−/− mice. Constitutive
phosphorylation of MYPT1 T853 (but not T696) was
inhibited with H-1152 in tissues from both MYPT1SM+/+
and MYPT1SM−/− mice (Fig. 7C). H-1152 also inhibited
MYPT1 T853 phosphorylation induced by carbachol
(Fig. 7D). The phosphorylation of residual MYPT1 in
ileal tissues from MYPT1SM−/− mice would be pre-
dicted to have no effect on MLCP activity in smooth
muscle cells as a result of its presence primarily in
non-smooth muscles cells in the tissue (Fig. 2). Hence,
RLC phosphorylation and force responses were not
inhibited in tissues from MYPT1SM−/− mice. Inter-
estingly, the PKC inhibitor GF109203X attenuated CPI-17
phosphorylation in smooth muscle tissues from both
MYPT1SM+/+ and MYPT1SM−/− mice (Fig. 7B), whereas
it had no effect on force development (Fig. 7A) or RLC
phosphorylation (Fig. 7B) in smooth muscle tissue from

MYPT1SM−/− mice. Phosphorylated CPI-17 may not be
able to inhibit PP1cδ not bound to MYPT1 (Eto, 2009).

RLC phosphorylation and contractile responses to KCl
and carbachol were not different in ileal smooth
muscle from MYPT1 T853A knockin mice

The non-phosphorylatable knockin mutation T853A in
MYPT1 did not affect the amount of MYPT1 expression
in adult ileal smooth muscle tissues in MYPT1T853A mice
compared to tissues from MYPT1SM+/+ mice (Fig. 8A).
MYPT1 T853 was phosphorylated in MYPT1SM+/+
but not MYPT1T853A mice with carbachol treatment,
demonstrating the expression of the T853A mutation.
Similar amounts of expression were also found with
RLC and CPI-17 (data not shown). There were no
differences in force development, RLC phosphorylation or
CPI-17 phosphorylation responses to KCl and carbachol
between tissues from MYPT1SM+/+ and MYPT1T853A mice
(Fig. 8B and C). Neither the maximal, nor sustained
force responses were affected by the knockin mutation.
Additionally, we saw no changes in spontaneous force
amplitudes in tissues from MYPT1T853A mice compared to
tissues from MYPT1SM+/+ mice (data not shown). Thus,
the knockin mutation T853A had no discernable effects
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Figure 6. MLCK and CPI-17 are
phosphorylated in MYPT1-deficient ileal
tissues
A, representative blots for MLCK phosphorylation
and (C) its quantification are shown in response to
90 mM KCl (top) and 6 μM carbachol (CCh)
(bottom) in ileal tissues from MYPT1SM+/+ (open
circles) and MYPT1SM–/− (solid circles) mice. MLCK
phosphorylation was normalized to the response
obtained with calyculin A (CA) with GAPDH as a
loading control. Values are the mean ± SEM (n �
10). ∗∗∗P < 0.001 compared to MYPT1SM+/+ strips
at the same time. B, representative blots for CPI-17
phosphorylation and (D) its quantification are
shown in response to 90 mM KCl (top) and 6 μM

CCh (bottom) ileum tissues from MYPT1SM+/+
(open circle) and MYPT1SM–/− (solid circle) mice.
CPI-17 phosphorylation normalized to the
response obtained with PDBu. Values are the
mean ± SEM (n � 10). ∗∗∗P < 0.001 compared to
MYPT1SM+/+ strips at the same time. The SEM
bars may be smaller than the circles for the means.
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on agonist-induced RLC phosphorylation or contractile
responses.

Electrical field stimulation elicits similar responses in
MYPT1-deficient, MYPT1 T853A mutant and control
tissues

Based on the modest changes in contractile and
biochemical properties for MYPT1-deficient tissues, and
no changes in tissues containing the knockin mutation
MYPT1 T853A to agonist-induced contractions, we
investigated the responses to EFS used to release ACh from
parasympathetic nerves intrinsic in isolated tissues (Mang
et al. 2002). The maximal force responses at different
frequencies were similar in isolated ileal tissues from all
three mouse lines, including MYPT1SM+/+, MYPT1SM−/−
and MYPT1T853A mice (Fig. 9B and D). The maximal

forces [60 mg (mg wet weight tissue)–1] obtained with
EFS are similar to the maximal forces elicited with KCl
and carbachol (Fig. 3). The rate of decline in the sustained
force was less in MYPT1SM−/− mice. However, there was
no attenuation of the force decline in the sustained phase
in tissues from MYPT1 T853A mice.

EFS also elicited similar phosphorylation responses in
RLC and MLCK in ileal tissues from MYPT1SM+/+ and
MYPT1SM−/− mice (Fig. 10A). Interestingly, there was no
induced phosphorylation of MYPT1 T696 and T853 with
EFS (Fig. 10B), although robust responses were obtained
with force development (Fig. 9) and RLC phosphorylation
(Fig 10A). These results with EFS are similar to those
obtained in the urinary bladder (Tsai et al. 2012) and
gastric fundus (Bhetwal et al. 2013) smooth muscles.
Thus, physiological smooth muscle contraction responses
do not appear to recruit Ca2+-sensitization mechanisms
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Figure 7. ROCK and PKC inhibitors affect
force as well as RLC and CPI-17
phosphorylation responses differently in
ileal tissues from MYPT1SM+/+ and
MYPT1SM−/− mice
A, carbachol (CCh)-induced force development
responses are shown in the absence (circles) or
presence of ROCK inhibitor H-1152 (triangles)
or PKC inhibitor GF109203X (squares) in ileal
tissues from MYPT1SM+/+ (+/+, top) or
MYPT1SM−/− (–/–, bottom) mice. Force values
are expressed relative to the peak forces in the
absence of inhibitors. Data are the mean ± SEM
(n � 10 measurements from different animals).
∗∗∗P < 0.001 compared to no treatment. The
SEM bars may be smaller than the circles for the
means. B, CCh-induced RLC (top) and CPI-17
(bottom) phosphorylation at 30 s are shown
following H-1152 or GF109203X in ileal tissues
from MYPT1SM+/+ (open bars) or MYPT1SM–/−
(solid bars) mice. CPI-17 phosphorylation was
quantified relative to the results obtained with
PDBu. Data are presented as the mean ± SEM
(n � 6 animals in each group). ∗∗∗P < 0.001
compared to CCh responses at 30 s. C, resting
and CCh-induced (D) phosphorylation of MYPT1
T853 (upper) and T696 (lower) were analysed
following ROCK H-1152 and PKC GF109203X
inhibitor treatments, respectively, for ileal tissues
from MYPT1SM+/+ (open bars) and MYPT1SM–/−
(solid bars) mice. MYPT1 phosphorylation was
quantified relative to the results obtained with
calyculin A as shown in Fig. 4A and normalized
to the amount of MYPT1 protein of wild-type
mice. Data are presented as the mean ± SEM
(n �10 animals in each group). ∗P < 0.05 and
∗∗∗P < 0.001 compared to resting values (C) or
CCh simulation at 30 s (D) in the absence of
inhibitors.
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by increasing phosphorylation of the constitutively
phosphorylated MYPT1 T696 or T853.

Discussion

Defining the potential signalling pathways involved in the
regulation of the actomyosin system necessary for smooth
muscle contraction has involved a variety of experimental
approaches, including biochemical, biophysical, cell
biological, pharmacological and physiological approaches,
leading to consensus on a general scheme involving the
potential regulation of MLCK and MLCP activities (Kamm
& Stull, 1985a; Hartshorne, 1987; Hai & Murphy, 1989;
Kamm & Stull, 2001; Somlyo & Somlyo, 2003; Kim
et al. 2008; Puetz et al. 2009; Cole & Welsh, 2011). A
significant number of proposed physiological signalling
modules have been simplified with subsequent genetic
approaches for specific proteins, as well as with genetically
modified mice. For example, conditional knockout of
MLCK specifically in smooth muscle cells of adult mice
showed that it was the physiologically important kinase for
RLC phosphorylation in several different types of smooth
muscles (He et al. 2008; Zhang et al. 2010; He et al. 2011;
Gao et al. 2013).

Recently, genetic approaches have also been used to
study MLCP with conditional knockouts of MYPT1 in
smooth muscle cells of mice. The original study reported

that MYPT1 knockout mice were viable, had a normal
body size and reached adulthood (He et al. 2013),
and similar results were found in the present study.
Curiously, there was also a decrease in c-Kit staining,
indicating a disruption of the interstitial cells of Cajal
in the myenteric plexus region, as well as less rhythmic
spontaneous contractile activity. We also found decreased
c-Kit staining in ileal tissue from MYPT1SM−/− mice (data
not shown), as well as more asynchronous spontaneous
contractions. At necropsy, the whole digestive tract
appeared normal, including the small intestine. These
studies raise questions about why MYPT1 knockout does
not cause significant impairment of ileal smooth muscle
contraction. PP1cδ bound to MYPT1 (and presumably
MBS85) may be inhibited substantially by an intra-
molecular phosphorylation mechanism (Khromov et al.
2009) with 77% constitutive phosphorylation of MYPT
at T696 and 853, and 28% constitutive phosphorylation
of MBS85, which is 15% of that of MYPT1 (pre-
sent study). Thus, most of the bound PP1cδ may be
inhibited via phosphorylation, representing a constitutive
Ca2+-sensitization mechanism. With the knockout of
MYPT1, the amount of PP1cδ decreased by 60% in
ileal tissues in the present study. However, there was an
increase in MBS85 expression to 50% of the amount
of MYPT1 in wild-type tissues in ileal smooth muscle
but not bladder smooth muscle (Tsai et al. 2014). In
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Figure 8. The knockin mutation MYPT1
T853A has no effect on force
development and RLC phosphorylation
in ileal tissues from MYPT1T853A

knockin mice
A, representative blots for MYPT1
phosphorylation in response to 6 μM

carbachol (CCh) showing no MYPT1 T853
phosphorylation in tissues from
homozygous MYPT1T853A knockin mice. B,
force development responses in ileal strips
from MYPT1SM+/+ (open circles) and
MYPT1T853A (grey circles) are shown for
90 mM KCl (top) or 6 μM carbachol (CCh)
(bottom) treatments. Data are the mean ±
SEM (n � 20). The SEM bars may be smaller
than the symbols for the means. C,
quantified RLC (top) and CPI-17
phosphorylation (bottom) responses are
shown for ileal strips from MYPT1SM+/+
(open bars) and MYPT1T853A (grey bars)
mice to treatment with 6 μM CCh. CPI-17
phosphorylation normalized to the
response obtained with PDBu. Data are the
mean ± SEM (n �10 animals).
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MYPT-deficient ileal smooth muscle cells, some of the
PP1cδ could be bound to MBS85. However, we found
that half of the PP1cδ was not bound to the contractile
protein system with myosin or MBS85 in wild-type or
MYPT1 deficient tissues (Tsai et al. 2014). Furthermore,

soluble PP1cδ was capable of dephosphorylating heavy
meromyosin (Tsai et al. 2014), a physiological substrate
for MLCP (Hartshorne, 1987; Hartshorne et al. 1998;
Somlyo & Somlyo, 2003). Thus, in wild-type tissues,
the constitutive phosphorylation of MYPT1 and MBS85
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Figure 9. Contractile responses to EFS in MYPT1-deficient ileum
A, representative force responses are shown for indicated EFS frequencies for ileal tissues from MYPT1SM+/+ (upper
trace), MYPT1T853A (middle trace) and MYPT1SM–/− (lower trace) mice. B, quantified maximum force-frequency
responses are shown for ileum from MYPT1SM+/+ (open circles) and MYPT1SM–/− (solid circles) mice. C, quantified
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in ileal tissues may inhibit most (�75–80%) of the
bound PP1cδ, with half of the MLCP phosphatase activity
contributed by soluble PP1cδ. With MYPT1 ablation,
the reduction in PP1cδ protein may occur because it
is not in a stable complex with MYPT1 (Scotto-Lavino
et al. 2010; Tsai et al. 2014). Most of the remaining
PP1cδ would appear to be active because (1) the half
bound to MBS85 would be less inhibited with constitutive
phosphorylation of MBS85 and (2) the remaining soluble
half of PP1cδ is active towards phosphorylated RLC.
Although these considerations describe compensatory
mechanisms associated with MYPT1 knockout, a key
perspective is the potential importance of the soluble
PP1cδ as part of the MLCP activity in smooth muscle
cells, including ileal smooth muscle cells. This possibility
needs investigation.

Interestingly, MYPT1 T696 and MBS85 T560 showed
significant constitutive phosphorylation, which increased
with carbachol and KCl treatments in ileal smooth
muscle. High KCl concentrations cause membrane
depolarization with activation of voltage-gated Ca2+
channels that increase [Ca2+]i for MLCK activation by
Ca2+/calmodulin. In addition, KCl also increases Ca2+
sensitization by activation of RhoA and ROCK from the
generation of arachidonic acid and lysophospholipids
by phospholipase A2 leading to phosphorylation of
MYPT1 (Sakurada et al. 2003; Ratz et al. 2005;
Urena & Lopez-Barneo, 2012). The contribution of
high K+-inducing RhoA and ROCK activation to RLC
phosphorylation and contraction responses varies in
different types of smooth muscles, including arteries
(coronary, femoral and renal), aorta, urinary bladder and
intestinal smooth muscles (Sakurada et al. 2003; Ratz et al.
2005; Mori et al. 2011; Urena & Lopez-Barneo, 2012; Gao
et al. 2013; Tsai et al. 2014).

In previous work, bladder smooth muscle from
a mouse line with alanine substitution for MYPT1

T696 showed a significant reduction of force with
reduced RLC phosphorylation (Chen et al. 2015).
The contractile responses of T696A mutant smooth
muscle were also independent of ROCK activation.
These results highlight the importance of constitutive
and agonist-induced MYPT1 T696 phosphorylation as
a primary mechanism contributing to inhibition of
MLCP activity and enhancement of RLC phosphorylation
and contractile force. However, there was no induced
phosphorylation with EFS in bladder smooth muscle (Tsai
et al. 2012). Remarkably, it is not yet clear what protein
kinase accounts for the constitutive phosphorylation in
different types of smooth muscle cells. There is a consensus
that ROCK and PKC are not the responsible kinases based
on pharmacological results (Wang et al. 2009; Grassie et al.
2011; Tsai et al. 2014; Chen et al. 2015). Considering the
apparent importance of MYPT1 T696 (and presumably
MBS85 T560 phosphorylation), additional investigations
are needed to identify the physiologically involved protein
kinase(s).

The role of MYPT1 T853 phosphorylation has proved
controversial. MYPT1 T853 phosphorylation may not
inhibit MLCP activity (Feng et al. 1999), although other
studies concluded that MYPT1 T853 phosphorylation
inhibited MLCP activity equivalently to T696 (Muranyi
et al. 2005). Instead of direct inhibition of PP1cδ
activity through MYPT1 T853 phosphorylation, its
phosphorylation may trigger dissociation of PP1 from
MYPT1 (Guillermo et al. 2002). Khasnis et al. (2014)
recently co-expressed PP1cδ and MYPT1 in mammalian
cells to reconstitute MLCP retaining characteristics
of the native enzyme. MYPT1 T696 phosphorylation
inhibited MLCP activity, whereas T853 phosphorylation
did not. Our recent results showed no changes in RLC
phosphorylation and force responses in bladder smooth
muscle tissues containing the knockin MYPT1 T853A
mutation (Chen et al. 2015). We found similar results
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Figure 10. MYPT1 T853 and T696 are not
phosphorylated in response to EFS in ileal
tissues from MYPT1SM+/+ or MYPT1SM−/− mice
A, RLC and MLCK phosphorylation responses to
30 Hz EFS. B, MYPT1 T853 and T696
phosphorylation responses to 30 Hz EFS. Ileal tissues
were from MYPT1SM+/+ (open circles) and
MYPT1SM–/− (solid circles) mice. Data are the mean ±
SEM (n � 4 from different ileum). ∗∗P < 0.0.01
compared to MYPT1SM+/+ at the same time. All RLC
and MLCK phosphorylation values were significantly
greater than the values under resting conditions.
Phosphorylation values for MYPT1 T696 or T853
were not significantly changed with EFS. The SEM
bars may be smaller than the symbols for the means.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



J Physiol 594.12 Physiology of MYPT1 phosphorylation 3223

in ileal smooth muscle tissues. Thus, agonist-induced
MYPT1 T853 phosphorylation does not appear to play
a role in agonist-induced Ca2+-sensitization in bladder
and ileal smooth muscles.

We extended these pharmacological studies on iso-
lated tissues with EFS aiming to investigate the signalling
modules involved with activation of smooth muscle cells
by the release of neurotransmitter. Studies using EFS to
initiate cholinergic neurotransmission in mouse bladder
smooth muscle tissues found that phosphorylation of
constitutively phosphorylated MYPT1 T696 and T853 was
not increased, in contrast to cholinergic agonist treatment
(Tsai et al. 2012). Similar results were subsequently
reported for gastric fundus (Bhetwal et al. 2013) where
the data suggested that the accessibility of nerve-released
ACh may be limited to a restricted population of
receptors, possibly expressed by intramuscular interstitial
cells of Cajal. ACh from neurons does not appear to be
available to smooth muscle receptors that are linked to
ROCK activation and MYPT1 phosphorylation, perhaps
as a result of the unique anatomical organization of
the neuroeffector junction in gastrointestinal smooth
muscles, which involves information transfer between
motor neurons, intramuscular interstitial cells of Cajal and
smooth muscle cells. We obtained similar results with EFS
in ileal tissues showing that EFS did not induce additional
phosphorylation over constitutive phosphorylation of
MYPT1. It is important to note that the amount
of force development with EFS in these studies was
similar to that obtained with cholinergic agonist-induced
force development. Thus, bath application of a high
concentration of contractile agonists to urinary bladder,
gastric fundus and ileal smooth muscles does not
mimic the physiological responses to cholinergic neuro-
transmission. It is not yet clear whether these neuro-
physiological responses are restricted to phasic smooth
muscles vs. tonic smooth muscles. However, it should be
noted that the myogenic response in cerebral and skeletal
muscle resistance arteries appears to include changes in
MYTP1 T853 phosphorylation as part of the physiological
signalling module affecting RLC phosphorylation (Cole &
Welsh, 2011). It would be interesting to investigate these
responses in MYPT1 knockout and MYPT1 T853A mice,
which do not show any apparent vascular derangements.

In summary, the results of the present study show
that the conditional knockout of MYPT1 in smooth
muscle tissues of adult mice results in a reduced
amount of PP1cδ without markedly affecting RLC
dephosphorylation and relaxation of pre-contracted ileal
smooth muscle strips. The knockin mutation MYPT1
T853A had no significant effect on RLC phosphorylation
and force development/relaxation responses. Finally, EFS
increased RLC phosphorylation and force development
in ileal tissues from wild-type mice without an increase
in MYPT1 phosphorylation. Thus, physiological RLC

phosphorylation and force development in ileal smooth
muscle appear to be dependent on MLCK and MLCP
activities without changes in MYPT1 phosphorylation.
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