


.. Differentiation Markers of the SMC Lineage

The unique physiological properties of SMCs are ulti-
mately attributable to the expression of a discrete subset
15 of SMC lineage-restricted contra
at  molecules and cytoskeletal elements including smooth
- muscle (SM)-a-actin (Acta2), SM-myosin heavy chain
C  Myhll), SM22a (Tagln), SM-calponin (Cnnli), telokin
le  (Mylk), and smoothelin (Smtn) (for review see 2).

ctile proteins, signaling

> Multiple studies have shown that the muscle-restricted
of  transcriptional co-activator myocardin plays a critical role

in regulating the “contractile SMC gene program” acting
le

via its capacity to physically associate with the transcription
) factor, SRF, which in turn binds to CArG box-containing

@ regulatory elements controlling the transcription of these
¢ SMC lineage-restricted genes (for review see 5). Recent
of  smdies have shown that alternatively spliced isoforms of
[C myocardin regulate transcription in smooth and cardiac
e muscle cells, respectively (6). Myocardin sits at a nodal point
. vhich is influenced by multiple
Eg ipon the myocardin-SRF

1109



myosm heavy chain (SM—

fevealed SM-MyHC is
al SMCs (7). Cell fate-

cells within the right
the failure to detect
n does not preclude a
ge: In the mouse
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sMC PROGENITORS AND STEM CELLS
gmbryonic Stem Cells

An understanding of the processes whereby SMCs are
speciﬁed and differentiate from embryonic stem (ES)
cells and/or progenitor cells is required in order to eluci-
date and distinguish lineage relationships underlying the
function(s) of SMCs during embryonic and postnatal
development. ES cells are pluripotent cells derived from
inner cell mass of the blastocyst possessing the
for self-renewal and the ability to differentiate
cell types. Multiple laboratories have shown that
- specific cell culture conditions, embryonic stem
ay be induced to differentiate into a population of
ched for definitive SMCs. Exposure to TGF-3
promotes ES cells to differentiate toward the
= suggesting that differentiation of SMCs is
least in part, upon signals transduced from
r matrix (26,27). At a transcriptional

xpression of the SMC lineage-restricted
tivator myocardin activates most, but
>-restricted genes in undifferentiated
lIs (28,29). However, myocardin is
ntiation of vascular SMCs from
1 (Myocd"~) ES cells differ-
nd contribute to the vascula-
‘ such, dependent upon
myocardin-dependent
N programs may be

.t e

EA

®)

Vi
loc
an
SH
sa/
ye
mi
Cx
ao
de
18

rej
in

8§ E<2E %

ce



P — - ——— -

well as hematopoietic cell lineages (34).

EMBRYOLOGIC ORIGINS OF SMOOTH
MUSCLE CELL LINEAGE

e Q -f”'m(S) of Vascular Smooth Muscle Cells

lar and visceral SMCs arise from multiple distinct
locations and origins in the embryo in a precise spatially-
; 1 Qrally-restricted manner. In the mouse, vascular
re ﬁrst observed on the ventral surface of the dor-
at embryonic day (E) 9.0—9.5 (35). For many
was believed that aortic SMCs were derived pri-
w the splanchnic lateral plate mesoderm (36).
e-mapping studies have confirmed that the first
SMCs in posterior regions of the embryo are
from the lateral plate mesoderm (35). However, it
gnized that these cells are subsequently
ymite-derived cells and that SMCs populat-
beyond the insertion site of the liga-
m are derived from the paraxial
ilarly, SMCs populating the renal
re derived from the paraxial
erived SMCs are believed
sclerotome (37).
also revealed tha




v

=

Lo7TTavvAL AU UWICL USSUCS dIld 1N aduit TISSUEs
following stress or injury (1).

Cardiac Neural Crest-Derived
Vascular SMCs

A subpopulation of cephalic neural crest cells located
between the mid-otic placode and the caudal boundary of
the third somite, designated as the “cardiac neural crest”,
migrate ventrally through pharyngeal arches 3—6, where
they invest and subsequently differentiate into vascular
SMCs forming the tunica media of the great arteries and
aorticopulmonary septum (for review see 40). As shown
in Figure 82.1, cardiac neural crest cells delaminate from
the neural tube and migrate to populate the 3rd, 4th and







near.t,lprollterate, and migrate in a precise temporal and
spatial pattern to form the epicardium. The proepicardial

ute-  organ disappears by the end of the 5th week of human

use  gestation.
first

\ In response to Friend of GATA (FOG)-2-dependent
signals from the myocardium (59,60), a sub-population of
eplCaI'dlally.-denved cells lose their epithelial character,
undergo epithelial-to-mesenchymal transformation (EMT)
and invaginate into the myocardium (61). It is not known
whether there are separate populations of epicardially-
ived mesothelial cells that differentiate into endothe-
, smooth muscle or fibroblast sub-populations. In the
nic heart, the coronary vessels develop from the
ds which are aggregates of endothelial cells
cytes that are not connected to the systemic
(58). Blood islands coalesce to form capillar-
h grow within the subepicardium. Subsequently,
SMICs arise from the epicardial mesothelium via
dergo SMC differentiation (62). These cells
vascular wall before the connection with the
(58). The coronary arterial circulation
tional capillary growth toward the
ultimately establishing luminal
of the aortic wall. Connection
aries and aorta is established at
b vo (63). Further differentia-
vascular SMCs occurs
ot coronary vasculature.
Jarger coronary vessels

ronary artery by build-
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ating ount for the unique SM phenotype. Many of these
frat 4€C re also relevant to migrating non-muscle cells.
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THE CONTRACTILE APPARATUS

The rise of intracellular Ca’" serves as the initial switch to
- on the contractile apparatus in smooth, cardiac, and
| muscle. The pathways subsequently diverge with
ding to the actin filament-associated protein, tro-
é@j‘jt;ﬁated muscles, whereas in SM Ca’" binds to
n (CaM) forming an active complex with myosin

permitting actin activation of the actomyosin
s-bridge cycling and contraction (1). A myo-

. and MLCP activities. Stimulus specific
Is of Ca®"-independent regulation occur
signaling pathways that modify MLCK
(2). Ultimately, all of these processes
tractile cytoskeleton responsible for
e event. Thus, an appreciation of

derstand the unique mechani-
=ded to carry out their special-
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General Organization and Relat;

: onshi
to Mechanical Properties i

erse,  The thin actin filaments, thick myosin filaments and dense
'plood bodies constitute a contractile unit in SM (3 4). In cross-
er is  sections of portal vein SM cells myosin filaments form a
eris- 60—80 nm lattice (Figure 83.1), with each myosin sur-
ictile  rounded by an orbit of actin filaments. The measured actin

ratios determined biochemically (6). At higher magnifica-
tion, cross-bridges project from the myosin filaments
(Figure 83.1, lower left panel). Stereoscopic imaging of
hngltudmal sections revealed a longitudinal order of 3—5
. ,bonng myosin filaments 2.2 pm in length (3) that
ns1dered to be the A-band of a mini-sarcomere

| myosin filaments (2.2 vs. 1.5 pm)
| ty- of SM to develop nearly the

dense bodles
'aments and make up the
yands of striated muscles

positioned for a sliding

) (4). In cultured SM
yme focal adhesion sites
omplexes where the
ellular matrix. The
1so found at striated
lize to dense bodies
arant that like focal

to myosin filament ratio is 15:1 (5) in agreement with '



jscle My@

qml“’m M

\f: jation ¢
it s filw
u\x"“’h ‘"""mg A"l“l’ and
ﬁ“wl (lllls ‘m‘lyzes i
il ‘o‘pa“‘ hy \ the packbone.
"d»t"'do' t ‘w‘: pridge: the moto
OSS*

¢ qwings fron
arm 8 .
ook of e ever pase of the m

. wdd\" at at the 10 nm (10)
::un P‘;‘“:..no:cz:’,,@.l light ¢
Mdn,;hl “M:; chain (R}l‘l(éf‘(f)' h“::‘u:
:;‘”m p°l'f“'““y' = o m
mod“u” sl ent of the aver Aan
w‘l ::: at the t‘ulcn:m of lr'::;
e ever i .
artel "(s:zo ’tglfgfj“)“::ul basic (El
ﬁ;‘v““ld‘;n(o Cooﬂ.wrmhml ami
ﬂﬁ“‘mu of a single gene (1D). 1
prodie Gic and ELC 7 with 1
; of the two isoforms on contt
hough ELC7 isoform exc
SM lead to an increase in
of force development by
§ (12). Regulation of S
liscussed below,
a single myosin heavy
cing of two sites givi
nd SMA with or with
¢ ATP-binding pocket
drolysis and ADP rele
mino acids respectively
thought 1o contribute (
ament formation (|-
the ability of SM| g,
ments, reviewed jny (|1
/ 08 of all four My
g may express one (
acld insert confer

assoc

1es in a longitudinal section of a spooiv
ein ,
0 SM cell. Filaments are spread out, revealing relationbps

associated actin o neighboring myosin filamett

that emerge from cytoplasmic dense bodics ()
they are adjacent (o (overlap) myosin filameot ""
) do not run paralle! 1o the mini-sarcone®
gonnect dense bodies (double amowbead) (7™
With permission.)

ming

come®

run parallel to the mini-5"
linking up to dense b 5
g a non-contractile ¢ 10ske o
st of two proteins: (k‘,;mcr”’
sed individually (»f wmpﬂ”d
vely increase in hyp¢

slies ¢

m‘"mumm I
Bels and i
im (1), 'l'lu.-l’vh
led myoniy
& Helvied

16 forey devi
Iy iy these |

Y
o5 g
scle my o 0

pamily "




3.2 Mini-sarcomeres in a longitudinal section of , 'm
a1 vein SM cell. Filaments are spread out, revealing relaiong,
es with associated actin to neighboring myosin filae,
(arrows) that emerge from cytoplasmic dense bodies (@)
to where they are adjacent to (overlap) myosin filamenis T
its (arrowheads) do not run parallel to the mini-sarcomereic

sar to interconnect dense bodies (double arrowhead). (Fron
nlyo, 1982 (4), with permission.)

). They do not run parallel to the rnini-SafCofm‘esf
Hat ly oriented llnkmg up to dense b()('hes(:1
rcomeres forming a non-contractile cytosk_ele“’ '
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bring into play additiona] corre

ctl i . =
ments as the muscle shortens y oriented actin fila

CONTRACTILE REGULATION

The contractile ation in SM is distinctly different

les where Ca’" binding to troponin
acts as a derepressor removing the
sonin. In SM, Ca’™ is a true activa-
- ATPase activity of the dormant
activation is through phosphoryla-
y the Ca,CaM-dependent MLCK
tosolic Ca?*. Double-headed myo-
ation (22). Phosphorylation of both

W
b L/C C lf\v‘ \ b




SRR racun-binding inte.r. . ¢ head is “plocked”
domain of its partner hge 'gte ACe abutting the converter
d .
hosphorylat; Preéventing hydrolysis. Upon
phosphorylation the heads Straighten Thy ysis. Up
resembles the Much-studieq e AP
- Cules, distinctive of ¢

- I :
ther this asymmetric head—head interaction occurs in

g s either isolated or in vivo. Interestingly,
” cycling non-phosphorylated cross-bridges
'30p up t0 40% of maximal force indicating that
ircumstance unphosphorylated heads are not
27). Using cryoelectron microscopy and fit-
,'r‘,e SM HMM atomic structure, this asymmetric
on of the heads has also been visualized on iso-
-phosphorylated cardiac and tarantula myosin
“which are stable in contrast to SM. This is sur-
‘the major “on” switch in cardiac muscle is reg-
ough Ca’’ binding to troponin with light chain
jon only playing a modulatory role under

g this asymmetric head state may

e of the heads on the filament
neral and being more stable in
tions of the off state are not
| atomic structure. A recent
TP turnover data and on the
- two SM myosin heads with
bound at any point in time,
ependent  equilibrium
‘7’-5« the active state
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ated inhibitory prowwu v —
g the converter yl ucleotides can activate MLCP thy,, ; otherp'ﬂr\

drolysis. Upon  cyclic n \ i ety
l)i,S rcoillformation lation of telokin (31) or bmd.mgzto the C-te; in?‘:ph()ry“
, myosin mole-  zipper of MYPTI, reviewed in (2). Ultlmately ! ey

: 1 nler.
Jle myosins, that ~ domains and high-resolution s}tlruc.tures are pe, ;]c
d 68 active con- insight into the molecular mechanisms underjy;,

o be determined  processes. U
raction occurs in

vo. Interestingly, ACTIN

ad cross-bridges )

e indicating that  Thin filaments are two-stranded helical polymer of
ed heads are not  with the two strands crossing at ~36 nm encompassin
roscopy and fit- seven actin monomers. Asymmetric actin MONomey
this asymmetric  (G-actin) polymerize to form actin filaments (F.acﬁn)
isualized or 5—8 nm in diameter. Based on weight, the ratio of actin
yosin is strikingly different in SM compared g
skeletal muscle, 3:1vs. 1:3 respectively. T
f actin to myosin filaments is ~13:1 in $M
83.1) in contrast to 2:1 in striated muscle. Arterial
omewhat higher ratio than venous SM. The total
n content in SM is ~5 times less than in skeletal
yet it can develop equivalent maximal force/myo-
Cross section (6). In motility assays the rate of move
of smooth and skeletal actin over phosphorylated of
Phosphorylated myosins, with and without a load was
erent (32) in keeping with their similar biochem’
perties. Thus, SM actin is not making a major o

R.‘o the different contractile properties of smooth
lated muscle.
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d Contractility
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: .,;s_: ,0d101ty elong the actin filament. Ca2* bin difig
R _‘_Sults In a shift in the position of TM allow-
ﬁ'g actin and myosin, known as the “steric
1. Troponin is absent in SM yet the shift
/er lines of the X-ray pattern considered to
ement of TM occurs when SM is activated
erpretation is correct other Ca-binding pro-
aldesmon (CD) may play a role to control
ieless, while there is evidence for Ca%t
% thin filament, albeit largely in vitro, Ca/
sphorylation of myosin RLCy is tbe
or for activation of force in SM whl}e
| e Caz+-regulated through the troponin
1 filament. On the other hand CD regu-
ents has been proposed 0 explain

some conditions can occur at hlgh
' (reviewed in 42) and 1n

hosphorylation
RLCZ((i)oFNn of CD 1so-
hieved. Caldesmon
is a widely
thin filament
M (reviewed in.41).
h-CD is restricted
hosphoryleted,
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emodeling, with structural changes in
81ve elastic elements that modify the
of active and passive force produc-
liance and the ability to shorten

jonship between shortening velocity
bed by Hill (65) for skele-tal muscle
th muscle tissues and smgle.cells
in shape of the relationship in the
aken as Strong evidence for the
~ imilar cross-bridge mechan-
e production is the same or

maximum velocities of
«ole are much slower
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f light chain phos-  sartorius; ©, data for (775
uent isometric  with permission.)
the relative
Indeed, a Latch
th only a smooth muscles, such as the

p. 2 in invertebrate : Nty
: mrgg O(ff t():;sr;zlsnretractor muscle (ABRM) of Mytilus edulis, shnor
eg

ich is similar in many ways Ow

se to a large the catch st:;llter,n;"sf:lzl; lz:atch A Enditing );hattoev y
Ome cooperative  brate smoot lopment and the cessation of ey
75) (discussed following force develop - . Stimy,
tion, characterized by a Prolonged period  (minyge,
hours) of high force malntenailnce, high Tesistance {
stretch, no force recovery on qulck—relc?ase and €Xtremg|
low energy cost when intracellular calcium concentrations
ave returned to just supra-basal concentrations. This i
ontrast to the initial period of stimulation, whep there

aigh intracellular calcium concentration and fo,
ment, high rate of energy usage and the muscle
ce redevelopment following quick release
tebrate smooth muscles, where the economy is
cross-bridge kinetics, we now know that the
my in catch derives from the fact that the
witchin acts as a force-maintaining tether
n and myosin filaments (see review in 79).
, catch-like mechanical behavior, expressed
ce of force redevelopment following quic_k
y force maintenance, was noted during tom¢
ertebrate vascular smooth muscle by ¢

C .‘.v._(79).

ured shortening V'
jal smooth musclé
' velocity duriné
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s of a contraction. The similarity in the time course
tchaﬂges in shortening velocity to the time course phos-
rylation of the 20 kD light chains of myosin together
Pho ene[getlc evidence (72) led to the development of a
nodel £ s known as the "latch” state of mammalian
i ?!s,; mechamcal and energetic similarities
d the term "latch." The latch-bridge
1nto one in which the unique proper-
result from the dephosphorylation
1C ge The idea that high force output
yosin light chain phosphorylation
‘the basis of phosphatase activity
sed by Driska (82) and Hai and
uggested that myosin light chain
d for the transition of the cross-
ucing state, and that phosphory-
igh the normal cross-bridge cycle
2‘ nt and detachment of the cross-
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Potentia] generating  significant force

4t Contributors to the latch state.

The observation that velocity of actin filame
m\ent in the in vitrro motility assay depended on t
ot phosphorylated to unphosphorylated myosin S.uggests
that the two cross-bridge populations can 1r.1tera.ct
mechanically. The experiments were also interesting 1N
that they showed that unphosphorylated smooth muscle
myosin could impede skeletal muscle myosin to a greater
extent than it does phosphorylated smooth muscle myo-

in, str y suggesting that smooth muscle cross-bridges
ter fraction of their cycle time in the strongly
e producing state than skeletal muscle
ich was directly confirmed at the molec-
mgle molecule force assays (98,99).
ﬁlonger myosin filament (3), would
of smooth muscles to generate as much

nt move-
he ratio

S1il, Srong

N\

o R, |

w

v O

—



wow | esium, SOdium

[ R t & ) an d
sain 0% Cqels in Smo
A chan" oth M,
N L .
kali, Asif R. Pathan, Sujay V. Kh d
“\l% \ eshan' h::( :h':,a-macolag)’ and Toxicology, College of Med::',.ae, le’"i’re‘:i:;: r

W
(oDUCTION

Jasma membrane of a vasgular smooth muscle cel]
e P expresses unique populations of K™ channels, and
(SM% currents generated by these channels regulate
e
st ¥

ical coupling and contraction of the blood
letr® all. The opening of K" channels in the SMCs
K efflux, and this hyperpolarizing current con-
the resting membrane potential (E,) of the
motes vasodilation. Multiple types of K"
a work in concert to regulate the level of
to establish excitation patterns in a single
Ily, the vascular SMCs can form electri-
h adjacent endothelial cells to establish an
he blood vessel wall that, under
rmit tissues to be perfused
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v
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SMCs of the b f Membyane o
CharactEris[icS tha vessel wayy. A EBw) to the
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; Properties of
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ge of restj . O Striated myge :
between —g() mvnf,f” in Vascular SMcg cells. First,
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more depolari IV ik 0 o oAl
b polarized than the Chis considerably

=10mV gener range betwee
ally obseryeq ; tween —~90 my
muscle cel ed in cardiac and
e lg. Imponamy‘ the g S skeletal
S 1S near or eve esting E, of

: n resides withi
range for opening of voltage-gated c&*lnch‘:in::e;hﬁ?

thfa level of E,;, in SMCs is regarded as the primary deter-
anant of contraction because even small reductions
in Ey, corresponding to SMC depolarization will result in
the opening of voltage-gated Ca’" channels, Ca** influx,
and SMC activation. Second, vascular SMCs rely more

predominantly .than striated muscle on the inhibition of
resting K efflux for depolarization, because the plasma
membrane of SMCs often lacks the dense expression
of fast Na* channels that mediate the initial excitatory
inward current in cardiac and skeletal myocytes. F|.nally,
SMCs appear to be electrically coupled o adjacent

i 1l that line the blood vessel lumen by gap
e, Ce’ itting ionic crosstalk between these
junction proteins, permitting

11 types tO |ectrical events and the level
two cell ty! ;
of excitability W

inate €

g, ood vessel wall. In healthy
individuals, the en
effect on the vas

ial cells exert @ hyperpolarizing
and blood flow to

focuses on the structure and
hannels in vascular SMCs.
nels, the voltage-gated Na "
also are considered since
their role in regulating vas-
tion of these ion channels
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potential (E,) ¢
SMCs of the blood vessel wa]) There are sever)al I?niqtg:

cell  characteristics that distinguish the electrical properties of

and  yascular SMCs fr.om those of striated muscle cells. First,
‘. . ) f_,g_,of,ljestmg E. in vascular SMCs is generally
00d  petw '. d =35mV, which is considerably
1 than the E., range between —90 mV
ally observed in cardiac and skeletal
lantly, the more positive resting E,, of
even resides within the lower E,,
Itage-gated Ca’* channels. Thus,
is regarded as the primary deter-
n because even small reductions
p SMC depolarization will result in
ated Ca’" channels, Ca’" influx,
cond, vascular SMCs rely more
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>0 uIten lacks M e
i acks , ,
of fast Na channelg th the dense expression

inward current i ey . mediate the initial excitatory
ST Cardiac anq skeletal myocytes, Finally,

; ~h 1‘p11) ar to be . electrically coupled to adjacent
?“ 0‘_ elia Ce}ls that line the blood vessel lumen by gap
junction proteins, Permitting jonic crosstalk between these
two cell types to coording

Sert te electrical events and the level
of excitability within tp

¢ blood vessel wall. In healthy
individuals, the endothelial cells exert a hyperpolarizing
effect on the vascular SMCs that promotes vasodilation
and blood flow to dista] tissues.

(™ Channels

(K,) channels are multi-protein com-
common properties of K selectivity
t activation. More than 40 mammalian
e-forming o subunits of K, channels,
Smembrane proteins that mediate
Cross  the plasma membrane (1).
ubunits contain six transmembrane
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SMCs. The K" channels include the two pore domain (K,p), inwardly rectifyré
sitive (BKc,) K" channels. Voltage-gated Na* (Nay) channels, volume-regulated CT (Ch!

sed. These K" channels interact with the ryanodine receptors (RyR), inesidl
hannels and L-type Ca®* channels (LTCC) to modulate SMC excitabilit-
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abnormal oscillating E,, pattern (rlgqtablishes »
A higher concentration of 4-AP (]O'mM) ‘C- the SMCS
qstained and - profound - depolarization 0% ™ occur in
‘\Fl‘-‘,uw 84.2D) (2). Similar excitatory responses f many
\‘;0!]86 to block of K, channels in the SMCS O‘dering

| otiwr vascular preparations. Not surprisingly consl
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eir important dilator function, a loss of Ky channels h;l;
). heen observed in pathologies of elevated vascular t(.)l
) 9-11). Thus, the K, channels broadly mediate vasodi a-
E ijon in many vascular beds and may play a critical role in

puffering abnormal vascular tone.
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which may be 10-fold higher than the
generated by K, channels. Thus, the
%f_unleashes a powerful hyperpo-
SMCs. As reviewed elsewhere
orming o-subunit shows partial
channels in six (S1—S6) of its
embrane domains that confer
pore-formation (Figure 84.3A).
nal property of Ca”"-sensitivity
red by four intracellular domains
interaction of a unique extracellular
' bunit. Unlike the c-subunits of
from multiple gene families,
ise from a single hSlo gene,
rsity is generated by a high level
‘notoxm, a scorpion toxin,
els when applied to the

A he small arteries
nd renal circula-
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SME;? aBnI(?C;rzh;:rriieglsﬂarf den§ely e?(pressed in vascular
e d o arly evident in the small arteries
.. e cerebral, coronary, and renal circula-
\ show a high level of pressure-induced
constriction (“myogenic” tone). The
, to pressure in these SMCs coupled
r Ca®" act synergistically to activate
hich in turn, act as a biological
er depolarization and SMC activa-
pels in some SMCs appear to be in
e IP;Rs and RyRs in the sarcoplas-
he Ca’" released by the RyRs is a
1 ._. opening of BKc, channels
'Accordingly, deletion of the hSlo
he pore-forming a-subunit of the
loss of membrane hyperpolariz-
ward currents (Figure 84.3D) and
assure elevation associated with
T;. endocrine abnormalities (14).
e BKc, channel 3; subunit gene
the Ca’'-sensitivity of the
h arterial activation and
rsely, genetic epide-
-of-function BK,
romotes BKc.,
inst - diastolic
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els are compC

vely. S
D) Diameter me:
it the more negative

W“sxrimion that predo R (Panels

cerebral arteries of Kir2.1”- mice lacking the a-subunit
0 encode vascular K. channels show an inability 1O
glate in response to elevated [K,]. Thus, the capability

respond 10 local metabolic challenges by increasing

ral diameter and blood flow may rely in part O the
l(_‘charmels 0.

1wo Pore Domain K™ (K,p) Channels

13_01'5 domain K" (K,p) channels are structurally
channels with two pore (P) domains (rather
rd single pore) in each a- subunit, which
membrane domains (Figure 84.5A).
emble to form the channel pore.

e cloned in the 1990s was
ndem of P domains in a
* channel) (22). Since the
es coding for Kop channels
igned to the KCNK gene
ibdivided into six classes
| and biological properties

ypically open at negative
ften referred to as “leak”,
K . They are pos-
vascular SMCs
nts in response to
prominent KCNK

TASK-1, which

w. v

K, channel. Fi . :
(A) Topology of the K ! our a-subunits co-ass 4
“sed of 8 Kir channel ass(w}u'led with a sulphonylurea rcces;ll:)‘?l(csll};fong a functional
80 mmHg (lower). Pressurizing |hc;mcry from 15 mmHg 10 80 mun :l (d) R?t Sercbral
block of Kir channels by barium (Ba®") caused a depolarization that wags r:g?ca;ﬁ:ml?ie

¢ corresponding the E,, responses in (C). Block of K. _ 99
C and D reproduced from W et al., 2007 (20), with ,';;:13’"‘:2': )by Ba’" induces

may contribute to the resting E,; of the ;
pulmonary artery. The TASK-1 protein hassxgesn(je::zz
in th.e.pulmon::ry SMCs (Figure 84.5B), and appears to be
sensitive to changes in i ]
stimuli that regu%ate pull)zz):g DU aeks et SRRl
ry vascular tone (24). For
example, the Ey, responses triggered by changes in pH in
pulmonary SMCs have been attributed to the opening and
closing of TASK-1 channels (Figure 84.5C) (24). Another
type of Kop channel, TREK-1, is thought to be activated
by arachidonic acid and other polyunsaturated fatty acids
(PUFAs) in addition to membrane stretch, pH, tempera-
ture, signaling molecules and anesthetic agents (23).
Initially the dilator response to PUFAs was reported to be
abolished in isolated basilar arteries of TREK-1"/" mice
(25), but new observations in similar animals suggest that
PUFA-induced dilations do not rely on K,p channels (26).
Currently, the characterization of these channels is con-
founded by the lack of specific pharmacological blockers
and the need to design and characterize Kop channel-
specific null mice. Regardless, there is sufficient evidence
to regard these newly discovered K™ channels as potentially
important regulators of vascular tone.

K* Channels in Non-Vascular Smooth

Muscles
channels between yascular

Direct comparisons of K
been rare, but the SMCs of
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mooth Muscle Cells -

mhed on ndir f in cultured SMCs, which are known to
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md inactivation curves for the Na* current were plotted
1 window current between =40 mV and —20 mV was

revealed (Iflsl{fe 84.6B), suggesting that Na, channels
may be active 1n the range of resting E,,, found in vascular
SMCs (43). The functional role of Na, channels in regu-
Jating vascular reactivity has been explored using the Na,
chmnel opener veratridine, an alkaloid that slows channel
Vs '{k; on. [ endothehum-denuded rings of rat aorta,
tridine potent \‘constnctlons to low concentrations
polarizing agent KCIl, and tetrodo-
striction as did pharmacological
exchanger (45). These results
ough Na, channels in vascular
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1 the resulting rise in [Cal; con-
f’a, m. A similar coupling of Na,
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. pigher organisms. In this chapter, we will g1v
0 w on GPCRs involved in the regulation o
\nuscle function, and we will describe basic signal trans-
nluc‘don mechanisms employed by GPCRs to regulate the
?one of smooth muscle cells.

G-PROTEIN-COUPLED RECEPTORS

malian genome encodes about 400 non-olfactory
-coupled receptors that are activated by particu-
nes, neurotransmitters or other mediators. Once
has been activated by a ligand, it couples to a
peric G-protein, which in turn then regulates one
al effectors like second messenger-producing
Or 1on channels (1,2). This modular structure of
Diein-mediated signaling system is the basis of
gunctional versatility of the GPCR system.

Bat least four basic families of G-proteins which

edby particular G-protein a-subunits, G, G,/G,,.
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TABLE 85.1 (Continued)

Ligand Receptor(s) G-Protein Coupling
Serotonin S:HT1anB GG

5-HTye G/Go
5-HT a8 G/Gny

X
SST, G/G, x'
Go/Giy, Giz{Gw % :
GG, GG

B 7
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iy Contraction of M. detrusor vesicae —, Emptying of urinary bladder
arpin (local appl.) Contraction of M. sphincter pupillae - Miosis

: Vasoconstriction :

_____ ~ Vasoconstriction
Induction of labor
Uterus contraction

Bronchial relaxation (bronchial asthma), tocolysis

Vasodilation

e T Lo A L o

; Vasodllatlon (hypertensuon)

_ Relaxation of lower urinary tract smooth muscle (benign prostatic hyperplasia)

~ Vasodilation (arterial hypertension)
asthma)
e — Mydriasis
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laxation of M. detrusor vesicae (urge inconti
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on of pulmonary vessels

| prostaglandin D,-dependent ¢
L,«_:‘:!,‘Cid therapy

. ites. Many
distant ! o
g, & Jacen( cellf act throt GPC!;zslsal
autonomous nere s ulators pile the
of these smo g quscle fu“cl,l, auscle ton g
3 8

smoot n ated ST e
modulate PcR-medl  different oess
mechanisms 0 Y ;

very o e '
uil::/ilot;'l ‘::organ § c‘ﬁvcar; mfou:rt !Y o8 n-speclﬁc

Jato!
uscle reguld expres® i
scentor Subt ype 1 More ™ re cll-* 0 Om of 8 moolh‘



Lal'opipram

Ire intimately linked to the regulation of peri-

'ggtr01ntesF1nal Smooth muscle. Similarly,
imonary . diseases, in particular bronchial
M an increased tone of bronchial smooth
wide variety of GPCRs expressed spe-
smooth muscle organs makes them
gs interfering with organ-specific
ons. In fact, many drugs have been
y or antagonists of GPCRs expressed
> ’-‘;m order to regulate their functions

e quite heterogencous, depenqmg
2 which they serve their function.
ontrol the diameter, wall move-
<s of hollow organs like the vascu-
Bestinal or urogenital system' as
yariety of myogenic regula-
n of smooth muscle cells
al stimuli released from

Relaxation of pulmon

Reduced prOStaglandil
nicotinic acid therapy

autonomc
of these s
modulate
mechanisr
ulation are¢
sitivity of
muscle reg
receptor st
smooth m
the respon
which typi
muscle cel
proliferate,
produced n
by smooth 1
to better ui
isms used b
under phys
to identify :
regulation ol
logical cond
to develop |



ques . T pWALDd LY
and oscnllations. This

) g resyl
' lon transport and pumyp S from (he A

SR, and mitochong Proteins locageq : ctions of
. 0408, “The aim of i the PM, the

S chy of Ca®" signaling,

U OF Ca®* IN SMOOTH MUSCLE

Ea’ entry into the cytosol is regu-
iflux of Ca’" via the plasma membrane
Na+/Ca2+-exchanger in reverse mode
at out of the cell), and/or release of Ca"
lar Ca?" stores. Ca®" entry channels
e, receptor- and store-operated Catd

-‘“Q,, Ca2* Channels
s the SMC membrane plays
— control of all phasic and some tonic

ontraction, through its depolarization and
ux of Ca?* through voltage-gated

-,tential acros
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gusitive to TEA (3). DHP-sensitive Ca?" channels are
capable of opening at moderate depolarizations (—40,
-20mV) and generate the so called “window current”,
which causes a steady increase in intracellular Ca’t asso-
dated With the development of tonic contraction ()

Na*
Ca2h

RyR

J &
dea,l’%ipathways in smooth

f IP,R. Ca®
SR, which

Ca?* Ca?* Ca?* Ca?* Ca?* Ca?* Ca®’
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underlying the upstroke of the propagating action potential in phasic an
VGC can trigger Ca®"
ates phospholipase C (PLC) generating diacylg

ot
* release through IP3R can additionally

cation channels (NSCC), non-select
(NCX), leading to Ca”" entry. Muc
and mitochondria. Cycling betwe

entry in smooth mus-
e hat represent different
ical coupling in smooth

activate voltage-inde
. pende; 2+
cle cells in three differemn tWCa
aspects of pharmaco- iy
muscles.
The first type of ROC
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the model of capacitative é);ried fee
operated Ca’>" channels (SOC)

mooth muscles is
entry gCCE) via store-
(6) (Figure 86.2). The

Ca?* entry
Ca? removal
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ca2* ATP | ADP

Na* Ca?*

CaZQ

Na

Na' Spike
(e 38 3 2

A3 Cazo

IP;R ATP

CaZo

nels (VGC) are opened by
d steady state graded Ca®*
) or indirectly (via increasing the SR Ca”" load).
yeerol (DAG) and inositol trisphosphate (IP3).
receptors on the SR, causing local (Ca2t
recruit adjacent RyRs. Store depletion
translocates to and activates store-operated channels (SOCs). The elevation
ive receptor operated (ROCs) or SOCs may
h of the Ca”" entering the cell and released
en SR Ca*" uptake and release mechanisms
and forward mode operation of the NCX.

muscle cells. Voltage-gated, L-type Ca chan
sparks directly (via CICR

+ entry, while IP; activates IP3

mbrane Ca>* ATPase (PMCA)



’l\
of Q.. 20d 1 O§¢ or Sig o HOD g
or SMe st n?ften o Watigy, . Puffs), O‘Saof [ caliz:g
R‘ ulation dg on €s in iffe Bating (v,2+
¢ Strengy, an:j.em tYpes of
me

1 Ca™" transient :
vithout A Cbzzilgziﬁca““-‘/ underesti-
Speed of ions through chann:ilrance B
transients, but the stead Bt dommaztf
echanisms int e s Co

e o play, and they are a major fac-
pnins steady state [Ca’']. A Ca®’ influx
1 conditions estimated at 16 pmol/l per minute
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contribution of each to Ca®" clearance component

dependent on conditions and smooth muscle tlype
rally rely on inhibitors and often are line-

(39). In uterine smooth muscle, 35%
NCX and the remaining attributed to
€lls isolated from mouse aorta, NCX
f the Ca’*-extrusion following inhibi-
cyclopiazonic acid (37 Mitochondriaj
50 be a factor under certain conditions,

finity is thought to be relatively low
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Hre e CONCLUSION
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Focal Adhesion/Actin Interactions

Over 150 proteins have been suggested to bc? cont.ameil.r:;
focal adhesions (8,9). Focal adhesions, via integrins, 11 :
the extracellular matrix to the actin cytoskeleton O
smooth muscle cells. Interestingly, dystroglycans are al§0
known to connect the extracellular matrix with the actin
cytoskeleton through an organized set of proteins, the
dystrophin—glycoprotein complex, and are known to be
~ present in smooth muscle. However, the function and sig-
' of the dystroglycan complex in smooth muscle
ly understood.
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e generated by the myosin-containing
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‘addition of striated muscle sarcomeric
the tendon.
?-also facilitate signaling pathways that
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FIGURE 90.1  Simultancous measurement of force (black lr'ace) and calc:urmged with PSS (pH7.4, 37°C) followed by high o md““
neously contracting strips of human myometrium. In (A), strips were super U: (0Ca, black bar) on inhibition of SPontaneoy SSiup 4 r:»,l’
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ROl _houghout the Myometrium, prompting contraction %"
Y at the whole organ level, and are thus, 3%
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ogenic vasoconstriction. Central to myogenic constriction membrane depolari-
ivation of myosin light chain kinase and the phosphorylation of the 20 kD myosin
C»oP) allows acto-myosin interaction, cross-bridge cycling and contraction.
diated myosin phosphatase inhibition potentiates MLC,oP and enhances
ement through mechanisms likely to be dependent on integrin-mediated
tinct spatiotemporally confined roles including the regulation of Ca?*
2*_ (From Hill et al., 2009 (57).) 3
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FIGURE 94.3 Gap junctions connect separate cell layers in the vessel wall enabling conducted responses. Local stimulation using agonisis
(initiation) that act on endothelial cells (EC; acetylcholine, ACh; bradykinin, Bk) or smooth muscle cells (SMC; adenosine, Ado) hyperpolarizes the

% ‘wﬁgﬂn\)"ngﬁacﬁvaﬁon of K*-channels. The hyperpolarization is transmitted along the vessel wall through gap junctions that couple either EC of
~ SMC homocellularly by different connexins (Cx) as indicated. The conducting signal may be amplified by K*-channels. In spite of amplification, the
signal dissipates with distance, which is most pronounced in SMC, possibly related to higher intercellular resistances (values from reference 37) anda
larger number of cell men!branes to be crossed. Heterocellular coupling between EC and SMC (myoendothelial) may allow direct current transfer
from EC to SMC and provide a molecular substrate for dilations accounted for by an endothelium-derived hyperpolarizing factor (EDHF). Howeyet

N it EDanl.;plznay.be f;-;lsen:e:dndf;t::nall(l{ IEL, internal cla'slic lamina; Vyy, membrane potential; Dia, ioneter, Koe Ca? '-um‘\ ated, Karp, ATP-
m“tbﬂinesfil:i‘;la‘) Y 2 , ‘channel. respectively. (Modified from de Wit and Griffith, 2010 (38), with permission from Springer

Deletion of Cx40 results in an attenuation of dilations
at remote sites in case the local dilation is elicited by 3
Zubstance lh.at requires the endothelium (endotheliunr
ependent dilators, such as actylcholine or bradykinin)
(3). Although this highlightsatie role of the endoghelis
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FIGURE 102.4 The major pathways (shown with green arrows) resulting in relaxation of the corpora cavernosal smooth muscle tissue that occurs
with an erection. Smooth muscle tone is maintained through balancing pathways that either phosphorylate (and cause contraction) or dephosphorylate (and
cause relaxation) myosin light chain (MLC). Nitric oxide (NO) produced by neurogenic nitric oxide synthase (nNOS) or endothelial/ constitutive NOS
(eNOS/cNOS) diffuse into corporal smooth muscle cells. NO activates guanylate cyclase, raising l;h\‘ levels of cyclic GMP (cGMP), through its action on ion
channels and intracellular Ca’" storage sites, lowers intracellular calcium concentrations [Ca®"},. Lower [Ca®"); reduces the activity of MLC kinase
(MLCK) which shifts MWWWIZM MLC and relaxation. Calcium sensitization pathways (by contractile agonists, such as endothe-
lin-1) result in the activation (ROK) or CPI-17 pathway, causing heightened tone by inhibiting smooth muscle myosin light chain phospha-
tase (MLCP) either by d

suggest that cGMP also inhibits the presynaptic release
and contractile effects of the adrenergic contractile neuro-
transmitter, noradrenaline.

The role of NO in initiating an erection has led to several
groups researching treatments of ED based on increasing
local levels of NO. Several approaches have been shown
to be successful in animal models, such as increasing the
levels of nitric oxide synthase (NOS) through gene transfer
or increasing the L-arginine concentration (the substrate
for NO production) either by direct supplementation or
inhibition of arginase (10). A recent development which
has proven effective in animal models of ED is to increase
local NO concentrations by applying nanoparticles encapsu-
Jating NO which are capable of transdermal penetration
dincdytomedemﬁsofmepenis(ll).

Breakdown of ¢cGMP in the CCSM is achieved

through the action of phodiesterase-5 (PDES). The
B SUCCES! g iments for ED, Viagra (sildena-
this enzyme, and result in increased levels of

d Levitra (vardenafil), are inhibi-
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> pems.  to be %uccessful in ammal models, such as increasing the
timpor-  levels of nitric oxide synthase (NOS) through gene transfer
vessels.  or increasing the L-arginine concentration (the substrate
erelaxa-  for NO production) either by direct supplementation or
ral trans-  inhibition of arginase (10). A recent development which
sed from  has proven effective in animal models of ED is to increase
| where it local NO concentrations by applying nanoparticles encapsu-
mtracellu-  lating NO which are capable of transdermal penetration
induces a  directly to the dermis of the penis (11).

vating the Breakdown of cGMP in the CCSM is achieved
guanosine ,the action of phosphodiesterase-5 (PDES5). The
successful oral treatments for ED, Viagra (sildena-
lafil), and Levitra (vardenafil), are inhibi-
e, and result in increased levels of
ng sexual stimulation (12). All three seem
ilar efficacy profiles, being effective in
patients. Although all these compounds have
“hanism of action they exhibit different phar-
., Whereas sildenafil and vardenafil have a
'ut 4 hours, that of tadalafil is much longer
1y 17.5 hours) which is associated with a




