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Small arteries and arterioles constrict in response to
increases in intraluminal pressure through a process
called “myogenic tone” or the “myogenic response”
(McCarron et al., 1989). Development of myogenic tone
has profound physiological implications; it contributes
substantially to regulation of systemic blood pressure,
maintenance of capillary/tissue perfusion, and auto-
regulation of blood flow to specific organs, such as kid-
neys and brain (Davis, 2012). Thus, understanding the
mechanisms that govern the myogenic response is ger-
mane to our understanding of the cardiovascular sys-
tem as a whole. The current thinking is that myogenic
tone is regulated by a “push/pull” relationship between
vasoconstrictor and vasodilator mechanisms, both of
which are regulated through focal increases in intra-
cellular Ca** concentration within cellular microdomains
(Hill-Eubanks et al., 2011). The interaction and prox-
imity of these two vasoregulatory pathways are critical to
the regulation of myogenic tone and proper vascular
function. However, even with the breadth and extent of
investigation into the myogenic response, a definitive
model of the structure, localization, and composition of
these cellular-signaling domains remains elusive.

Karlin (2015) describes a new model of an arterial
smooth muscle cell that, unlike previous models (Bennett
etal.,, 2005; Kapela et al., 2008), incorporates five inter-
connected Ca®* compartments and 37 separate protein
components into two distinct microdomains. When
tested, the proposed model accurately recapitulated the
changes in membrane potential and intracellular Ca**
observed experimentally in response to increases in
intraluminal pressure. Moreover, when used to simu-
late pressure-independent responses to vasoconstrictors
(ATP, a-adrenergic agonists) and vasodilators (nitric
oxide, epoxyeicosatrienoic acids, B-adrenergic agonists),
this model continued to accurately represent the
changes in smooth muscle cell membrane potential and
intracellular Ca** recorded experimentally under the
same conditions.

Correspondence to Mark T. Nelson: mark.nelson@uvm.edu

The Rockefeller University Press
J. Gen. Physiol. Vol. 146 No. 2 129-132
www.jgp.org/cgi/doi/10.1085/jgp.201511468

Mechanisms of pressure-induced dilation and constriction
Of the mechanisms that regulate the development of
myogenic tone in smooth muscle, the best defined is
the major vasodilatory pathway that opposes myogenic
constriction. This pathway involves large conductance
Ca*"-activated K' (BK) channels and voltage-dependent
Ca®* channels (VDCCs) in the plasma membrane, which
are closely aligned with one another and with ryano-
dine receptors (RyRs) on the sarcoplasmic reticulum
(Brayden and Nelson, 1992; Nelson and Quayle, 1995;
Nelson et al., 1995; Jaggar et al., 2000). Intravascular
pressure-induced membrane depolarization increases
the open probability of VDCCs, thereby elevating Ca*"
influx and intracellular Ca*" concentration (Nelson et al.,
1990; Rubart et al., 1996; Knot and Nelson, 1998). This
increase in intracellular Ca®* leads to an increase in the
activity of clusters of RyRs in the adjacent sarcoplasmic
reticulum, causing a transient focal increase in Ca?
known as a Ca®* spark (Nelson et al., 1995). Ca* sparks,
in turn, activate nearby BK channels to cause membrane
hyperpolarization and closure of VDCCs, which ultimately
leads to vasodilation (Jaggar et al., 2000).

The upstream molecular players in the pathway lead-
ing to myogenic constriction are less well characterized,
but it is generally accepted that increases in intralumi-
nal pressure leads to the activation of cation channels in
smooth muscle cells to cause membrane depolarization.
Evidence collected to date suggests that the most likely
candidates for these cation channels are members of the
transient receptor potential (TRP) superfamily (Welsh
etal., 2002). One such channel is TRPM4, a member of
the melastatin subfamily of TRP channels that primarily
conducts Na', and as such causes membrane depolar-
ization and subsequent Ca®' influx through VDCCs
(Earley and Brayden, 2015). However, other mechano-
sensitive TRP channels present in smooth muscle could
also locally increase cytosolic Ca** concentrations in re-
sponse to stretch (Bulley et al., 2012). Whether resulting
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from the opening of VDCCs or of TRP channels, local-
ized increases in Ca®' serve as part of a feed-forward
mechanism that opens adjacent Ca*-activated Cl~
channels (CaCCs) to augment membrane depolariza-
tion, Ca* influx, global intracellular Ca* concentra-
tion, and vasoconstriction (Jaggar et al., 2000; Bulley
etal., 2012).

Ca®*-signaling microdomains and Ca?* sensitivity

Strict regulation of global intracellular Ca* is of the
utmost importance for the controlled development of
myogenic tone because a relatively small change in Ca*
concentration (from <100 to ~400 nM global Ca?) is
sufficient to span the range from complete dilation to
complete constriction (Knot and Nelson, 1998; Hill-
Eubanks et al., 2011). As such, complex regulatory
mechanisms orchestrate local Ca** dynamics within the
smooth muscle cell to control both contractile and re-
laxant mechanisms. A logical way to achieve this regula-
tion is to arrange the requisite component proteins into
spatially distinct contractile and relaxant microdomains,
which confine and insulate the necessary molecular
players within an extremely limited space. In this ar-
rangement, localized increases in intracellular Ca** can
be high enough to activate pro-contractile and pro-
relaxant mechanisms separately, without causing a short
circuit between these mechanisms or increasing global
cytosolic Ca®* to an extent that could be deleterious
to cell viability (Hill-Eubanks et al., 2011). Spatial con-
straints imposed within these microdomains also help
impart signal fidelity and temporal control over the de-
velopment of myogenic tone (Parekh, 2008).

However, microdomain proximity and component
density are not the sole determinants of myogenic re-
sponsiveness, nor are they capable of controlling intra-
cellular Ca** concentrations over such a narrow range.
Rather, differences in the Ca*" sensitivity of individual
microdomain elements combine with microdomain ar-
rangement to impart the resolution and precision nec-
essary to control myogenic tone. The component with
the highest sensitivity to Ca* is the CaCC, which is
activated by high nanomolar to low micromolar con-
centrations of Ca®" and thereby elicits membrane depo-
larization in some types of smooth muscle (Hartzell
et al., 2005). At local Ca*" concentrations of 1-5 M,
RyRs on the adjacent sarcoplasmic reticular membrane
open; the resultant Ca®* spark can raise local Ca*' to a
concentration high enough (1-100 pM) to activate BK
channels at physiological membrane potentials (—40 mV)
and hyperpolarize the cell (Nelson et al., 1995; Jaggar
etal., 2000; Pérez etal., 2001). The combined proximity
and differential Ca** sensitivity of these individual ele-
ments, as well as the separation of contractile and relax-
ant microdomains, leads to extremely strict regulation
of Ca* influx through VDCCs and subsequent changes
in global cytosolic Ca* (Fig. 1).
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Modeling myogenic responses in vascular

smooth muscle cells

The model presented by Karlin (2015) is novel in its con-
sideration of the individual Ca®** dynamics within each
microdomain, while simultaneously calculating the
effects of the interaction between microdomains. This
framework accurately modeled the changes in both in-
tracellular Ca** and membrane potential in response
to increases in intraluminal pressure (Knot and Nelson,
1998). It also accurately simulated the effects of BK
channel and RyR blockade determined experimentally
in pressurized arteries (Knot et al., 1998), suggesting
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Figure 1. Arrangement of microdomains within a theoretical
smooth muscle cell regulates myogenic tone. As modeled by Karlin
(2015), myogenic tone development is regulated by the crosstalk
between pro-contractile and pro-relaxant mechanisms that exist
in close proximity within the smooth muscle cell. In the correct
spatial arrangement, nonselective cation channels in stretch-
sensing microdomains on the cell wall respond to deformation
caused by increases in intraluminal pressure, allowing influx of
Na® (NSCy,) and Ca®" (NSC¢,). This leads to CaCC (Cl,) open-
ing, depolarization of the cell membrane (+Vy), and opening of
VDCCs (Cay). In close proximity to stretch-sensing microdomains
are pro-relaxant microdomains, formed at the interface between
the junctional sarcoplasmic reticulum and the plasma membrane
and containing RyRs and BK channels (BK). Increases in cytosolic
Ca®" cause RyR-mediated Ca®" sparks that open BK channels to
hyperpolarize the cell (—Vy).
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that the model provides a reasonable representation of
the relative contributions of these two channels. The Kar-
lin model makes some interesting predictions regard-
ing the nature of CaCCs and TRP channels, suggesting
that these two entities must be in close proximity to one
another to affect membrane potential without inadver-
tently increasing global cytosolic Ca®* to a level capable
of causing maximal contraction. It also suggests that
the Na'/Ca®" exchanger, regardless of mode or location,
has little or no effect on short-term myogenic responses
in vascular smooth muscle cells.

As with all models, the information generated from
the simulation are only as precise as the data used to
generate the simulation itself. Given the large number
of components included in this new model (many of
which lack experimentally verified biophysical parame-
ters), several assumptions had to be made about the
identity and nature of some key components that po-
tentially affect the model’s accuracy. This is especially
true with regard to the exact identity and regulation
of stretch- and receptor-activated nonselective cation
channels. Although they are assumed by Karlin to be
members of the TRPM and TRPC subfamilies, respec-
tively, concrete experimental evidence as to the exact
nature and arrangement of these channels is still lack-
ing (Earley and Brayden, 2015). Because of this gap in
knowledge, Karlin astutely models these nonspecific
cation currents in the broadest possible sense, in an
attempt to maintain the robustness of the simulation
while still allowing for future adaptation and clarifica-
tion as new experimental evidence arises. Nonetheless,
this experimental ambiguity is part of the challenge of
modeling smooth muscle cell behavior, particularly
as it relates to certain situations, such as predicting
membrane potential and intracellular Ca** during
VDCC blockade.

Overall, the model presented by Karlin (2015) rep-
resents a major step forward, as it is the first to accu-
rately represent myogenic tone development in vascular
smooth muscle. Furthermore, this model improves
our understanding of intracellular Ca** microdomain-
signaling dynamics as regulators of myogenic and
agonist-induced vascular reactivity by enabling “exper-
imental” manipulations that are either currently im-
possible or cost prohibitive. Given its reliability and
robustness, Karlin’s model represents a valuable new
tool for testing the potential arrangement and com-
position of Ca*-signaling microdomains in a single
smooth muscle cell, helping to direct and focus future
physiological investigations into vascular smooth mus-
cle cell function.
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