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Abstract
This review addresses the latest advances in our understanding of the regulation of a novel Ca2+

signal called L-type Ca2+ channel sparklets in arterial smooth muscle. L-type Ca2+ channel
sparklets are elementary Ca2+ influx events produced by the opening of a single or a small cluster
of L-type Ca2+ channels. These Ca2+ signals were first visualized in the vasculature in arterial
smooth muscle cells. In these cells, L-type Ca2+ channel sparklets display two functionally distinct
gating modalities that regulate local and global intracellular Ca2+ concentration ([Ca2+]i). The
activity of L-type Ca2+ channel sparklets varies regionally within a cell depending on the dynamic
activity of a cohort of protein kinases and phosphatases recruited to L-type Ca2+ channels in the
arterial smooth muscle sarcolemma in a complex coordinated by the scaffolding molecule A
kinase anchoring protein 150 (AKAP150). We also described a mechanism whereby clusters of L-
type Ca2+ channels gate cooperatively to amplify intracellular Ca2+ signals with likely
pathological consequences.

Introduction
The function of arteries is to deliver blood to organs and tissues. Arterial diameter is a
critical regulator of blood flow (26) and is largely determined by the contractile state of
smooth muscle cells lining the walls of arteries. Classic work by Bayliss (5) demonstrated
that arteries respond to increases in intravascular pressure and stretch by constricting,
thereby maintaining constant blood flow. This process is called the myogenic response,
which is an inherent property of arterial smooth muscle cells (14, 25, 46).

Generally accepted models for the development of myogenic tone indicate a critical role for
Ca2+ influx via L-type Ca2+ channels in the sarcolemma of arterial smooth muscle cells (28,
31, 41). In contrast to cardiac myocytes and many other excitable tissues, in arterial smooth
muscle L-type Ca2+ channels do not contribute to or are subjected to the influence of action
potentials. Rather, L-type Ca2+ channels respond to graded changes in membrane potential
(41), such as those resulting from alteration of intravascular pressure (27). While the
importance of L-type Ca2+ channels in arterial smooth muscle is well established,
examination of the spatiotemporal organization of these channels has only recently been
possible (32, 43, 44). Advances in imaging technologies during the last decade have allowed
for optical recording of subcellular Ca2+ signals produced by Ca2+ influx through single L-
type Ca2+ channels (i.e. L-type Ca2+ channel sparklets). The superior temporal and spatial
resolution provided by emerging Ca2+ imaging technologies (e.g. confocal and total internal
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reflection fluorescence (TIRF)) have redefined our understanding of mechanisms underlying
Ca2+ influx in arterial smooth muscle (15, 32, 50, 53). Such recordings of L-type Ca2+

channel sparklets have allowed investigators to unravel regulatory mechanisms and
dynamics of underlying L-type Ca2+ channels with exquisite detail, revealing important
features about their activity, functional localization and impact on excitation-contraction
(EC) and excitation-transcription (ET) coupling in arterial smooth muscle (17, 33–35). Here,
these findings, and their implications are discussed in the context of an experimental model
based on local regulation of L-type Ca2+ channel activity in these cells.

Imaging L-type Ca2+ channel sparklets in arterial smooth muscle
Ca2+ influx through L-type Ca2+ channels plays a vital role in the regulation of arterial
smooth muscle excitability, contractility and gene expression (6, 22, 37). Due to the ubiquity
of Ca2+ with respect to cellular signaling, changes in Ca2+ concentration must be spatially
restricted in order to regulate different cell signaling cascades. Thus, the spatial and
temporal profile of Ca2+ signals produced by L-type Ca2+ channels is crucial for appropriate
cell function. Experimental limitations precluded direct investigation of different Ca2+

signaling in arterial smooth muscle until recently. Our ability to characterize various Ca2+

signals in arterial smooth muscle was revolutionized with recent advances in imaging and
fluorescence Ca2+ indicator technology (4, 32, 53). Accordingly, optical recording of Ca2+

permeable channels offers complementary yet, distinct advantages over the patch-clamp
technique in that: 1) it simultaneously monitors the activity of multiple channels at high
speed, and 2) it provides important information about the localization and mobility of
functional channels (16, 32).

The first optical recordings of Ca2+ influx via sarcolemmal Ca2+ permeable channels (e.g.
caffeine and stretch-sensitive channels) in smooth muscle cells were performed by Joshua
Singer’s group using widefield fluorescence microscopy (53, 55). These optical recordings
of submembrane Ca2+ signals were limited as they suffered from limited spatial and
temporal resolution due to Ca2+ diffusion from the point of origin and the large focal plane
of the widefield microscope (45). Experimental limitations associated with widefield
microscopy have been ameliorated with the use of confocal (50) and TIRF (15, 32)
microscopy, which limit the cytosolic volume that is imaged. In addition, imaging of Ca2+

influx via single L-type Ca2+ channels was greatly improved with the use of low affinity
fluorescence Ca2+ indicators in combination with high affinity, and non-fluorescence Ca2+

buffers. These experimental conditions restrict the fluorescence signal to areas surrounding
the pore of the channel (51). The use of the aforementioned approaches in combination with
high-speed electron multiplying charged-coupled device (EMCCD) cameras allowed capture
of two-dimensional images with ultra-high speed and sensitivity. Due to space limitations, a
more extensive discussion of these issues can be found in (43, 45).

Using this approach, the Santana group was the first to record fluorescence Ca2+ influx
events via single or small clusters of L-type Ca2+ channels in the sarcolemma of arterial
smooth muscle cells (Figure 1A) (32). These fluorescent events were called L-type Ca2+

channel sparklets, following the name coined by Heping Cheng and colleagues, who were
the first to optically record the activity of L-type Ca2+ channels in cardiac cells (50).

General properties of L-type Ca2+ channel sparklets in arterial smooth
muscle

In arterial smooth muscle cells, L-type Ca2+ channel sparklets are small with an average
area of ~ 0.8 µm2. These optical events have variable amplitudes ranging from 20 nM to
several hundred nM Ca2+, depending on the extracellular Ca2+ concentration and membrane
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potential. However, the amplitude of L-type Ca2+ channel sparklets is quantal in nature (e.g.
~38 nM Ca2+ with 20 mM Ca2+ at −70 mV), and varies depending on the number of quantal
events activated (Table 1).

As expected from events resulting from Ca2+ influx via L-type Ca2+ channels, sparklets are
activated by dihydropyridine agonists such as Bay-K 8644 and are inhibited by
dihydropyridine antagonists such as nifedipine. The kinetics, voltage dependency and
duration of L-type Ca2+ channel sparklets closely reflect those of underlying L-type Ca2+

currents (Figure 1C). Indeed, the signal mass of fluorescence events follows a linear
relationship when compared to L-type Ca2+ currents in arterial smooth muscle.

L-type Ca2+ channel sparklet activity, as determined by analysis of nPs values (where n is
the number of quantal levels and Ps is the probability of sparklet occurrence) is bimodal.
Accordingly, sparklet sites display either low activity (i.e. nPs between 0.0 and 0.2), or high
activity (i.e. nPs > 0.2; Table 1). High activity sparklets are also known as persistent L-type
Ca2+ channel sparklets. Consistent with the level of activity in different L-type Ca2+ channel
sparklet sites, low activity sparklets had shorter duration and lower levels of Ca2+ flux (i.e.
signal mass) than persistent sparklet sites (for more detail about the pharmacological,
molecular and biophysical properties of vascular sparklets see Table 1). It is important to
note that L-type Ca2+ channel sparklets with indistinguishable biophysical properties have
also been recorded in in situ smooth muscle contained in isolated intact arterial segments
(Figure 1B). The recording of L-type Ca2+ channel sparklets in intact arteries will further
improve our understanding of the impact of this novel Ca2+ signal on arterial excitation-
contraction and excitation-transcription coupling during physiological and pathological
conditions in a physiological setting.

Heterogeneous L-type Ca2+ channel sparklet spatial distribution and
activity in arterial smooth muscle: A model for local regulation of L-type
Ca2+ channels

An important feature of L-type Ca2+ channels that could only be revealed by optical
recording methods is the variable nature of L-type Ca2+ channel sparklet activity and spatial
distribution throughout the arterial smooth muscle sarcolemma (29, 32, 49). Multiple lines
of evidence support this assessment. First, L-type Ca2+ channel sparklet activity (e.g. nPs) in
arterial smooth muscle cells is bimodal, reflecting distinct gating modalities of L-type Ca2+

channels (7, 33). Second, analysis of Poisson distribution indicated that the spatial
distribution of L-type Ca2+ channel sparklet sites within an arterial smooth muscle cell was
not random, but rather restricted to certain regions (32) (Table 1). These results were
unexpected since several reports suggested that L-type Ca2+ channels were broadly
distributed throughout the sarcolemma and display stochastic activity in arterial smooth
muscle cells (30, 41).

A snapshot of the molecular mechanisms underlying subcellular variation in L-type Ca2+

channel sparklet activity and spatial distribution in arterial smooth muscle has emerged in
recent years. Based on biochemical, immunofluorescence, electrophysiological and optical
clamping data, a subpopulation of L-type Ca2+ channels associate with the scaffolding
protein A-kinase anchoring protein 150 (AKAP150) in complex with protein kinase C α
(PKCα), protein kinase A (PKA) and the phosphatase calcineurin (35, 36, 39). Once
targeted to the vicinity of L-type Ca2+ channels in the sarcolemma, kinases and phosphatase
activity can dynamically regulate the activity of AKAP150-associated channels, thus
inducing heterogeneous activation of L-type Ca2+ channels that is differentially modulated
during physiological and pathological conditions (see below for details).
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Figure 2 illustrates a proposed model for subcellular variation in L-type Ca2+ channel
sparklet activity in arterial smooth muscle. It proposes that AKAP150 targets PKCα, PKA,
and calcineurin to a subpopulation of L-type Ca2+ channels. These protein kinases and
phosphatase have been shown to regulate L-type Ca2+ channels (11, 24, 42, 52). Under
physiological conditions, activation of AKAP150-targeted PKCα by an increases in
diacylglycerol or [Ca2+]i underlies persistent L-type Ca2+ channel sparklet activity.
Interestingly, PKCα-dependent L-type Ca2+ channel sparklets not only correlate with, but
also require concomitant increases in localized hydrogen peroxide-dependent changes in
redox status following angiotensin II exposure (1, 8). AKAP150-targeted PKA does not
appear to play a role in the induction of persistent L-type Ca2+ channel sparklet activity in
arterial smooth muscle under basal conditions (33, 36). Instead, evidence suggests that
AKAP-targeted PKA underlies enhanced L-type Ca2+ channel sparklet activity during
diabetes (see below) (36). The actions of PKCα on L-type Ca2+ channels are opposed by
activation of AKAP150-targeted calcineurin. In this model, the level of sparklet activity
under physiological conditions varies regionally depending on the relative activities of
AKAP150-targeted PKCα and calcineurin in arterial smooth muscle.

Data in support of this model is compelling (35). First, immunofluorescence data indicate
that AKAP150 and PKCα colocalize to similar regions in the sarcolemma of arterial smooth
muscle. Consistent with this, knock down of AKAP150 prevents PKCα targeting to the
membrane and abolishes persistent L-type Ca2+ channel sparklets. Second, inhibition of
calcineurin with cyclosporine A increased persistent L-type Ca2+ channel sparklet activity in
wild type cells, but was without effects in arterial smooth muscle from AKAP150-null mice.
Third, persistent L-type Ca2+ channel sparklets were readily observed under control
conditions, and further enhanced by application of PKC activators or calcineurin inhibitors
in smooth muscle cells from a genetically modified AKAP150 mouse that does not anchor
PKA. Altogether, data indicate that, under physiological conditions, the dynamic activity of
AKAP150-targeted PKCα and calcineurin, but not PKA, underlies heterogeneous L-type
Ca2+ channel sparklet activity in arterial smooth muscle.

The aforementioned model also helps explain mechanisms underlying subcellular variations
in L-type Ca2+ channel sparklet spatial distributions. In addition to targeting kinases and
phosphatases near L-type Ca2+ channels in the sarcolemma, AKAP150 also binds directly to
the channel (12, 21, 39). Interestingly, not all L-type Ca2+ channels are associated with
AKAP150, as the expression pattern of this scaffolding protein seems to be restricted to
defined regions, while that of the channel seems to be broadly distributed in the sarcolemma
of arterial smooth muscle cells (30, 35). Thus, subcellular variations in L-type Ca2+ channel
sparklet spatial distribution may result from the association of a subpopulation of L-type
Ca2+ channels with AKAP150 in specific regions in the sarcolemma of arterial smooth
muscle cells (Figure 2). Future studies should determine the mechanisms regulating the
expression pattern of AKAP150 in these cells, and whether this model also applies to the
regulation of L-type Ca2+ channels in other cells, as well as other ion channels.

Coupled gating of L-type Ca2+ channel sparklets in arterial smooth muscle
Another interesting feature uncovered by the optical recording of L-type Ca2+ channel
activity is that small clusters of channels can open and close cooperatively (i.e. coupled
gating) in arterial smooth muscle cells (34). This assessment is based on multiple lines of
evidence. First, while the amplitude of the majority of L-type Ca2+ channel sparklets follows
a binomial distribution, the observed amplitude distribution from a subpopulation of
sparklets diverged significantly from the expected outcome. Accordingly, all-point
amplitude histograms for a group of L-type Ca2+ channel sparklet sites and L-type Ca2+

current obtained in cell-attached patches exhibited a higher frequency of multichannel
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events than that of events resulting from the simultaneous opening of fewer channels (34).
Second, implementation of a simplified coupled Markov chain model (10) to quantitatively
determine the coupling coefficient or strength (κ) between L-type Ca2+ channels revealed
that numerous sparklet and current events were produced by L-type Ca2+ channels gating in
unison. Accordingly, while the majority of L-type Ca2+ channel sparklets and Ca2+ currents
had κ values of 0 (e.g. independently gating channels), a subpopulation of sparklets and
currents exhibited κ values that ranged from 0.1 to 1 (e.g. transient to tightly coupled
channels) (34). These results are consistent with the binomial distribution data above, and
together suggested that although the majority of L-type Ca2+ channels in arterial smooth
muscle cells may open stochastically, a subpopulation of channels can gate coordinately.
Third, given the nonlinear nature of fluorescent signals produced by single wavelength Ca2+

indicators, the acquisition of optical as well as electrical recording is necessary for the
accurate identification of coupled events, especially in circumstances where the optical
signals have not been calibrated. Thus, employment of optical and electrical recordings
together with these stringent analytical criteria is not only complementary, but also
necessary for the accurate identification of coupled events. Interestingly, coupled gating is
not a unique feature of L-type Ca2+ channels in arterial smooth muscle. Indeed, coupled
gating has been observed for L-type Ca2+ channels in skeletal and cardiac myocytes (9, 23)
and more recently for transient receptor potential channels in vascular endothelial cells (47).

Mechanisms underlying coupled gating of L-type Ca2+ channel sparklets in arterial smooth
muscle are the subject of intense investigation. A model has been proposed whereby
rearrangements of the ubiquitous calcium sensor and regulatory molecule calmodulin (CaM)
from its putative binding motif (i.e. IQ domain) in L-type Ca2+ channels are important for
coupled gating. Accordingly, displacement of CaM from the IQ domain of L-type Ca2+

channels promotes transient interactions between the carboxy terminals of a variable number
of channels, thus inducing coupled gating. Activation of PKCα, PKA (see below) or
inhibition of calcineurin increases coupled gating of L-type Ca2+ channels (34). In support
of this model, inhibition of CaM or activation of PKCα displaced CaM from the IQ domain
of L-type Ca2+ channels, thus increasing coupled gating activity. In addition, Förster
resonance energy transfer (FRET) analysis revealed that the carboxy terminal of L-type
Ca2+ channels comes into close juxtaposition of each other under conditions that favor
coupled gating. Consistent with this hypothesis, an L-type Ca2+ channel construct lacking
most of the carboxy terminal showed no coupled gating activity. Interestingly, this construct
also eliminates the section of the channel that interacts with AKAP150, suggesting that this
scaffolding protein may also play an important role in coupled gating of L-type Ca2+

channels. Accordingly, the gating mode of L-type Ca2+ channels in arterial smooth muscle
cells from an AKAP150-null mice was mostly stochastic even under conditions that favor
coupled gating in cells from wild type animals (e.g PKC activation) (9, 34). Finally, novel
optogenetic approaches demonstrated that light-induced fusion of the carboxy tail of wild
type L-type Ca2+ channels promoted coupled gating (17). Altogether, these results suggest
that coupled gating of L-type Ca2+ channel sparklets results from CaM-dependent transient
contacts between the carboxy terminals of a subpopulation of AKAP150-associated L-type
Ca2+ channels in arterial smooth muscle (Figure 2). Thus, coupled gating of L-type Ca2+

channels may represent a novel mechanism for the regulation and amplification of Ca2+

signals in arterial smooth muscle cells with important physiological and pathological
consequences. At present however, the model of coupled gating of L-type Ca2+ channels in
arterial smooth muscle remains largely untested. Future studies should examine this model
in further detail.
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Physiological role of L-type Ca2+ channel sparklets in arterial smooth
muscle

Figure 2 shows an illustration depicting a model for the regulation of EC and ET coupling
by L-type Ca2+ channel sparklets in arterial smooth muscle. EC and ET coupling refers to
mechanisms by which increases in intracellular Ca2+ induce muscle contraction or changes
in gene expression, respectively. Let us discuss the role of L-type Ca2+ channel sparklets on
EC coupling first.

As mentioned above, L-type Ca2+ channel sparklet activity is bimodal, with sites exhibiting
either low activity or persistent activity (43). An important question that arises from this
observation is whether L-type Ca2+ channel sparklet activity and gating modalities are
physiologically relevant in arterial smooth muscle. This issue has been systematically
addressed in isolated arterial smooth muscle cells and in intact arteries (2). Using a signal
mass analytical approach (54), it was found that Ca2+ influx was greater via persistent L-
type Ca2+ channel sparklets than via low activity sparklets. In addition, membrane
depolarization to physiological potentials increased Ca2+ influx via low activity and
persistent L-type Ca2+ channel sparklets. Accordingly, data indicate that Ca2+ entering via
persistent L-type Ca2+ channel sparklets accounts for ~50% of the total dihydropyridine-
sensitive Ca2+ influx component in arterial smooth muscle cells. Consistent with this, loss of
persistent L-type Ca2+ channel sparklet activity by ablation of PKCα decreased whole-cell
L-type Ca2+ currents and global intracellular Ca2+ in dissociated arterial smooth muscle
cells and intact arteries by ~50%. Importantly, and in agreement with these data and the
local control model, myogenic tone was nearly abolished in AKAP150- and PKCα-null
mice. Remarkably, only 1–2 persistent sparklet sites, produced by activation of 2–8 L-type
Ca2+ channels out of ~5,000–10,000 expressed channels, are seen at any given time under
basal conditions in arterial smooth muscle (2, 32, 35, 41). Thus, although persistent L-type
Ca2+ channel sparklets account for less than 1% of total channels in the sarcolemma, they
are major contributors to Ca2+ influx in arterial smooth muscle cells. Altogether, these
results suggest that low activity and persistent L-type Ca2+ channel sparklets control local
and global elevations in intracellular Ca2+ in arterial smooth muscle cells, and consequently
regulate arterial excitability.

Another mechanism by which L-type Ca2+ channel sparklets could regulate arterial
excitability is by modulating sarcoplasmic reticulum (SR) Ca2+ load and/or release (e.g Ca2+

sparks) via the mechanisms of Ca2+-induced Ca2+ release (CICR). Data indicate that L-type
Ca2+ channel sparklets coincide with junctional SR regions expressing proteins involved in
SR Ca2+ load (e.g. Ca2+-ATPase SERCA) and release (ryanodine receptors (RyRs)).
Moreover, L-type Ca2+ channel sparklets occur in areas near Ca2+ sparks (48). However, L-
type Ca2+ channel sparklets do not modulate SR Ca2+ content or Ca2+ spark activity, nor
was L-type Ca2+ channel sparklet activity regulated by SR Ca2+ concentration. Nonetheless,
L-type Ca2+ channel sparklet activity was required for faster SR Ca2+ refilling. These data
are consistent with the idea that RyRs and L-type Ca2+ channels are loosely coupled in
arterial smooth muscle (13, 19). Furthermore, data support a model in which L-type Ca2+

channel sparklets induce Ca2+ influx into a global cytosolic Ca2+ pool from which the SR
can draw to accelerate store refilling in arterial smooth muscle (Figure 2).

The local control model proposed above also helps explain the role of L-type Ca2+ channel
sparklets in ET coupling in arterial smooth muscle. Accordingly, local Ca2+ signaling via L-
type Ca2+ channels has been shown to stimulate activation of several transcription factors,
including NFATc3 (18, 37, 39). Furthermore, it has been found that formation of a signaling
pentad composed of AKAP150, PKCα, PKA, calcineurin and L-type Ca2+ channels
contributed to activation of NFAT (37, 39). Based on these data, we propose that Ca2+

Navedo and Amberg Page 6

Microcirculation. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



influx via a subpopulation of L-type Ca2+ channels associated with AKAP150 promotes the
activation of AKAP150-targeted calcineurin. Once activated, calcineurin dephosphorylates
NFAT, thus allowing translocation of this transcription factor into the nucleus where it can
regulate gene expression. In this model, NFAT activity is regulated by the levels of L-type
Ca2+ channel activity and nuclear NFAT export rates (20).

Role of L-type Ca2+ channel sparklets in vascular dysfunction
The findings described above suggest that persistent L-type Ca2+ channel sparklets and
functional cooperativity of L-type Ca2+ channels may have profound functional implications
on EC and/or ET coupling in arterial smooth muscle. A surge in the frequency of persistent
L-type Ca2+ channel sparklets and/or coupled events could result in an increase in Ca2+

influx and consequently, global [Ca2+]i that may further activate the contractile machinery
in arterial smooth muscle. Indeed, upregulation of the expression and activity of L-type Ca2+

channels has been associated with elevated arterial tone during hypertension (40). Consistent
with this, persistent L-type Ca2+ channel sparklet activity and the frequency of coupled
events are increased in arterial smooth muscle during hypertension and in type II diabetes
(36, 37).

An interesting concept raised by the aforementioned findings is that increased L-type Ca2+

channel sparklet activity and/or coupled events is not a common phenomenon throughout
the sarcolemma of arterial smooth muscle cells. Rather, data suggest that additional
activation of a limited number of channels account for the majority of the Ca2+ influx
underlying abnormal arterial smooth muscle contraction and tone during pathological
conditions. This observation is consistent with the proposed model for local regulation of L-
type Ca2+ channels in arterial smooth muscle. Thus, it seems as if arterial smooth muscle
cells functionally operate on the edge between beneficial (e.g. physiological) and
detrimental (e.g. pathological) conditions, in which a stimuli that enhances persistent L-type
Ca2+ channel sparklet activity and/or coupled gating events in a small cluster of L-type Ca2+

channels is a critical initial step in the chain of events leading to the development of
pathological conditions such as hypertension and diabetic vascular dysfunction.

The mechanisms underlying increased persistent L-type Ca2+ channel sparklet activity
during hypertension and type II diabetes vary depending on the pathological conditions
(Figure 2). While it seems that an AKAP is a critical component for the induction of
persistent L-type Ca2+ channel sparklets during each pathological condition, enhanced
sparklet activity and coupled events during hypertension results primarily from increased
channel expression, AKAP150-targeted PKCα activity (37) and likely oxidative stress (1,
8). Meanwhile, activation of AKAP-targeted PKA contributes to higher persistent L-type
Ca2+ channel sparklet activity and possibly coupled events during hyperglycemia and type II
diabetes (36). This finding was surprising since multiple studies have suggested that PKA
activation relaxes arterial smooth muscle by reducing global [Ca2+]i. A potential answer to
this conundrum was provided by the Santana and Navedo groups (36). According to the
local control model, a stimulus that primarily activates AKAP-targeted PKA to regions near
a subpopulation of AKAP-associated L-type Ca2+ channels could preferentially increase
persistent L-type Ca2+ channel sparklet activity, without the hyperpolarizing effects of
global PKA activation (e.g. activation of large conductance, Ca2+-activated K+ channels).
Ultimately, this will increase global [Ca2+]i in arterial smooth muscle and consequently,
enhanced arterial tone during type II diabetes. Altogether, these findings suggest that
AKAPs are responsible for the organization of a macromolecular signaling complex that is
capable of differentially modulating the activity of a select subpopulation of L-type Ca2+

channels to promote persistent L-type Ca2+ channel sparklet activity and coupled events
during different pathological conditions.
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Increased persistent L-type Ca2+ channel sparklet activity and frequency of coupled events
during hypertension and likely type II diabetes may also regulate ET coupling in arterial
smooth muscle (3, 37). Indeed, local Ca2+ signals via L-type Ca2+ channels activate the
prohypertensive calcineurin/NFATc3 signaling cascade (37) thus leading to downregulation
of several K+ channel subunits in arterial smooth muscle during hypertension (3, 38). On the
basis of data described above, the following model for activation of this signaling cascade
during hypertension and possibly type II diabetes is proposed (Figure 2). Activation of
AKAP150-targeted PKCα or AKAP150-targeted PKA induces persistent L-type Ca2+

channel sparklets and coupled gating events during hypertension and type II diabetes,
respectively. This produces an amplification of local Ca2+ influx, which specifically
activates nearby AKAP150-targeted calcineurin. Once activated, calcineurin
dephosphorylates NFATc3. Upon dephosphorylation, NFATc3 translocates to the nucleus
where it can modify the expression of voltage-dependent (Kv) and large conductance, Ca2+-
activated K+ (BK) channel subunits. Downregulation of Kv and/or BK channel function
depolarizes arterial smooth muscle, thus further activating L-type Ca2+ channels. This will
ultimately promote elevation of global [Ca2+]i and vasoconstriction thus effectively
perpetuating the cycle. This positive feedback loop may be interrupted by pharmacological
blockade of L-type Ca2+ channels, or by inhibition of calcineurin or NFAT. Furthermore,
and consistent with the local control model, ablation of AKAP150 or PKCα protects against
the development of angiotensin II-induced hypertension (35, 38). While this model has been
described for an angiotensin II-induced hypertension model, the role of AKAP150 and
relevance of this model to vascular dysfunction during type II diabetes requires
confirmation.

Conclusions
The past few years have provided important new insights into the behavior and regulation of
L-type Ca2+ channels in arterial smooth muscle. The use of optical recording approaches to
study L-type Ca2+ channels in native cells and tissues has been instrumental to advancing
our understanding of the dynamics of these channels and how they modulate arterial smooth
muscle excitability. Indeed, several paradigm-shifting observations have been made since
the first optical recording of L-type Ca2+ channels in the sarcolemma of arterial smooth
muscle. Perhaps, one of the most important discoveries is that the activity of L-type Ca2+

channels is heterogeneous throughout the sarcolemma of arterial smooth muscle. This
finding raises an interesting issue in that a limited number of channels account for 50% of
the total dihydropyridine-sensitive Ca2+ influx in these cells, and enhanced Ca2+ influx
during pathological conditions. The use of optical recording approaches and unique
analytical strategies have also helped delineate a local control model for the regulation of L-
type Ca2+ channels, and unexpectedly revealed a second paradigm-shifting observation: L-
type Ca2+ channels can open in unison. In this model, AKAP150 plays a central role, both
because of 1) its well-documented ability to target a specific cohort of regulatory proteins
near L-type Ca2+ channels and 2) its capacity to promote functional coupling between a
subpopulation of adjacent channels. This latter point has important functional implications.
Accordingly, coupled gating of L-type Ca2+ channels may result in the amplification of Ca2+

influx with significant consequences for EC and ET coupling in arterial smooth muscle.
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Figure 1. L-type Ca2+ channel sparklets in arterial smooth muscle and intact cerebral arteries
A) Representative TIRF image of a cerebral arterial smooth muscle cell exhibiting L-type
Ca2+ channel sparklets. The trace below the image shows the time course of [Ca2+]i in the
area highlighted by the green circle. B) Representative confocal image of an intact cerebral
artery. The trace on the right side panel shows the time course of [Ca2+]i in the site marked
by the red circle in the normalized image. C) Simultaneous recording of L-type Ca2+

channel sparklets (black traces) and L-type Ca2+ currents (red traces).
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Figure 2. Proposed model for local regulation of L-type Ca2+ channels, excitation-contraction
coupling and excitation-transcription coupling in arterial smooth muscle
In this model, L-type Ca2+ channels are broadly distributed in the sarcolemma of arterial
smooth muscle. However, a subpopulation of these channels can form clusters of varied
sized driven by their interaction with the scaffolding protein A kinase anchoring protein 150
(AKAP150) in discrete regions of the sarcolemma. AKAP150 coordinate the assembly of a
regulatory signaling complex form by PKA, PKC and calcineurin near AKAP150-associated
L-type Ca2+ channels to promote heterogeneous channel activity and coupled gating.
Conversely, L-type Ca2+ channels not associated with AKAP150 will likely exhibited
stochastic channel openings. Heterogeneous L-type Ca2+ channel activity and coupled
events are enhanced upon increase in [Ca2+]i, with activators of PKC, PKA or ROS
signaling, with calcineurin inhibitors, or during hypertension and hyperglycemia.
Meanwhile, in our model, these characteristics are minimized with application of nifedipine,
or inhibitors of PKA ad PKC. The formation of this signaling unit controls local and global
[Ca2+]i, which modulates the contractile machinery, SR Ca2+ refilling, and NFATc3-
dependent gene expression in arterial smooth muscle. Green arrows indicate activation; red
arrow indicates inhibition/downregulation.
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Table 1

General properties of L-type Ca2+ channel sparklets in arterial smooth muscle

Parameters L-type Ca2+ channel Ca2+ sparklet

spatial spread (µm2) 0.8a

quantal level (nM) 38a

amplitude range (nM) 20–500a

voltage dependency Yesa,b

inhibition by nifedipine (10 µM) Yesa

activation by Bay-K8644 (500 nM) Yesa

activity (nPs) low nPs = 0.07

high nPs = 1.25a

Ca2+ flux (fC) low nPs = 122

high nPs = 270c

duration (ms) low nPs τ = 23

high nPs τfast = 42

high nPs τslow = 104c

Data were obtained from L-type Ca2+ channel sparklets recorded in rat arterial smooth muscle.

a
Navedo et al (32); quantal level was determined with 20 mM Ca2+ at −70 mV,

b
Navedo et al (33),

c
Amberg et al (2). The signal mass and duration of L-type Ca2+ channel sparklets were recorded at the physiological membrane potential of −40

mV and using 2 mM extracellular Ca2+.
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